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RESUMO

O cancer de pénis (CPE) é um tumor raro, que acomete cerca de 2% da populagdo masculina.
O aumento da incidéncia da doenca esta relacionado as baixas condi¢des socioecondmicas, sendo
uma crescente preocupacao dos 6rgdos de salde publica. A infec¢do por papilomavirus humano
(HPV) esta relacionada com aproximadamente 50% dos casos de CPE. Multiplos fatores de risco
estdo relacionados a doenca e a falta de informacéo associado ao estigma social, diagndstico tardio
e terapia limitada reduzem as chances de cura. O objetivo deste trabalho é avaliar aspectos
progndsticos do CPE, bem como identificar a relagdo da infeccdo por HPV de alto risco em 224
participantes. Também descrever o padrdao das marcas de metilacdo e hidroximetilacdo global do
DNA, 5-metilcitosina (5mC) e 5-hidroximetilcitosina (5hmC), respectivamente, identificar o
padrdo de metilacdo da regido diferencialmente metilada, H19DMR, e apresentar dados
preliminares de um painel de exoma. Observamos que a incidéncia de HPV foi de 53,2% para
HPV de alto risco e 22,32% para 0 marcador p16INK4a. O HPV de alto risco nédo foi relacionado
a metastase sistémica ou linfonodal e recorréncia locorregional, nem influenciou a taxa de
sobrevivéncia. A expressao do marcador p161NK4a parece ser um fator para um desfecho positivo
e que ndo afeta a metastase ou a recorréncia tumoral. Metéstases em linfonodo e sistémica e
recorréncia locorregional aumentam o risco de morte. Nossos resultados indicam um aumento
expressivo na marca de 5mC em CPE, independentemente da infeccdo pelo HPV. Porém,
relatamos a reducéo de 5ShmC para p16INK4a+ (P = 0,024). O aumento da relacdo 5mC/5hmC (>
1) foi observado em 94,2% dos CPE, independentemente da infec¢do pelo HPV. Apesar do
aumento de 5mC, esse fato parece ndo afetar a taxa de sobrevivéncia (HR = 1,06; IC 95% 0,33—
3,38). Observamos uma metilacdo média de 32,2%+11,6% no HI9DMR do CPE, sem associa¢do
entre os marcadores p16INK4a+ (p = 0,59) e HPV+ de alto risco (p = 0,338) com o nivel de
metilacdo. Observamos correlacdo positiva entre infiltracdo de células polimorfonucleares e
hipometilacdo no H1I9DMR (p = 0,035). Em uma analise preliminar de um painel de exoma,
observamos genes com alta frequéncia mutacional ndo descritos anteriormente (MUC5B, MUC16,
OBSCN, MUC12, CMYA5, SVEP1, LEMASS, SPTAL e FSIP2). A caracterizagdo molecular do
CPE incentiva e favorece que novos estudos possam sugerir estratégias de tratamento especificas,
como agentes hipometilantes para terapias direcionadas epigenéticas, estabelecer novos alvos com
perfil de genes drogaveis e incentivar a busca de terapias menos invasivas.

Palavras-Chave: Céancer de Pénis, Progndstico, HPV, Epigenética.



EPIGENETIC MECHANISMS AND GENOMIC VARIANTS ASSOCIATED WITH HPV

INFECTION IN PENILE CANCER
Penile cancer (CPE) is a rare tumor, which affects approximately 2% of the male population. The
incidence increase of the disease is mainly related to low socioeconomic conditions. Human
papillomavirus (HPV) infection is related to approximately 50% of penile SCC cases. Multiple
risk factors are related to the disease and the lack of information associated with social stigma, late
diagnosis and limited therapy limits the chances of cure. The objective of this work is to evaluate
epidemiological and prognostic aspects of CPE, as well as identify the relationship between high-
risk HPV (hrHPV) infection in 224 participants. We also describe the pattern of the global DNA
methylation and  hydroxymethylation  marks, 5-methylcytosine (5mC) and 5-
hydroxymethylcytosine (5ShmC), respectively, identify the methylation pattern of the differentially
methylated region, HI9DMR, and present preliminary data from an exome panel. We observed
that the incidence of HPV was 53.2% for high-risk HPV and 22.32% for the p16INK4a marker.
hrHPV was not related to systemic or lymph node metastasis and locoregional recurrence, nor did
it influence the survival rate. Expression of the p16INK4a marker appears to be a factor for a
positive stage and does not affect metastasis or tumor recurrence. Lymph node and systemic
metastases and locoregional recurrence increase the risk of death. Our results indicate a significant
increase in the 5mC mark in CPE, regardless of HPV infection. However, we reported a reduction
in 5ShmC for p16INK4a+ (P = 0.024). An increase in the 5mC/5hmC ratio (> 1) was observed in
94.2% of SCC, regardless of HPV infection. Despite the 5mC increase, this fact does not seem to
affect the survival rate (HR = 1.06; 95% CI 0.33-3.38). We observed an average methylation of
32.2%+11.6% in HI9DMR of CPE, with no association between the markers p16INK4a+ (p =
0.59) and hrHPV+ (p = 0.338) with the methylation level. We observed a positive brightness
between infiltration of polymorphonuclear cells and hypomethylation in HI9DMR (p = 0.035).
Preliminary analysis of an exome panel, we observed previously undescribed genes with high
mutational frequency (MUC5B, MUC16, OBSCN, MUC12, CMYA5, SVEP1, LEMAS5, SPTAL
and FSIP2). The molecular characterization of CPE encourages and favors new studies that can
suggest specific treatment strategies, such as hypomethylating agents for epigenetic targeted
therapies, establish new targets with druggable gene profiles and encourage the search for less
invasive therapies.

Keywords: Penile Cancer, Prognosis, HPV, Epigenetics.
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1.1. Fundamentacéo tedrica.
1.2. Cancer de pénis.

O céancer é um problema de satde publica mundial, sendo a primeira causa de morte em
paises desenvolvidos e a segunda maior causa em paises em desenvolvimento. O crescente
aumento no numero de casos de cancer e mortalidade associada a doenca é resultado de diversos
fatores como crescimento e envelhecimento populacional e a associacdo de habitos de vida nédo
saudaveis como o tabagismo, falta de atividade fisica e dietas ocidentalizadas (fast foods) (Zhang
et al., 2020). Dente as neoplasias que afetam a populagdo masculina, a crescente incidéncia do
cancer de pénis (CPE) tem preocupado os 6rgaos de saude publica.

O CPE € um tumor raro, caracteristico de regides subdesenvolvidas, que acomete homens
principalmente a partir dos 50 anos, embora possa atingir individuos mais jovens (Vieira et al.,
2020). A incidéncia do CPE no mundo ¢ de 0.8/100,000.0 e acredita-se que esteve valor aumente
em 56% até 2040 (Bray et al., 2018). No Brasil essa estimativa é de 2,9 - 6.8/100.000, uma das
maiores do mundo (Sung et al., 2021). Segundos dados disponiveis na plataforma Globocan (2021)
o0 Brasil apresentou 1658 casos da doenga em 2020 e 539 obitos da doenga distribuidos entre as
regides norte e nordeste. Esses valores representam 33.2% dos casos da América Latina e 4.6% no
mundo. Apesar da incidéncia relativamente baixa quando comparado aos demais tipos de tumores
no Brasil, o CPE é uma doenca extremamente agressiva, com progndstico negativo, alta
mortalidade, tempo médio de sobrevida de quatro anos e que afeta diretamente a autoestima e a
vida sexual do paciente (Souza, de et al., 2018).

Figura 1. Regides com maior incidéncia de carcinoma peniano mundialmente.
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O diagnostico tardio reduz as chances de cura, pois as opg¢des de tratamento como a
quimioterapia e radioterapia sdo limitadas e na maioria das vezes usados como terapia paliativa ou
neoadjuvante. Na maioria dos casos, a amputacdo parcial ou total do 6rgdo genital é a principal
estratégia utilizada como terapia, entretanto amputacdo nao esta associada a diminuicdo da
morbidade/mortalidade dos portadores da doenca (Silva Amancio et al., 2017). Atualmente ndo ha
consenso para uma terapia adequada para o CPE e poucas informacdes a acerca dos mecanismos
envolvidos na doenca e as alteracGes relacionadas dificultam o aprimoramento das medidas
preventivas (Silva Amancio et al., 2017). Outro fator agravante é a escassez de dados
epidemioldgicos e a dificuldade na classificacdo dos varios subtipos do CPE.

O aumento da incidéncia do CPE é crescente no Brasil, principalmente nas regides Norte e
Nordeste, onde sdo registrados a maioria dos casos de ressec¢do cirdrgica da genitalia
(penectomia), representando 53.02% dos casos cirdrgicos no pais (Favorito et al., 2008).
Diferentes tipos histolégicos podem estar associados ao CPE, como sarcoma, melanoma e
carcinoma basocelular (Douglawi e Masterson, 2019), entretanto o carcinoma de células
escamosas de pénis compreende 95% dos casos reportados e pode ser originado do epitélio
escamoso que cobre a glande, sulco coronal e prepucio (Christodoulidou et al., 2015).

Existem multiplos fatores risco descritos associados ao CPE e em sua grande maioria se

destacam aspectos relacionados principalmente ao estilo de vida ou habito do paciente, como
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baixas condi¢Ges socioeconémicas, falta de higiene pessoal, fimose, nUmero de parceiros sexuais
e sexo com animais (zoofilia) estdo entre os principais fatores de risco para o desenvolvimento da
doenca (Junior et al., 2018; Vieira et al., 2020). A infeccéo pelo papilomavirus humano (HPV, do
inglés, Human papillomavirus) pode estar relacionada a uma incidéncia de até 62% dos casos de
CPE (Vieira et al., 2020), no entanto a relacdo da infeccdo viral com o pior prognéstico ou
agravamento de CPE ainda ndo esta bem esclarecida (Giuliano et al., 2011).

Como uma doenga estreitamente ligada aos habitos de vida, medidas preventivas simples
poderiam evitar e/ou reduzir nimero de mortes por CPE. No entanto a distribuicdo irregular ao
longo do Brasil, aliada a falta de documentacdo cientifica e clinico-cirargica, impede o
estabelecimento de estratégias mais eficientes para diagnéstico e tratamento do CPE. Nao obstante
a imprecisa relagdo com o HPV e a pouca informacdo da etiopatologia molecular constitui um
grande desafio na busca dos mecanismos envolvidos com o CPE (Ficarra et al., 2010).

Apesar da crescente busca dos mecanismos moleculares envolvidos no processo
carcinogénico do CPE, as diversas vias envolvidas, alteracdes genéticas e epigenéticas
relacionadas, bem como a atuacdo de diferentes medicamentos no combate ao tumor, ainda é um
campo vasto a ser explorado. Devido a grande heterogeneidade genotipica e fenotipica dos
diversos tipos de tumores, incluindo o CPE, uma maior compreensao dos mecanismos moleculares
envolvidos pode ajudar no diagnostico precoce e combate a doenca (Koifman et al., 2015). As
diferencas genéticas dos diferentes subtipos e sua relagdo com a infeccdo por HPV representam
um crescente e novo campo na terapia alvo dirigida, que pode representar uma importante

alternativa no tratamento e progndstico dos portadores de CPE.

1.3. Papilomavirus humano (HPV) e Cancer.

O Ministério da Saude (MS) instituiu em 2009 no ambito do Sistema Unico de Sadde (SUS)
a Politica Nacional de Atencdo Integral & Saude do Homem (PNAISH), visando promover
estratégias para reforcar a atencdo primaria no cuidado a saude dos homens e promover a
prevencao de doencas a populagdo jovem e adulta masculina (20 a 59 anos). A proposta de atencdo
a saude do homem pretende evitar os agravos proporcionados por diversas comorbidades e
implantar medidas de prevencdo como vem fazendo com a populacdo feminina
(http://portalsaude.saude.gov.br/saude).

Diferentemente das mulheres, os homens geralmente entram no Sistema Unico de Sadlde
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(SUS) através da atencéo especializada e em estado avancado de algumas doencas, fatos que geram
maiores custos para 0 SUS e um pior prognodstico para doengas que poderiam ser evitadas,
aumentando a morbidade e mortalidade da populacdo masculina. Esse contexto é observado em
pacientes com CPE, onde uma grande parcela desses portadores busca a atengéo hospitalar com
uma les@o de maior risco de invasao tecidual. Essa busca tardia provavelmente esta relacionada ao
estigma da doenca, medo do tratamento e falta de conhecimento sobre o diagnostico (Korkes et
al., 2020).

O aumento da prevaléncia de HPV na populacdo brasileira tem sido objeto de crescente
atencdo dos o6rgédos de saude publica. O HPV é uma das principais causas de infec¢do do trato
reprodutivo masculino e feminino, ocorre na maioria dos casos via contato sexual. De acordo com
0 estudo publicado na revista The Lancet, Giuliano e colaboradores (2011) indicam um aumento
da infecgéo por subtipos de HPV de alto risco no Brasil e que aproximadamente 50% da populagéo
masculina brasileira apresenta a infec¢édo pelo virus (Giuliano et al., 2011).

O HPV é um virus do tipo ndo envelopado que possui DNA dupla fita como material
genético. O virus HPV é um parasita intracelular obrigatorio e que pela sua semelhanca de estrutura
genética encontra no genoma humano diferentes regides de integracdo conhecidas como hot spots
(Hu et al., 2015). Infecta principalmente células epiteliais, estando presente na pele e mucosas de
varios tecidos. Cerca de 220 diferentes subtipos de HPV ja foram identificados e sequenciados,
dentre estes, aproximadamente 40 estdo relacionados com infec¢do na mucosa anogenital (Leto et
al., 2011; Mobini Kesheh et al., 2023). Além de estar relacionado com lesdes benignas, um fator
agravante da infeccdo por HPV é a estreita relacdo com lesdes malignas, em que tem sido associado
ao desenvolvimento tumores cutaneomucosos (Leto et al., 2011).

A classificacdo dos diferentes tipos de HPV estd relacionada a predisposicdo ao
desenvolvimento de neoplasias benignas ou malignas, sendo divididas basicamente em HPV de
alto risco (hrHPV, do inglés, high-risk HPV) e baixo risco (IrHPV, do inglés, low-risk HPV). As
lesdes malignas estdo relacionadas ao HPV de alto risco que pode induzir o surgimento de diversos
tipos de tumores em individuos do sexo masculino e feminino (Bleeker et al., 2009). Existem ao
menos 14 gendtipos descritos como HPV de alto risco (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
59, 66 e 68) (Mobini Kesheh et al., 2023).

Embora a inser¢do do material genético do virus possa levar a alteracGes que induzam

eventos neoplésicos, a existéncia de DNA do virus no DNA da célula hospedeira néo é o
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suficiente para induzir um tumor, pois decorréncias genéticas e epigenéticas adicionais seriam
necessarias (Wang, Huang e Zhang, 2018). Das oito proteinas expressas pelo genoma do virus
HPV, existem duas proteinas oncogénicas, E7 e E6, que estdo associadas ao controle do ciclo
celula e a apoptose da célula hospedeira (Graham, 2010). A proteina E7 apresenta capacidade de
se ligar a forma néo fosforilada da proteina pRb, competindo com fatores de transcricdo do tipo
E2F dentro do nucleo celular. A unido entre a proteina E7-pRb perturba o complexo pRb-E2F,
causando um favorecimento da expressao de genes que estimulam a sintese de DNA durante o
ciclo celular (Tomita, Huibregtse e Matouschek, 2020).

Por sua vez, a oncoproteina E6 apresenta estrutura similar a dois dominios dedo de zinco e
quatro motivos Cys-X-X-Cys, o que foi descrito como dominios de alto potencial de interatuar
com diversas proteinas da célula hospedeira (Pal e Kundu, 2020). Uma desses alvos é a proteina
supressora tumoral P53, que é degrada através de uma via de ubiquitinacdo estimulada pela
proteina E6 (Wang, Huang e Zhang, 2018). As alteracGes geradas pelas oncoproteinas virais estao
associadas ao estimulo de diferentes marcas de inducdo tumoral, cancer hallmarks, como
desregulacdo da proliferacdo celular, resisténcia a morte celular, “imortalidade” celular através
do controle da expressao da transcriptase reversa da telomerase humana, inducéo a angiogénese
e ativacdo de mecanismos de invasdo (Wang, Huang e Zhang, 2018).

Infeccdo por subtipos de HPV de alto risco, como HPV-16 e HPV-18, parece ser obrigatorio
para o desenvolvimento de cancer cervical. Embora seja amplamente relatado que os tumores de
colo do Utero sejam estimulados a partir da infeccdo por HPV, apenas uma pequena fracéo da
populacdo que desenvolve CPE sdo causados pelo HPV. Esta observacdo levou a suposicao de
que o tipo de células escamosas do pénis tem uma resisténcia aumentada a transformacdo maligna
em comparacgao com o tecido cervical. A maioria das infecgdes por HPV nédo evoluem para lesdes
externas e permanecem assintomaticos, sendo eliminados dentro de um prazo médio de um ano
(Dunne et al., 2006).

1.4. CPE e marcadores moleculares.

A caracteristica complexa e multifatorial da carcinogenese, em que diferentes vias podem
ser ativadas ou silenciadas, tanto para o desenvolvimento tumoral, quando em resposta a um
tratamento impulsionam o interesse pelo estudo sistémico, que leva em conta as complexas redes
de interagdes e regulacBes existentes no contexto celular para explicar os fendmenos biol6gicos

presentes em organismos Vvivos (Welch e Clegg, 2010). Atualmente ainda ndo ha uma terapia
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especifica para o tratamento do CPE e a caréncia de informacdes a acerca dos mecanismos
envolvidos na doenca inviabilizam o desenvolvimento de estratégias de tratamento mais eficazes
e menos agressivas para os pacientes (Koifman et al., 2015). O conhecimento das vias
moleculares que envolvem o CPE se restringem principalmente a presenca ou auséncia do HPV.

Os mecanismos moleculares envolvidos no CPE associado ao HPV séo caracterizados por
instabilidade genémica secundaria a superexpressdo das oncoproteinas E6 e E7, 0 que impacta
diretamente na ativacdo descontrolada do ciclo celular (Chaux et al., 2010). Em contraste, 0s
mecanismos moleculares do CPE independente do HPV sdo menos compreendidos, inclusive o
prognostico de CPE HPV negativo é descritos como pior do que os casos HPV positivo (Kashofer
et al., 2017). Variantes no gene TP53 sdo relatadas neste subconjunto de pacientes que
desenvolvem a doenca e ndo apresentam infeccdo por HPV. Estudos sugeriram que as variantes
no TP53 podem estar associadas a uma alta frequéncia de metastases nodais, um fator conhecido
por estar fortemente correlacionado com um pior progndstico (Ficarra et al., 2010; Trias et al.,
2023)

Biomarcadores com valor terapéutico tém sido descritos para CPE e diferentes estudos
relatam a presenca de variantes somaticas nos genes, CDKN2A, PIK3CA, HRAS, KRAS e STK11,
previamente identificados em amostras de CPE, sugerindo um impacto importante da via
fosfatidilinositol 3-quinase ou Ras (Wang et al., 2019). Outra via de interesse na compreensao
das alteracdes moleculares do CPE é amplificacdo do gene EGFR. Entretanto, diferentes estudos
identificaram que a superexpressao da proteina EGFR ndo esta associada a amplificacdo genética
ou ao ganho do namero de copias genéticas no CPE (Ali et al., 2016; McDaniel et al., 2015).
Amplificacdes em EGFR sdo reportadas em aproximadamente 10% dos casos de CPE, com
heterogeneidade significativa entre tumores priméarios pareados e metastases linfonodais
(McDaniel et al., 2015).

Os dados disponiveis na literatura ainda ndo séo suficientemente determinantes para incluir
0 uso rotineiro de biomarcadores no diagndstico e tratamento de CPE. A Tabela 1 apresenta
potenciais marcadores moleculares e que foram descritos como associados com grau maior grau
histologico do tumor, estadiamento alto, maior risco de metastase inguinal e de progressdo da
doenca (SCCAg, p53, CRP, Ki-67, PCNA, Cyclin D1, E-cadherin, MMP-2, MMP-9, Fox-P3 e
ARID1A). O marcador de infeccdo de HPV de alto risco, p16™“2, foi associado a menor invasio

tumoral, menor risco de recorréncia da doenca e possivelmente melhor sobrevida (Zargar-
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Tabela 1. Potenciais marcadores moleculares e seu valor progndstico para o carcinoma de células

escamosas de pénis.

Biomarcador

Funcéo

Prognostico

SCCAg

p53

CRP

Ki-67

PCNA

Cyclin D

pl6ink4da

E-cadherin
MMP-2 e MMP-9
Fox-P3

ARIDIA

Glicoproteina associada a tumor

Gene supressor de tumor

Marcador pro-inflamatorio

Marcador para célula tumoral
proliferacdo no ciclo celular

Marcador de proliferagéo celular
essencial para replicacdo

Regula a progressao das células
através da fase G1 da célula

ciclo

Marcador substituto para alto risco
Infeccéo por HPV

Mantém a adesdo celular e
transducdo de sinal

Degrada o pordo

membrana de uma célula
Supervisiona o desenvolvimento e
funcdo das células T reguladoras
Envolvido na cromatina
remodelacao

Pode ser usado para monitorar a progressao da
doenga e a resposta ao tratamento

A expressdo indicou maior risco de metéstase de
LN, progressdo da doenca e pior sobrevivéncia
especifica da doenca

Niveis plasmaticos elevados encontrados com mais
frequéncia em pacientes com tumor em estagio
avancado, doenca nodal positiva e pior
sobrevivéncia especifica da doenca

Rotulagem correlacionada com maior grau de
tumor, estagio avangado de tumor local,

maior risco de metastase nodal e progressao clinica
da doenca

A expressdo foi associada a presenca de metastase
nodal

Nenhum valor progndstico claro; implicado na
diferenciacdo tumoral

A positividade foi associada a menos invasdo
tumoral, menor risco de recorréncia da doenca e
possivelmente melhor sobrevida

A imunorreatividade foi associada a um maior
risco de metéstase no LN

A imunorreatividade foi associada a um maior
risco de recorréncia da doenca

Niveis aumentados correlacionados com menor
infiltrado inflamatdrio pior SG

Maior expressdo foi associada a um maior grau
histoldgico

Fonte: adaptado de Zargar-Shoshtari, Sharma e Spiess (2018).

1.4.1. CPE e marcadores epigenéticos.

Devido a estreita relagdo com as alteracbes ambientais e a infecgdo viral com o

desenvolvimento do CPE, além das alteragbes genéticas relacionadas, um componente

epigenético tem sido relacionado com a doenca. O acumulo de variantes genéticas e epigenéticas

tém sido apontados como a maior causa das neoplasias, as quais desempenham um importante

papel na iniciacdo e progressao do tumor, e € uma importante ferramenta para a compreensao e
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tratamento de doencas complexas como o cancer. O termo epigenética pode ser definido como
qualquer alteracéo estavel (a nivel celular) na funcdo génica que nao sdo explicadas por mudancas
na sequéncia de DNA (Haig, 2004). Os mecanismos epigenéticos em geral alteram a estrutura da
cromatina conferindo um programa diferencial de expresséo génica, dentre 0s quais encontram-
se as modificacdes de histonas, 0s RNAs nao codificadores (ncCRNA) e a metilacdo do DNA.

Os mecanismos epigenéticos que controlam a expressao génica (epigenotipo), juntamente
com as alteracOes genéticas (genotipo), conferem as células tumorais um fendtipo peculiar, com
alta capacidade proliferativa autbnoma e monoclonal, anti-apopt6tica, altamente invasiva e com
a possibilidade de metéstase favorecida pela angiogénese tumoral (formacéo de vasos sanguineos
para o suprimento de nutrientes e oxigénio) (Feinberg, Ohlsson e Henikoff, 2006). Estudos tém
demonstrado um padrdo de metilagdo do DNA aberrante que estdo relacionados a um pior
progndstico, risco de metastase e prevaléncia de HPV no CPE (Kuasne et al., 2015; Kuasne et al.,
2017). Dentre elas, a hipermetilacdo de genes supressores tumorais CDO1, AR1, WT1, CD133,
HOXA3, RSPO2 e SOX17 (Kuasne et al., 2015).

AlteracBes epigenéticas sdo contribuintes criticos para a progressao do cancer, e a metilacdo
do DNA é um dos biomarcadores de doencas mais extensivamente estudados. Marcadores de
metilacdo no DNA ja foram reportados com valor progndstico, como p16™NK4A pl4ARF Top.1
RASSF1-A, DAPK, FHIT, MGMT, RASSF2 e TSLC1 (Gu et al., 2021). Feber e colaboradores
(2015) demonstraram 997 regibes hipermetiladas associadas a genes supressores de tumor. A
instabilidade gerada pela expressdo das oncoproteinas E6 e E7 ndo sdo 0s Unicos eventos
associados a um estimulo tumoral, a infeccdo por HPV também pode induzir a um cenario de
expressdo alterada de micro RNAs. Ayoubian e colaboradores (2021) descreveram o perfil de
micro RNA em pacientes com CPE HPV positivos e individuas saudaveis, observando a diferenca
de expressdo de 876 micro RNAs entre os grupos (Ayoubian et al., 2021).

O padrdo de metilacdo do DNA em 38 CPE pareadas com 11 amostras de tecidos nédo
tumoral vizinho circundante revelou um padrdo de hipometilagdo em tumores ndo metastatico
(Feber et al., 2015). O segundo estudo que descreve a metilagdo do DNA e comparou com
resultados de transcriptoma de 25 amostras de CPE e 10 ndo tumoral vizinho circundante
encontraram um painel de 54 genes (como TWIST1, RSOP2, SOX3, SOX17, PROM1, OTX2,
HOXA3 e MEIS1) com correlacdo inversa entre metilagdo do DNA e expressdo génica. Esses

estudos apontaram que a metilacdo do DNA influenciam a regulacdo de vias associadas ao CPE,
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incluindo ciclo celular, resposta imune e sinalizagdo Wnt/B-catenina (Kuasne et al., 2015).
Muitos estudos sobre alteracBes epigenéticas no CPE avaliam os padrdes de genes
especificos, como regides promotoras, genes e exons. No entanto, a avaliacdo de marcadores para
esta doenca seria favorecido por métodos que detectem alteracbes de metilacdo em nivel
gendmico. Estudos em larga escala em CPE sdo muito importantes para compreender melhor o
comportamento do tumor e conhecer seu microambiente e determinar os marcadores moleculares
envolvidos nesta doenca. Apesar de grandes esfor¢os na busca de marcadores moleculares para
melhor compreensdo dos mecanismos envolvidos na patogénese do CPE, poucos estudos
investigaram as alteracdes genéticas e epigenéticas relacionadas ao CPE na populacéo brasileira,
especialmente no nordeste do Brasil. Ainda, as diversas vias envolvidas, 0s genes que séo
ativados ou silenciados, bem como a atuacdo de diferentes medicamentos no combate a doenca,
ainda é um campo vasto a ser explorado. A associacdo da caracterizagdo morfoldgica e 0s
mecanismos moleculares envolvidos no CPE pode levar a um melhor entendimento do cancer
como um sistema e propiciar novos alvos terapéuticos que possibilitem um melhor prognostico e

tratamento da doenca.
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1.5. Objetivos

1.5.1. Objetivo geral
Identificar marcadores epigenétcos e gendmicos relacionados ao carcinoma de células
escamosas de pénis e avaliar a possivel relagdo destes com a infeccéo por HPV.

1.5.2. Objetivos especificos

- Avaliar os aspectos clinicos e patologicos da doenca e sua relagcdo com o desenvolvimento do CPE;

- ldentificar a presenca da infeccdo do HPV de alto risco em grupo amostral de 224 amostras de CPE
em amostras de tecido parafinado;

- Auvaliar a associacgdo entre a presenca de HPV de alto risco e dados epidemioldgicos da doenca;

- Avaliar a associagéo entre dados epidemiologicos e sobrevida livre da doenca;

- Avaliar o padrdo das marcas epigenéticas, 5-metilcitocisa (5mC) e 5-hidroximetilcitosina (5ShmC),
em amostras de tecido parafinado;

- Avaliar a associag&o entre as marcas epigenéticas e a infecgdo por HPV de alto risco;

- Avaliar o padrdo de metilagdo da regido diferencialmente metilada H19 em amostras de CPE
(chr11:1,999,757- 2,000,060) em amostras de tecido congelados;

- Avaliar o padréo de metilagdo da regido diferencialmente metilada H19 em amostras de CPE e sua
relagdo com HPV de alto risco;

- Avaliar os genes com maior carga mutacional em amostras de tecido congelado de CPE através do
sequenciamento de exons (Exoma);

- Auvaliar a 0s genes com maior carga mutacional e sua relacdo com a presenca da infecgdo por HPV

de alto risco.



22

1.6. Referencias

ALI, S. M. et al. Comprehensive Genomic Profiling of Advanced Penile Carcinoma Suggests a High
Frequency of Clinically Relevant Genomic Alterations. The Oncologist, v. 21, n. 1, p. 33-39, 2016.

AYOUBIAN, H. et al. Mirna expression characterizes histological subtypes and metastasis in penile
squamous cell carcinoma. Cancers, v. 13, n. 6, 2021.

BRAY, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA: A Cancer Journal for Clinicians, v. 68, n. 6, p. 394—
424, 2018.

CHAUX, A. et al. Developments in the pathology of penile squamous cell carcinomas. Urology, v. 76, n.
SUPPL. 2, p. S7-S14, 2010.

CHRISTODOULIDOU, M. et al. Epidemiology of penile cancer. Current Problems in Cancer, v. 39, n.
3, p. 126-136, 2015.

DOUGLAWI, A.; MASTERSON, T. A. Penile cancer epidemiology and risk factors: A contemporary
review. Current Opinion in Urology, v. 29, n. 2, p. 145-149, 2019.

DUNNE, E. F. et al. Prevalence of HPV infection among men: A systematic review of the literature.
Journal of Infectious Diseases, v. 194, n. 8, p. 1044-1057, 2006.

FAVORITO, L. A. et al. Epidemiologic study on penile cancer in Brazil. International Braz J Urol, v.
34, n. 5, p. 587-591, 2008.

FEBER, A. et al. Epigenetics markers of metastasis and HPV-induced tumorigenesis in penile cancer.
Clinical Cancer Research, v. 21, n. 5, p. 1196-1206, 2015.

FEINBERG, A. P.; OHLSSON, R.; HENIKOFF, S. The epigenetic progenitor origin of human cancer.
Nature Reviews Genetics, v. 7, n. 1, p. 21-33, 2006.

FERREUX, E. et al. Evidence for at least three alternative mechanisms targeting the p16INK4A/cyclin
D/RDb pathway in penile carcinoma, one of which is mediated by high-risk human papillomavirus.
Journal of Pathology, v. 201, n. 1, p. 109-118, 2003.

FICARRA, V. et al. Prognostic factors in penile cancer. Urology, v. 76, n. SUPPL. 2, p. S66-S73, 2010.

GIULIANO, A. R. et al. Incidence and clearance of genital human papillomavirus infection in men
(HIM): A cohort study. The Lancet, v. 377, n. 9769, p. 932-940, 2011.

GRAHAM, S. V. Human papillomavirus: Gene expression, regulation and prospects for novel diagnostic
methods and antiviral therapies. Future Microbiology, v. 5, n. 10, p. 1493-1506, 2010.

GU, W. et al. Identification of a methylation panel aid in risk stratification in node-positive penile
squamous cell carcinoma. International Journal of Cancer, v. 148, n. 5, p. 1289-1298, 2021.

HAIG, D. The (dual) origin of epigenetics. Cold Spring Harbor Symposia on Quantitative Biology, v.
69, p. 67-70, 2004.

HU, Z. et al. Genome-wide profiling of HPV integration in cervical cancer identifies clustered genomic
hot spots and a potential microhomology-mediated integration mechanism. Nature Genetics, v. 47, n. 2,



23

p. 158-163, 2015.

JUNIOR, P. F. DE M. et al. Increased risk of penile cancer among men working in agriculture. Asian
Pacific Journal of Cancer Prevention, v. 19, n. 1, p. 237-241, 2018.

KASHOFER, K. et al. HPV-negative penile squamous cell carcinoma: Disruptive mutations in the TP53
gene are common. Modern Pathology, v. 30, n. 7, p. 1013-1020, 2017.

KOIFMAN, L. et al. Proteomics analysis of tissue samples from patients with squamous cell carcinoma
of the penis and positive to human papillomavirus. International Braz J Urol, v. 41, n. 4, p. 642-654,
2015.

KORKES, F. et al. Penile cancer trends and economic burden in the Brazilian public health system.
Einstein (Sao Paulo, Brazil), v. 18, p. eAO5577, 2020.

KUASNE, H. et al. Genome-wide methylation and transcriptome analysis in penile carcinoma:
Uncovering new molecular markers. Clinical Epigenetics, v. 7, n. 1, p. 1-10, 2015.

__. Integrative miRNA and mRNA analysis in penile carcinomas reveals markers and pathways with
potential clinical impact. Oncotarget, v. 8, n. 9, p. 15294-15306, 2017.

LETO, M. DAS G. P. et al. Human papillomavirus infection: etiopathogenesis, molecular biology and
clinical manifestations. Anais brasileiros de dermatologia, v. 86, n. 2, p. 306-17, 2011.

MCDANIEL, A. S. et al. Genomic profiling of penile squamous cell carcinoma reveals new opportunities
for targeted therapy. Cancer Research, v. 75, n. 24, p. 5219-5227, 2015.

MOBINI KESHEH, M. et al. Genetic diversity and bioinformatic analysis in the L1 gene of HPV
genotypes 31, 33, and 58 circulating in women with normal cervical cytology. Infectious Agents and
Cancer, v. 18, n. 1, p. 1-12, 2023.

PAL, A.; KUNDU, R. Human Papillomavirus E6 and E7: The Cervical Cancer Hallmarks and Targets for
Therapy. Frontiers in Microbiology, v. 10, n. January, 2020.

SILVA AMANCIO, A. M. T. DA et al. Epidermal growth factor receptor as an adverse survival predictor
in squamous cell carcinoma of the penis. Human Pathology, v. 61, p. 97-104, 2017.

SOUZA, M. A. C. DE et al. Survival analysis of penile cancer patients treated at a tertiary oncology
hospital. Ciencia e Saude Coletiva, v. 23, n. 8, p. 2479-2486, 2018.

SUNG, H. et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA: A Cancer Journal for Clinicians, v. 71, n. 3, p. 209-
249, 2021.

TOMITA, T.; HUIBREGTSE, J. M.; MATOUSCHEK, A. A masked initiation region in retinoblastoma
protein regulates its proteasomal degradation. Nature Communications, v. 11, n. 1, p. 1-8, 2020.

TRIAS, I. et al. P53 in Penile Squamous Cell Carcinoma: A Pattern-Based Immunohistochemical
Framework with Molecular Correlation. Cancers, v. 15, n. 10, 2023.

VIEIRA, C. B. et al. Profile of patients with penile cancer in the region with the highest worldwide
incidence. Scientific Reports, v. 10, n. 1, p. 1-7, 2020.

WANG, X.; HUANG, X.; ZHANG, Y. Involvement of human papillomaviruses in cervical cancer.



24

Frontiers in Microbiology, v. 9, n. NOV, p. 1-14, 2018.

WANG, Y. et al. Mutational landscape of penile squamous cell carcinoma in a Chinese population.
International Journal of Cancer, v. 145, n. 5, p. 1280-1289, 2019.

WELCH, G. R.; CLEGG, J. S. From protoplasmic theory to cellular systems biology: A 150-year
reflection. American Journal of Physiology - Cell Physiology, v. 298, n. 6, p. 1280-1290, 2010.

ZARGAR-SHOSHTARI, K.; SHARMA, P.; SPIESS, P. E. Insight into novel biomarkers in penile
cancer: Redefining the present and future treatment paradigm? Urologic Oncology: Seminars and
Original Investigations, v. 36, n. 10, p. 433-439, 2018.

ZHANG, Y. B. et al. Combined lifestyle factors, incident cancer, and cancer mortality: a systematic
review and meta-analysis of prospective cohort studies. British Journal of Cancer, v. 122, n. 7, p. 1085-
1093, 2020.



2. CAPITULO II

25

HPV INFECTION AND 5MC/5HMC EPIGENETIC MARKERS IN PENILE
SQUAMOUS CELL CARCINOMA: NEW INSIGHTS INTO PROGNOSTICS

RENAN DA SILVA SANTOS
Clinical Epigenetics
2022



26

HPV infection and 5mC/5hmC epigenetic markers in penile squamous cell carcinoma:

new insights into prognostics

Renan da Silva Santos!, Carlos Gustavo Hirth?, Daniel Pascoalino Pinheiro!, Maria Julia
Barbosa Bezerra®, Isabelle Joyce de Lima Silva-Fernandes®, Dayrine Silveira de Paula’, Ana
Paula Negreiros Nunes Alves>’, Manoel Odorico de Moraes Filho!®, Arlindo de Alencar Araripe
Moura?, Marcos Venicio Alves Lima?3, Claudia do O Pessoa!” and Cristiana Libardi Miranda

Furtado®¢*"

1 Drug Research and Development Center, Department of Physiology and Pharmacology, Federal
University of Ceard, Fortaleza, Brazil.

2 Laboratory of Pathology, Cancer Institute of Ceara, Fortaleza, Brazil.

% Laboratory of Molecular Biology and Genetics, Cancer Institute of Ceara, Fortaleza, Brazil.

4 Department of Animal Science, Federal University of Ceard, Fortaleza, Brazil.

® Drug Research and Development Center, Postgraduate Program in Translational Medicine,
Federal University of Cear, Fortaleza, Brazil.

6 Experimental Biology Center, University of Fortaleza, Fortaleza, Brazil.

" Department of Dental Clinic, Faculty of Pharmacy, Dentistry and Nursing, Federal University

of Ceara, Fortaleza, Brazil.

Artigo publicado na revista internacional Clinical Epigenetics
DOI: https://doi.org/10.1186/s13148-022-01360-1



27

Abstract

Background: Penile cancer is one of the most aggressive male tumors. Although it is reventable,
the main etiologic causes are lifestyle behaviors and viral infection, such as human apillomavirus
(HPV). Long-term epigenetic changes due to environmental factors change cell fate and promote
carcinogenesis, being an important marker of prognosis. We evaluated epidemiological aspects
of penile squamous cell carcinoma (SCC) and the prevalence of HPV infection using high-risk
HPV (hrHPV) and p16INK4A expression of 224 participants. Global DNA methylation was
evaluated through 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC).

Results: The incidence of HPV was 53.2% for hrHPV and 22.32% for p16INK4a. hrHPV was
not related to systemic or lymph node metastasis and locoregional recurrence, nor influenced the
survival rate. P16'NK4 seems to be a protective factor for death, which does not affect metastasis
or tumor recurrence. Lymph node and systemic metastases and locoregional recurrence increase
the risk of death. An increased 5mC mark was observed in penile SCC regardless of HPV
infection. However, there is a reduction of the 5hmC mark for p16INK4a + (P = 0.024). Increased
5mC/5hmC ratio (> 1) was observed in 94.2% of penile SCC, irrespective of HPV infection.
Despite the increase in 5mC, it seems not to affect the survival rate (HR = 1.06; 95% CI 0.33-
3.38).

Conclusions: P16INK4a seems to be a good prognosis marker for penile SCC and the increase in
5mC, an epigenetic mark of genomic stability, may support tumor progression leading to poor
prognosis.

Keywords: Penile cancer, Human papillomavirus, p16'™N%4¢ High-risk HPV, Global DNA
methylation, Global DNA Hydroxymethylation
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2.1. Background

Penile cancer is a rare tumor type with an increased worldwide incidence, having 36,068
new cases registered in 2020. The majority of cases occur in regions with a low human
development index, where India (10,677), China (4,628) and Brazil (1,698) are the most affected
countries [1]. Despite the low incidence compared to other types of male malignancies, penile
cancer has a poor prognosis and is associated with high mortality [2] and morbidity [3].
Therapeutic strategies are very limited and, therefore, the main related therapy is partial or total
penectomy, which directly affects the emotional and social life of patients. Given narrow options
for early diagnosis and non-surgery treatments, restricted funding for medical care, and mutilating
treatments resulting in negative effects on well-being, penile cancer can be regarded as a
neglected disease [4—6].

Different histological types are associated with penile cancer, such as sarcoma, melanoma
and basal cell carcinoma [7, 8], nevertheless, penile squamous cell carcinoma (SCC) is reported
in 95% of cases worldwide [9, 10]. Multiple risk factors are described, mostly related to lifestyle
behaviors, such as promiscuous sexual behavior [11], history of zoophilia [12], poor hygiene [13],
psoralen UV-A phototherapy [14], smoking [15] and obesity [16]. Non-circumcision (phimosis)
leads to chronic inflammation conditions like posthitis, lichen sclerosus and balanitis xerotic
obliterans [9] increasing the risk of developing penile cancer by 22-fold [17]. However, human
papillomavirus (HPV) infection in penile cancer is one of the main etiologic causes, especially
for squamous cell carcinomas [18].

The prevalence of HPV in penile neoplasia can vary widely depending on the literature
and among different regions of the world, ranging from 11 to 87% [19, 20]. Associations of HPV
infection and death risk are still unclear, as the results are controversial [21-23]. Positive survival
prognosis for high-risk HPV (hrHPV) in penile cancer has already been highlighted [24] and
Wang and collaborators (2020) [25] have recently suggested a regional lymph node infiltration
staging based on the presence of hrHPV. Subtypes of hrHPV are linked to malignant lesions due
to the degradation of the cell cycle control proteins P53 and Rb, and the expression of the viral
oncoproteins, HPV E6 and HPV E7, which causes evasion to cell death and DNA damage repair,
respectively [26]. These viral oncoproteins’ expression promotes chromosomal rearrangements,
multiple centromeres and aneuploidy [27]. Viral infection, as HPV is often related to an increase

in genomic instability by aberrantly reprogramming the epigenome [28]. In different squamous
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cell carcinomas hrHPV directly modulates enzymes that maintain the conformation of
nucleosomes [28, 29] and enzymes responsible for maintaining DNA methylation [30, 31].

Environmentally induced epigenetic changes have been recently added as hallmarks of
cancer, which contribute to tumor initiation and progression [32]. Global DNA methylation is
characterized by the addition of a methyl at position 5 of cytosine in a dinucleotide CpG (cytosine-
phosphate-guanine) resulting in a 5-methylcytosine (5mC) [33], which affects gene expression,
chromatin remodeling and genomic stability. DNA methyltransferases (DNMTs) mediate the
transfer of the methyl group to DNA, and loss of the 5mC marker can occur either passively by
DNA replication or actively by the enzymes known as Ten-Eleven-Translocation (TETS) [34].
These enzymes catalyze the conversion of 5mC into 5-hydroxymethylcytosine (5hmC).
Imbalances between 5mC and 5ShmC marks cause transcriptional dysregulation of promoters and
enhancers, changing the cell fate [35]. The imbalance of 5mc/5hmc dynamics has been described
in many types of cancers, but not for penile squamous cell carcinomas.

Since HPV infection may drive epigenetic changes, the characterization of the global
DNA methylation and its association with hrHPV DNA and p16INK4a expression will provide
better knowledge about the molecular mechanisms related to penile SCC. Therefore, evaluate the
prevalence of HPV infection and 5mC and 5hmC epigenetic marks in penile SCC and its
association with clinicopathological alterations. As an important mechanism of genomic stability,
aberrant epigenetic reprogramming related to penile SCC pathogenesis and viral infection may
be used as a biomarker for prognosis and targeted therapies. Determining the prevalence of HPV,
one of the most common infections of the reproductive tract, is important for the development of

public health strategies for the prevention and treatment of related diseases.

2.2. Methods
2.2.1. Participants and study design
This is a retrospective study that included 224 participants with penile SCC who
underwent partial or total penectomy, and advantage stage with enlarged prostatectomy and
emasculation, without any prior history of chemotherapy or radiotherapy. Penile SCC samples
were obtained at Hospital Haroldo Juacaba, Ceard, Northeast Brazil, and detailed
clinicopathological and follow-up data were assessed from 2000 to 2018. The study was approved

by our Institutional Review Board (process number 2.427.846).
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Available epidemiological data for penile SCC were obtained. The anatomopathological
evaluation was performed by two pathologists who were blinded to the clinical data, and the
regions corresponding to the neoplasm were marked on the histological slides. Pathological
staging was performed according to the eighth edition of the American Joint Committee on
Cancer (AJCC) (2017) [36]. Local recurrence in the amputation stump, as well as lymph node
and systemic metastasis, was evaluated. The mean follow-up was 29.69 (37.3) months from
surgery to the last visit or death. As we had different types of block quality and the amount of
material had to be fractionated for pathological analysis and p16INK4a, hrHPV, 5mC, and 5hmC
markings, the number of samples available for analysis varied (Table 1 and Additional file 1:
Supplementary Fig. 1).

2.2.2. Tissue microarray construction

The Tissue MicroArray (TMA) blocks were composed of representative 2.0 mm cores, in
duplicate, from the 224 samples from the epidemiological study cases. Blocks were sectioned to
4 um thick and mounted on glass slides with an organosilane-based adhesive (3-
aminopropyltriethoxy-silane; Sigma Chemical Co®, St Louis, MO, USA). TMA sections were
then used for staining in HPV detection assays and analyses of 5mC/5hmC epigenetic markers.
All the experiments were analyzed by a blinded observer.

2.2.3. pl6INK4a immunoexpression and HPV in situ hybridization

The p161INK4a immunoexpression was carried out using an anti-p16 antibody clone E6H4
(Roche, USA). p16INK4a expression must be > 75% in neoplastic cells to be considered positive
in immunohistochemistry (IHC) staining, with continuous and complete cytoplasmic and nuclear
staining [37]. Chromogenic in situ hybridization (CISH) was used to distinguish hrHPV and low-
risk HPV (IrHPV) forms. For that, Ventana Inform HPV |11 Family 16 Probe (Ventana Medical
Systems, Tucson, AZ) diagnostic kit was used to identify hrHPV (genotypes 16, 18, 31, 33, 35,
39, 45, 51, 52, 56, 58 and 66) and Ventana Inform HPV Il Family 6 (Ventana Medical Systems,
Tucson, AZ) for IrHPV identification (genotypes 6 and 11). High-grade cervical intraepithelial
neoplasia was used as a positive control for hrHPV and condyloma acuminate for IrHPV. Skeletal
striated muscle was used as a negative control for both assays. Representative images of the
positive and negative markings of the tumor area for each assay used in this work are available

in Additional file 1: Supplementary Fig. 2.
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2.2.4. Global DNA methylation and hydroxymethylation assays
The TMA sections were stained with anti-5-methylcytosine (anti-5mC) and anti-5-
hydroxymethylcytosine (anti- 5hmC) antibodies using streptoavidin-biotin IHC. Briefly, after
deparaffinization and rehydration, TMA slides were submitted to antigenic recovery in citrate pH
6.0 0.01 M. The slides were, then, blocked by endogenous peroxidase in a 3% hydrogen peroxide
solution for 30 min, to block unspecified staining. Subsequently, slides were incubated with
primary antibodies (anti-5mC: Abcam—Ab214727ug50; anti-5hmC: Abcam—Ab214728ug50) in
a humid and dark chamber at 4 °C overnight. Secondary incubation took place with the DAKO
EnVision™ kit (DAKO®, Carpentaria, CA, USA) for 30 min at room temperature and
counterstained with Mayer’s hematoxylin. The analysis of 5mC and 5hmC was performed by
evaluating the percentage of positivity of 100 cells in the tumor area of each TMA sample, in
duplicate, for each target. Counting was made by two independent observers and the percent
positivity rate was used to construct the score (% score). As each sample had 5mC and 5hmC
scores, the 5mC/5hmC ratio was calculated for all participants. We used brain samples as positive
control and the absence of the primary antibody during the incubation as the negative control.
2.2.5. Statistical analyses
Qualitative variables were summarized considering absolute and relative frequencies. The
Fisher’s exact test was applied to verify which qualitative variables are associated with p161INK4a
and hrHPV and the Wilcoxon nonparametric test for independent variables was applied to verify
the relation between quantitative variables and p161INK4a and hrHPV. A multivariate regression
analysis of survival data was based on the Cox proportional hazards model using PHREG
procedure. The characteristics with reduced sample size as staging (pT4) were not included in the
model. The Student’s t-test was used to compare 5mC and 5hmC marks and HPV infection. All
statistical analyses were performed using SAS® 9.3 software (SAS Institute Inc, University of
North Carolina, North Carolina), and P < 0.05 was considered significant. The Kaplan—Meier
curves were predicted by log-rank (Mantel-Cox) test performed in GraphPad Prism version 8.4.2.
For survival curves, the sample size evaluated to time to death is presented in Table 1.
2.2.6. Supplementary Information
The online version contains supplementary material available at https:// doi.org/ 10.1186/
$13148-022-01360-1.
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2.3. Results

2.3.1. Clinicopathological characteristics and HPV infection

The participants’ age, HPV infection, pathological classification, and treatments of penile
SCC are resented in Table 1. Participants’ mean age was 63.8 (+ 15.86) years old, and the
incidence of SCC was higher in men over 60 years old (59.2%; 133/224), even though the
manifestation of the disease was also detected before the age of 60 (33.2%; 74/224) and 40 (7.6%;
17/224). The frequency of HPV infection was 22.3% when evaluated with pl6INK4a
immunodepression and reached 53.2% when tested by hrHPV hybridization. Low-risk HPV
infection was not identified. Tumor staging based on the primary tumor was mainly corpus
spongiosum invasion (39.3%, pT2) followed by the first stages including carcinoma in situ (pTis),
noninvasive carcinoma (pTa), subepithelial invasion without lymphovascular invasion (pT1a)
and with lymphovascular invasion (pT1b) (30.1%).

Table 1: Clinical and pathological aspects. staging and treatment of penile squamous cell

carcinoma patients.

N (%)

Age (years)

Mean (range) 63.8 years (18-103)
<40 17/224 (7.6)
40 -60 74/224 (33.2)
> 60 133/224 (59.2)

p16INK4a
No 1741224 (77.7)
Yes 50/224 (22.3)

hrHPV
No 88/188 (46.8)
Yes 100/188 (53.2)
Staging

pTis + pTa+ pTl(a.b)
pT2
pT3
pT4

66/219 (30.1)
86/219 (39.3)
62/219 (28.3)
5/219 (2.3)

Sistemic metastasis
No
Yes

157/188 (83.5)
31/188 (16.5)

Lymph node metastasis
No

124/207 (59.9)
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Yes 83/207 (40.1)
Locoregional recurrence

No 139/188 (73.9)

Yes 49/188 (26.1)
PLI

Mild and Moderate 130/217 (59.9)

Intense 87/217 (40.1)
PPI

Mild and Moderate 205/217 (94.5)

Intense 12/217 (5.5)
LI

Mild and Moderate 215/217 (99.1)

Intense 2/217 (0.9)
1Pl

Mild and Moderate 127/217 (58.5)

Intense 90/217 (41.5)
Surgical procedure

Partial amputation 164/224 (73.2)

Total amputation 33/224 (14.7)

Others 27/224 (12.1)
Chemotherapy

No 144194 (74.2)

Yes 50/194 (25.8)
Radiotherapy

No 165/192 (85.9)

Yes 27/192 (14.1)

pTis: carcinoma in situ; pTa: noninvasive carcinoma; pTla: subepithelial invasion without
lymphovascular invasion, perineural invasion or grade 3; pT1b: subepithelial invasion with
lymphovascular invasion, perineural invasion or grade 3; pT2: invasion of corpus spongiosum;
pT3: invasion of corpus cavernosum; pT4: invasion of adjacent structures including scrotum,
prostate and pubic bone; PLI: peritumoral lymphocyte infiltrate; PPI: peritumoral
polymorphonuclear infiltrate; ILI: intratumoral lymphocyte infiltrate; IPIl: intratumoral
polymorphonuclear infiltrate.

Systemic metastasis was observed in 16.5% of participants diagnosed with penile SCC,
while lymph node metastasis was presented in 40.1% and locoregional recurrence in 26.1%.
Intense peritumoral lymphocyte infiltrate (PLI) and intratumoral polymorphonuclear infiltrate
(IP1) reached 40.1% and 41.5% of penile SCC, respectively. The main therapeutic strategies were

partial amputation 73.2% and total amputation 14.7%, followed by other associated strategies
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(12.1%) such as prostatectomy, emasculation, and exercise injury. Chemotherapy was the
treatment option for 25.8% of men, which consisted of cisplatin associated with 5-Fluorouracil
or cisplatin associated with taxol or paclitaxel, as a palliative or neoadjuvant therapy before and
after lymphadenectomy. Radiotherapy was used only as a palliative alternative for pain in cases
of metastasis (14.1%) (Table 1). Despite the differences in HPV infection diagnosis using
pl6INK4a or hrHPV, a positive correlation was observed between these markers (P = 0.003,
Table 2). Radiotherapy was associated with p16INK4a positive cases (P = 0.0136). All other
clinicopathological variables were not associated with HPV markers p161INK4a and hrHPV.

Table 2. Clinical-pathological aspects, staging and therapy of penile SCC patients and p16'Nk42
and hrHPV correlation.

p16!Nre” hrHPV
Negative (%) Positive (%) p-value Negative (%) Positive (%) vallallje

hrHPV

Negative 76 (52.8) 12 (27.3) 0.003

Positive 68 (47.2) 32 (72.7) ) )
Staging

pTis + pTa + pT1(a.b) 50 (29.4) 16 (32.6) 0.7138  25(29.1) 26 (26.5)  0.4003

pT2 69 (40.6) 17 (34.7) 38 (44.2) 35 (35.7)

pT3 48 (28.3) 14 (28.6) 22 (25.6) 34 (34.7)

pT4 3(1.7) 2(4.1) 1(1.1) 3(3.1)
Lymph Node Metastasis

Negative 101 (62.3) 23(51.1) 0.1737 55 (66.3) 49 (52.1)  0.0566

Positive 61 (37.7) 22 (48.9) 28 (33.7) 45 (47.9)
Locoregional Recurrence

Negative 106 (72.6) 33(78.6)  0.4374 57 (76) 60 (69.8)  0.3761

Positive 40 (27.4) 9 (21.4) 18 (24) 26 (30.22)
Metastasis

Negative 123 (84.2) 34(80.9) 0.6122  62(82.7) 72 (83.7)  0.8582

Positive 23 (15.8) 8(19.1) 13 (17.3) 14 (16.3)
PLI

Mild and Moderate 99 (58.6) 31(64.6) 0.4539 49 (58.3) 58 (59.8)  0.842

Intense 70 (41.4) 17 (35.4) 35 (41.7) 39 (40.2)
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PPI
Mild and Moderate 157 (92.9) 48 (100) 0.0575 82 (97.6) 90(92.8) 0.1356
Intense 12 (7.1) 0(0) 2 (2.4) 7(7.2)
ILI
Mild and Moderate 167 (98.8) 48 (100) 0.4489 83 (98.8) 96 (99) 0.9184
Intense 2(1.2) 0 (0) 1(1.2) 1(1)
IPI
Mild and Moderate 99 (58.6) 28 (58.3)  0.9756 46 (54.8) 56 (57.7)  0.6878
Intense 70 (41.4) 20 (41.7) 38 (45.2) 41 (42.3)
Surgical procedure
Partial amputation 127 (73) 37 (74) 0.1441 64 (72.7) 75 (75) 0.5434
Total amputation 29 (16.7) 4 (8) 16 (18.2) 13 (13)
Others 18 (10.3) 9 (18) 8(9.1) 12 (12)
Chemotherapy
Negative 115 (76.7) 29 (65.9) 0.1514 58 (76.3) 65 (72.2)  0.5486
Positive 35 (23.3) 15 (34.1) 18 (23.7) 25 (27.8)
Radiotherapy
Negative 133 (89.3) 32(74.4)  0.0136 65 (85.5) 76 (85.4)  0.9807
Positive 16 (10.7) 11 (25.6) 11 (14.5) 13 (14.6)
5mC
< 30% 2 (1.5) 0 (0) 0.528 1(1.5) 0 (0) 0.4534
> 30% - < 60% 11 (8.5) 5(13.2) 6 (9) 10 (12)
> 60% 116 (90) 33 (86.8) 60 (89.5) 73 (88)
5hmC
0% 18 (14.2) 8 (21.6) 0.1236 14 (21.2) 11 (13.5) 0.5893
< 30% 34 (26.7) 11 (29.7) 17 (25.8) 26 (31.7)
> 30% - < 60% 29 (22.8) 12 (32.5) 17 (25.8) 20 (24.4)
> 60% 46 (36.2) 6 (16.2) 18 (27.2) 25 (30.4)

*Each column adds up to 100%. pTis: carcinoma in situ; pTa: noninvasive carcinoma; pT1la:
subepithelial invasion without lymphovascular invasion, perineural invasion or grade 3; pT1b:
subepithelial invasion with lymphovascular invasion, perineural invasion or grade 3; pT2: invasion
of corpus spongiosum; pT3: invasion of corpus cavernosum; pT4: invasion of adjacent structures
including scrotum, prostate and pubic bon PLI: Peritumoral Lymphocytic Infiltrate; PPI:
Peritumoral Polymorphonuclear Infiltrate; ILI: Intratumoral Lymphocyte Infiltrate; IPI:
Intratumoral ~ Polymorphonuclear  Infiltrate; 5mC:  5-methylcytosine;  5hmC:  5-
hydroxymethylcitosine.

The survival rate was measured by a multivariate-adjusted Cox hazards regression model
(Fig. 1A, Additional file 1: Supplementary Table 1). Locoregional recurrence (Hazard Ratio, HR
=5.51, 95% CI 2.20-13.84; P < 0.001), systemic metastasis (HR = 4.40, 95% CI 1.68— 11.49, P
= 0.003) and lymph node metastasis (HR = 4.65, 95% CI 1.3-15.7, P = 0.013) decreased the
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survival rate in penile SCC. On the other hand, p16INK4a expression seems to be a protective
factor for death (HR = 0.34, 95% CI1 0.531-2.05; P = 0.04) and hrHPV (HR =0.82, 95% CI 0.36—
1.86; P = 0.637) did not affect survival even with a HR < 1. The remaining parameters evaluated
did not affect the survival rate. However, on the nonadjusted Kaplan—Meier curves metastasis,
recurrence, chemotherapy, radiotherapy (Fig. 1B-D, F, M) and staging (Additional file 1:
Supplementary Fig. 3E) seems to decrease the time to death (P < 0.05).

Figure 1. Survival analyses. Multivariate-adjusted Cox hazards regression model (A) and
Kaplan—Meier survival curves: B lymph node metastasis; C systemic metastasis; D locoregional
recurrence; E surgery; F radiotherapy; G p16 INK4a; H hrHPV; | double positive (+), p16INK4a
(+), hrHPV (+) and negative (—); J 5-mehtylcitosine, 5mC; L 5-hydroximetilcitosine, 5hmC and
M chemotherapy. Surgery 1, partial amputation; Surgery 2, total amputation; Surgery 3, others.

*Adjusted with surgery 1
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2.3.2. 5mC and 5hmC marks in penile SCC
Increased global 5mC (> 60%) mark was observed in 89.2% of penile SCC cases,
regardless of HPV infection (Fig. 2A , B). The average of global 5hmC levels varied from lower
(< 30%), intermediate (30-60%), and increased (> 60%) hydroxymethylation levels (Fig. 2B).
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The total cases of penile cancer evaluated for the 5mC mark (Fig. 2C), corresponding to 77.5% *
19.9, have a higher percentage value than the 5hmC mark (35.9% + 29.3, Fig. 2D). No association
was observed between global DNA methylation marks and HPV infection (Table 2). Also, no
differences were observed in the distribution of the 5mC mark for both hrHPV + and p16INK4a
+ (Fig. 2C), but an increase in the 5hmC mark for p16INK4a negative (P = 0.024) was observed
(Fig. 2D). 5mC in double positive HPV was similar to hrHPV and p16INK4a (Fig. 2C) and 5hmC
double positive HPV was similar to p16INK4a + (Fig. 2D). The 5mC/5hmC ratio represents the
proportion between the marks for each sample (Fig. 3A). The majority of penile SCC showed
5mC/5hmC ratio greater or equal to 1 (94.2%), which was not associated with viral infection (Fig.
3B). Despite increased 5mC mark, methylation level was not associated with survival rate (HR =
1.05, 95% CI 0.33-3.38; P = 0.92), as well as 5hmC (HR = 0.95, 95% CI 0.60-1.50; P = 0.82).

Figure 2. The pattern of 5mC and 5hmC epigenetic marks on penile SCC. A 5mC and 5hmC
marks staining in penile squamous cell carcinoma. B Stratification of 5mC and 5hmC mark levels.
Distribution of 5mC C and 5hmC D levels in a total number of samples and separated by hrHPV
and p16INK4a groups. Data are presented as mean and standard deviation. *P = 0.024
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30% - 60% 16/167 (9.6)
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2.4. Discussion

Penile cancer is one of the most aggressive male malignancies, although it is one of the
easiest to prevent, as the main etiologic causes are lifestyle conditions and viral infection [38].
We observed a high incidence of HPV infection considering hrHPV detection (53.2%) while the
incidence reduces using p16INK4a (22.3%). Despite the elevated incidence, HPV infection was
not related to systemic or lymph node metastasis and locoregional recurrence and, therefore, does
not influence the survival rate. Long-term changes in DNA methylation are characteristic of
environmentally induced carcinogenesis as penile cancer [13]. Increased 5mC was observed in
penile SCC, which seems to be a stable epigenetic marker, while the 5hmC was lower and more
variable. The HPV infection was not related to the overall 5SmC/5hmC ratio. Interestingly, 5mC
may be a risk factor for poor prognosis and survival rate.

The incidence of penile cancer directly impacts public health, as the specialized medical
care, psychosocial impact and the risk of cervical cancer in their female partners increase the cost
of treatment [66]. Despite significant reductions in hospital admissions in Brazil over the past two
decades, the incidence of penile carcinoma is still high and quite unequal across the five regions
of the country, whereby the Northwest stands out with the highest incidence and the lowest per
capita income in the country [39]. Socioeconomic status and low education levels reflect on penile
SCC staging at diagnosis [40, 41] and, a recent study conducted in the states of Maranhdo and
Rio de Janeiro, Brazil, report that 69.9% of patients were diagnosed with pT2 and pT3, and 87.9%
of them underwent surgical removal of the organ. A contrasting scenario is observed in developed
countries, such as the USA, where 54.1% of penile SCC staging are pT1 and there were 75.8%
of amputated cases [42]. Penile SCC was observed in young men, ranging from 18 to 103 years
old, different from other cities in Brazil as the age varied between 23 to 98 years [13, 41], and
even more discrepant in developed countries, where the disease is rare before the third decade of
life [43, 44].

Despite the correlation between hrHPV and p16INK4a, the incidence of HPV infection
was twofold higher using hrHPV than p16INK4a, and only 17% of all cases were double positive
for both markers. Considering that the tumor suppressor protein p16INK4a is upregulated by the
HPV oncogene [45, 46], HPV DNA detection may be a primary event that is followed by
increased expression of this protein. Also, negative testing for p16INK4a expression may be

linked to gene expression loss, caused by promoter methylation events and loss of heterozygosity
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[45, 46], implying a false negative result [49]. A recent systematic review and meta-analysis
showed 49% (95% CI 43.1-54.9) of HPV prevalence using qPCR or hybridization analyses (n =
3772 cases in 47 studies) and 42.1% (95% CI 36.4—-47.8) using p16INK4a (n = 1296 cases in 23
studies) in SCC [47]. Both techniques are widely used for HPV detection, however, the values
may show discrepancies. Therefore, double positive HPV DNA and pl6INK4a must be
considered for some types of cancer, such as head and neck SCC [74].

Although previously mentioned as a risk factor for penile SCC [10, 23], our present
analysis indicates that hrHPV and p16INK4a were not related to disease staging, metastasis, or
infiltration of the immune system cells. On the other hand, p16INK4a seems to be a protective
factor for death, as well as hrHPV (HR < 1), although it was not significant, an increase in sample
size would answer this question. In addition, positive cases for p16INK4a seem to be associated
with radiotherapy. Although previous studies associate p16INK4a expression and radiotherapy
[75, 76], this might be a random correlation. Increased p16INK4a was correlated with a good
prognosis, as lack of nodal metastasis in head and neck SCC [67, 77] and cervical cancer [78]. In
penile SCC, Martins and collaborators showed that p16INK4a was not associated with prognosis
parameters or survival rate [46].

The presence of lymph node metastasis in the inguinal and iliac regions increased the risk
of death, which is the most common metastatic event [50] and the main prognostic marker [51].
Systemic metastases are rarely reported [41, 50] and locoregional recurrences are also less
frequent [52], but these two parameters were associated with an increased risk of death by 4.3
and 5.5-fold, respectively. Penectomy is still a widely used treatment for extensive lesions or
tumors involving the base and the bulbar urethral part of the penis [13, 41, 53], but our results
indicate that this type of surgery was not linked to survival rate. However, morbidity and
psychological traumas are detrimental to the quality of life [53]. The absence of minimally
invasive therapies and predictive characteristics of penile cancer is an overwhelming burden for
medical practice and scientists, who are challenged to search for molecular targets of the disease
[54].

Epigenetic mechanisms, like DNA methylation, present great plasticity as the epigenome
can be reprogrammed through environmental factors [68, 69]. Aberrant epigenetic
reprogramming changes cell landscape given the malignant phenotype, as increased proliferation,

resistance to apoptosis, invasion, and metastasis, triggering tumorigenesis [32]. Several studies
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have been dedicated to the characterization of epimutations in penile SCC [19, 70]. In this study,
an increased level of the global 5mC mark was observed regardless of HPV infection. Genomic
instability and mutations are important molecular alterations that trigger carcinogenesis.
Increased global 5mC (hypermethylation) contributes to genomic stability in tumor progression
and, therefore, may be related to tumor invasion and chemotherapy resistance [58, 73]. Unlike
our findings, reduced global DNA methylation was reported in other types of the tumors such as
colorectal [55] and prostate [56]. As a repressive epigenetic marker, it changes gene expression
of specific targets and large chromosomal regions, as repetitive DNA elements [58].

The increased 5mC marker was accompanied by a reduced level of the 5Shmc mark in the
majority of penile SCC, which was associated with a p16INK4a negative diagnosis. Decreased
level of 5ShmC mark was observed in head and neck cancers positive for HPV, and virus presence
might influence the oxidation process from 5mC to 5hmC in genes of cell junction pathways [65].
5hmC is an epigenetic marker for active DNA demethylation [57], which depends on TET
proteins that mediate this process [71]. Aberrant active DNA demethylation was also observed in
non-small cell lung cancer [72]. Furthermore, we observed a complete absence of 5ShmC staining
in several SCC samples, similar to previous reports about global loss of the 5hmC mark in large
subsets of oral squamous cell carcinoma [59] and cervical cancer [60].

Given that 5mC is a protective marker against DNA damage and the hydroxymethylation
of 5mC is an active demethylation process, the balance between 5mC and 5hmC marks is directly
linked to genomic stability, contributing to cancer development and progression [34]. We
observed that a higher 5mC may be a risk factor for death in penile SCC, irrespective of HPV
infection, and an increase in sample size may confirm these findings. The 5mC/5hmC mark is an
important prognostic and predictive parameter, and we have recently demonstrated the
5mC/5hmC imbalance related to hypercellular bone marrow, dyserythropoiesis and cases of high-
risk myelodysplastic syndromes [61]. Moreover, the clinical relevance of 5mC and 5ShmC levels
was reported as a critical marker for prognosis in colorectal cancer, as increased 5mC was
associated with lymph node metastasis [55]. Global epigenetic marks should be deciphered as
they indicate characteristics of advanced tumor staging [60] and tumor subtypes biomarker [62],
and targeted therapy using DNMT inhibitors [63, 64].

Despite the important findings regarding the HPV incidence and the association with the

5mC/5hmC mark with penile SCC prognosis, other studies should address the epidemiological
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characteristics of penile cancer and epigenetic reprogramming through lifestyle changes. Our
study was limited by the lack of information regarding the participant’s background, such as
sexual behavior, sociodemographic profile, HPV vaccination, and the identification of other
related histological subtypes and tumor topography. Even though we evaluated hrHPV and
IrHPV, there is a diversity of viral genotypes that have not been identified individually and should
give better knowledge regarding the infection and disease prognosis, as well as the time of
exposure to infection that was not tracked. Although partial and total penectomy represents better
survival compared to even more invasive ones, these techniques have drastic implications for the
individual’s personal life, which calls for less invasive therapies. The epidemiologic data, for
staging and surgical excision, suggest that medical care is just sought late raising costs in
specialized treatment. The elevated incidence of HPV highlights the importance of policies to
encourage vaccination to control viral infection in the male population.
2.5. Conclusions

We reported an incidence of 53.2% of hrHPV infection in men with penile SCC in the
State of Ceard, Northeast Brazil, a region with the lowest per capita income in the country. Despite
the increased incidence, HPV infection was not associated with poor prognosis, such as systemic
or lymph node metastasis, locoregional recurrence, but it seems to increase the survival rate. The
current research also indicates, for the first time, that increased global DNA 5mC and reduced
5hmC marks are characteristics of penile SCC. Despite no statistical difference, increased 5mC
may contribute to poor prognosis as the HR was 1.06 in SCC. Although viral infection contributes
to the loss of aberrant DNA reprogramming, the 5mC/5hmC ratio was not related to HPV
infection, and 5hmC levels were increased in p16INK4a negative samples. This information
should be further explored as this data may predict potential clinical relevance for penile cancer
prognosis and may suggest new treatment strategies, as hypomethylating agents for epigenetic
targeted therapies (epidrugs). The poor prognosis of penile cancer and its relationship with
environmentally induced changes reinforces the benefits of primary health care and the elevated
incidence of hrHPV highlights the importance of vaccination and continued educational strategies

for both prevention and treatment of malignant lesions.
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Abstract

Penile squamous cell carcinoma (SCC) is a rare and aggressive tumor mainly related to lifestyle
behavior and human papillomavirus (HPV) infection. Environmentally induced loss of imprinting
(LOI) at the H19 differentially methylated region (H19DMR) is associated with many cancers in
the early events of tumorigenesis and may be involved in the pathogenesis of penile cancer. We
sought to evaluate the DNA methylation pattern at HI9DMR and its association with HPV
infection in men with penile SCC by bisulfite sequencing (bis-seq). We observed an average
methylation of 32.2%+11.6% at the HI9DMR of penile SCC and did not observe an association
between the p16INK4a+ (p = 0.59) and high-risk HPV+ (p = 0.338) markers with methylation
level. The average methylation did not change according to HPV positive for p16INK4a+ or
hrHPV+ (35.4%+10%) and negative for both markers (32.4%+10.1%) groups. As the region
analyzed has a binding site for the CTCF protein, the hypomethylation at the surrounding CpG
sites might alter its insulator function. In addition, there was a positive correlation between intense
polymorphonuclear cell infiltration and hypomethylation at HI9DMR (p = 0.035). Here, we
report that hypomethylation at HLI9DMR in penile SCC might contribute to tumor progression
and aggressiveness regardless of HPV infection.

Keywords: Penile squamous cell carcinoma;, Human Papillomavirus; H19DMR,;

Hypomethylation; Genomic Imprinting; Single Nucleotide Polymorphism.
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3.1. Introduction

Penile squamous cell carcinoma (SCC) is a rare and aggressive neoplasia with increasing
incidence in developing countries. Lifestyle conditions, such as poor hygiene, promiscuous sexual
behavior, and the presence of phimosis are the main risk factors associated with penile cancer [1].
Human papillomavirus (HPV) infection is often related to penile SCC with a variable incidence in
the male population from 11% to 87% which is slightly related to the diagnostic method [2]. We
recently reported that the incidence of HPV infection in the penile SCC population was 53.2%
using a hybridization assay to capture high-risk HPV (hrHPV) and 22.3% using the p16INK4a
marker, which does not affect the prognosis and survival rate [3].

Owing to the sporadic etiology of penile cancer, with an important environmental
contribution, epigenetic alterations in gene expression control may trigger tumor development and
tighter with genetic mutations propagate carcinogenesis and contribute to its aggressiveness [4].
The biallelic expression of imprinted genes or loss of imprinting (LOI) is one of the most affected
epigenetic processes that appear during early tumor development [5]. The imprinting control
regions (ICRs) are differentially methylated regions (DMRs) in a parent-of-origin manner leading
to a monoallelic expression of the clustered imprinted genes [6]. Since imprinted genes regulate
cell differentiation [7], metabolism [8], proliferation [9], and other biological processes, epigenetic
alterations at the ICRs change the cell landscape and trigger carcinogenesis, being reported in
many cancers such as lung [10], colorectal [11], glioblastoma [12], and acute myeloid leukemia
[13].

One of the well-recognized ICRs involved in carcinogenic transformation is the HI9DMR
(ICR1) [14], mapped to human chromosome 11p15.5 region that controls the monoallelic
expression of the clustered H19 and IGF2 genes [15]. This region is localized at 2 kilobases
upstream of the H19, a long non-coding RNA (IncRNA) with a controversial role during
carcinogenesis, acting either as a tumor suppressor or oncogene [16,17]. The HI9DMR contains
multiple CTCF-binding domains (CCCTC-binding factor) with insulator activity and represents
an enhancer competition model for gene regulation [18]. The HI9DMR is unmethylated at the
maternal allele allowing the CTCF protein to bind to its DNA domains and H19 activation through
enhancers located upstream of this gene. In the paternal allele, methylation promotes
conformational changes near to H19 promoter region, which is silenced, while IFG2 is

transcriptionally activated by the shared enhancers [19].
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In addition to its complex structural region, the HI9DMR has two non-CpG single
nucleotide polymorphisms (SNPs), the rs2107425:C>T and rs2071094:G>T, that are associated
with parental allele-specific DNA methylation (ASM) status, thereby altering gene expression and
chromatin remodeling [20, 21]. However, ASM can be altered through environmental exposure
and a high confluence of ASM regions has been reported, possibly due to a genetic variation at a
regulatory SNP locus [22]. The genomic variation in DMRs can be valuable as prognostic markers
and may contribute to changes in DNA methylation pattern during carcinogenesis [22]. Analysis
based on DNA methylation and SNPs on conjoint has guided the stratification into high and low-
risk groups for breast cancer, supporting the relevant prognostic value of genomic and epigenomic
combined analysis for cancer biomarkers [23].

Considering the importance of the H19DMR in growth-related pathways and cell
differentiation [24], LOI or biallelic expression of imprinted genes has been associated with
carcinogenic transformation [25], tumor progression [26], metastasis [26], and resistance to
treatment [27]. We previously reported an increase in 5-methylcytosine (5mC) and a decrease in
5-hydroxymethylcytosine (5hmC), markers of global methylation and demethylation respectively,
were previously observed in our penile SCC cohort. However, HPV infection seems not to affect
5mC or 5hmC epigenetic markers [3]. These global changes may affect the methylation pattern at
ICRs in penile SCC. Thus, we sought to evaluate the DNA methylation at HI9DMR and its

association with clinical aspects of penile SCC and HPV infection.

3.2. Materials and methods

3.2.1. Study design and data collection

This is a retrospective study that included 30 penile SCC samples from patients who
underwent partial or total penectomy, enlarged prostatectomy, or emasculation due to penile SCC,
without any prior history of chemotherapy or radiotherapy and with detailed clinicopathological
and follow-up data available, from 2015 to 2018 at Hospital Haroldo Juagaba, Ceard, Brazil. The
samples used came from the Hospital tumor tissue sample bank, stored at -80 °C. The study was
approved by the ethics committee of the Federal University of Ceard and Haroldo Juacgaba
Hospital, according to process number 2.427.846. Data from the anatomopathological reports and
medical records were collected for epidemiological evaluation. Pathological staging was

performed according to the eighth edition of the American Joint Committee on Cancer (AJCC).



53

3.2.2. pl6INKd4a expression and high-risk HPV identification assays

The immunohistochemistry (IHC) assay was performed to p16'™% protein expression
using the anti-p1l6 antibody clone E6H4 (Roche CINtec® Histology) according to the
manufacturer’s instructions. The p16'NX% expression must be > 75% to be considered positive,
with continuous and complete cytoplasmic and nuclear staining [23]. Chromogenic in situ
hybridization (CISH) was used to identify high-risk HPV (hrHPV) using the Ventana Inform HPV
I11 Family 16 Probe diagnostic kit (Ventana Medical Systems, Tucson, AZ) (genotypes 16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58 and 66). High-grade cervical intraepithelial neoplasia was used as a
positive control for hrHPV. Skeletal striated muscle was used as a negative control for both assays.

All the experiments were analyzed by a blinded observer.

3.2.3. lIsolation of genomic DNA

Genomic DNA from penile SCC samples was isolated using the salting-out protocol.
Briefly, samples were lysed (80 mL proteinase-K buffer [0.375 M NaCl, 0.12 M EDTA, pH 8.0],
8 mL proteinase K [25 mg/mL], 10 mL 20% sodium dodecyl sulfate, and 280 mL H2O) overnight
at 55 °C with shaking. The samples were cooled down and 120 mL of 5M NaCl was added. The
samples were then shaken vigorously for 8 seconds and centrifuged (13,000 g for 5 minutes at 4
°C). Next, 400 mL of the supernatant was mixed with 1 mL of 99% cold ethyl alcohol, inverted a
few times, and kept at 20 °C overnight. The precipitated DNA was washed twice with 70% cold
ethyl alcohol and centrifuged (13,000 g for 5 minutes at 4 °C). The concentration and quality of
the isolated DNA were evaluated using a spectrophotometer (Nanodrop 2000c, Thermo Fisher
Scientific, USA). The genomic DNA was stored at -20 °C until they were used.

3.2.4. Bisulfite conversion and PCR amplification

Genomic DNA was used for DNA bisulfite conversion using the EZ DNA Methylation-
Lightning kit (Zymo Research, USA) according to the manufacturer's instructions. The
amplification of the HI9DMR was performed using Platinum Tag DNA polymerase (Invitrogen,
USA) with primers containing Nextera (Illumina, USA) adapters (Supplementary Table 1) as
previously described elsewhere [24]. The PCR conditions to amplify the HI9DMR were 95 °C for
5 minutes, 50 cycles of denaturation at 94 °C for 45 seconds, annealing at 59 °C for 45 seconds,
and extension at 72 °C for 45 seconds, and a final extension step at 72 °C for 10 minutes. The
amplification of HI9DMR was confirmed by electrophoresis on 1.5% agarose gel.
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Supplemental Table 1. Primers sequences, genomic position, and size of the analyzed sequence.

Sequences in black are the adaptors for genomic sequencing. BS, Bisulfite sequencing; bp, base
pairs.

*Chromosome position according to GenBank genome browser
(https://mww.ncbi.nlm.nih.gov/genbank/) and genome reference GRCh38/hg38.

Primers Chromosome Length
Sequence
BS Position* (bp)
Fw 5’ -
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTATGG
H19DMR GTATTTTTGGAGGTTTTTT - 3° 2000040-1999780 330

Fw 5’ - GTCTCGTGGGCTCGGAGATGTGTATAAGAGA
CAGAATCCCAAACCATAACACTAAAAC -3’

3.2.5. Next-generation sequencing

Targeted bisulfite sequencing was performed using the MiSeq platform (lllumina, San
Diego, CA, USA), covering 23 CpG sites at HI9DMR (chr11:1,999,757- 2,000,060). PCR
products, containing the adapters, were barcoded using the Illumina Nextera XT library
preparation kit (Illumina, USA) and the sequencing was performed using the 600bp V3 reagents
kit according to the manufacturer's instructions. The FASTQ files for individual samples were
generated using Illumina's pipeline (bcl2fastq2-v2-20). The adapter and indexes were removed
from the sequence using Trimmomatic v0.38.1 [25]. The paired read sequences were merged using
the default settings of FLASH v1.2.11.4 [26] and aligned to the bisulfite converted genome using
Bismark v0.18.2 with the following settings: —ambig_bam [27], which was also used to count the
reads with different methylation patterns. Reads were considered methylated with > 61%
methylated CpG sites, partially methylated between 31% - 60% methylated CpG sites, and
unmethylated with < 30% methylated CpG sites. Visualization of the methylated CpGs in the
regions of interest was performed based on Tabsat v1.0.2 [28]. The two single nucleotide
polymorphism (SNP) genotyping, rs2107425 (C>T; Chr11:1999845) and rs2071094 (G>T,
Chr11:1999934), were visualized with Integrative Genomics Viewer (IGV). For methylation
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analyses, positive (+) samples for either p16'™K4+ or hrHPV+ were mentioned as HPV+. Negative
samples (-) for both marks were considered HPV-.

3.2.6. CTCF consensus binding sites search and in silico analysis of gene expression

CTCEF binding sites in HI9DMR were detected using the scan settings of the CTCFBSDB
2.0 database (https://insulatordb.uthsc.edu/) [29], a comprehensive collection of experimentally
determined and computationally predicted CTCF binding sites from the literature. The database
uses sex position weight matrices (PWM) to report the single best hit in the query sequence.
Usually, a short sequence with a PWM score >3.0 is a suggestive match. Query sequence and
database output result are available in Supplementary Table 2. In silico analyses of CTCF, H19,
and IGF2 expression were performed in squamous cell carcinoma as per available data of RNA-
seq from the OncoDB database (https://oncodb.org/) [63]. Expression of three tumor types and
their respective non-tumor tissues were accessed (Supplementary Table 3): head and neck
squamous cell carcinoma (HNSC) (520 tumor samples and 44 non-tumor samples), cervical
squamous cell carcinoma (CESC) (304 tumor samples and 22 non-tumor samples), and lung
squamous cell carcinoma (LUSC) (503 tumor samples and 51 non-tumor samples). Expression
data were normalized through transcripts per million (TPM).

Supplementary Table 2. CTCF binding site search result within the H19/IGF2 DMR sequenced
region using the CTCFBSDB 2.0 database.

Motif Motif Sequence Input Sequence Motif Start Motif Motif Score
PWM d Name Location Length Orientation
EMBL_M1 TGCCGCCGCGCGGC IGF2/H19DMR 186 14 + 0717394
EMBL_M2 GGCAGTGCA IGF2/H19DMR 181 9 - 11.0207
REN_20 GTGGCCGCGCGGCGGCAGTG IGF2/H19DMR 183 20 - -3.2606
MIT_LM2 CACCGCCTGGATGGCACGG IGF2/H19DMR 229 19 - -9.44131
MIT_LM7 AGATCTTCAGGTCGGGCATT IGF2/H19DMR 31 20 - -4.72565
MIT_LM23  AGATCTTCAGGTCGGGCATT IGF2/H19DMR 31 20 - -1.56947

Region with the greatest potential for interaction.

FASTA sequence used in CTCFBSDB 2.0:
>ref|NC_000011.10]:1999783-2000036 Homo sapiens chromosome 11, GRCh38.p14 Primary Assembly

GAGTGTGACCCGGGGCCACGGGGCTGTGGATAATGCCCGACCTGAAGATCTGGTGCGGCTCCCATGAGTGTCCTA
TTCCCAGATGACCCCCGTGAACCCTGCGACGCGTGGCTTGGGTGACCCGGGACGTTTCCACGGGCGAACCCCAGT
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TGGGGCGGGCTCGGGCTGTGATGTGTGAGCCTGCACTGCCGCCGCGCGGCCACTTCCGATTCCACAACTACAACC
AATTCCGTGCCATCCAGGCGGTGAGACCG

3.2.7. Statistical Analysis

Student’s t-test was used to compare the average number of methylated, unmethylated, and
partially methylated reads between HPV positive and negative groups and in silico gene
expression. Fisher's exact test was applied to verify the association of clinical variables and the
SNPs rs2107425 and rs2071094 with methylation pattern at HI9DMR. The Kaplan—Meier curves
were predicted by the log-rank (Mantel-Cox) test and linear regression was used to correlate
H19DMR methylation levels and age. Statistical analyses were carried out using GraphPad Prism
8.4.2 (Intuitive Software for Science, San Diego, California, USA). p < 0.05 was considered
statistically significant.

3.3. Results

The clinical characteristics, pathological classification, and HPV infection of penile SCC
participants are presented in Table 1. The average age of patients was 63.8 (+ 18.8) years old and
the most frequent primary tumor staging grades were pT2 (40%; 12/30) and pT3 (36.7%; 11/30).
Lymph node metastasis was observed in 51.9% (14/27) of the participants, followed by
locoregional recurrence (29.7%; 7/27) and systemic metastasis (15.4%; 4/26). Immune cell
infiltration was mostly mild and moderate for peritumoral lymphocyte infiltrate (PLI) (60%;
18/30) and intratumoral polymorphonuclear infiltrate (IPI) (53.3%; 16/30). HPV infection was
observed in 40% (12/30) of the participants using the p16INK4a+ marker and 53.2% (16/30) using
hrHPV+ and 63.3% (19/30) were positive for at least one of the tests.

Table 1. Clinical and pathological aspects of patients with penile squamous cell carcinoma.
N (%)

Age (years)



Mean (range)

63.8 years (23-94)

<40 4/30 (13.3)

40 -60 9/30 (30)

> 60 17/30 (56.7)
p16INK4a

No 18/30 (60)

Yes 12/30 (40)
hrHPV

No 14/30 (46.6)

Yes 16/30 (53.2)
Staging

pTis + pTa + pT1(a.b) 7/30 (23.3)

pT2 12/30 (40)

pT3 11/30 (36.7)
Sistemic metastasis

No 22/26 (84.6)

Yes 4/26 (15.4)

Lymph node metastasis
No
Yes

13/27 (48.1)
14/27 (51.9)

Locoregional recurrence
No

19/27 (70.3)

Yes 7127 (29.7)
PLI

Mild and Moderate 18/30 (60)

Intense 12/30 (40)
IPI

Mild and Moderate 16/30 (53.3)

Intense

14/30 (46.7)

57

pTis: carcinoma in situ; pTa: noninvasive carcinoma; pTla: subepithelial invasion without
lymphovascular invasion, perineural invasion or grade 3; pT1b: subepithelial invasion with
lymphovascular invasion, perineural invasion or grade 3; pT2: invasion of corpus spongiosum;
pT3: invasion of corpus cavernosum; PLI: peritumoral lymphocyte infiltrate; IPI: intratumoral

polymorphonuclear infiltrate.

The average methylation was 32.2%+11.6% in all samples, however, 43.3% of penile SCC

showed methylation levels lower than 30%. The mean number of unmethylated reads was higher,

representing 63.3%+10.6% of all reads, and the mean number of partially methylated reads was
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4.5%+5.8 (Figure 1). Methylation level at HI9DMR was not associated with HPV infection using
both p16INK4a + (p = 0.59) and hrHPV (p = 0.338) markers. However, reduced HI9DMR
methylation level was positively correlated with intense intratumoral polymorphonuclear infiltrate
(IP1) (p = 0.035), but with no other clinical and pathological variables (Table 2). When the samples
were stratified into those below and above 60 years of age, no correlation was observed between
the methylation levels of 30% and 60% (Table 2). Considering all ages, a negative correlation
between DNA methylation and age was observed (Supplementary Figure 1). The average
distribution of methylated (p = 0.15), unmethylated (p = 0.38), and partially methylated reads (p =
0.06) was not different between HPV+ (p16INK4a+ or hrHPV+) and HPV- samples (Figure 2)
and the methylation average did not change according to HPV positive (35.4%+10%) and negative
(32.4%=10.1%) groups (Figure 3).

Table 2. Correlation between clinical data and methylation level at HI9DMR.
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Variables (n)

Methylation level (%0)

0-30 31-60 P-value
Age (23-94 years)
<60 (12/30) 7 5
0.164
>60 (18/30) 6 12
p16INK4a
Positive (12/30) 8 10
) 0.590
Negative (18/30) 5 7
hrHPV
Positive (16/30) 5 9
) 0.338
Negative (14/30) 8 8
LNM
Positive (14/27) 6 7
. 0.584
Negative (13/27) 6 8
LR
Positive (7/26) 8 11
) 0.655
Negative (17/26) 3 4
SM
Positive (4/26) 8 14
) 0.187
Negative (22/26) 3 1
PLI
Mild/Moderate (18/30) 7 11
0.409
Intense (12/30) 6 6
IPI
Mild/Moderate (16/30) 4 12
0.035
Intense (14/30) 9 5
Staging
Tis+pTa+pTl(a.b 3 4
P pTa+pTl(a.b) 0.652
pT2 4 8




pT3

60

P-value for Fisher Exact Probability Test. In bold and italics, p < 0.05. LNM: Lymph Node Metastasis;
LR: Locoregional Recurrence; SM: Sistemic Metastasis; PLI: Peritumoral Lymphocytic Infiltrate;
IPI: Intratumoral Polymorphonuclear Infiltrate. pTis carcinoma in situ, pTa noninvasive
carcinoma, pT1la subepithelial invasion without lymphovascular invasion, perineural invasion or
grade 3, pT1b subepithelial invasion with lymphovascular invasion, perineural invasion or grade
3, pT2 invasion of corpus spongiosum, pT3 invasion of corpus cavernosum.

Figure 1. Bisulfite sequencing of HI9DMR in penile squamous cell carcinoma. Each row

represents a sample (S) and its HPV status (positive samples were considered as p16'NK%+ or

hrHPV+). The number of reads is specified for each sample. The SNPs position are specified by

the red arrow.
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Figure 2. Average of methylated, unmethylated and partially methylated reads in HPV positive
(HPV+) and negative (HPV-) of penile squamous cell carcinoma. Positive samples were
considered as p16™<43+ or hrHPV+.
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Figure 3. Percentage of methylation for each CpG site in HPV positive (HPV+) and negative
(HPV-) of penile squamous cell carcinoma. The CTCF binding site is indicated by the gray arrow.

Positive samples were considered as p16'"™¥%+ or hrHPV+.
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Reduced methylation level (hypomethylation) was observed for most CpG sites in the
H19DMR, however, the CpG1 (Chrll: 1,999,782), CpG2 (Chrl1: 1,999,794), and CpG17 (Chrl1:
1,999,976) showed a different pattern in both HPV+ (CpG1 58.4%+13.6%, CpG2 47.4%+14.9%,
and CpG17 25.1%+19.3%), and HPV- (CpG1 57.6%+13.4%, CpG2 48.4%=+17.5%, and CpG17
25.9%+18.2%) (Figure 3). Interestingly, the sequenced region presents a potential binding site for
the CTCF factor (Chr11: 1,999,964 - 1,999,973), which comprises exactly the CpG16 site (Chrl1:
1,999,973) (Figure 3; Supplementary Table 2). Additionally, the genotypic frequency of both
rs2107425 (C>T) and rs2071094 (G>T) SNPs was not related to changes in the methylation pattern
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at HI9DMR (Table 3). Hypomethylation at HI9DMR and SNPs genotype did not affect the

survival rate in penile SCC (Figure 4).

In silico analysis of gene expression in three different squamous cell carcinomas showed
an increased expression of CTCF in HNSC (p = 1.7e-10) and LUSC (p = 1.4e-08) in comparison

to non-tumor samples. H19 showed reduced expression in HNSC (p = 3.5e-02) and increased

expression in LUSC (p = 8.5e-06) when compared to their respective non-tumor samples. IGF2

had lower expression in CESC (p = 1.2e-05) and increased expression in LUSC (p = 1.1e-02) when

compared to non-tumor samples (Supplementary Table 3).

Figure 4. Kaplan—Meier curve for survival

probability (n = 27). (A) methylation levels; (B)

rs2107425 genotype; (C) s2071094 genotype.
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Supplementary Table 3. CTCF, H19 and IGF2 RNA-Seq expression data in tumor and not
tumor squamous cell carcinomas from OncoDB database. Data is normalized using Transcripts Per

Million (TPM).
CTCF H19 IGF2
Cancer type Head and neck squamous cell carcinoma (HNSC)
Tumor Expression (TPM) 43.9 200.5 0.9
Not Tumor Expression
(TPM) 31.8 380.9 0.8
p-value* 1.7e-10 3.5e-02 6.1e-01
Cancer type Cervical squamous cell carcinoma (CESC)
Tumor Expression (TPM) 50.2 153.9 0.5
Not Tumor Expression
(TPM) 47.2 1135 78.6
p-value* 2.5e-01 2.6e-01 1.2e-05
Cancer type Lung squamous cell carcinoma (LUSC)
Tumor Expression (TPM) 51.0 168.4 3.9
Not Tumor Expression
(TPM) 41.3 16.6 0.5
p-value* 1.4e-08 8.5e-06 1.1e-02
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*student's t-test

3.4. Discussion

LOI is associated with the early events of tumorigenesis due to the important role of
imprinted genes in cell differentiation and growth. We reported a hypomethylated pattern at
H19DMR in penile SCC, that was not related to HPV infection considering both p16INK4a and
hrHPV markers. The hypomethylation was correlated to IPl but with no other clinical
characteristics or survival rate. Additionally, the average methylation between the CpG sites was
lower and similar, however, three specific sites showed a different pattern (CpG1, CpG2, and
CpG17). The genotypic frequency of the SNPs rs2107425 (C>T) and rs2071094 (G>T) was not
related to the methylation level at H19/IGF2 DMR.

The H1I9DMR gene cluster is related to the maintenance of cellular processes such as cell
growth and proliferative activity [32]. Changes in the methylation levels at this locus or LOI affect
the monoallelic expression of both H19 and IGF2 genes [33]. The impact of LOI at HI9DMR has
been previously linked to an increased IGF2 gene expression in prostate, colorectal, and rectum
cancer [34,35]. In colorectal cancer, the increase in IGF2 protein expression via LOI is related to
an increase in the carcinogenic pathways AKT1 (AKT serine/threonine kinase 1), IR-A (insulin
receptor A), and WNT/beta-catenin. Given the modulatory role in such pathways, the IGF2 gene
has been seen as a potential anticancer target. Xenographic models with increased IGF2 expression
showed high inhibition of tumor growth and tumor regression when treated with new anti-IGF2
targets, such as Bl 885578, MEDI-573, and anti-VEGF therapy [36,37].

Loss of methylation at HI9DMR has also been observed in bladder tumors. Byun et al
(2007) showed 20% of hypomethylation at the paternal allele when compared to normal mucosa
in matched cases of bladder tumors [14]. Biallelic expression of the IncRNA H19 or the
inactivation of its maternally active copy due to LOI at HI9DMR is the main alteration behind the
preneoplastic Beckwith—Wiedemann syndrome [38] and the pediatric Wilms' tumor and
rhabdomyosarcoma [39]. The IncRNA H19 is a known oncofetal gene, with an intricate role during
tumorigenesis, acting as a tumor suppressor in cancer initiation [16] and as an oncogene during
malignant progression [40]. The biallelic expression of the IncRNA H19 due to LOI increases the
risk of colorectal [41], bladder [42], breast and oral squamous cell carcinoma (REF?), and acute

myeloid leukemia (LMA), among others [43]. Recently, we have shown that the knockdown of
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the IncRNA H19 gene and its reduced expression increases cell proliferation and metaphase
translocation events [32].

As the region analyzed has a binding site for the CTCF protein, the hypomethylation at the
surrounding CpG sites might alter its insulator function [18]. This alteration may promote the
biallelic expression of the INcRNA H19 and the silencing of the IGF2 in penile SCC. Furthermore,
the hypomethylation observed in our current study seems to be independent of HPV infection,
given the similar methylation levels between the HPV+ and HPV- samples considering either
pl6INK4a and hrHPV markers. Similarly, HI9DMR hypomethylation was not associated with
HPV infection in invasive cervical cancer (ICC) [44] and cervical intraepithelial neoplasia (CIN)
[45]. We previously showed that the 5mC Global DNA methylation mark is increased in penile
SCC and is not influenced by HPV infection [3]. Although the genome-wide loss of CpG DNA
methylation is an age-related event, our results did not show an association between age < 60 and
> 60 years old with methylation levels of 0% - 30% and 31% - 60%, but a negative correlation was
observed between age and DNA methylation at HI9DMR in penile SCC. Horvath (2013) reported
that DNA methylation per tissue may differ from chronological age, and for squamous cell
carcinomas, a lower time-dependent acceleration of methylation loss was observed when
compared to other cancers [46].

The H19DMR hypomethylation may influence the tumor microenvironment, as increased
IP1 was correlated with reduced methylation at this region. Likewise, immune cell infiltration in
the tumor microenvironment was associated with DNA and RNA methylation modifications in
colorectal cancer [47] and gastric cancer [48]. As this region controls the H19 and IFG2 imprinting
cluster, LOI is related to altered glucose metabolism and diabetes [49]. Intrauterine
hyperinsulinemia changes HI9DMR methylation in the fetuses which exhibited impaired glucose
tolerance and insulin resistance [50]. Obesity is a risk factor for cancer in general and is associated
with an increased risk of invasive penile cancer, inducing chronic inflammation and insulin
resistance [51]. Overexpression of IGF1R was reported by Ball and colleagues (2016) in 62% of
a cohort of 53 men diagnosed with penile cancer and was associated with inferior progression-free
survival (PFS) [52]. A comparison between patients without IGF1R overexpression and those with
overexpression revealed a significant difference in 5-year PFS rates, with 94.1% versus 45.8%,
respectively. In a subsequent study by the same research group, IGF1R overexpression was

observed in approximately two-thirds of penile squamous cell carcinoma (SCC) cases among 112
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patients. The findings indicated a noteworthy association with histologic subtype and grade,
suggesting a worse prognosis for tumors exhibiting IGF1R overexpression [53].

The HPV virus sequence can be integrated into the genome of the host cell, leading to
mutational events, disrupted gene expression, and genomic instability [54]. Furthermore, we also
analyzed two non-CpG SNPs (rs2107425 and rs2071094) at HI9DMR previously reported as
biomarkers for allele-specific DNA methylation (ASM) pattern [55]. However, these SNPs were
not related to ASM in penile SCC, as the genotype frequency was not different between HPV+
and HPV-, and it was not related to the methylated or unmethylated stretch. Canto et al (2022)
showed HPV-related mutations in penile cancer, and these alterations were localized to HPV
integration sites (HPVis) and miRNA regions [56]. A recent study showed that a high somatic
tumor mutation burden (TMB) is associated with HPV-positive penile SCC, and these data show
that the molecular scenario for this disease may depend on viral infection [57]. The SNP rs1042522
(pArg72Pro) in the TP53 gene has been associated with cancer risk susceptibility, as the variant is
more likely to be degraded via ubiquitinylation by the hrHPV E6 oncoprotein in various cancers
[58], but this association was not confirmed for penile SCC [59].

The accumulation of myeloid-derived suppressor cells (MDSCs), such as
polymorphonuclear neutrophils, is a hallmark of cancer, and changes in the tumor
microenvironment associated with MDSC reduction have been reported in an in vitro model of
penile SCC [60, 61]. This marker has potent immunosuppressive effects, although the mechanisms
that cause MDSC growth in the tumor microenvironment remain unknown. It has been reported
that MDSCs respond to DNA methylation modulation, as the reduction of MDSC growth and
accelerated activation of antigen-specific cytotoxic T cells are altered by the use of DNA
methyltransferase inhibitors such as decitabine [62]. Penile SCC DNA methylation signature
should be further explored since the hypomethylation pattern at HI9DMR in different types of
tumors is associated with tumor progression, aggressiveness, and tumor microenvironment.

The identification of epigenetic reprogramming and molecular alterations in penile SCC,
an extremely aggressive tumor with increased incidence in developing countries, whose therapies
are limited and mostly based on surgical excision, can assist in disease diagnosis, prognosis, and
treatment. To our knowledge, this is the first study that has evaluated the methylation pattern at
H19DMR in penile SCC. However, some limitations need to be mentioned. First, we do not have

the participant's background information such as sociodemographic profile, sexual behavior, HPV
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vaccination, and the identification of other related histological subtypes and tumor topography.
Despite the high incidence of hrHPV in our cohort, two other viral genotypes, hrHPV 59 and 68,
were not evaluated. Since we did not evaluate the expression of these imprinted genes in the
samples (in vitro), we performed an in silico analysis in squamous cell carcinomas, similar to
penile cancer, using the OncoDB database. H19 and IGF2 expression varied according to tumor
origin as HNSC, LUSC, and CESC, while the insulator gene CTCF showed increased expression
in both HNSC and LUSC. We could not find gene expression results in OncoDB in penile SCC,
highlighting the importance of studies related to the molecular mechanisms of this tumor type.
Despite the monoallelic pattern in most cell types, the expression of imprinted genes varies
depending on the stage of development [6]. The hypomethylation observed in this study may favor
the expression of the H19 gene, an oncofetal INcRNA that is frequently overexpressed in many
types of cancer, favoring carcinogenesis and tumor aggressiveness [37, 38]. Given its relatively
low incidence worldwide, but increased in underdeveloped countries, little is known about the
genetic and epigenetic epidemiology of penile SCC, and future studies are needed to better

understand the molecular profile of this tumor..

3.5. References

1. Douglawi A, Masterson TA. Updates on the epidemiology and risk factors for penile cancer.
Transl Androl Urol. 2017;6:785-90.

2. Yanagawa N, Osakabe M, Hayashi M, Tamura G, Motoyama T. Detection of HPV-DNA,
p53 alterations, and methylation in penile squamous cell carcinoma in Japanese men. Pathol
Int. 2008;58:477-82.

3. Santos S, Hirth CG, Pinheiro DP, Julia M, Bezerra B, Joyce |, et al. HPV infection and 5mC
/ ShmC epigenetic markers in penile squamous cell carcinoma : new insights into prognostics.
Clin  Epigenetics [Internet]. BioMed Central; 2022;1-12. Available from:
https://doi.org/10.1186/s13148-022-01360-1

4. Feinberg AP, Ohlsson R, Henikoff S. The epigenetic progenitor origin of human cancer. Nat
Rev Genet. 2006;7:21-33.

5. Lozano-Urefia A, Jiménez-Villalba E, Pinedo-Serrano A, Jordan-Pla A, Kirstein M, Ferron
SR. Aberrations of Genomic Imprinting in Glioblastoma Formation. Front Oncol. 2021;11:1—
10.

6. Monk D, Mackay DJG, Eggermann T, Maher ER, Riccio A. Genomic imprinting disorders:



68

lessons on how genome, epigenome, and environment interact. Nat Rev Genet [Internet].
Springer US; 2019;20:235-48. Available from: http://dx.doi.org/10.1038/s41576-018-0092-0

7. Sagi |, De Pinho JC, Zuccaro M V., Atzmon C, Golan-Lev T, Yanuka O, et al. Distinct
Imprinting Signatures and Biased Differentiation of Human Androgenetic and Parthenogenetic
Embryonic Stem Cells. Cell Stem Cell [Internet]. Elsevier Inc.; 2019;25:419-432.e9. Available
from: https://doi.org/10.1016/j.stem.2019.06.013

8. Cleaton MAM, Edwards CA, Ferguson-Smith AC. Phenotypic outcomes of imprinted gene
models in mice: Elucidation of pre- and postnatal functions of imprinted genes. Annu Rev
Genomics Hum Genet. 2014;15:93-126.

9. Uribe-Lewis S, Woodfine K, Stojic L, Murrell A. Molecular mechanisms of genomic
imprinting and clinical implications for cancer. Expert Rev Mol Med. 2011;13:1-22.

10. Zhou J, Cheng T, Li X, Hu J, Li E, Ding M, et al. Epigenetic imprinting alterations as
effective diagnostic biomarkers for early-stage lung cancer and small pulmonary nodules. Clin
Epigenetics  [Internet]. = BioMed  Central;  2021;13:1-14.  Available  from:
https://doi.org/10.1186/s13148-021-01203-5

11. Tian F, Tang Z, Song G, Pan Y, He B, Bao Q, et al. Loss of imprinting of IGF2 correlates
with hypomethylation of the H19 differentially methylated region in the tumor tissue of
colorectal cancer patients. Mol Med Rep. 2012;5:1536-40.

12. Zhu YF, Guo YB, Zhang HY, Yang P, Wei DF, Zhang TT, et al. Prognostic significance
of contactin 3 expression and associated genes in glioblastoma multiforme. Oncol Lett.
2019;18:1863-71.

13. Yang MY, Lin PM, Yang CH, Hu ML, Chen IY, Lin SF, et al. Loss of ZNF215 imprinting
is associated with poor five-year survival in patients with cytogenetically abnormal-acute
myeloid leukemia. Blood Cells, Mol Dis [Internet]. Elsevier Inc.; 2021;90:102577. Available
from: https://doi.org/10.1016/j.bcmd.2021.102577

14. Byun HM, Wong HL, Birnstein EA, Wolff EM, Liang G, Yang AS. Examination of IGF2
and H19 loss of imprinting in bladder cancer. Cancer Res. 2007;67:10753-8.

15. Nordin M, Bergman D, Halje M, Engstrom W, Ward A. Epigenetic regulation of the
Igf2/H19 gene cluster. Cell Prolif. 2014;47:189-99.

16. Yoshimizu T, Miroglio A, Ripoche MA, Gabory A, Vernucci M, Riccio A, et al. The H19
locus acts in vivo as a tumor suppressor. Proc Natl Acad Sci U S A. 2008;105:12417-22.

17. Tietze L, Kessler SM. The Good, the Bad, the Question— H19 in Hepatocellular Carcinoma.
Cancers (Basel). 2020;12:16.

18. Ong CT, Corces VG. CTCF: An architectural protein bridging genome topology and



69

function. Nat Rev Genet. Nature Publishing Group; 2014;15:234-46.

19. Yang Z, Zhang T, Han S, Kusumanchi P, Huda N, Jiang Y, et al. Long noncoding RNA
H19 — a new player in the pathogenesis of liver diseases. Transl Res. 2021;230:139-50.

20. Vohra M, Sharma AR, Prabhu B N, Rai PS. SNPs in Sites for DNA Methylation,
Transcription Factor Binding, and miRNA Targets Leading to Allele-Specific Gene
Expression and Contributing to Complex Disease Risk: A Systematic Review. Public Health
Genomics. 2021;23:155-70.

21. Zhong R, Liu L, Tian Y, Wang Y, Tian J, Zhu BB, et al. Genetic variant in SWI/SNF
complexes influences hepatocellular carcinoma risk: A new clue for the contribution of
chromatin remodeling in carcinogenesis. Sci Rep. 2014;4:1-6.

22. Do C, Dumont E, Salas M, Castano A, Mujahed H, Maldonado L, et al. Allele-specific
DNA methylation is increased in cancers and its dense mapping in normal plus neoplastic cells
increases the yield of disease-associated regulatory SNPs. Genome Biol. Genome Biology;
2020;1-39.

23. Shilpi A, Bi Y, Jung S, Patra SK, Davuluri R V. Identification of genetic and epigenetic
variants associated with breast cancer prognosis by integrative bioinformatics analysis. Cancer
Inform. 2017;16:1-13.

24. Yamaguchi Y, Tayama C, Tomikawa J, Akaishi R, Kamura H, Matsuoka K, et al. Placenta-
specific epimutation at H19-DMR among common pregnancy complications: Its frequency
and effect on the expression patterns of H19 and IGF2. Clin Epigenetics. Clinical Epigenetics;
2019;11:1-13.

25. Wu J, Qin 'Y, Li B, He W zhi, Sun Z lin. Hypomethylated and hypermethylated profiles of
H19DMR are associated with the aberrant imprinting of IGF2 and H19 in human
hepatocellular carcinoma. Genomics. 2008;91:443-50.

26. Gao T, He B, Pan Y, Gu L, Chen L, Nie Z, et al. H19 DMR methylation correlates to the
progression of esophageal squamous cell carcinoma through IGF2 imprinting pathway. Clin
Transl Oncol. 2014;16:410-7.

27. Wang J, Ma X, Si H, Ma Z, Ma Y, Wang J, et al. Role of long non-coding RNA H19 in
therapy resistance of digestive system cancers. Mol Med [Internet]. BioMed Central;
2021;27:1-9. Available from: https://doi.org/10.1186/s10020-020-00255-2

28. Cubilla AL, Lloveras B, Alejo M, Clavero O, Chaux A, Kasamatsu E, et al. Value of
pl6INK4a in the pathology of invasive penile Squamous cell carcinomas: A report of 202
cases. Am J Surg Pathol. 2011;35:253-61.

29. Vértesy A, Arindrarto W, Roost MS, Reinius B, Torrens-Juaneda V, Bialecka M, et al.
Parental haplotype-specific single-cell transcriptomics reveal incomplete epigenetic
reprogramming in human female germ cells. Nat Commun [Internet]. Springer US; 2018;9:1—



70

10. Available from: http://dx.doi.org/10.1038/s41467-018-04215-7

30. Bolger AM, Lohse M, Usadel B. Trimmomatic: A flexible trimmer for Illumina sequence
data. Bioinformatics. 2014;30:2114—20.

31. Ziebarth JD, Bhattacharya A, Cui Y. CTCFBSDB 2.0: A database for CTCF-binding sites
and genome organization. Nucleic Acids Res. 2013;41:188-94.

32. Renan da Silva Santos, Daniel Pascoalino Pinheiro, Louhanna Pinheiro Rodrigues Teixeira,
Sarah Leyenne Alves Sales, Maria Claudia dos Santos Luciano, Mayara Magna de Lima Melo,
Ronald Feitosa Pinheiro, Kaio César Simiano Tavares, Gilvan Pessoa Furtado CP& CLMF.
CRISPR/Cas9 small promoter deletion in H19 IncRNA is associated with altered cell
morphology and proliferation. Sci Rep [Internet]. Nature Publishing Group UK; 2021;11.
Available from: https://doi.org/10.1038/s41598-021-97058-0

33. Bhusari S, Yang B, Kueck J, Huang W, Jarrard DF. Insulin-like Growth Factor-2 (IGF2)
Loss of Imprinting Marks a Field Defect Within Human Prostates Containing Cancer. Prostate.
2011;23.

34. Vivian X. Fu, Joseph R. Dobosy, Joshua A. Desotelle, Nima Almassi, Jonathan A. Ewald,
Rajini Srinivasan, Mark Berres, John Svaren, Richard Weindruch and DFJ. Aging and Cancer-
Related Loss of Insulin-like Growth Factor 2 Imprinting in the Mouse and Human Prostate.
Cancer Res. 2014;23:1-7.

35. Belharazem D, Magdeburg J, Berton AK, Beissbarth L, Sauer C, Sticht C, et al. Carcinoma
of the colon and rectum with deregulation of insulin-like growth factor 2 signaling: clinical
and molecular implications. J Gastroenterol. 2016;51:971-84.

36. Paul Haluska, Michael Menefee, Elizabeth R. Plimack, Jonathan Rosenberg, Donald
Northfelt, Theresa LaVallee, Li Shi, Xiang-Qing Yu, Patricia Burke6, Jaiqi Huang6, Jaye
Viner, Jennifer McDevitt and PL. Phase | Dose-Escalation Study of MEDI-573, a Bispecific,
Antiligand Monoclonal Antibody against IGFI and IGFII, in Patients with Advanced Solid
Tumors. Physiol Behav [Internet]. 2015;20:4747-57. Available from:
https://pubmed.ncbi.nlm.nih.gov/27165699%0Ahttps://www.ncbi.nlm.nih.gov/pmc/articles/P
MC5664198/%0Afile:///C:/Users/Carla  Carolina/Desktop/Artigos para acrescentar na
qualificacdo/The impact of birth weight on cardiovascular disease risk in the.pdf

37. Sanderson MP, Hofmann MH, Garin-Chesa P, Schweifer N, Wernitznig A, Fischer S, et
al. The IGF1R/INSR inhibitor BI 885578 selectively inhibits growth of IGF2-overexpressing
colorectal cancer tumors and potentiates the efficacy of anti-VEGF therapy. Mol Cancer Ther.
2017;16:2223-33.

38. De Crescenzo A, Coppola F, Falco P, Bernardo I, Ausanio G, Cerrato F, et al. A novel
microdeletion in the IGF2/H19 imprinting centre region defines a recurrent mutation
mechanism in familial Beckwith-Wiedemann syndrome. Eur J Med Genet [Internet]. Elsevier
Masson SAS; 2011;54:e451-4. Available from: http://dx.doi.org/10.1016/j.ejmg.2011.04.009



71

39. Lynch CA, Tycko B, Bestor TH, Walsh CP. Reactivation of a silenced H19 gene in human
rhabdomyosarcoma by demethylation of DNA but not by histone hyperacetylation. Mol
Cancer. 2002;1:1-9.

40. Matouk 1J, Raveh E, Abu-lail R, Mezan S, Gilon M, Gershtain E, et al. Oncofetal H19
RNA promotes tumor metastasis. Biochim Biophys Acta - Mol Cell Res [Internet]. Elsevier
B.V.; 2014;1843:1414-26. Available from: http://dx.doi.org/10.1016/j.bbamcr.2014.03.023

41. Cui H, Onyango P, Brandenburg S, Wu Y, Hsieh C, Feinberg AP. Loss of Imprinting in
Colorectal Cancer Linked to Hypomethylation of H19 and IGF2. Cancer Res. 2002;2:6442-6.

42. Verhaegh GW, Verkleij L, Vermeulen SHHM, Heijer M Den, Rna N. Polymorphisms in
the H19 Gene and the Risk of Bladder Cancer. Eur Urol. 2008;54:1118-26.

43. Ghafouri-fard S, Esmaeili M, Taheri M. H19 IncRNA : Roles in tumorigenesis. 2020;123.
44. Vidal AC, Henry NM, Murphy SK, Oneko O, Nye M, Bartlett JA, et al. PEG1/MEST and
IGF2 DNA methylation in CIN and in cervical cancer. Clin Transl Oncol. 2014;16:266—72.

45. Bosire C, Vidal AC, Smith JS, Jima D, Huang Z, Skaar D, et al. Association between PEG3
DNA methylation and high-grade cervical intraepithelial neoplasia. Infect Agent Cancer.
Infectious Agents and Cancer; 2021;16:1-8.

46. Horvath S. DNA methylation age of human tissues and cell types. Genome Biol.
2013;14:115.

47. Zou Q, Wang X, Ren D, Hu B, Tang G, Zhang Y, et al. DNA methylation-based signature
of CD8+ tumor-infiltrating lymphocytes enables evaluation of immune response and prognosis
in colorectal cancer. J Immunother Cancer. 2021;9:1-13.

48. Zhang B, Wu Q, Li B, Wang D, Wang L, Zhou YL. M6A regulator-mediated methylation
modification patterns and tumor microenvironment infiltration characterization in gastric
cancer. Mol Cancer. Molecular Cancer; 2020;19:1-21.

49. Wang B, Suen CW, Ma H, Wang Y, Kong L, Qin D, et al. The Roles of H19 in Regulating
Inflammation and Aging. Front Immunol. 2020;11:1-11.

50. Jiang Y, Zhu H, Chen Z, Yu YC, Guo XH, Chen Y, et al. Hepatic IGF2/H19 Epigenetic
Alteration Induced Glucose Intolerance in Gestational Diabetes Mellitus Offspring via FoxO1
Mediation. Front Endocrinol (Lausanne). 2022;13:1-11.

51. Barnes KT, McDowell BD, Button A, Smith BJ, Lynch CF, Gupta A. Obesity is associated
with increased risk of invasive penile cancer. BMC Urol [Internet]. BMC Urology; 2016;16:7—
10. Available from: http://dx.doi.org/10.1186/s12894-016-0161-7



72

52. Ball MW, Bezerra SM, Chaux A, Faraj SF, Gonzalez-Roibon N, Munari E, et al.
Overexpression of Insulin-like Growth Factor-1 Receptor Is Associated with Penile Cancer
Progression. Urology [Internet]. Elsevier Inc.; 2016;92:51-6. Available from:
http://dx.doi.org/10.1016/j.urology.2016.02.006

53. Faraj SF, Gonzalez-Roibon N, Munari E, Sharma R, Burnett AL, Cubilla AL, et al. Strong
association of insulin-like growth factor 1 receptor expression with histologic grade, subtype,
and HPV status in penile squamous cell carcinomas: a tissue microarray study of 112 cases.
Virchows Arch. Virchows Archiv; 2017;470:695-701.

54. Prati B, Marangoni B, Boccardo E. Human papillomavirus and genome instability: From
productive infection to cancer. Clinics. 2018;73:1-9.

55. Shoemaker R, Deng J, Wang W, Zhang K. Allele-specific methylation is prevalent and is
contributed by CpG-SNPs in the human genome. Genome Res. 2010;20:883-9.

56. Canto LM do, da Silva JM, Castelo-Branco PV, da Silva IM, Nogueira L, Fonseca-Alves
CE, et al. Mutational Signature and Integrative Genomic Analysis of Human Papillomavirus-
Associated Penile Squamous Cell Carcinomas from Latin American Patients. Cancers (Basel).
2022;14.

57.B N, TZ SW,JT B, DM, BC C, et al. Comprehensive genomic profiling of penile
squamous cell carcinoma and the impact of human papillomavirus status on immune-
checkpoint inhibitor-related biomarkers. Cancer. Springer US; 2023;25:55-7.

58. Khan MH aroo., Khalil A, Rashid H. Evaluation of the p53 Arg72Pro polymorphism and
its association with cancer risk: a HUGE review and meta-analysis. Genet Res (Camb).
2015;97:e7.

59. Stoehr R, Weisser R, Wendler O, Giedl J, Daifalla K, Gaisa NT, et al. P53 codon 72
polymorphism and risk for squamous cell carcinoma of the penis: A Caucasian case-control
study. J Cancer. 2018;9:4234-41.

60. Ahmed ME, Falasiri S, Hajiran A, Chahoud J, Spiess PE. Review the immune
microenvironment in penile cancer and rationale for immunotherapy. J Clin Med. 2020;9:1-
17.

61. Huang T, Cheng X, Chahoud J, Sarhan A, Tamboli P, Rao P, et al. Effective combinatorial
immunotherapy for penile squamous cell carcinoma. Nat Commun [Internet]. Springer US;
2020;11. Available from: http://dx.doi.org/10.1038/s41467-020-15980-9

62. Smith AD, Lu C, Payne D, Paschall A V, John D, Redd PS, et al. Autocrine IL6-mediated
activation of the STAT3-DNMT axis silences the TNFa-RIP1 necroptosis pathway to sustain
survival and accumulation of myeloid-derived suppressor cells. 2021;80:3145-56.

63. Tang G, Cho M, Wang X. OncoDB: An interactive online database for analysis of gene



73

expression and viral infection in cancer. Nucleic Acids Res. Oxford University Press;
2022;50:D1334-9.



4, CAPITULO IV

74

DESCRICAO DE VARIANTES SOMATICAS DE EXOMA EM CARCINOMA DE
CELULAS ESCAMOSAS DE PENIS
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4.1. Introducéo.

O carcinoma de células escamosas de pénis € uma neoplasia rara, porém agressiva e
representando um desafio significativo no campo da oncologia devido a sua alta taxa de
morbidade. Embora menos comum em paises desenvolvidos, a incidéncia deste tipo tumoral é
maior em regides em desenvolvimento, refletindo a importancia de fatores socioeconémicos e de
salde publica na sua etiologia (McDaniel et al., 2015) (Janior et al., 2018). A compreenséao das
bases moleculares e genéticas do CPE é essencial para o desenvolvimento de estratégias
terapéuticas e progndsticas mais eficazes. A pesquisa em cancer tem se voltado cada vez mais
especificas para a identificacdo de biomarcadores genéticos que possam servir como ferramentas
diagnosticas, progndsticas e terapéuticas.

No avanco do estudo do CPE, as analises genéticas que compreendem as regides codificantes
do genoma, tem revelado um panorama complexo de variantes somaticas que poderiam contribuir
para o desenvolvimento da carcinogénese. Diferentes estudos tem apresentado a incidéncia de
variantes somaticas associadas aos genes TP53, CDKN2A, FAT1, NOTCH-1 e PIK3CA. As
mutacdes de variacdo de numero de copias (do inglés, Copy Number Variation - CNV), ou seja, 0
aumento ou a diminuicdo do nimero de cdpias de um determinado gene também ja foram
reportadas para o CPE. O ganho de copias nos genes MYC e EGFR sdo os mais reportadas. Genes
como TP53, CDKN2A, PIK3CA e CCND1, foram descritos com a presenca de variantes somaticas
e também alteracGes no nimero de copias. (Chahoud et al., 2021) (Ribera-Cortada et al., 2022).

Variantes em genes da via NOTCH, particularmente o gene NOTCH1, estéo entre os genes
mais frequentemente mutados no CPE. A via NOTCH € crucial para a regulacdo do
desenvolvimento celular e sua disfuncdo pode levar a uma proliferacdo celular descontrolada.
Variantes em NOTCH1 podem desempenhar um papel dual, atuando tanto como oncogene quanto
como supressor tumoral, dependendo do estimulo microambiental (Parmigiani, Taylor e Giachino,
2020). Outro gene destacado em ensaios moleculares de interesse € o0 FAT1 (Canto et al., 2022),
onde sua proteina envolvida em mecanismos de sinalizacdo celular e adesdo. Esse gene é regulado
negativamente em muitos tipos de cancer e seu desempenho no papel do controle da proliferacao
e migracdo celular séo prejudicados, sendo considerado um supressor tumoral. Variantes em FAT1
tém sido associadas ao potencial metastase no CPE (Ribera-Cortada et al., 2022).

A integracdo de dados gendmicos associados a parametros clinicos e moleculares pode

melhorar significativamente a compreensdo das bases moleculares do CPE. Biomarcadores
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geneticos ndo sé auxiliam na estratificacdo de um grau de prognostico do paciente, também podem
orientar decisfes terapéuticas, promovendo uma abordagem mais personalizada ao tratamento.
Entretanto existe uma caréncia de compreensdo na interacdo do virus HPV e a célula hospedeira
tumoral no CPE. A prevaléncia do HPV no CPE pode variar amplamente dependendo da literatura
e entre diferentes regides do mundo, podendo variar de 11 a 87% (Yanagawa et al., 2003; Ferreux
et al., 2003). A associacdo entre infeccdo por HPV e risco de desenvolvimento desse tipo tumoral
ainda ndo € clara, pois o0s resultados podem ser controversos (Gu et al., 2020; Takamoto et al.,
2018).

O potencial carcinogénico dos subtipos de alto risco do virus HPV vem em parte pela
expressdo de proteinas oncovirais na célula hospedeira. Embora apresente um genoma pequeno,
de aproximadamente 8 kb, dois dos oito genes do virus podem impactar vias de controle do ciclo
celular da célula (Doorbar et al., 2015). Os oncogenes virais E6 e E7, que sdo ativamente
transcritos nas células infectadas, sdo essenciais para a transformacdo maligna induzida por virus.
Esses genes interrompem a sintese do centrossomo, um componente vital da divisao celular, com
o desenvolvimento de divisdes celulares multipolares. Além disso, a proteina E6 tem como alvo a
proteina supressora de tumor p53, enquanto a proteina E7 tem como alvo a proteina supressora de
tumor retinoblastoma-1, dois reguladores negativos da proliferacdo celular, cuja inativagédo induz
a proliferacdo celular descontrolada (Pal e Kundu, 2020; Scarth et al., 2021).

Além do bloqueio de vias de controle proliferativo, o genoma de dupla hélice do HPV
encontra alto potencial de insercdo do seu material genético com o genoma hospedeiro. Essa
interacdo promove instabilidade gendmica na célula ndo tumoral. Recentemente Labarge e
colaboradores (2022) mostraram que tumores de células escamosas de cabeca e pescoco nos quais
0 HPV foi integrado ao DNA da célula hospedeira continham um namero significativamente maior
de CNVs de diferentes tipos, como delecdes, insercdes, translocagdes e inversdes, e um aumento
nas variantes de nucleotideo Unico e de alteracdo do quadro de leitura em relacdo as encontradas
em tumores com apenas HPV extracromossémico. Os tumores sem HPV integrado ndo continham
essencialmente CNVs e relativamente poucas mutagdes pontuais (Labarge et al., 2022).

4.2. Materiais e métodos
4.2.1. Participantes e desenho do estudo.
Este € um estudo retrospectivo que incluiu 24 participantes com CPE que foram submetidos

a penectomia parcial, total ou emasculagdo, sem qualquer historia prévia de outro tipo tumoral e
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aplicacdo de quimioterapia ou radioterapia. As amostras utilizadas foram provenientes do banco
de amostras de tecidos tumorais do Hospital Haroldo Juacaba, Ceara, armazenadas a -80°C entre
0s anos de 2015 a 2018. O estudo foi aprovado pelo comité de ética da Universidade Federal e do
Hospital Haroldo Juagaba, conforme processo nimero 2.427.846.

4.2.2. Expressdo da proteina p16'™<4 e identificacdo de HPV de alto risco.

O ensaio de Imunohistoquimica foi realizado para identificar a expressao da proteina
p16'NK4 ytilizando o anticorpo anti-p16 clone E6H4 (Roche CINtec® Histology) de acordo com
as instrugBes do fabricante. A expressdo p16'NK42 deve ser > 75% para ser considerada positiva,
com continuidade e completa coloracdo citoplasméatica e nuclear (Cubilla et al., 2011). A
hibridizacdo cromogénica in situ (CISH) foi usada para identificar os genotipos de hrHPV através
do Kit de diagnostico Ventana Inform HPV Il Family 16 Probe (Ventana Medical Systems,
Tucson, AZ) (gendtipos 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 e 66). Neoplasia intraepitelial
cervical de alto grau foi utilizada como controle positivo para hrHPV. Mdusculo estriado
esquelético foi utilizado como controle negativo para ambos 0s ensaios. Todos 0s experimentos

foram analisados por observadores cegos.

4.2.3. Sequenciamento de exons

Para processamento de amostras para Sequenciamento de Nova Gerag¢do (NGS) foram
utilizados um total de 32 amostras distribuidas nos seguintes grupos: 24 amostras de CPE (HPV+
=12, HPV- = 12) e 8 amostras de tecido ndo tumoral pareadas com amostras tumorais (HPV+ =
4, HPV- = 4). Para extracdo do DNA genémico dos tecidos utilizamos o kit DNeasy Blood and
Tissue (Qiagen) seguindo as recomendacdes do fabricante. A concentracdo de DNA foi avaliada
através de ensaio de fluorometria utilizando o Qubit® 4.0 (Thermo Fisher Scientific, Inc). Além
da quantificacdo do rendimento, a qualidade do DNA foi avaliada em eletroforese em gel de

agarose 1%.

4.2.3.1. Preparo de bibliotecas para sequenciamento.

O preparo de bibliotecas e o sequenciamento foram realizados em colaboracdo com o
Institudo Nacional do Cancer (INCA) utilizando a Plataforma Multiusuario de Gendmica
vinculada ao Programa de Genética. O sequenciamento de exons foi realizado utilizando a
plataforma lllumina, HiSeq 2500, cujas trés etapas de execucao foram: preparo das bibliotecas de

DNA, construcbes de clusters por amplificacdo clonal e sequenciamento por sintese. Para o
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preparo de bibliotecas foi utilizado o kit Illumina Nextera DNA Flex LPK - Small (16 Spl), Nextera
DNA Flex LPK Enrich (16 Spl) e Nextera Compatible Unique Dual Id, conforme indicacdes do
fabricante. Brevemente, a biblioteca é preparada por fragmentacdo da amostra de DNA, seguida
pela adicdo de adaptadores que marcam as extremidades 5’ e 3’ das sequencias fragmentadas
(Mumina Inc., 2017). A analise de qualidade de biblioteca ainda foi avaliada em eletroforese
capilar pelo equipamento Bioanalyzer 2100 (Agilent), onde a maioria dos fragmentos gerados

apresentou tamanho médio de 250 pares de base (pb).

4.2.3.2.  Geragdo de clusters e sequenciamento global de exons (Exoma).

A geragédo de cluster (grupos) consiste na etapa seguinte ao preparo de biblioteca das
amostras. As amostras sdo entdo carregadas em uma célula de fluxo, compartimento onde ocorre
a amplificacdo clonal dos fragmentos gerados (clusters) e o sequenciamento. Cada fragmento
ligado aos adaptadores se ligam em uma regido especifica na célula de fluxo, seguindo as
especificacOes para a plataforma HiSeq 2500 onde utilizamos o kit HiSeq® Rapid PE Cluster Kit
v2 para geracdo de clusters. O painel de sondas de sequenciamento global de exons utilizado foi o

Twist Human Core Exome, 2 Reactions (Twist Bioscience) gerando um total de 97 gigabases.

4.2.4. Workflow para anélise de sequenciamento.

Apobs 0 sequenciamento, para validacdo da qualidade das amostras sequenciadas e para a
retirada de sequéncias contaminantes como indexes e adaptadores serdo utilizadas as ferramentas
FastQC e Trimmomatic, respectivamente. O mapeamento ao genoma referéncia (genoma
humano—hg19) sera realizado utilizando-se o algoritmo “bowtie2” (genoma humano - hgl19). Para
a conversao dos arquivos em formato “SAM” e “BAM?”, seré utilizado o software SAMtools. Apos
0 mapeamento 0s arquivos serdo submetidos a analise de duplicacgdo e calibracdo usando o pacote
Genome Analysis Toolkit (GATK) e a ferramenta Picard. A chamada de variantes somaticas, que
incluem variantes de nucleotideo unico (SNV) e de insercdo e delegdo (indel), serdo geradas
atraves da ferramenta VarScan2. As variantes encontradas serdo anotadas pela comparagdo com

genoma de referéncia usando a ferramenta Annovar.

4.2.5. Anélise de enriquecimento de vias.
Para a analise de enriquecimento de vias, método computacional usado para inferir a

relacdo sobre um conjunto de genes, comparando os genes alvos com um conjuntos de genes
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anotados e disponiveis para acesso em bancos de dados, utilizamos de duas ferramentas, Enrichr
e WebGestalt (WEB-based GEne SeT AnaLysis Toolkit). Enrichr € um servidor robusto que contém
muitos tipos de conjuntos de dados (https://maayanlab.cloud/Enrichr/) (Kuleshov et al., 2016),
entre os quais usamos os bancos de dados KEGG 2021 Human, ClinVar 2019, GO Molecular
Function 2021, Jensen DISEASES, DisGeNET, Kinase Perturbations from GEO up, PheWeb
2019, PPI Hub Proteins, GO Molecular Function 2021, Reactome 2016, BioPlanet 2019, MSigDB
Hallmark 2020 e DisGeNET. Para andlise de interacdes de vias baseada em topologia utilizamos
a ferramenta WebGestalt também disponivel em dominio publico (https://www.webgestalt.org/)
(Zhang, Kirov e Snoddy, 2005).

4.2.6. Anélise estatistica.

Para os resultados de comparacdo da frequéncia das médias de genes por grupo HPV+ e
HPV- utilizamos de Test-t de Studant. Para os resultados de significancia de vias de
enriquecimento utilizamos Teste exato de Fisher. A significancia estatistica foi fixada em p < 0.05.

4.3. Resultados.

4.3.1. Painel de variantes somaticas de CPE.

A figura 1 apresenta um sumario dos principais achados do sequenciamento global de
exons em 24 amostras de CPE. O painel de variantes somaticas apresenta uma lista com 37 genes
com uma ou mais variantes identificadas em sua sequencia nucleotidica. De acordo com o painel,
os dois primeiros genes, TTN e MUCS5B, reportam variantes em todas as amostras tumorais (24/24;
100%) sequenciadas. Os genes MUC16, OBSCN, MUC12, CMYAS5 e SVEP1 também apresentam
variantes e se distribuem em 23 (23/24; 96%) amostras. Variantes nos genes LEMAS5, SPTAL e
FSIP2 estdo presentes em 22 (22/24; 92%) amostras.

Mutag6es sem sentido (missense mutation, do inglés) foram as variantes mais abundantes
encontradas nos genes descritos do painel, onde uma substituicdo de um nucleotideo passa a
traduzir um amino&cido incorreto. Alteracdes no quadro de leitura (in-frame mutation, do inglés)
e alteracdo de nucleotideos que antecipem codons de parada (truncating ou nonsense mutation, do
inglés) aparecem como variantes menos frequentes identificadas entre os genes do painel. Dentre

as substitui¢bes nucleotidicas mais frequentes (Figura 1B), observamos que as bases citosinas e
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guaninas foram substituidas por timinas e adeninas, respectivamente, representando juntas 50%

das trocas de nucleotideos.

Do total de 14383 genes reportados com pelo menos uma variante em pelo menos uma

amostra, observamos que 151 (1%) genes estéo inseridos dentro de algumas de dez vias tumorais
classicas: ciclo celular, Hippo, Myc, Notch, NRF2, PI3-Kinase/Akt, RTK/RAS, TGFp, P53 ¢ -
catenin/WNT (Figura 1C).

Figura 1. Painel de variantes sométicas. (A) Genes com maior frequéncia de variantes por amostra,

tipos de variantes e infeccdo por HPV. (B) Frequéncia de alteracdo de nucleotideos. (C)

Distribuicdo de variantes por vias tumorais.
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A Figura 2 apresenta um painel mais abrangente, mostrando os 100 genes com maior carga
mutacional e sua distribuicio entre as amostras. E interessante ressaltar que encontrar mais de um
gene que compdem uma familia génica, ou seja, conjunto de genes semelhantes que compartilham
sequéncias de nucleotideos ou proteinas. As familias de genes em destaque foram ABC (ATP-
binding cassette, do inglés; ABCA13, ABCA7 e ABCD4); COL (collagen type, do inglés; COL4A3
e COL6A3); DNAH (dynein axonemal heavy chain, do inglés; DNAH11, DNAH14, DNAH17,
DNAH2, DNAH3 e DNAHS); FAT (atypical cadherin, do inglés; FAT1, FAT2 e FAT4); MUC
(mucin, do inglés; MUC12, MUC16, MUC5AC e MUC5B); PKD1L1 (polycystin 1 like, do inglés;
PKDI1L1 e PKD1L2); SYNE (spectrin repeat containing nuclear envelope protein, do inglés;
SYNEL e SYNE2); ZNF (zinc finger protein, do inglés; ZNF292, ZNF469 e ZNF568).

Figura 2. Representacdo em heatmap dos 100 genes com maior frequencia de variantes em
amostras de CPE. A sequéncia de genes obedece a ordem alfabética e é independente da presenca

de HPV. Setas destacam as familias de genes.
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4.3.2. Enriquecimento de familias de amostras de CPE.

A Tabela 1 apresenta o resultado de enriquecimento de vias obtidas das oito familias de
genes destacadas no resultado da Figura 2. O resultado do enriquecimento de vias indica que
muitas das familias de genes avaliados estdo associadas com eventos de manutencdo metabdlicos
e protecdo contra eventos de promocdo tumoral. As principais alteracbes estdo associadas a
atividade de receptores ABC e receptores ativados pela via Wnt, atividade motora de microtubulos,
migracdo de células epiteliais e adesédo celular, sinalizacéo de vias carcinogénicas (Hippo, PI3K-
Akt e ciclo celular) e alteragdo de expressao de proteinas quinase (MAPK14, MAPK13, MAPK1,
MELK e JAK2). O enriquecimento de alvos destaca que 0s genes para expressdo da proteina
caderina (FATL1, FAT2 e FAT4) s&o alvos relacionados a manifestacdo de eventos carcinogénicos

para carcinomas de células escamosas.
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Tabela 1. Enriquecimento de 25 genes distribuidos em oito familias génicas atraves da ferramenta

de enriquecimento de vias génicas EnrichR.

Familia de AIIIECC
enes Gene Descricéo enriquecimento (vias e Banco de dados p-value* OR**
g ontologia)
ABAC13, Subfamilia de Transportadores ABC
ABC ABAC7 e cassetes de P KEGG 2021 Human 1.1E-08  1.5E+01
ABCD4 ligacdo ATP
DNAH2, Doenca de Huntington ~ KEGG 2021 Human ~ 1.2E-11  1.2E+05
DNAHS3,
DNAH DNAHS5, Cadeia pesada .
DNAH11,D axonemal Athld_ade rpotora dos GO Molecular A1E-07  3.8E+02
NAH14 e microtdbulos Function 2021
DNAH17
Via de sinalizagao KEGG 2021 Human ~ 2.4E-02  6.1E+01
(Hippo)
Adesdo célula-célula via GO Bioloaical
adesdo & membrana g 2.1E-04  2.4E+02
Lo Process 2021
plasmatica
Via de sinaliza¢éo GO Biological
FATL, Caderina atipica (Hippo) Process 2021 3.98-03  4.0E+02
FAT FAT2 e FAT Migracéo de células GO Biological
FAT4 gragao ce f g 6.1E-03  25E+02
epiteliais Process 2021
Carcinoma de células
escamosas de cabeca e Jensen DISEASES 9.0E-04  2.0E+03
pescoco
Carcinoma de células DisGeNET 13E-04  5.7E+04
escamosas de esdfago
Mucina
MUC12, (proteinas
MUCI16, glicosiladas Via de sinalizacéo (IL- i
MUC MUCSAC, produzidas por 17) KEGG 2021 Human 45E-04 8.7E+01
MUC5B tecidos
epiteliais)
MAPK14 knockdown ~ 'Inase Perturbations e 55 33401
from GEO up
MAPK1 knockdown ~ FInase Perturbations e 55 33401
from GEO up
ZNF292, . Kinase Perturbations
ZNF ZNF469 e Protema_de MELK knockdown from GEO up 44E-02  3.3E+01
dedo de zinco — — -
ZNF568 ligacdo de &cido nucleico
da regido reguladora da GO Molecular 3.1E-02 4.7E+01
. Function 2021 ' '
transcricdo
Displasia dos orgaos PheWeb 2019 3.0E-03  5.3E+02
genitais femininos
Interagdo ECM-receptor ~ KEGG 2021 Human  1.9E-05 4.0E+04
.I:”fec‘?‘."o o KEGG 2021 Human ~ 2.7E-04  3.9E+04
coL COL4A3 e Tipo de papitiomavirus iuman
COL6A3 colégeno Via de sinalizagdo KEGG 2021 Human  3.1E-04  3.9E+04

(PI3K-Akt)

Cancer de Colorre
PheWeb 2019 2.4E-03

8.7E+02
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Via de sinalizagdo

(CDH1) PPI Hub Proteins 19E-02  7.9E+01
oKD V'a(ﬁ/le As'g‘li'l'é‘;“?ao PPI Hub Proteins ~ 2.1E-02  7.2E+01
KB Pkpilie  Ppolicistina Via de sinalizagdo PPI Hub Proteins ~ 2.4E-02  6.3E+01

PrbiLz Ativida((jéA (I;ozzeceptor GO Molecular
ativado por Wnt Function 2021 2.2E-03  7.1E+02
Cancer do endométrio Jensen DISEASES 4.3E-02  3.4E+01
Repetigép de  Viade sinalizacdo (Ciclo Reactome 2016 8.0E-04  3.9E+04

espectrina celular)
SYNE SYNEle contendo Céancer de mama Jensen DISEASES ~ 4.7E-04  3.9E+04
SYNE2 proteina do
envellope Cancer de figado Jensen DISEASES 8.9E-04  3.9E+04
nuclear

*Teste exato de Fisher
** Odds ratio

4.3.3.

O resultado de enriquecimento das familias génicas (Tabela 1) apresenta eventos

Enriquecimento de vias secundérias.

potencialmente alterados relacionados aos genes mutados apresentados no painel da Figura 2. A
Figura 3 destaca as pricipais interacbes dos 100 genes ranqueados com maior frequencia de
variantes e suas principais interagdes secundarias. O mapa de interagdes (Figura 3) mostra que as
vias secundarias mais influenciadas pelo painel da Figura 2 sdo os genes GAN, SRPK2, EGFR,
UBC, CLK1, ARRB1, TRIM25, TNF, IRS4, HYPK, HSPB1, NXF1, HNRNPL, BRCA1, CUL1 e
MTNR1A.

Os 16 genes mencionados estdo inseridas em duas rotas tumorais, sinalizagdo da via
NOTCH e RTK/RAS. A andlise de enriquecimento desses 16 genes mostra que trés bancos de
dados indicam associacdo com o funcionamento da via de sinalizacdo NOTCH (BioPlanet,
MSigDB Hallmark e Reactome) e quatro bancos de dados (BioPlanet, KEGG, Reactome e GO
Molecular Function) indicam que diferentes receptores e enzimas quinases implicariam em
alteracdo na via RTK/RAS (ERBB4, EGFR, MAPK e atividade em serina/threonina quinases)
(Tabela 2).

Figura 3. Rede de interagdes secundarias dos 100 genes com maior carga de variantes somaticas
construida pela ferramenta WebGestalt. A rede representa os 16 alvos de interagdes secundaria

com maior relevancia (p<0.05 ajustado).
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Tabela 2. Enriquecimento dos 16 alvos secundarios e banco de dados publicos através da

ferramenta de enriquecimento de vias génicas EnrichR.

Vias Enriquecimento (vias, ontologia Banco de dados p- OR**
e doencas) value*

Sinalizag&o por via NOTCH1 BioPlanet 2019 8.2E-03 5.0E+01
GAN, SRPK2, Si_nali_zagéf) por vifi ERBB4 B!oPIanet 2019 8.5E-03 3.9E+01
EGFR. UBC, Sinalizag&o por via EGFR BioPlanet 2019 9.4E-03 1.3E+02
CLK1, ARRBI, Sinalizacdo por via NOTCH BioPlanet 2019 9.4E-03 3.0E+01
TRIM25, TNF, Sinalizagdo por via MAPK BioPlanet 2019 9.4E-03 1.6E+01
,Jggé’l"";;ﬁ’l’ Reg“'a‘?a"T%% fgggttg;ede células BioPlanet 2019 9.4E-03 1.1E+01
HNRNPL, EGFR downregulation BioPlanet 2019 1.1E-02 8.9E+01
BRCAL CULLe ™ gjnslizacho por via MAPK KEGG 2021 Human  1.2E-02 1.7E+01
MTNRIA Protedlise mediada por ubiquitina ~ KEGG 2021 Human  1.6E-02 2.6E+01
MicroRNAs em cancer KEGG 2021 Human  4.6E-02 1.1E+01




86

MSigDB Hallmark

Sinalizacdo por via Notch 2020 5.4E-03 7.4E+01
Apoptose MS'QD%ZHla"mark 54E-03 2.2E+01
Sinalizagdo por EGFR em Cancer i
(Homo sapiens R-HSA-1643713) Reactome 2016 6.2E-03 1.3E+02
Sinalizagdo por NOTCH1 (Homo i
sapiens R-HSA-1980143) Reactome 2016 6.2E-03 5.1E+01
Cascatas de sinalizacao da familia
MAPK (Homo sapiens R-HSA- Reactome 2016 6.2E-03 1.8E+01
5683057)
ligagdo a proteina ligase
semelhante a ubiquitina Sﬁgﬁg:ﬁ%?{ 2.2E-04 2.4E+01
(G0O:0044389)
atividade da proteina tirosina GO Molecular
quinase (GO:0004713) Function 2022 >°E-02 21E+01
atividade da proteina
serina/treonina quinase Sﬁ%g:ﬁ%g 3.3E-02 1.0E+01
(GO:0004674)
Cancer de pulmao Clinvar 2019 2.8E-02 8.1E+01
Cancer de mama ClinVar 2019 3.0E-02 4.0E+01
Carcinoma espinocelular de DisGeNET 35E-03 1.1E+01

cabeca e pescogo

*Teste exato de Fisher
** Odds ratio

4.3.4. Perfil de variantes e infeccéo por HPV.

Dentre do total de 14383 genes reportados com pelo menos uma variante somatica em

alguma amostra sequenciada, observamos que 574 (3.99%) genes apresentam frequencia de

variantes diferentes de acordo com a infeccdo por HPV (p<0.05; Figura 4). Através da busca

bibliografica realizada encontramos o trabalho “Genome-wide methylation and transcriptome

analysis in penile carcinoma: uncovering new molecular markers” publicado na revista Clinical

Epigenetics em 2015, que analisa a expressao génica de 35 amostras de CPE separadas por grupos

HPV+ (n = 13) e HPV- (n = 22) através de analises de transcrptoma. De acordo com o acesso dos

resultados depositados no Gene Expression Omnibus (GEO; GSE57955), podemos ter acessar 0S

dados de expressdo diferenciada de 637 alvos. O curuzamento de dados entre os 574 genes

reportados com variantes somaticas diferentemente observadas nos grupos de HPV+ e HPV- e 0
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dados de expressao diferencial dos 637 genes depositados em banco de dados mostram 15 alvos
em comum, ARHGAP35, CDH1, CEACAM5, CEACAMS, FAM83B, LAD1, LIG4, NBEAL1,
NEKS3, PHLPP2, RBBP6, RBSN, TMPRSS5, UGGT2 e XPO4 (Figura 5A). O heatmap indica a
carga mutacional de cada um dos 15 alvos comuns entre Exoma e expressao via transcriptoma por
grupo de HPV (Figura 5B) e a alteracdo da expressdo dos mesmos através da comparagédo do grupo
HPV+ em relacdo ao HPV- de acordo com dados de expressao via transcriptoma (Figura 5C). O
enriquecimento funcional de 9 dos 15 genes correlacionados apontam dez alvos (CEACAM1,
CEACAMG6, ZPLD1, APP, HNRNPL, EWSR1, CD209, UQCC2, CTNNB1 e HNRNPM)

potencilmente desregulados em amostras HPV+.

Figura 4. Representacdo em heatmap dos 574 genes sequenciados e separados em grupos HPV+ e
HPV-.
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Figura 5. Comparacdo entre carga mutacional (Exoma) e expressdo génica via transcriptoma
(GEO; GSE57955) entre grupos HPV+ e HPV- (A). Representacdo dos 15 alvos comuns entre
Exoma e expressao via transcriptoma e sua frequéncia mutacional entre grupos HPV+ e HPV- (B).
Alteracdo da expressdo dos 15 alvos comuns de acordo com dados de expresséo via transcriptoma
entre grupos HPV+ e HPV- (C). O enriquecimento funcional de 9 dos 15 genes correlacionados
construida pela ferramenta WebGestalt. A rede representa os 10 alvos de interagdes secundaria

com maior relevancia (p<0.05 ajustado) (D).
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4.4. Discussao.

Os resultados do sequenciamento de exons mostram uma grande quantidade de genes com
pelo menos uma alteracdo somatica. Uma grande quantidade de variantes era esperado dado o
grande potencial mutagénico de uma célula tumoral. Estima-se que pelo menos trés mil variantes
somaticas poderiam ser esperadas em regifes de exons em CPE (Canto et al., 2022). Embora
nossos resultados indicam um numero muito superior, observamos que uma parte dos nomes
apresentados no painel de genes com maior frequéncia de variantes (Figura 1A) é semelhante a
diferentes painéis de exoma ja reportados anteriormente. Entretanto novos nomes também foram
observados.

O gene TTN € responsavel pela expressao da proteina titina, a maior proteina encontrada
em células eucariotas, variando entre 2970 e 3700 kD, dependendo da isoforma. E codificada por
um Unico gene, localizado no braco longo do cromossoma 2 no genoma humano (LeWinter et al.,
2007). O gene TTN provavelmente esté entre 0s genes com mais variantes descritos em diferentes
trabalhos de sequenciamento de exons em CPE (Wang et al., 2019; Canto et al., 2022). Entretanto,
embora o0 gene seja o primeiro da lista de genes com maior quantidade de variantes, seu nome é
mais associado a cardiopatias que processos carcinogénicos (Tharp et al., 2019). Provavelmente a
frequéncia de variantes encontradas esteja majoritariamente associada ao seu tamanho, que esta
composto por mais de 300 exons. Além disso, existe a possibilidade de que a grande maioria dessas
variantes sejam do tipo nao patogenicas, com descrita por Campuzano e colaboradores (2015).

Um segundo gene de destaque em outros painéis e que também foi uma mutacdo observada
na populacdo estudada neste trabalho € o gene FAT1 (Wang et al., 2019; Chahoud et al., 2021). A
mutacdo em FAT1 foi relatada em outros tipos de tumores, incluindo carcinoma de célula escamosa
de cabeca e pescoco, cancer de célon e glioblastoma (Morris et al., 2013), tanto em eventos de
mutacdo e delecdo. A mutacdo em FAT1 promove tumorgenicidade através da desregulacdo da
cascata de sinalizacdo Wnt, promovendo a proliferacdo celular e o crescimento tumoral (Morris et
al., 2013). Nossos resultados apresentam variantes somaticas que também foram encontradas em
CPE em outras populagdes, como o gene USH2A (Canto et al., 2022), FLG (Wang et al., 2019),
DNAH6, PKD1 e FSIP2 (Chahoud 2021). Entre o ranque dos dez primeiros genes mais
frequentemente alterados, os genes MUC5B, MUC16, OBSCN, MUC12, CMYA5, SVEP1,

LEMASS5, SPTA1 e FSIP2 ndo foram descritos anteriormente em peines de exoma.
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Observamos que o padréo de variantes mais abundante foi de substitui¢cGes nucleotidica de
citosinas por timinas (C>T) e guaninas por adeninas (G>A). Curiosamente o0 enriquecimento de
variantes C>T também foi o mais observado por Chahoud e colaboradores (2021). A substituicdo
nucleotidica C > T é a alteracdo de base mais prevalente na maioria dos canceres e é considerada
ainda mais proeminente entre as substituicdes associadas a alteracdes de aminoacidos, sendo a
mutacdo mais comum em canceres de pulmao e neuroblastoma (Niroula e Vihinen, 2015). As
substituicdes G>A também foi predominante em 40% de todas as substituicdes em amostras de
cancer de pénis em um painel com 30 amostras de DNA sequenciadas de material parafinado
(Wang et al., 2019) .

Dez vias de sinalizacdo tradicionalmente ligadas ao ambiente carcinogénico, ciclo celular,
Hippo, Myc, Notch, Nrf2, PI-3-Kinase/Akt, RTK-RAS, TGFpB, p53 e [-catenina/Wnt
apresentaram alteracdes em frequéncias variadas nos resultados apresentados. Duas das vias com
maior quantidade de variantes em gene observadas, RTK-RAS e HIPPO, foram descritas como
vias de sinalizacdo celular alteradas em CPE. Estima-se que elas possam representar as rotas de
sinalizacdo que mais contribuem para o processo de iniciagdo tumoral (Wang et al., 2019). A via
RTK-RAS é provavelmente a via de transducdo de sinal mais bem caracterizada na biologia
celular. A sua funcéo é transduzir sinais do meio extracelular para o nucleo celular, onde genes
especificos sdo ativados para o crescimento, divisdo e diferenciacdo celular (Molina e Adjei,
2006). A via Ras/Raf/MAPK também esta envolvida na regulacéo do ciclo celular, cicatrizacéo de
feridas e reparagéo de tecidos, sinalizacdo de integrina e migracéo celular (Stacey, 2003). Por sua
vez, a regulacdo aberrante da via HIPPO confere as células-tronco cancerigenas propriedades
como transformacao epitelial-mesenquimal (EMT), resisténcia a medicamentos, auto-renovacao e
metastase (Lv e Zhou, 2023). Compreender esse contexto é importante dado que estudos indicam
que genes de ambas as vias sdo alvos sensiveis a inibidores de EGFR (McFall e Stites, 2021;
Alencar e Sonpavde, 2022)

Utilizamos de analises de enriquecimento funcional como uma ferramenta para descrever
a anotacdo biologica das familias de genes homdlogos destacados no painel de ranqueamento dos
100 genes mais frequentemente alterados. Destacamos a correlacéo entre os genes FAT1, FAT2 e
FAT3 a via HIPPO, onde a principal modulacéo da via se da atraves da fosforilacdo das proteinas
kinase LATS1 e LATS2 pelos genes FAT (Lv e Zhou, 2023). Embora o gene dos fatores de

transcrigdo proteinas dedo de zinco ndo tenham sido destacados como genes mutados no CPE em
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trabalhos anteriormente, nosso resultados mostram a presenca de trés genes pertencentes a familia
ZNF entre os mais alterados. Entretanto, em tumores gastricos (Li et al., 2014) e cancer (Sun et
al., 2020) de es6fago a expressdo dos genes ZNF139 e ZNF471 ja foi associada a alta expressao
de proteinas kinases MAPK10.

A interacdo entre esses 100 genes ranqueados mostra que outros 14 genes poderiam ser
modulados de modo indireto em uma célula tumoral em CPE. Entre oncogénese (NXF1, SRPK2,
TRIM25, UBC, EGFR, CUL1 e IRS4) e supressores tumorais (BRCAL, MTNR1A, ARRB1 e HYPK)
que se destacaram no mapa de interacdo, observamos que a via de sinalizagdo MAPK ¢é novamente
indicada como potencial rota perturbada no contexto tumoral estudado. As vias NOTCH1 e EGRF
também sdo apontadas em mais de um banco de dado, ressaltando a potencial influencia desses
genes. O impacto que a atividade do supressor tumoral NOTCH1 pode exercer sobre a
carcinogénese em CPE foi apresentado recentemente por Necchi e colaboradores (2023), onde de
um total de 397 amostras analisadas, 17.4% delas apresentavam mutacdo em NOTCH1. Para
EGRF, 11.5% das amostras apresentaram alguma mutacao nesse gene (Necchi et al., 2023).

Muito embora a infeccdo por HPV tenha sido reportada como elemento de pouco o
praticamente nula significancia progndstica em CPE (Santos et al., 2022; Hrudka et al., 2023) ,
sabe- se que o HPV € um virus que pode comprometer a estabilidade gendmica das células
infectadas e além disso atualmente serve como um critério importante na classificacdo dos tumores
de pénis pela Organizacdo Mundial da Saiude (OMS), em subclassificacdes de lesdes precursoras
e tumores associados ao HPV ou ndo associados ao virus. Nossos resultados mostraram que 574
genes apresentam diferenca em carga mutacional entre grupos HPV+ e HPV. Entretanto, em uma
perspectiva exploratoria, a comparacdo entre grupos de HPV seja importante para a busca de
marcadores moleculares associados a infec¢édo, a carga mutacional tumoral, ou seja, a quantidade
de variantes, em CPE provavelmente seja independente do estatus de HPV (Hrudka et al., 2024).

A comparacdo entre os resultados de exoma subdivididos por grupo de HPV+ e HPV- e de
resultados de expressao de transcriptoma descrito previamente por Kuasne e colaboradores (2015),
mostram a combinacao de 15 genes em comum, com perfil diferencialmente expressoes. O gene
CEACAMS aparece destro dessa lista e o resultado de expressao previamente publicado mostrou o
aumento da sua expressao em CPE. Esse dado € interessante visto que a expressao deste gene
também foi maior em amostras HPV+ de carcinoma de células escamosas de cabeca e pescoco que

em amostras HPV- (Wang et al., 2022). Curiosamente, insercao de fragmentos do material



92

genetico do subtipo viral HPV-16 foi vista em amostras de lesoes pré-cancerosas de colo de Utero
(Matovina et al., 2009).

Um segundo elemento de destaque que foi visto anteriormente como alvo de modulacao
do virus HPV é o gene RBBP6. Esse gene interage com as proteinas supressoras de tumor p53 e
Rb, sugerindo o seu papel no controle da apoptose, entretanto sua expressao poderia estar regulada
nagativamente pela preseca de HPV, como foi descrito para amostras de carcinoma de colo de
utero (Dlamini et al., 2019). Em uma analise exploratoria com os 15 genes em comum entre 0
painel de exoma e resultados de expressao em CPE, nove genes foram integrado pela analise de
enriquecimento de vias. Essa Gtima analise mostrou o cruzamento com outros quetro genes, um
gene supressor tumoral (CEACMAL) e trés oncogenes (CEACAM6, EWSR1 e CTNNBL).

A descricdo dos resultados do painel de exoma apresentado aqui reafirma a presenca de
alvos ja descritos anteriormente para o tumor CPE (TTN, FAT1, FLG e PKD1) e apresenta genes
ndo reportados anteriormente (MUC5B, MUC16, OBSCN, MUC12, CMYADS5, SVEP1, LEMASS,
SPTAL e FSIP2). As analises de enriquecimento de vias apresentadas também apontam rotas
tumorais (WNT, RTK/RAS, HIPPO e NOTCH) de interesse terapéutico e prognostico. Entretanto
esses resultados devem ser revisados dado o alto nimero de variantes encontradas, o que poderia
ser um numero excessivo comparados com tumores de etiologia semelhante. Além disso, novas
variantes descritas deveriam ser validades in vitro para confirmacdo do seu impacto na funcéo
génica. Além disso, em uma nova revisao, devem passar por uma workflow de anotacao funcional
de variantes somaticas (patogénica, provavelmente patogénica, significado incerto, provavelmente
benigna e benigna) para que possamos entender a funcionalidade dessas variantes no contexto

tumoral.
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5. CONCLUSAO E CONSIDERACOES FINAIS

Neste trabalho relatamos uma incidéncia de 53,2% de infeccdo por HPV de alto risco em
homens com CPE no Estado do Ceard, Nordeste do Brasil, regido com a baixa renda per capita no
pais e alta incidéncia da doenca. Apesar do aumento da incidéncia, a infeccdo por HPV néo foi
associada a mau prognostico, tal como metastase sisttmica ou linfonodal, locorregional
recorréncia, e sim poderia se associar ao aumento da taxa de sobrevivéncia. Dentr 0s aspectos
correlacionados, metéstases e recidivas foram as caracteristicas que mais impactaram
negativamente a sobrevida dos pacientes. Também observamos, pela primeira vez, que 0 aumento
da marca epigenética 5mC e reducdo de 5hmC sdo caracteristicas da doenca. Apesar da auséncia
de significancia estatistica, 0 auto padrao de 5mC (aproximadamente 80%) pode contribuir para
progndstico ruim (HR = 1,06). Embora a infec¢do viral contribua para a perda da reprogramacao
de DNA, a relacdo das marcas 5mC/5hmC ndo foi relacionada a infecgdo por HPV, e os niveis de
5hmC foram aumentados em amostras p16INK4a negativas.

Observamos um padrao de hipometilacao na regiao controladora de imprinting HI9DMR,
dado a perda de metilacao esperada em comparacao com o padrao tedrico descrito na literatura
para uma célula nao tumoral. A hipometilacao descrita nao esta relacionada a infecao viral por
HPV. Em uma analise preliminar de um painel de sequenciamento de exons, observamos na nossa
populacdo de estudo genes com alta frequencia mutacional ndo descritos anteriormente (MUC5B,
MUC16, OBSCN, MUC12, CMYA5, SVEP1, LEMASS5, SPTA1 e FSIP2). Esses dados ainda devem
ser melhorados através de analises cofirmatorias e analises in vitro, entretando ressaltamos que
essa andlise poucas vezes foi aplicada em CPE em amostras de individuos barsileiros.

A identificacdo de marcadores genéticos, epigenéticos e alteracfes moleculares no CPE,
tumor extremamente agressivo e com maior incidéncia em paises em desenvolvimento, cujas

terapias atuais sdo limitadas e baseadas principalmente na excisdo cirdrgica, pode auxiliar no
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diagnostico, prognostico e tratamento da doenca. A caracterizacdo molecular e do padréo de
metilacdo no CPE incentiva e favorece que novos estudos possam sugerir estratégias de tratamento
especificas, como agentes hipometilantes para terapias direcionadas epigenéticas (epidfarmacos),
estabelecer novos alvos com perfil druggable genes e incentivar a busca de terapias menos

invasivas.



