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RESUMO

A ampola de Vater é uma area de convergéncia do ducto biliar comum, do
ducto pancreéatico e do duodeno. A regido periampular dista em torno de 2cm da ampola
de Vater e neoplasias que se originam nesta regido sdo denominadas carcinomas
periampulares (CPs). Os CPs incluem quatro grupos tumorais originados da cabeca do
pancreas, da ampola de Vater, ducto biliar distal ou do duodeno e correspondem a 0,5%
de todas as neoplasias digestivas. Tumores originados no pancreas sao mais
frequentes entre os CPs e estes tém as maiores taxas de mortalidade sendo
representados majoritariamente pelo adenocarcinoma ductal pancreatico (ADP),
subtipo histolégico mais frequente e agressivo. Tumores mais raros como 0s outros CPs
também apresentam altas taxas de mortalidade, mas sdo menos estudados quanto as
suas alteracdes genéticas e epigenéticas, biologia tumoral e influéncia de fatores
genéticos no prognostico. Neste contexto, o objetivo deste trabalho foi realizar uma
caracterizacdo molecular do adenocarcinoma ductal pancreatico e de tumores
periampulares com o objetivo de contribuir para melhor compreenséao do processo de
carcinogénese e identificar marcadores progndsticos relacionados a esses tumores.

Inicialmente, avaliamos o perfil de metilacdo do DNA no ADP em busca de
potenciais alvos terapéuticos nas vias moleculares associadas a carcinogénese.
Verificamos que o ADP apresenta genes diferencialmente metilados em relagdo ao
tecido normal adjacente e identificamos diversos genes da via de sinalizac&o do célcio
diferencialmente metilados, e muitos destes sdo compartilhados com outras vias-chave
da carcinogénese pancreéatica, como as vias Ras e Hippo. Os genes ADCYS,
CACNAI1A, CACNA1B, CACNAI1H, e RYRS3, que controlam o influxo de Ca*? da
membrana plasmatica no reticulo endoplasmatico rugoso, estavam mais
frequentemente hipermetilados e, mediante andlise in silico de dados do TCGA,
observamos que a reducdo da expressado desses genes se mostrou associada a
reducdo da sobrevida global nos pacientes. Este achado é relevante, pois pode indicar
potenciais marcadores progndsticos e alvos terapéuticos para casos selecionados de

ADP. Adicionalmente, os resultados obtidos nesta tese indicam que a via de sinalizacéo
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do célcio parece ter um papel importante desde as etapas muito iniciais da
carcinogénese pancreatica.

Quanto aos outros CPs, pouco se sabe a respeito da modulacéo epigenética
regulada pelas desacetilases de histonas (HDACs). Assim, caracterizamos o perfil de
expressdo das HDAC1, HDAC2, HDAC3 e HDAC7 nestas neoplasias, bem como
investigamos o possivel papel das mesmas no desenvolvimento dos carcinomas de
ampola de Vater (CAVs). Utilizamos bancos de dados de expresséao para avaliar o perfil
das HDACs e segundo nosso conhecimento, este foi o primeiro estudo a avaliar a sua
expressdo no adenocarcinoma duodenal. Os CAVs e os adenocarcinomas duodenais
apresentaram um perfil de expressdo semelhante paras HDAC1 e HDAC2. Esse
trabalho ainda avaliou, pela primeira vez, a expresséo proteica das HDACs em amostras
de adenocarcinoma de ampola de Vater (o subtipo histolégico mais frequente) e tecidos
normais adjacentes (pancreatico, ampular e duodenal). Encontramos um perfil de
expressado semelhante entre todos os tecidos, sugerindo que estas HDACs néo estao
diretamente envolvidas na carcinogénese do CAVs, embora possam ter um papel
auxiliando o fendtipo tumoral, modulando genes envolvidos proliferacdo celular,
regulacéo do ciclo celular e apoptose.

Por fim, descrevemos um caso clinico atipico e mais grave de
Neurofiboromatose 1 com multiplos tumores periampulares onde a presenca de duas
variantes germinativas patogénicas em genes distintos (NF1 e CFTR) relacionados a
doencas pancreaticas podem ter agido sinergicamente. Em especial, a variante
germinativa patogénica do gene CFTR associada ao pancreas divisum pode ter
contribuido para a ocorréncia de multiplos tumores na paciente portadora de
Neurofibromatose tipo 1. Este relato de caso reforca a importancia de uma analise
molecular mais abrangente, incluindo avaliacdo de multiplos genes relacionados ao
fenGtipo em casos atipicos ou com fenétipo mais grave que o habitual. A informacéo
obtida no estudo de caso serd também muito relevante para os familiares do caso
indice.

Os resultados desta tese contribuem para o melhor entendimento do perfil genético

e epigenético dos adenocarcinomas ductais pancredticos e de carcinomas
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periampulares. Os resultados também indicam importantes linhas de investigagao para
explorar novas vias de sinalizacdo que possam trazer informacdes relevantes para o

desenvolvimento de novas estratégias terapéuticas.
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ABSTRACT

Ampulla of Vater is a convergence area of the common bile duct, pancreatic duct,
and duodenum. The periampullary region is located within about 2 cm from the ampulla
of Vater and neoplasms originated in this region are called periampullary carcinomas
(PCs). PCs include four tumoral groups that arise from the pancreatic head, Ampulla of
Vater, distal biliary duct or duodenum and correspond to 0.5% of all digestive neoplasms.
Tumors originated in the pancreas are the most frequent among PCs and they have the
highest mortality rates, being represented mainly by the pancreatic ductal
adenocarcinoma (PDAC), the most frequent and aggressive histological subtype. Other
PCs are rarer and also have high mortality rates, however, their genetic and epigenetic
alterations, tumor biology, and genetic influence in prognostic factors are less studied.
In this context, the objective of this study was to perform a molecular characterization of
pancreatic ductal adenocarcinoma and periampullary tumors in order to contribute to a
better understanding of the carcinogenesis process and to identify prognostic markers
related to these tumors.

First, we evaluated the DNA methylation profile in PDAC samples, searching for
potential therapeutic targets in the molecular pathways associated with PDAC
carcinogenesis. PDAC showed differentially methylated genes compared to adjacent
normal tissue and we identified several differentially methylated genes in the Calcium
Signaling Pathway. Many of these are shared with other key pancreatic carcinogenesis
pathways, such as the Ras and Hippo pathways. The ADCY8, CACNA1A, CACNAL1B,
CACNA1H, and RYR3 genes, which control Ca?* influx into the rough plasma membrane
or endoplasmic reticulum, were most often hypermethylated. Using in silico analysis of
TCGA data, we observed that reduced expression of these genes was associated with
reduced overall survival in PDAC patients. This finding is relevant as may indicate
potential prognostic markers and therapeutic targets for selected PDAC cases.
Additionally, the results obtained in this thesis indicate that the calcium signaling pathway

seems to play an important role since the very early stages of pancreatic carcinogenesis.
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In relation to other PCs, there is little knowledge about epigenetic modulation
regulated by histone deacetylases (HDACs). Thus, we characterized the expression
profile of HDAC1, HDAC2, HDAC3 and HDACY in these neoplasms, as well as
investigated their possible role in the development of ampulla of Vater carcinomas
(AVCs). We used expression databases to evaluate the profile of HDACs, and to our
knowledge, this was the first study to evaluate their expression in duodenal
adenocarcinoma. AVCs and duodenal adenocarcinomas showed a similar expression
profile for HDAC1 and HDAC2. This work also evaluated, for the first time, the protein
expression of HDACs in AVCs samples (the most common histological subtype) and
adjacent normal tissues (pancreatic, ampullary and duodenal). We found a similar
expression profile among all tissues, suggesting that these HDACs are not directly
involved in the AVCs carcinogenesis. Nonetheless, they may play a role supporting the
tumor phenotype by modulating genes involved in cell proliferation, cell cycle regulation

and apoptosis.

Finally, we described an atypical and more severe case of Neurofiboromatosis 1
with multiple periampullary tumors, where the presence of two pathogenic germline
variants in different genes (NF1 and CFTR) related to pancreatic diseases may have
acted synergistically. In particular, the CFTR pathogenic germline variant associated
with pancreas divisum may have contributed to the occurrence of multiple tumors in the
Neurofibromatosis type 1 patient. This case report reinforces the importance of a broader
molecular analysis, including evaluation of multiple genes related to phenotype, in
atypical cases or with more severe phenotype than usual. The information obtained from
the case report will also be very relevant to the case index relatives.

The thesis results contribute to a better understanding of the genetic and epigenetic
profile of pancreatic ductal adenocarcinomas and periampullary carcinomas. The results
also indicate important research topics to be explored, including new signaling pathways

that may provide relevant information for the development of new therapeutic strategies.
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CAPITULO I: INTRODUCAO
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1. Cancer e epidemiologia do cancer de pancreas

O cancer € a segunda principal causa de morte no mundo, sendo responsavel por
cerca de 9,6 milhdes de mortes no ano de 2018 (larc, 2018). Segundo a Organizacao
Mundial da Saude (OMS) estima-se 14 milh6es de Obitos relacionados a esta doenca
devam ocorrer no mundo em 2035 (Rahib et al., 2014), reforgcando o impacto do cancer
como um problema de saude publica. A crescente incidéncia e mortalidade vinculada
ao cancer podem ter multiplas explicacdes, contudo o reflexo do envelhecimento
populacional combinado a maior exposicdo a fatores de risco sdo aspectos
frequentemente reportados (Bray et al., 2018).

Embora o conhecimento cientifico tenha melhorado a sobrevivéncia de muitos
pacientes oncolégicos, os dados relacionados as neoplasias de pancreas permanecem
alarmantes. O céancer de pancreas € uma das neoplasias mais agressivas, cuja
incidéncia é quase igual a mortalidade, ocupando o 14° lugar no mundo em frequéncia,
mas a sétima posicao entre as causas de morte relacionadas ao cancer. A sobrevida
global em 5 anos € inferior a 8% e o tempo médio de sobrevida é de 13 a 20 meses
apos a cirurgia de resseccao do tumor (Neuzillet et al., 2011; Collisson and Maitra,
2017). No Brasil, 10.754 mortes foram relacionadas ao cancer de pancreas em 2017,
correspondendo a 4% do total de 6bitos relacionados ao cancer. Nos Estados Unidos,
estima-se que o cancer de pancreas se torne a segunda causa de morte por cancer em
2030 (Inca, 2014; Rahib et al., 2014; Inca, 2018).

1.1. Fatores derisco paracancer de pancreas

Alguns fatores de risco para ocorréncia de tumores pancreaticos estao
claramente estabelecidos e incluem idade avancada, sexo masculino, etnia afro-
americana, diabetes, obesidade, historia pessoal de pancreatite crénica, historia familiar
de cancer de pancreas, tabagismo e alcoolismo (Neuzillet et al., 2011; Mcguigan et al.,
2018; Tsai and Chang, 2019). Mais recentemente, a pancreatite aguda (Kirkegard et al.,
2018) e o tipo de microbiota intestinal (Tsai and Chang, 2019; Wang et al., 2019) foram

propostas como fatores de risco importantes para a doencga.
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Neoplasias pancreaticas sdo comumente associadas a idade mais avancada,
sendo que cerca de 90% dos casos sdo diagnosticados em pacientes com idade
superior a 55 anos (Midha et al., 2016) e a doenca atinge seu apice entre os 60 e os 80
anos de idade (Rawla et al., 2019). Neoplasias pancreéticas sdo mais incidentes em
homens (5,5 por 100.000 para homens, em comparacao a 4,0 para 100.000 mulheres)
(Bray et al., 2018) possivelmente devido a exposicéo a fatores ambientais, bem como

estilo de vida (maior uso de tabaco e alcool por homens) (Mcguigan et al., 2018).

A associagao positiva entre diabetes tipo | e 1l e o risco de cancer de pancreas
tem sido relatada ao longo dos anos (Mcauliffe and Christein, 2013; Pezzilli and Pagano,
2013; Batabyal et al., 2014; Maisonneuve and Lowenfels, 2015) . Um estudo
epidemiologico da populagéo italiana revelou que cerca de 9,7% dos tumores
pancreéticos sdo devidos a diabetes (Rosato et al., 2015). Alguns estudos mostram que
ter diabetes pode aumentar o risco de desenvolver cancer de pancreas em 1,8 vezes,
particularmente em homens asiaticos e hispanicos, em compara¢do com brancos e
negros (Li et al., 2011; Liao et al., 2012).

A pancreatite é uma inflamacédo do pancreas que induz dano pancreatico pela
ativacdo precoce de enzimas digestivas, ainda no parénquima pancreatico onde sao
produzidas e antes de sua liberacdo no intestino delgado(Rawla et al., 2019). Alguns
estudos indicam gue a pancreatite cronica pode elevar o risco relativo de desenvolver
cancer de pancreas em 5-16 vezes (Raimondi et al., 2010; Kirkegard et al., 2017). A
principal causa de pancreatite cronica € o consumo de alcool (70-80%), mas outros
fatores de risco foram identificados como tabagismo, doencas auto-imunes, disturbios
metabdlicos, obstru¢cdo ductal, anomalias anatdmicas como o pancreas divisum e
fatores hereditarios (Elsherif et al., 2019). Variantes patogénicas germinativas nos
genes PRSS1, SPINK1 ou CFTR associadas ao pancreas divisum conferem maior
predisposicdo a pancreatite e em muitos individuos os episodios de pancreatite sao
precoces e recorrentes, consequentemente aumentando o risco de cancer de pancreas
(Zhan et al., 2018; Lee and Papachristou, 2019) . O papel da pancreatite aguda como

fator predisponente ao céncer de pancreas foi muito discutido e permaneceu
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controverso por anos, mas estudos recentes sugerem que a doenca pode conferir maior
risco para o desenvolvimento de neoplasias pancreaticas (Chung et al., 2012; Munigala
et al., 2014; Kirkegard et al., 2018) . O que deve ser ressaltado é que o risco parece
estar limitado a pacientes com pancreatite aguda que evoluem para pancreatite cronica
(Rijkers et al., 2017; Lee and Papachristou, 2019).

Obesidade é outro fator de risco potencial que vem chamado atencdo de muitos
pesquisadores. Li et al., associou o indice de massa corporal (IMC) relacionado ao
sobrepeso e obesidade (25,0 - 29,9 kg / m2e = 30 kg / m 2) com um maior risco de
desenvolver cancer de pancreas, durante o inicio da idade adulta. Além disso, a
obesidade em uma idade mais avancada (30 - 79 anos) foi associada a menor sobrevida
global (Li et al., 2009). Um estudo que avaliou 14 coortes com mais de 2.000 casos de
cancer de pancreas constatou que os obesos apresentavam risco 54% maior de

desenvolver cancer de pancreas (Genkinger et al., 2011).

Em relacdo aos fatores ambientais, o tabagismo é o fator de risco mais
importante e consistente. Aproximadamente 20 a 25% dos tumores pancreaticos podem
ser atribuidos ao tabagismo (Raimondi et al., 2009) e o risco € quase duas vezes maior
em fumantes do que em néo fumantes e aumenta com a duracao e o numero de cigarros
consumidos diariamente (Kuzmickiene et al., 2013; Mizuno et al., 2014). O risco pode
persistir por 10-15 anos apds a cessacéao do tabagismo (lodice et al., 2008; Lynch et al.,
2009). Outro fator que tem sido associado ao cancer de pancreas, porém de forma
menos consistente, é o alcoolismo. Os estudos sdo controversos a respeito do seu
impacto no desenvolvimento desta neoplasia, contudo um risco aumentado de 15% foi
relacionado ao alto consumo de alcool, ndo havendo associacdo de consumo baixo ou
moderado com a doencga (Wang et al., 2016). Por fim, um grande estudo caso-controle
em 2010 ndo encontrou associacao geral significativa entre a ingestao total de alcool e
o risco de cancer de pancreas, embora para consumo = 45g de alcool por dia, o risco
tende a aumentar em homens (Pelucchi et al.; Michaud et al., 2010) . Ainda que a

relacdo causal entre alcool e cancer de pancreas seja controversa, sabe-se que o
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consumo excessivo de alcool também é a principal causa de pancreatite cronica, que €

um fator de risco estabelecido para cancer de pancreas (Samokhvalov et al., 2015).

Estima-se que cerca de 5 a 10% dos pacientes com cancer de pancreas tenham
histéria familiar da doenca (Greer et al., 2007; Shi et al., 2009). O cancer de pancreas
familiar € definido pela presenca de dois ou mais familiares de primeiro ou segundo grau
acometidos por esse tumor. Familiares de primeiro grau de pacientes com cancer
pancreatico ttm um risco nove vezes maior de desenvolver esse diagndstico quando
comparados a populagédo em geral (Klein et al., 2004), e quando ha dois familiares de
primeiro grau diagnosticados este risco duplica, podendo chegar a um 32 vezes maior
para pessoas com mais de trés familiares de primeiro grau afetados (Greer et al., 2007,
Vincent, Herman, et al., 2011). Estes dados epidemiolégicos atestam a importancia de
fatores hereditarios/genéticos na etiologia da doenca. Ademais, o cancer de pancreas
€ parte do espectro tumoral de algumas sindromes de predisposicdo hereditaria ao
cancer incluindo a Sindrome de Peutz-Jeghers, Sindrome do Melanoma Familiar,
Sindrome de cancer de mama e ovario hereditarios, cancer colorretal hereditario ndo-
polipomatoso, polipose adenomatosa familiar e Sindrome de Li-Fraumeni, entre outras
(Zhan et al., 2018). Especificamente para neoplasias neuroenddcrinas, a Neoplasia
enddcrina mdltipla tipo 1, Sindrome de von Hippel-Lindau, Neurofibromatose tipo 1,
Esclerose tuberosa sdo sindromes bem estabelecidas e associadas a esses tumores.
Em geral, tumores neuroenddcrinos associados as sindromes hereditarias possuem

uma apresentacdo multifocal multifocal (Guilmette and Nosé€, 2019) (Tabelal).
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Quadro 1. Mecanismo de doenca, funcdo, genes e Sindromes hereditarias associadas ao cancer de

pancreas (adaptado de Zhan et al., 2018; Guilmette and Nosé€, 2019).

Mecanismos de Funcéo Genes Sindrome associada
doenca

Dano celular Protease, a ativagédo prematura induz a pancreatite. PRSS1 Pancreatite hereditaria
(suscetibilidade a

pancreatite) Inibidor de tripsina. SPINK1 Pancreatite hereditaria

Metabolismo da glutationa, defesa antioxidante. GGT1 Risco para cancer de pancreas

Degradagéo prematura da tripsina ativada. CTRC Pancreatite hereditaria

Canal idbnico necessério para secregao / absorgéo CFTR Fibrose cistica, pancreatite

de células epiteliais. hereditaria

Regulacgéo e parada do ciclo celular ap6s dano ao TP53 Sindrome de Li-Fraumeni

DNA, apoptose.

Supressor de tumor, inibicdo de crescimento. SMAD4 Telangiectasia hemorragica
hereditaria, sindrome da polipose
juvenil, sindrome de Myhre

Crescimento celular Resposta a danos no DNA a quebras de fita dupla. ATM Ataxia Telangiectasia
/ controle do ciclo Regulador do ponto de verificacdo do ciclo celular e CHEK2 Sindrome de Li-Fraumeni
resposta a danos no DNA a quebras de fita dupla.

Parada celular nos postos de controle G1 e G2, CDKN2A Sindrome do Melanoma Multiplo

apoptose. Familiar Atipico

Regula o crescimento celular, proliferagéo e STK11 Sindrome de Peutz-Jeghers

resposta a danos no DNA.

Regula o ciclo celular, a sobrevivéncia e o PTEN Sindrome do tumor PTEN-

metabolismo.

hamartom
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Quadro 1. Continuagéo.

Mecanismos de

doenca

Funcéo

Genes

Sindrome associada

Reparo do DNA

Reparo de quebra dupla no DNA.

Reparo de quebra dupla no DNA.

Reparo de bases mal pareadas.

Reparo de danos ao DNA.

BRCAL,
BRCAZ2
BARD1
PALBZ2,
FANCA,
FANCC,
FANCG
FANCM
MLH1, MSH2,
MSH6, PMS2
e EPCAM *
NBN

Sindrome hereditaria do cancer de
mama e ovario

Anemia de Fanconi

Sindrome de Lynch

Sindrome de quebras de Nijmegen

Adesao celular

Regula a migracéo e adesao celular, antagonista da

via Wnt.

APC

Polipose adenomatosa familiar

Apoptose

Regulador transcricional, sendo componente

essencial do complexo MLL/SET1 .

Regulada ubiquitinag&o e subsequente degradacéo

proteassomal de proteinas.

Regula atividade GTPase da oncoproteina Ras.

Reguladores da via mTOR.

MEN1

VHL

NF1
TSC1 TSC2

Neoplasia enddcrina mdltipla tipo 1
Sindrome de von Hippel-Lindau

Neurofibromatose tipo 1
Esclerose tuberosa

*Delecdes nos ultimos éxons do EPCAM inativam MSH2 e podem causar indiretamente defeitos no reparo de bases

mal pareadas.
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1.2. Classificacéo histopatolégica dos tumores do pancreas

As neoplasias do pancreas compreendem um amplo conjunto de tumores e sao
geralmente classificadas de acordo com sua diferenciacao histologica e comportamento
biolégico. As neoplasias do pancreas endocrino sédo representadas pelos tumores
originarios e nao-originarios das ilhotas pancreaticas e embora sejam relativamente
raras (incidéncia de 0,43 por 100.000 pessoas ao ano nos Estados Unidos) estao
associadas a melhor prognéstico em relacdo aos tumores exocrinos do pancreas
(Fernandez Pérez et al., 2018) (Tabela 2). Os tumores do pancreas exocrino, que
constituem 90% dos tumores de pancreas, sdo na grande maioria adenocarcinomas
ductais pancreéticos (ADP) ou variantes destes (Neuzillet et al., 2011).

Tabela 1. Taxas de sobrevida de acordo com o estagio clinico do cancer de

pancreas, comparando tumores do pancreas exdcrino com tumores do pancreas
enddécrino (adaptado de Rawla et al., 2019).

Estagio clinico Sobrevida em cinco anos (%)
Cancer de pancreas Cancer de pancreas
exocrino endocrino (PanNET) tratado
com cirurgia
I A 14 61
IB 12 61
I 7 52
1] 3 41
v 1 16

1.2.1. Adenocarcinoma ductal pancreatico

O ADP é uma neoplasia soélida de carater infiltrante e intensa reacdo néo-
neoplasica no tecido adjacente, composta por fibroblastos, linfécitos e matriz
extracelular (reacdo desmoplasica). Microscopicamente, observam-se glandulas
malignas atipicas, irregulares, pequenas e geralmente revestidas por células epiteliais
cuboides a colunares anaplasicas e formacdo de estruturas tubulares ou agregados
celulares (Haeberle and Esposito, 2019). (Maitra and Hruban, 2008) As lesdes
precursoras do ADP podem ser divididas em precursores microscopicos e
macroscopicos. Os precursores microscopicos incluem a neoplasia intra-intrapitelial

pancreatica (NIPan), que sdo mais frequentes e melhor caracterizadas; e as lesdes
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planas atipicas. NIPans 1A, 1B e 2 sao classificadas como lesGes de baixo grau de
malignidade, enquanto NIPan 3 é classificada como lesdo de alto grau. As lesbes
precursoras macroscopicas sao caracterizadas pela visibilidade em exames de imagem,
sendo representadas pelas neoplasias mucinosas papilares intraductais (NMPI),
neoplasias cisticas mucinosas (NCM) e neoplasias tubulopapilares intraductais. As duas
primeiras sdo caracterizadas pela producdo de mucina (Maitra and Hruban, 2008;
Bosman et al.,, 2010), ao contrario das neoplasias tubulopapilares intraductais que
raramente produzem essas glicoproteinas, portanto, geralmente ndo se apresentam

como lesdes cisticas (Yamaguchi et al., 2013).

1.2.1.1. Diagnéstico, agressividade e tratamento do adenocarcinoma ductal
pancreatico
O ADP em estagios iniciais é geralmente clinicamente silencioso, e a maioria dos
pacientes que apresentam sintomas atribuiveis a neoplasia possuem tumores
localmente avancados e/ou metastases (80-90% dos casos), que contraindicam ou
dificultam a resseccéo cirurgica (Neuzillet et al., 2011; Vincent, Herman, et al., 2011;
Rawla et al., 2019). Diversos fatores contribuem para esse panorama, como sinais e
sintomas inespecificos da doenca, limitacdes metodoldgicas relacionadas aos exames

de diagndstico, e biologia tumoral agressiva.

A sintomatologia do ADP geralmente € inespecifica e depende em grande parte
da localizacao do tumor e estagio da doenca: em cerca de 65% dos casos o tumor esta
localizado na cabeca do pancreas, em 15% no corpo/cauda e em 20% dos casos o
tumor envolve o 6rgédo de uma forma difusa. A obstrucéo da via biliar frequentemente é
relacionada a tumores localizados na cabeca do pancreas, causando colestase, que se
expressa por ictericia, coluria e acolia. Além disso, dor abdominal, glicemia alterada,
astenia, anorexia e perda de peso sdo manifestacdes recorrentes que podem ser
relacionadas a um grande numero de doencas como colangite, colecistite, colelitiase,
coledocolitiase, cistos de colédoco, pancreatite, entre outras (Hidalgo, 2010; Simianu et
al., 2010; Rawla et al., 2019).
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Atualmente, as ferramentas de diagnostico / estadiamento pré-operatérias sao a
ultrassonografia abdominal, tomografia computadorizada com protocolo pancreatico
trifasico (padréo ouro para o diagnéstico e estadiamento) (Wong and Lu, 2008; Klauss
et al., 2009), ressonancia magnética e aspiracdo por agulha fina guiada por
ultrassonografia endoscopica. Embora os trés primeiros exames sejam fundamentais
para a conduta terapéutica e determinacdo do estadiamento, a deteccdo de lesdes
pequenas (<2 cm), com auséncia de dilatacdo biliar, e envolvimento vascular sao
dificeis de serem visualizadas. Nessas situacdes, a aspiracdo por agulha fina guiada
por ultrassonografia endoscopica tem sensibilidade relatada em cerca de 80% dos
casos (Harewood and Wiersema, 2002; Guarneri et al., 2019), contudo € um exame de
alto custo e nao disponivel em todos os servigos de saude, mesmo para individuos de
alto risco. Além disso, em pacientes sintomaticos, a avaliacao do antigeno de superficie
CA19-9 pode ajudar a confirmar o diagnostico e prever prognostico e recorréncia apos
a resseccao (Tempero et al.,, 2017). No entanto, o CA19-9 possui limitacdes
importantes, como a nao-especificidade para cancer de pancreas ou sua auséncia em
pacientes que sao negativos para o antigeno de Lewis a ou b (5 a 10% da populacao
caucasiana). Pacientes com o antigeno de Lewis a ou b podem possuir resultados falsos
negativos para os niveis séricos de CA 19-9 mesmo na presenca de cancer pancreatico

avancado (Scara et al., 2015).

Uma caracteristica peculiar do ADP é a existéncia de um extenso estroma
desmoplasico associado a células mieldides infiltrantes (Dougan, 2017). A hipdxia é
outra caracteristica importante do microambiente tumoral que, ligada a desmoplasia,
atua como barreira a infiltracdo de células T (Ene-Obong et al., 2013; Ozdemir et al.,
2014; Daniel et al., 2019). Além disso, dentre as células mieldides, os macrofagos
associados ao tumor sdo uma das células mais abundantes e promovem, no tumor,
eventos mitoticos e angiogénicos, e inibicdo da apoptose (Zhu et al., 2017). Outra
particularidade do ADP é sua progressdo precoce para doenca metastatica (Kleeff et
al., 2016). Os pacientes comumente apresentam metastases hepaticas, na cavidade

peritoneal, pulmdes e outros 0rgaos gastrointestinais (Poruk et al., 2013) em estagios
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avancados, mas estas ja podem aparecer em estagios iniciais. De fato, foi observado
por Rhim e colaboradores que o desenvolvimento de metastases pode acontecer
concomitantemente ao aparecimento da leséo intraepitelial pancreatica em um modelo
animal. Tais dados podem explicar por que pacientes que realizam cirurgia de
resseccdo total do tumor com boas margens e sem nenhum sinal de metastase no
momento da cirurgia apresentam recidivas relacionadas ao sitio primario poucos meses

apos o procedimento (Rhim et al., 2012).

7

O Unico tratamento do ADP com potencial curativo é a resseccao cirurgica,
contudo, devido as caracteristicas mencionadas acima, apenas 20% dos pacientes
diagnosticados sao elegiveis a cirurgia. Em relacdo ao tratamento ndo-cirdrgico, uma
caracteristica marcante do ADP é o seu alto grau de resisténcia a praticamente qualquer
tipo de terapias disponiveis (Amrutkar and Gladhaug, 2017; Grasso et al., 2017,
Morrison et al., 2018). Os agentes quimioterapicos usados atualmente sdo os do
esquema FOLFIRINOX (5-fluouracil, oxaliplatina e irinotecano) ou gemcitabina

combinada com nab-paclitaxel (Orth et al., 2019).
1.2.1.2. Biologia molecular do adenocarcinoma ductal pancreético

Entre os grandes desafios das pesquisas em céancer estd a elucidacdo das
alteracdes genéticas responsaveis pela iniciacdo e progresséo tumoral de cada tipo de
cancer e o desenvolvimento de terapias especificas para cada uma dessas etapas.
Nesse contexto, a gendmica tem contribuido para a identificacdo de biomarcadores que
possam auxiliar na compreensdo dos mecanismos envolvidos na carcinogénese e de

alvos moleculares potenciais.

Hruban e colaboradores definiram um modelo de progressao genética para o
desenvolvimento do ADP, no qual sédo descritas alteracbes genéticas e epigenéticas
nas lesbes pré-malignas do ADP (Hruban et al., 2000; Omura and Goggins, 2009)
(Figura 1). Nas fases iniciais da leséo, observamos a ativagao de genes, em especial
do gene KRAS, com mutacdes presentes em cerca de 30% das lesdes iniciais e em

95% das lesbes avancadas de ADP. Altera¢cdes na familia RAS de oncogenes induzem
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a proliferacdo, sobrevivéncia e invasdo celular. A superexpressdao do gene ERBB2
também esta presente nas NIPans 1A-1B. A telomerase ¢é ativada no final da progresséo
do ADP, sendo um ponto fundamental para o processo de imortalizacdo das células
tumorais (Bardeesy and Depinho, 2002).

O desenvolvimento do processo neoplasico se consolida com a ocorréncia de
mutacOes de perda de funcdo em genes supressores de tumor. A perda de funcéo do
gene CDKN2A é encontrada em 80-95% das NIPans 2-3 e ADPs em estagios
avancados. O gene CDKNZ2A esta estritamente relacionado a transcricdo dos genes
supressores de tumor INK4 e ARF e, desta forma, quando ha alteracdo em sua fungéo
ocorre um disturbio nas vias de sinaliza¢do do retinoblastoma (Rb) e de p53 (Liggett
and Sidransky, 1998; Bardeesy and Depinho, 2002). Muta¢cbes no gene TP53 séo
encontradas em 50-75% dos casos de ADP (Redston et al., 1994), sendo mais
pronunciadas nas NIPans 2-3. Como consequéncia da perda de funcao da proteina p53,
se observa instabilidade genémica. Mutacfes no gene BRCA2 séo eventos mais tardios
da progressdo do ADP e individuos portadores de muta¢cBes herdadas nesse gene
apresentam um risco significativo de desenvolvimento de cancer de mama, ovério e,
menos frequentemente, pancreas (Bardeesy and Depinho, 2002). Delecfes ou
mutacdes no gene SMAD4/DPC4 podem estar presentes em até 55% dos ADPs (Liu,
2001) e sua funcao esta intimamente ligada a via de sinalizacdo TGF-3, que tem um
papel fundamental no bloqueio do crescimento das células epiteliais normais. Desta
forma, alteracbes na expressédo desse gene impedem o bloqueio do ciclo celular ou
apoptose (Bardeesy and Depinho, 2002).
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Figura 1. Modelo de progressao do cancer pancreatico (adaptado de Hruban et
al., 2000; Bardeesy and Depinho, 2002; Alemar et al., 2015). NIPan= neoplasia intra-
intrapitelial pancreatica.

Outra alteracdo genética importante na carcinogénese do ADP € a ocorréncia de
variagdes no numero de copias (do inglés, copy number variation, CNV) definidas por
variacdes estruturais de segmentos iguais ou maiores que 1 kilobase (delec¢des ou
duplicagbes). As CNVs podem representar uma importante fonte de variabilidade
genética e fenotipica, mas também sao responsaveis por muitas doencas complexas
como o cancer (Fanciulli et al., 2010). CNVs correspondem a uma fragdo importante da
variabilidade genética importante, e podem modular a expresséo génica (lafrate et al.,
2004; Sebat et al., 2004; Levy et al.,, 2007). Nas lesdes precursoras do ADP em
pacientes com histéria familiar, CNVs ocorrem com relativa frequéncia, sendo que em
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um estudo, CNVs foram identificadas em 7/37 amostras, inclusive com ocorréncia de
CNVs em mais de um locus em algumas lesdes. Nos cromossomos com perfil alterado,
contudo, nao foi identificada nenhuma delegcdo em genes supressores de tumor ou
amplificagdo de oncogenes (Hong et al.,, 2012). Em uma tentativa recente de
correlacionar CNVs a predisposicao genética ao desenvolvimento do ADP, Willis et al.,
utilizaram amostras de DNA gendmico (sangue ou saliva) de 263 pacientes, mas nao
observaram uma contribuigdo substancial destas alteracdes para a etiologia da doenca
(Willis et al., 2014).

2. Regiado periampular e carcinomas periampulares

A ampola de Vater é uma area de convergéncia do ducto biliar comum, do
ducto pancreatico e do duodeno (Kunath and Hommerding, 1981; Kim et al., 2002). A
estrutura € anatomicamente complexa e heterogénea, sendo formada por fibras
musculares e elementos neuronais especiais que regulam, através da papila duodenal
(ou esfincter de Oddi), o fluxo da bile e suco pancreético para o trato digestivo (Kunath
and Hommerding, 1981; Ishibashi et al., 2000) (Figura 2). Do ponto de vista histoldgico,
e corroborado por analises morfolégicas e imuno-histoquimicas, a Ampola de Vater
apresenta dois revestimentos epiteliais distintos, o pancreatobiliar e o intestinal. A regido
periampular dista em torno de 2cm da ampola de Vater e compreende as seguintes
estruturas: pancreas (ao nivel da cabeca do 6rgao), Ampola de Vater, ducto biliar distal
e duodeno (Haddad, 2009; Gaspar et al., 2013; He et al., 2014).

30



\\ Ducto biliar comum

Adenocarcinoma duodenal

Colangiocarcinoma distal

H
(4
A\ D4

»)

Carcinomas periampulares

Adenocarcinoma pancreatico

Carcinoma de Ampola de Vater

Figura 2. Localizac&o anatdmica da regido ampular e carcinomas periampulares (figura elaborada pela autora).

Neoplasias que se originam dentro dessa regido sdo denominadas carcinomas periampulares (CP). A
precisa classificacdo diagndéstica do local primario desses tumores é dificil mesmo com a existéncia de uma avaliacdo
histopatolégica padronizada. Em geral, os CPs envolvem mais de um potencial local de origem destroem
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a anatomia periampular normal e apresentam displasia epitelial em mais de uma porcgao
da regido, dificultando o diagnéstico (Monson et al., 1991; Littges et al., 1999; Fisher
and Bakey, 2007).

Os CPs compreendem 0,5% de todas as neoplasias digestivas (Albores-
Saavedra et al., 2009) e suas taxas de incidéncia séo inferiores a 1/100.000 casos por
ano na populagao mundial. Dados da regiao sudeste do Brasil indicam uma taxa de
0,7/100.000 casos na populagédo oriunda de S&o Paulo-Brasil (Randi et al., 2009;
Gaspar et al., 2013). Entre todos os CPs, tumores pancreaticos sdo os mais frequentes,
seguidos dos tumores da ampola de Vater, ducto biliar distal e duodeno(Kamarajah,
2018) (Tabela 3).

Tabela 2. Caracteristicas dos pacientes submetidos a cirurgia de ressecc¢do dos
carcinomas periampulares (n=9877) (adaptado de Kamarajah, 2018).

Local de origem

Pancreas Ampola de Vater Ducto biliar distal Duodeno
Histologia Adenocarcinoma Adenocarcinoma Colangiocarcinoma Adenocarcinoma
predominante pancreatico (ADP) de ampola de distal Duodenal
Valer (CAV) (CCd) (AD)
Frequéncia 79% 1% 6% 4%
Sobrevida em 19% 47% 32% 42%

5 anos

A taxa de sobrevida em 5 anos de pacientes submetidos a receccéo cirlrgica
com CAV, CCd e DA varia de 32 a 47% e sao significativamente melhores do que as
observadas em pacientes com ADP (Kamarajah, 2018). Esses dados sugerem que as
diferencas na biologia do tumor também podem ser uma explicacdo para a sobrevida

relativamente mais favoravel dos pacientes com estas doencas.

2.1. Carcinoma periampular originado do pancreas
Segundo a classificagdo dos carcinomas periampulares, os tumores
pancreaticos podem ser considerados periampulares quando estiverem localizados na

cabeca do pancreas distando de 2cm da ampola de Vater. O ADP, subtipo histologico
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mais prevalente das neoplasias pancreaticas, foi extensamente discutido e

caracterizado nas sessfes anteriores e ndo sera abordado neste topico.

2.2. Carcinoma periampular originado da ampola de Vater

Em virtude da Ampola de Vater possuir os revestimentos epiteliais pancreatobiliar
e intestinal, os tumores originados dessas estruturas apresentam a histologia de
adenocarcinoma pancreatobiliar ou intestinal (carcinomas de ampola de Vater, CAV).
Em situacdes nas quais ha a coexisténcia de aspectos de ambos os subtipos, o tumor
€ denominado adenocarcinoma misto (Kimura et al., 1994; Chang et al., 2013; Yachida
et al., 2016; Who et al., 2019). O subtipo misto € o subgrupo predominante de CAVS,
representando até 40% dos casos (Gingras et al., 2016; Xue et al., 2017; Mafficini et al.,
2018).

O subtipo intestinal € frequentemente associado a um componente ndo invasivo
(adenoma duodenal). A andlise histopatolégica deste subtipo aponta carcinomas
compostos de glandulas tubulares bem formadas, com areas cribriformes complexas
em forma de ninhos solidos, que sédo indistinguiveis do adenocarcinoma colorretal. As
células tumorais sdo colunares, altas e pseudoestratificadas, frequentemente contendo
mucina, com nucleos ovais ou em forma de “charuto” localizados basalmente (Kimura
et al., 1994; Kimura et al., 2004; Kumari et al., 2013). Ainda, o tumor esta relacionado
com uma melhor sobrevida quando comparado ao subtipo pancreatobiliar (Carter et al.,
2008; Westgaard et al.,, 2008; Kohler et al., 2011), pois os fatores patolégicos
relacionados a agressividade, como invasao linfovascular e perineural, ndo séo téo
frequentes (Howe et al., 1998; Zhou et al., 2004; Westgaard et al., 2008; Lee et al., 2010)
. O subtipo pancreatobiliar € morfologicamente semelhante ao ADP. Entre suas
caracteristicas morfologicas destacam-se presenca de glandulas simples ou
ramificadas e pequenos ninhos de células circundados por um denso estroma
desmoplasico. As células tumorais sao cuboides ou colunares baixas, dispostas em uma
Unica camada, sem pseudoestratificacdo. Os nucleos séo arredondados apresentando

marcado pleomorfismo (Kimura et al., 1994; Kimura et al., 2004; Kumari et al., 2013) .

33



2.2.1. Etiologia dos carcinomas de ampola de Vater

A maioria dos CAVs nao apresentam etiologia evidente (Ohike et al., 2010; Adsay
et al., 2012), embora algumas doencas inflamatérias (Doenca de Crohn e Doenca
celiaca) e procedimentos cirdrgicos prévios tenham sido reportados como causas
(WHO, 2019). Condicdes hereditarias como a Polipose adenomatosa familiar, Sindrome
de Lynch e Sindrome de Peutz-Jeghers foram associadas a maior risco de
adenocarcinomas na regido enquanto a Neurofibromatose tipo 1 estd4 associada a
presenca de tumores neuroenddcrinos da ampola (Relles et al., 2010).

2.2.2. Alteracdes moleculares dos carcinomas de ampola de
Vater
A heterogeneidade morfoloégica marcante dos CAVs e a falta de confiabilidade
prognodstica da classificagdo histologica (mesmo com o auxilio de painéis
imunohistoquimicos) levaram a investigacao de alteracées moleculares a fim de melhor

definir o progndstico e o tratamento dessas neoplasias.

Atualmente, alguns grupos de pesquisa tém investigado caracteristicas
moleculares em CAV, contudo mais estudos sdo necessarios para o entendimento
completo da carcinogénese nesta neoplasia rara. Alteracdes no gene KRAS sdo mais
frequentemente relatadas em pacientes com CAV (Schonleben et al., 2009; Guo et al.,
2014; Sandhu et al., 2015; Valsangkar et al., 2015) , contudo n&o foi encontrada
prevaléncia significativa de mutacdes ativadoras nos oncogenes BRAF e PIK3CA
(Overman et al.,, 2013). Em um estudo, a expresséo proteica de p53, p21 e Bcl2
(proteinas ligadas a supressédo tumoral) em 92 casos de CAV foram avaliados, e os
achados imunohistoquimicos indicaram superexpressao de p53 e p21 e subexpresséo
de Bcl2 no tumor em comparagdo com tecido nédo tumoral (Guo et al.,, 2014).
Adicionalmente, assinaturas moleculares de mRNA de CAV foram avaliadas em dois
estudos. No primeiro Sandhu et al., observaram a superexpressao de WNT3A, TGFB1,
HDAC, BDNF e ERBB4 no subtipo pancreatobiliar, enquanto CDKN2A, RB1 e PPARA
tinham o mesmo perfil de expressédo no subtipo intestinal (Sandhu et al., 2015). No

segundo estudo, Overman et al., ndo conseguiram identificar diferencas significativas
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entre 0s dois subtipos histolégicos, provavelmente em funcdo do pequeno tamanho
amostral (n=14). Entretanto conseguiram identificar claramente que o CAV apresenta
um perfil de expressao génica diferente do perfil de ADP (Overman et al., 2013). Por
fim, Gingras et al., realizaram sequenciamento exdmico e analisaram a variagdo do
numero de copias em 160 amostras de tumores da regido ampular, sendo este o estudo
mais robusto de CAV até o presente momento. Como resultado, 98 amostras foram
classificadas como CAV e apresentaram alta frequéncia de mutacdes de inativacédo do
gene ELF3, instabilidade de microssatélite e dele¢cbes e amplificagBes focais comuns;
sugerindo que essas alteragbes sdo “marcas” frequentes na patogénese molecular

destes tumores (Gingras et al., 2016).

2.3. Carcinoma periampular originado do ducto biliar distal
O colangiocarcinoma € uma neoplasia epitelial, que pode se originar em diversos
locais dentro da arvore biliar. A classificacdo dos tumores € baseada na sua localizacao
anatdémica e inclui os colangiocarcinomas intra-hepético e extra-hepatico (peri-hilar e
distal) (Razumilava and Gores, 2014). O colangiocarcinoma distal (CCd) esta localizado
entre a origem do ducto cistico e a ampola de Vater, e apenas essa classificacdo é
considerada um tipo de carcinoma periampular, correspondendo a cerca de 40% dos

colangiocarcinomas (Deoliveira et al., 2007) (Figura 3).
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Figura 3. Classificacdo do colangiocarcinoma baseado na localizacdo da arvore
biliar (adaptado de Fundation, 2020).

2.4. Carcinoma periampular originado do duodeno
O adenocarcinoma duodenal representa menos de 1% de todos os tumores
gastrointestinais (Overman et al., 2010; Overman et al., 2012) e 4% dos carcinomas
periampulares (Kamarajah, 2018). De acordo com estudos epidemioldgicos,
adenocarcinomas e tumores neuroenddcrinos sdo as neoplasias mais frequentes do
duodeno seguidas por tumores estromais gastrointestinais (do inglés gastrointestinal
stromal tumor, GIST) e maligno (Terada, 2012).

A maior parte dos GISTs ¢é assintomatica (Beltran and Cruces, 2007) e geralmente
sdo achados incidentais em tomografias de abdémen, durante endoscopia ou em
procedimentos cirdrgicos para outras manifestacdes abdominais (Parab et al., 2019).
Cerca de 75-80% dos GISTs apresentam mutacdo no gene KIT e 10% no gene
PDGFRA. Embora a maior parte dos tumores seja esporadico, os GISTs foram descritos
em algumas sindromes de predisposicao hereditaria ao cancer destacando-se entre
estas a neurofiboromatose tipol (NF1). Entre os tumores observados em pessoas com
NF1, cerca de 34% séo GISTs (Gutmann et al., 1997; Relles et al., 2010).
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3. Epigenética

Segundo Feinberg, a epigenética é definida como o conjunto de modificacbes
do genoma, transmitidas durante a divisédo celular, que ndo envolvem uma alteracao na
sequéncia de DNA (Feinberg, 2001). Alteracbes epigenéticas podem resultar na
ativagdo ou inibicdo inapropriada de vérias vias de sinalizagdo, levando ao
desenvolvimento de diversas doencgas, inclusive cancer (Jones and Baylin, 2002; Egger
et al., 2004) . Uma peculiaridade da regulacao epigenética € a caracteristica de ser um
processo reversivel e que pode agir sobre uma area extensa, incluindo mais do que um

anico gene (Omura and Goggins, 2009).

Os principais mecanismos de regulacéo epigenética sdo as modificacdes na
conformacao das histonas, metilagdo do DNA (Sawan et al., 2008; Lomberk and Urrutia,
2015), que alteram a acessibilidade da cromatina, regulando a transcrigdo local ou
global (Lund and Van Lohuizen, 2004). Além disso, os miRNAs podem atuar como
moduladores epigenéticos, controlando os niveis das principais enzimas responsaveis
por reacdes epigenéticas, como as metiltransferases de DNA (do inglés DNA
methyltransferases, DNMTs), desacetilases de histonas (do inglés histone

deacetylases, HDACSs) entre varios outros reguladores epigenéticos (Yao et al., 2019).

3.1. Metilagdo do DNA

Entre as modificacdes epigenéticas, a metilacdo do DNA tem um papel
relevante em diversos processos biolégicos, incluindo a embriogénese, envelhecimento
e carcinogénese. A metilacdo consiste em uma modifica¢do covalente do DNA, na qual
um grupamento metil (CHs) é transferido da S-adenosilmetionina (SAM) para o carbono
5 de uma citosina, que geralmente precede uma guanina, pela acdo das DNA-
metiltransferases (do inglés DNA methyltransferases, DNMTs)(Figura 4A) (Razin,
1998).
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Figura 4. Metilacdo do DNA e diagrama esquematico da distribuicdo genbmica da metilacdo do DNA. A,
Representacgdo da ligagdo do grupo CHs no carbono 5 da citosina gerando a 5-metilcitosina, o processo mediado
pelas enzimas DNA metiltransferases. B, Distribuicdo dos dinucleotideos CpG em relacdo ao gene e em relacao as
ilhas (figura elaborada pela autora).
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A metilacdo do DNA ocorre principalmente em regides ricas em contetdo
CG, chamadas ilhas CpG, frequentemente encontradas em regides promotoras ou
proximas a estas. As ilhas séo definidas como regiées gendmicas com mais de 500
pares de bases de comprimento, com um grande numero de dinucleotideos G e C
(255%) e uma raz&o na qual os dinucleotideos CpG observado / esperado é de pelo
menos 60%. No genoma margeando as ilhas CpGs existem as shores e as shelves.
As duas regifes possuem uma baixa densidade de CpG, sendo que a primeira €
localizada a 2 kb de uma ilha de CpG e a segunda 4kb. Outras terminologias
relacionadas a metilacdo séo open sea (regiées com poucos ou nenhum dinucleotideo
CpG) e corpo do gene (local do inicio ao fim da transcricdo) (Figura 4B) (Asmar et al.,
2015) . Os dinucleotideos CpG correspondem a uma pequena por¢do do genoma (2-
5%) e ndo sao distribuidos de forma aleatéria (Lopez et al.,, 2009). CpGs séao
encontrados principalmente em sequéncias repetitivas, como nos SINEs e LINEs (do
inglés short interspersed nuclear elements e long interspersed nuclear elements), nas
regides promotoras e no primeiro éxon dos genes (Cohen et al.; Lopez et al., 2009). A
adicdo do radical metil a citosina impede a ligacdo de fatores de transcri¢do,
silenciando a transcricdo génica, que € um mecanismo natural de regulacdo da

transcricao.

Em células normais, SINE e LINE s&o hipermetiladas enquanto a regido
promotora de genes fundamentais para o funcionamento celular sdo hipometilados.
Durante a carcinogénese, ocorrem mudancas caracteristicas no perfil de metilacao do
DNA como hipometilacdo gendémica global e a hipermetilagdo de promotores (Herman
and Baylin, 2003; Jiang et al., 2013). Células malignas possuem de 20 a 60% menos
5-metilcitosina do que células normais, essa condicdo promove instabilidade
gendmica, causando desregulacdo dos cromossomos durante a divisdo celular e a
ativacdo indesejada de elementos transponiveis no genoma, levando a mais danos
geneéticos (Locke et al., 2019). A hipermetilagdo dos promotores de genes supressores
de tumor € um evento precoce na formacao do tumor, aumentando progressivamente
ao longo do processo carcinogénico e contribuindo para a aquisicdo do fendtipo

maligno (Baylin and Herman, 2000). A metilacdo de um Unico supressor de tumor pode
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ser ocasionalmente encontrada em lesfes benignas, contudo a metilacdo de multiplos
genes supressores de tumor € um marcador confiavel de malignidade (Pfeifer, 2018).
Ainda que certos padroes de metilacdo sejam compartilhados por alguns tumores, a
hipermetilagdo das ilhas CpG varia de acordo com cada tipo e estadio tumoral, de
forma que cada subtipo apresenta uma assinatura, que pode ser exclusiva da

neoplasia, como acontece com marcadores genéticos e citogenéticos (Pfeifer, 2018).

Adicionalmente, a hipermetilagdo no corpo do gene pode possuir um efeito
modulador importante na regulacdo transcricional. A metilacdo no corpo do gene
promove o silenciamento de promotores alternativos, conferindo mudancas na
expressdo de isoformas do mesmo e confere niveis mais altos de expressado génica
(Pfeifer, 2018).

3.1.1. Metilagdo do DNA em carcinomas periampulares

A excecdo do ADP, as informacgOes acerca do status de metilagdo dos
carcinomas periampulares sdo muito limitadas, tendo como o foco um ou poucos

genes relacionados a carcinogénese.

Kim et al., (2003) realizou uma analise comparativa do perfil de metilacdo
em uma pequena série de casos de CPs comparado ao tecido duodenal e biliar
adjacente (carcinoma de ampola de Vater= 9, colangiocarcinoma distal= 18 e
adenocarcinoma duodenal=12) em 13 genes associados ao cancer. No estudo; os
genes p16, pl4, MLH1, MGMT, MINT1, MINT25, MINT27 e ER foram metilados com
maior frequéncia em adenocarcinomas duodenais em comparacdo com a mucosa
duodenal ndo neoplasica. O perfil de metilacdo dos colangiocarcinoma distal e
carcinoma de ampola de Vater foram comparados com o tecido biliar adjacente. Niveis
aumentados de metilacdo foram encontrados para o gene pl16 nas duas neoplasias,
enquanto que RARB e ER foram hipermetilados exclusivamente nos
colangiocarcinomas distais e carcinomas de ampola de Vater, respectivamente (Kim
et al., 2003). A hipermetilacdo de genes envolvidos na carcinogénese gastrointestinal
(hMLH1, HPP1, pl4, pl16 e APC) sao frequentes no adenocarcinoma duodenal

(Brucher et al., 2006), bem como a metilagdo do gene MGMT, um dos componentes
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do sistema de reparo do DNA. A metilacdo de MGMT foi associada a um mal
prognéstico em pacientes com adenocarcinoma duodenal em estagio avancado da
doenca (Fu et al., 2016)

Especificamente para os carcinomas de ampola de Vater, ha uma grande
dificuldade de comparar os niveis de metilacdo do tumor, visto que quando o mesmo
se estabelece na pequena regido da ampola de Vater, o epitélio normal raramente é
preservado. Usando amostras de tecido ampular normal obtidos de autépsia Tozawa
et al. (2004) identificou hipermetilacdo nos genes CHFR, DAPK1, CDH1, p1l6,
RASSF1A e RUNX3 nos tumores (Tozawa et al., 2004) .

Em tumores pancreéticos, a alteracdo do perfil de metilacgdo do DNA é
notoriamente marcante em comparacao com células pancreaticas normais (Delpu et
al., 2011). A hipometilacdo global do DNA e a hipermetilacédo de ilhas CpG de varios
promotores génicos que ocorre nesse tumor, também é caracteristico a varios tumores
como mama, esbfago e gastrico (Ehrlich, 2009). Muitas dessas alteracbes ocorrem
desde o inicio da carcinogénese pancreatica, nas NIPans, como a inativacao por
metilacdo do gene supressor de tumor CDKN2A (p16) e do gene ppENK, relacionado
ao crescimento celular na carcinogénese pancreética (Fukushima et al., 2002; Tang et
al., 2015). Os niveis de metilacdo de ppENK aumentam progressivamente conforme a
progressdo das lesdes precursoras (Fukushima et al., 2002). Alguns outros genes,
como SPARC, TSLC1, TFPI-2, BRCA1, APC, CDKN2A e TIMP3 ja foram
identificados hipermetilados em carcinomas pancreéticos, sendo alguns deles
metilados em até 90% dos casos analisados (Peng et al., 2006; Brune et al., 2008) . O
avanco tecnoldgico de andlises gendmicas ampliou o conhecimento a respeito da
correlacdo entre os niveis de metilacdo e expressao génica. Um dos primeiros estudos
com esse enfoque identificou que alguns oncogenes (MYB, JUNB e FOS) e
modificadores cromatina (SET8, KDM6A e EP400) eram modulados por metilacdo no
ADP (Vincent, Omura, et al., 2011). Genes relacionados a agressividade tumoral como
MYB (responsavel pelo crescimento celular, invasdo, metdstase, e modificacdo e
splicing do RNA) (Vincent, Omura, et al., 2011), relacionados a adeséo celular
(PCDH1, PCDH10, CDH2 e CDH4), sinalizacdo WNT (SOX1, APC2 e WNT5A) e
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pluripoténcia (BMP3, FOXD3 e BMI1) foram reportados ao longo dos anos como
diferentemente metilados nas neoplasias pancreaticas (Vincent, Omura, et al., 2011).
Um estudo com 167 amostras de ADP identificou que a metilacdo afeta vias-chave da
carcinogénese pancreatica, tais como TGF-B, Wnt, e sinalizagao de orientagédo do

axonio (Nones et al., 2014).

3.2. Modificagées nas Histonas

O estado de agregacao do nucleossoma, estrutura composta por DNA e
proteinas basicas denominadas histonas, € o que regula a organizac&do nuclear nas
células eucariotas. O nucleossoma também pode ser denominado unidade béasica da
cromatina e é formado pelas histonas H2A, H2B, H3 e H4, as quais formam um
complexo que, por sua vez, se dimeriza a um complexo igual, formando um octamero
proteico em torno do DNA (Figura 5) (Luger et al., 1997; Schneider, G. et al., 2011).

Figura 5. Estrutura do nucleossoma. Dupla hélice de DNA de 146 pb envolve
esta estrutura (figura elaborada pela autora).

O dominio N-terminal das histonas pertencentes ao octamero se estende
para fora do nucleossoma, o que permite a acessibilidade de complexos reguladores
epigenéticos que podem adicionar ou retirar moléculas covalentes a essas proteinas.
A alteracdo da conformacédo do nucleossoma é mediada por essas alteracdes e tem
como resultado final a modificacdo da acessibilidade das maquinarias de reparo,
replicacéo e transcricao (Lee et al., 1993; Peterson and Laniel, 2004; Groth et al., 2007;
Mazzio and Soliman, 2012). As modifica¢des pos-traducionais das histonas incluem: a
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acetilacao de lisinas, a metilacdo de lisinas e argininas, a fosforilacdo de serinas e
treoninas, a adenosina difosfato-ribosilacdo de acido glutdmico e a ubiquitinacdo e
sumoilacdo de residuos de lisina, entre outros (Lomberk and Urrutia, 2015).
Atualmente, a modificacdo ativa no processo transcricional mais estudada € a
acetilacao dos residuos de lisina das histonas 3 e 4 (H3 e H4), que levam a formacao

da eucromatina (Li et al., 2007).

O processo de modificacdo das histonas por acetilacdo é dependente de
dois grupos de enzimas: as acetilases de histonas (do inglés histone
acetyltransferases, HATs) e as HDACs. HATs promovem a acetilagdo em residuos de
lisina nas histonas H3 e H4 e conferem a ativacdo da molécula de cromatina
(eucromatina), permitindo que a cromatina fique acessivel para a acdo dos fatores de
transcricdo (FT). Por outro lado, a acdo das HDACs consiste na remocéao dos radicais
acetil do aminoécido lisina nas histonas H3 e H4, o que impede o0 acesso dos FTs a
cromatina, inativando-a (heterocromatina), como mostrado na Figura 6 (Brown et al.,
2000; Schneider, G. et al., 2011).
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Figura 6. Transicdo entre eucromatina e heterocromatina mediada pelas
acetilases de histonas (HATs) e desacetilases de histonas (HDACs). HATs
acetilam os residuos H3 e H4 das histonas modificando a afinidade destas com o DNA
e permitindo maior acessibilidade de proteinas ao DNA (eucromatina). A remocao dos
grupos acetil mediada pelas HDACs restaura a afinidade basal das estruturas
(heterocromatina)(figura elaborada pela autora).

A familia das HDACs apresenta quatro classes que diferem em relacdo a sua
homologia no sitio catalitico, sendo classificadas de | a IV (Figura 7). As classes |, Il e
IV usam o ion zinco para a hidrélise do grupo acetil, enquanto a classe Il (ou sirtuinas,
SIRT), é dependente da presenca do cofator metabolico NAD* para promover a
desacetilacéo e liberacdo do grupo acetil (Gregoretti et al., 2004; Ekwall, 2005). A
classe | é composta pelas HDACs 1, 2, 3 e 8 e a classe Il é subdividida em classe lla
composta pelas HDACs 4, 5, 7, 9 e 10 (que possuem apenas um dominio catalitico);
e classe llb composta pelas HDACs 6 e 10 (que possui dois dominios cataliticos). A
classe Il é representada pelas SIRTs1, 2, 3,4, 5, 6 e 7; e a classe IV possui apenas
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um representante, a HDAC11 (Grozinger and Schreiber, 2002; Yang and Seto, 2008;
Schneider, G. et al., 2011).

Tlasse Isoforma Subunidade Catalitica Cofator Localizagdo Celular Expressao Dominio Catalitico

I HDAC1 RPD3 Zn"  Nuclear Ubiqua N..__C
HDAC2 Nuclear
HDAC3 Nuclear e Citoplasmdtica
HDAC8 Nuclear

lla  HDAC4 HDA1 Zn™  Nuclear e Citoplasmatica  Especifica N“l:-:l"c
HDACS Nuclear e Citoplasmatica
HDAC7 Nuclear e Citoplasmdtica
HDAC9 Nuclear e Citoplasmatica

b HDAC6 HDA2 Zn"  Nuclear e Citoplasmatica  Especifica N ‘E-:l“c
HDAC10 Nuclear e Citoplasmatica

I SRT1 Sir2 NAD"  Nuclear Varidvel c
SIRT2 Citoplasmatica L [ | |
SIRT3 Mitocondrial
SIRT4 Mitocondrial
SIRTS Mitocondrial
SIRT6 Nuclear
SIRT? Nuclear

IV HDACI1 RPD3/HDA1 Zn"  Nuclear Ubiqua

Figura 7. Classes de desacetilases de histonas (adaptado de Schneider, A. et al.,
2011; Shirakawa et al., 2013).

As HDACs ainda atuam removendo grupos acetil de proteinas ndo-histonas

como fatores de transcricdo (E2F, p53, c-Myc, NF-kB), chaperonas (HSP90),

mediadores da sinalizagao (Stat3, Smad7), proteinas de reparo (Ku70), a-tubulina, -

caderina, retinoblastoma (pRb), fator indutor de hipéxia 1-alfa (HIF-1a), receptor de

estrogénio,

receptor andrégeno, MyoD, chaperonas (HSP90), mediadores da

sinalizacao (Stat3, Smad7), proteinas de reparo (Ku70), exercendo efeitos diretos em

varios processos bioldgicos (Figura 8) (West and Johnstone, 2014) .
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Figura 8. Consequéncias bioldgicas da desacetilacdo de proteinas (West and
Johnstone, 2014).

3.2.1. Desacetilases de histonas em carcinomas periampulares

O papel das HDACs no desenvolvimento e controle de neoplasias tem chamado
a atencdo de muitos estudos, uma vez que a superexpressao das mesmas pode
resultar no impedimento da transcricdo de genes ligados a vias fundamentais para a
carcinogénese (Bi and Jiang, 2006; Haberland et al., 2009; Schneider et al., 2010;
West and Johnstone, 2014). A expressdao aumentada das HDACs é frequentemente
observada em varias neoplasias soélidas e hematoldgicas, como cancer de mama,

ovario, colorretal e pancreas (Sanaei and Kavoosi, 2019).

A proliferacdo e manutencdo do ADP envolvem HDACs de classes | e II. A
classe | desempenha um papel predominante na carcinogénese (Singh et al., 2016).
Vérias HDACs, como HDAC1, HDAC2, HDAC3 e HDAC7, foram superexpressas nas
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linhagens celulares e amostras teciduais do ADP (Fritsche et al., 2009; Lehmann et
al., 2009; Wang et al., 2012; Ouaissi et al., 2014) . Entre os mecanismos caracterizados
envolvendo as HDACs no ADP destacam-se: 1) Controle da proliferagéo celular,
HDACSs controlam a expresséo de p21, p27 e ciclina B1 modulando a fase G1/ S ou
G2/ M ou o ciclo celular; 2) Inibicdo a apoptose, HDACs contribuem para a expressao
desequilibrada dos genes anti-apoptético (BCL-W, MCL1, BCL-XL e c-FLIP) e pro-
apoptotico (BIM, BAX e NOXA); e 3) Metastase, HDACL1 e 2 reprimem a expressao de
E-caderina, favorecendo a transicdo epitélio- mesenquimal (Sanaei and Kavoosi,
2019). A tabela 4 apresenta um resumo das principais caracteristicas dessas proteinas

nos tumores pancreaticos.

Quadro 2. Expresséao e consequéncia biolégica das HDACs no ADP.

HDAC Expresséao Consequéncia Referéncia
HDAC1 Superexpressdao Alta atividade proliferativa, pior ~ Miyake et al., 2008; Wang et
sobrevida al., 2009; Bosman et al.,
2010; Sanaei and Kavoosi,
2019
HDAC2 Superexpressdo Correlacdo com pior grau de Fritsche et al., 2009;

diferenciagdo do tumor, modula Lehmann et al., 2009
a resisténcia a apoptose

HDAC3 Superexpressdo Envolvida no controle da Lehmann et al., 2009; Jiao et
transicao epitélio mesenquimal,  al., 2014; Sanaei and
metastase, proliferacao celular Kavoosi, 2019

HDAC6 Superexpressdo Protege as células tumorais da  Klieser et al., 2015; Sanaei
apoptose, ajudando a reduzira  and Kavoosi, 2019
guantidade intercelular de
proteinas mal dobradas

HDAC7 Superexpressdo Media negativamente atividades Ouaissi et al., 2008; Ouaissi
antiproliferativas e condugédo da et al., 2014; Cai et al., 2018
apoptose

Atualmente ndo ha relatos da expressdao das HDACs no adenocarcinoma
duodenal e para os outros carcinomas periampulares as informacgdes acerca de sua
expressdo sao muito limitadas. As HDACs foram melhores caracterizadas nos
colangiocarcinomas, contudo a maior parte dos estudos aborda os
colangiocarcinomas intra-hepaticos ou ndo especifica a classificacdo tumoral do

colangiocarcinoma estudada estudada (Yamaguchi et al., 2010; Morine et al., 2012;
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Sriraksa and Limpaiboon, 2013; He et al., 2016; Jung et al., 2017). He et al., avaliou a
expressado génica da classe | e Il das HDACs por gRT-PCR em 26 colangiocarcinomas
(de origem ndo especificada) comparados com tecidos nao tumorais adjacentes. No
estudo, os autores encontraram superexpressdo das HDAC1, HDAC2, HDACS,
HDACS8 e HDAC9 nos tumores e investigacdo proteica confirmou a superexpressao
das HDAC2, HDAC3 e HDACS. Adicionalmente, a alta expressdo das HDAC2 e
HDACS3 foi correlacionada com comprometimento de linfonodos, pior estadiamento e
grau de diferenciacdo (He et al.,, 2016). O carcinoma neuroenddcrino de células
grandes € um carcinoma neuroendocrino de alto grau, originalmente descrito no
pulmdo. O tumor raramente ocorre em locais extrapulmonares como o0 trato
gastrointestinal, e apenas alguns exemplos foram descritos na ampola de Vater. A
expressdo das HDAC1, HDAC2 e HDACS3 foi investigada nesse subtipo histolégico
raro de carcinoma da ampola de Vater em combinacdo com uma série de marcadores
imunohistoquimicos para a caracterizacao do tumor e avaliacdo da agressividade. Os
niveis de expressédo foram cerca de 60% para todas as HDAC analisadas (Stojsic et
al., 2010).
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CAPITULO II: JUSTIFICATIVA
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Carcinomas periampulares sdo neoplasias raras que podem ter quatro origens
teciduais distintas, com perfil de agressividade variado. Tumores pancreaticos sao 0s
mais frequentes entre os carcinomas periampulares e estes tém as piores taxas de
mortalidade. Especificamente para o ADP, até 0 momento, pouquissimas estratégias
terapéuticas tem demonstrado um efeito significativo na sobrevida em virtude de
fatores intrinsecos da neoplasia, da sintomatologia inespecifica da doenca, e de
limitacbes metodoldgicas relacionadas aos exames de diagnéstico. Desta forma, a
descoberta de novos biomarcadores para diagnostico precoce, desenvolvimento de
novas terapias direcionadas a alvo e definicdo de prognostico sdo necessidades

urgentes.

Em relagcdo aos outros tumores periampulares, as informacdes genéticas e
epigenéticas ainda sao limitadas, tanto a respeito da sua biologia tumoral como seu
prognéstico. Ao que nos consta, o perfil de desacetilases de histonas nunca foi
investigado em adenocarcinomas duodenais e nos carcinomas de ampola de Vater
informacdes sdo muito escassas. Considerando que varios estudos tém abordado o
papel de alteracdes epigenéticas no processo de carcinogénese e na resposta a
tratamentos anti-neoplasicos de outros tumores, a caracterizacdo de mecanismos
epigenéticos dos carcinomas periampulares pode fornecer embasamento para essas
abordagens terapéuticas. Considerando que alguns aspectos moleculares importantes
desses tumores ainda precisam ser esclarecidos, essa tese propds, entre outros
objetivos, sanar duvidas relevantes sobre caracteristicas epigenémicas e gendmicas
dos tumores periampulares, contribuindo para um melhor entendimento da
carcinogénese destes tumores e contribuindo com informagdes para identificacdo de

novos marcadores progndsticos.
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CAPITULO lIl: OBJETIVOS
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Objetivo geral

Realizar a caracterizacdo molecular do adenocarcinoma ductal pancreatico
e de tumores periampulares com o objetivo de contribuir para melhor compreenséo do
processo de carcinogénese e identificar marcadores prognosticos relacionados a

esses tumores.

Objetivos especificos

1. Caracterizar o perfil de metilacio do DNA do adenocarcinoma
ductal pancreatico em busca de potenciais alvos terapéuticos nas vias
moleculares associadas a carcinogénese destes tumores.

2. Avaliar a correlagao entre o perfil de metilacdo do DNA e o perfil
de expressdo génica do adenocarcinoma ductal pancreatico e investigar
possiveis biomarcadores progndsticos.

3. Caracterizar o perfil de expressédo das desacetilases de histonas
HDAC1, HDAC2, HDAC3 e HDAC7 em tumores periampulares em especial no
adenocarcinoma de ampola de Vater.

4. Descrever uma apresentacdo incomum de multiplos tumores
periampulares em um paciente com neurofibromatose tipo 1 e as potenciais

correlagBes genotipo-fenodtipo existentes.
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CAPITULO IV: Manuscrito 1

“Pancreatic Ductal Adenocarcinoma methylome analysis identifies differentially
methylated genes in the Calcium signaling pathway and early methylation alterations”

Manuscrito a ser submetido a revista Cancers (Fator de impacto: 6,1).
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Pancreatic Ductal Adenocarcinoma methylome analysis identifies differentially
methylated genes in the Calcium signaling pathway and early methylation

alterations.
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Abstract:

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease with high mortality
rates. PDAC initiation and progression are promoted by genetic and epigenetic
dysregulation. Here, we aimed to characterize the PDAC DNA methylome in search of
novel altered pathways associated with tumor development. We examined the
genome-wide DNA methylation profile of PDAC in an exploratory cohort including
comparative analyses of tumoral and non-tumoral pancreatic (PT) tissues. Pathway
enrichment analysis was used to select differentially methylated (DM) CpGs with
potential biological relevance. Additional samples were used in a validation cohort.
DNA methylation impact on gene expression and gene expression association with
overall survival (OS) was investigated from PDAC TCGA data. Pathway analysis
revealed DM genes in the Calcium signaling pathway, which linked to key pathways in
pancreatic carcinogenesis. DNA methylation was frequently correlated with expression
and a subgroup of Calcium signaling genes was associated with OS, reinforcing its
probable phenotypic effect. Cluster analysis of PT samples revealed that some of the
methylation alterations observed in the Calcium signaling pathway seem to occur early
in the carcinogenesis process, a finding that may open new insights about PDAC tumor

biology.

Keywords: Pancreatic Ductal Adenocarcinoma, Epigenetics, Calcium signaling

pathway, Early methylation alterations.
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1. Introduction

Pancreatic cancer is a very aggressive disease, with 5-year survival rates below
8% and a strong ability to metastasize even before the primary tumor is clinically
detected % 2. Tumor aggressiveness, lack of specific symptoms in early stages, and
resistance to cytotoxic drugs, all contribute to the high mortality rates®. In fact, current
estimates predict that pancreatic cancer will be the second most lethal tumor by 20304
Considering all pancreatic malignancies, pancreatic ductal adenocarcinoma (PDAC) is
the most prevalent type, accounting for more than 90% of the cases®. PDAC initiation
and progression are promoted by the interaction between driver mutations and the

disruption of epigenetic regulatory circuits such as DNA methylation®.

DNA methylation, which is most often associated with gene expression regulation,
is one of the best understood epigenetic mechanisms of transcriptional regulation. In
cancer, the DNA methylation landscape often involves global hypomethylation mainly
described at CpG sites located in intergenic regions, including repetitive elements 7. On
the other hand, studies using RefSeq gene analysis (such as the 450K BeadChip Array
platform) show that most CpGs are hypermethylated in cancer, affecting mainly tumor
suppressor genes & 9. Although different studies have investigated the PDAC

methylation profile, only few analyzed wide DNA methylation patterns® 1,

The discovery of new biomarkers including DNA methylation and others biologic
process for development of novel target-driven therapies, and definition of prognosis in
PDAC is an urgent need. In this study, we aimed to characterize the PDAC DNA
methylome in search of novel altered pathways associated with tumor development
through a comparative analysis of tumoral and non-tumoral pancreatic tissues. An
important new finding resulting from this analysis was the identification of several
differentially methylated genes of the Calcium (Ca?*) signaling pathway, which linked
to key pathways in pancreatic carcinogenesis. In addition, some of the methylation
alterations observed in this pathway seem to occur early in the carcinogenesis process,

a finding that may open new insights about PDAC tumor biology.
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2. Results and Discussion
2.1. Patients and experimental design

Differentially methylated genes were selected of an exploratory cohort (six PDAC

and nine adjacent pancreatic non-tumoral tissue samples), and validation was

performed by pyrosequencing in a biological and technical validation cohort comprising

a different set including 43 PDAC and 24 PT samples. Clinical features are shown in

Table S1, and the overall experimental design is summarized in Figure 1.

Pancreatic adenocarcinomas
(PDAC) patients

(K]

v
Pathway enrichment analysis
v
Calcium signaling pathway

v

v
v v

Methylation
impact on
expression

Survival
analysis

Figure 1. Flow chart illustrating the overall design of the study.



2.2. Genome-wide DNA methylation profile in pancreatic adenocarcinoma

The genome-wide DNA methylation profile of PDAC and PT samples was
determined in an exploratory cohort using Infinium 450K beadchips. The unsupervised
hierarchical clustering analysis of the 10,361 differentially methylated probes (DMPs,
adjusted p-value < 0.01 and AB = 0.2) exhibited clear separation between PDAC and
PT. As shown in Figure 2A, two major clusters emerged: the first comprised PT
samples and was predominantly hypomethylated, while PDAC samples formed the
second cluster, which showed an overall hypermethylated profile (75.48% of the
DMPs). PDAC hypermethylated probes were most frequently annotated to promoter
regions (40.23%), while most hypomethylated probes were mapped to gene bodies
(37.76%). Stratification by distance to CpG islands revealed that hypomethylated CpG
sites most commonly encompassed open sea regions (68.66%) and hypermethylation
was most common at CpG islands (72.68%) (Figure 2B, 2C, 2D).

The 450K BeadChip Array, used here, was previously employed to build two
PDAC methylome databases and previous analyses are reported in the literature.
Nones et. al. and Mishra et. al. have also shown that the majority of DMPs in PDAC
were hypermethylated and located in promoter regions, 54.21% and 56.99%,
respectively'® 1. CpG island methylation in promoters is frequently associated with
gene silencing during tumorigenesis, providing an alternative mechanism to mutations
by which tumor suppressor genes may be inactivated within a cancer cell*? 13, In our
exploratory cohort, as well as in other studies4 15 16:17: 18,19 " the tumor suppressor
genes NPTX2, CDO1, TFPI2, SFRP1, SFRP2, PENK and FOXE1 had a remarkable

hypermethylation pattern in the PDAC group4 15 16: 17,1819,
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Figure 2. DNA methylation profile of pancreatic adenocarcinoma. Heatmap showing
the unsupervised hierarchical clustering of pancreatic adenocarcinoma (PDAC) and
non-tumoral adjacent pancreatic tissue (PT) with a minimum 80% cellularity according
to the methylation profile of the 10,361 probes found to be differentially methylated
between groups (adjusted p-value < 0.01 and AB = 0.2). Hyper- and hypomethylation
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are represented in red and green, respectively. Colored bars on the left side of the
heatmap represent probe clusters defined by their methylation similarities (A); Pie chart
showing the percentage of hypomethylated and hypermethylated probes in PDAC
samples relative to non-tumoral adjacent tissues (B); Overall distribution of hypo- and
hypermethylated probes according to their gene position (C); Overall distribution of
hypo- and hypermethylated probes according to their relation to CpG islands (D).

2.3. Pathway enrichment analysis

The next step was to analyze the potential biological relevance of the differentially
methylated CpG sites identified in the supervised comparison between PDAC and PT
samples. The DMPs mapped to 2,715 genes, among which 1,766 are hypermethylated
and 1,100 are hypomethylated, with an overlap of 151 genes among both sets. From
these, 611 hypermethylated and 386 hypomethylated genes were annotated in Kyoto
Encyclopedia of Genes and Genomes (KEGG) database and were used as query gene
sets to assess functional enrichment of DMPs. Hypermethylated and hypomethylated
genes were significantly associated with the enrichment of 36 and 25 cellular pathways,
respectively (Figure S1A, Figure S1B, Table S2 and 3). Subsequently, we merged
both analyses in order to compare which biological pathways were frequently
deregulated in PDAC tumors by both hyper and hypomethylation. As shown in Figure
3A, several pathways well-known to be involved in cancer development were identified,
such as the MAPK signaling pathway, which is engaged in multiple proliferative cellular
processes (cell differentiation, proliferation, and apoptosis) 2°, and the focal adhesion
pathway which may play a role in the development and progression of cancer?l.
Additionally, we observed that the Ca?* signaling pathway had a high number of genes
both significantly hypo- and hypermethylated. This pathway is intrinsic to multiple
aspects of cancer biology, such as tumor initiation, metastasis, and drug resistance?2.
Although Ca?* pathway methylation in PDAC is still poorly explored, many of its genes
have already been described as differentially methylated in other solid tumors, including
gastric®, prostate® 22, and breast cancer & 23, The overlap between the differentially
methylated genes of the Ca?* signaling pathway and other cellular pathways was

investigated. This analysis revealed that several genes of the Ca?* signaling pathway
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are shared with other significantly enriched pathways, such as the Hippo and Ras

signaling pathways (Figure 3B).
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Figure 3. Pathway enrichment analysis of differentially methylated genes (n=996) in
pancreatic adenocarcinoma. Functional enrichment of hypermethylated (n=611) and

hypomethylated genes (n=385) annotated from DMPs (A);

Interactions between

enriched pathways evidencing the number of shared differentially methylated genes.
Pathways in red and green are those enriched for hyper and hypomethylated genes,
respectively, and those in lilac are enriched for both types of genes (B).

2.4. Validation cohort

We performed an in-depth analysis of the Ca?* signaling pathway and the

methylation profile of five genes that were assessed in an independent validation

cohort.

Genes of the functional

enrichment that were exclusively hypo- or

hypermethylated were selected according to the following criteria: genes with a

previously described role in cancer and containing DMPs associated with a high |AB].

One hypermethylated promoter (RYR3) and 4 hypomethylated gene body probes
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(EGFR, ITPR2, CAMK2A, and CALM2) were chosen. Methylation levels at the CpG
sites interrogated by the Infinium probe as well as surrounding CpG sites were
evaluated, and the B-values obtained by pyrosequencing were in agreement and

strongly correlated with the Infinium assay (Figure S2 and Figure S3).
2. 5. The Cancer Genome Atlas (TCGA) analysis
2.5.1. Methylation impact on expression

Considering the unavailability of RNA samples from our cohort, we used the
information available in TCGA about PDAC to explore the impact of DNA methylation
on the expression of Ca?* signaling pathway genes?*. A total of 173 probes were
analyzed, and 112 (64.73%) showed a significant correlation with gene expression
(Table S4). Figure 4A depicts the methylation profile of these probes as well as the
correlation with expression. Methylation levels of probes annotated to promoters were
significantly and inversely correlated with expression in 63.9% of the cases. On the
other hand, the methylation profile of probes located in gene bodies showed a

correlation with expression in 59.6% of the cases, 64.3% inverse and 35.7% direct.

In Figure 4B, genes for which a significant correlation between methylation and
expression was observed are highlighted showing the differential methylation in
promoters and gene bodies identified in the TCGA dataset. Genes that control
intracellular Ca?* storage, such as ryanodine receptors (RYR2 and RYRS3), were
hypermethylated (promoters and gene bodies), while inositol 1,4,5- trisphosphate

receptor (ITPR1) showed a heterogeneous DNA methylation profile in the body region.
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Figure 4. Calcium (Ca?*) signaling pathway analysis. A. Heatmap showing the
methylation profile of probes (n= 112 probes) annotated to genes involved in the Ca?*
signaling pathway for which a significant correlation (false discovery rate (FDR) -
adjusted p-value < 0.05) with gene expression was observed in TCGA dataset (n=
141). The bars located on the left of heatmap indicate the correlation coefficient per
gene region affected by differential methylation. B. Schematic diagram of the Ca?*
signaling pathway. The network was built based on the KEGG pathway map (KEGG:
hsa04020). Genes for which a significant correlation between methylation and
expression was observed are highlighted showing the differential methylation in
promoters and gene bodies, as well as copy number alterations identified in TCGA
dataset (N=141). Red squares indicate hypermethylated genes while green squares
represent hypomethylated genes.

2.5.2. Survival analysis (TCGA)

Ca?* pathway genes that displayed significant correlations between methylation
and expression in TCGA pancreatic cancer samples (Table S4) were selected for
survival analysis. We evaluated the expression impact of thirty-two genes on PDAC
patient’s overall survival (OS), including two genes that had already been investigated
in the validation cohort (CALM2, and RYR3).

PDAC patients with low ADCY8, CACNA1A, CACNA1B, CACNA1D, CACNA1H,
ORAI2, PDE1C, PLCB1, and RYR3 expression showed decreased OS when compared
to those with high gene expression. On the other hand, decreased HRH1 expression

was associated with increased OS (Figure S4 and Table S5).
2.6. Early methylation alterations

We investigated the overall methylation profile of three PT samples (18PT,
158PT, and 171PT) with intermediate methylation levels at DMPs between PDAC and
PT (Figure 2A). These samples will be named PT-like from now on. To validate this
discordant methylation profile, first a multidimensional scaling plot was used, showing
that PT-like samples were more closely related to PDAC than PT samples, when
considering principal component 1 (Figure 4A and Figure S5A). This finding may be

associated with molecular field cancerization, since these samples showed a high
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percentage of normal ducts (>80%), small focal fibrosis regions and no evidence of

neoplastic cell contamination (Figure S5B-D).

Field cancerization is defined by a set of genetic and epigenetic alterations that
indicate that a specific tissue area is undergoing a transformation process or has a
predisposition to initiate such process, and this may occur without overt morphological
changes ?°. Considering that this process occurred in PT-like samples, we performed
a deep analysis of DMP clusters comparing the major similarities between PDAC and
PT-like. Three clusters derived from the previous unsupervised hierarchical clustering
analysis were selected for further investigation, namely, clusters 2, 3, and 6. After a
new unsupervised hierarchical clustering analysis using only DMPs of these clusters,
PT-like samples grouped with PDAC samples (Figure 5-A). Then, we performed the
pathway enrichment analysis with the corresponding annotated genes and observed
that 23 differentially methylated genes were involved in the Ca?* signaling pathway:
Twelve genes from cluster 2, 8 from cluster 3 and 6 from cluster 6; and 3 genes
appeared in more than one cluster (Figure 5B-D). The stepwise methylation profile in
PT, PT-like and PDAC samples was observed in two previously validated genes
(CALM2 and CAMK2A, Figure 5E-F).
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Figure 5. Comparative DNA methylation analysis in PT, PT-like and PDAC samples
with = 20% cellularity. Heatmaps highlighting the methylation profile of probe
clusters supposed to be altered in early stages of PDAC development. Heatmap on
the left shows the 10,361 DMPs between PDAC and PT. Clusters 2, 3 and 6 were
selected for a detailed analysis (heatmap on the right) since their probes showed
intermediate methylation levels (between PDAC and PT) in PT-like samples (A);
Overlap between genes involved in the calcium signaling pathway and genes
belonging to each selected probe cluster (B, cluster 2; C, cluster 3; and D, cluster
6)(B- D). E- F. Boxplots representing the overall methylation level of CALM2 (E) and
CAMK2A (F) in PT, PT-like and PDAC samples. P-values were calculated using the
Generalized Estimating Equations.

Ca?* is a ubiquitous intracellular messenger that controls diverse processes in
cellular physiology, such as gene transcription, cell progression, cell motility, and
apoptosis®?. Resting cytosolic free Ca?* is maintained at lower levels than those of
extracellular space, and its equilibrium dynamics is carefully regulated by the plasmatic
membrane, endoplasmic reticulum (ER), and mitochondria®, using a “toolkit” of
channels, pumps, and cytosolic buffers to control Ca?* cell homeostasis 34. The spatial
and temporal dynamics of Ca?* signaling results in specific cellular responses mediated

by the activation of a subset of Ca?*-dependent effectors®.

During carcinogenesis, several cellular metabolic functions become deregulated,
including those related to Ca?* signaling?” 28 and therefore it is not surprising that
changes in the expression or function of Ca?* handling proteins impact tumorigenesis.
In fact, previous studies have reported altered expression or mutations in genes
involved in Ca?* signaling in different tumors, such as colorectal®®, breast®’, and
pancreatic cancer3. However, little information is available regarding methylation-
related expression deregulation of genes involved in the Ca?* signaling pathway in
PDAC. In one of the few studies, the methylation profile of S100A4, a Ca?*-binding
protein previously implicated in metastasis®?, was evaluated in PDAC samples and cell

lines. Hypomethylation was detected in tumors, whereas all normal pancreatic tissue
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samples analyzed were hypermethylated in the same region. Moreover, gene and
protein expression patterns correlated with the methylation profile were associated with
poor tumor differentiation®°. In addition, methylation patterns of PCDH10, a member of
the non-clustered protocadherin family which plays an important role in Ca?*-dependent
cell-cell signal transduction and adhesion, was investigated in PDAC cell lines (Capan-
1, Panc-1, AsPC-1 and BxPC-3). PCDH10 promoter methylation was observed in 50%
of the cell lines studied and resulted in marked reduction of expression!. Later on, this
tumor suppressor gene was investigated in other PDAC cell lines and as expected,
PCDH10 promoter methylation again correlated with reduced protein expression. The
study also showed high levels of methylation in clinical samples (n=23) and presence
of this methylation pattern was associated with reduced progression-free survival 42.
Using TCGA data, Mishra et. al. analyzed a genome-wide DNA methylation profile, and
although genes of the Ca?* signaling pathway occupied the fourth position on functional
enrichment of differentially methylated probes, this finding was not further explored .
Also using TCGA data, another study combined methylation and expression data of
twelve solid tumors (no PDAC included) in order to identify common patterns of
methylation. Alterations in the Ca?* signaling pathway were observed in nine cancer
types and AGTR1, GRIN2A, ITPKB, and SLCBA3 were repressed by hypermethylation

in six of thems.

Cytoplasmic Ca?* concentrations rise in response to a variety of stimuli, which
activate Ca?* channels in the plasma membrane (as ORAI), or by release from
intracellular stores through inositol 1,4,5- trisphosphate receptors (IPsR) or ryanodine
receptors (RyRs). Growth factors binding to tyrosine kinase receptors (e.g. epidermal
growth factor receptor, EGFR) are one way to control the intracellular Ca?*. After
binding, phospholipase C is activated and promotes the generation of inositol-1,4,5-
trisphosphate (IP3), which lead to the release of Ca?* from the ER into the cytosol by
IP3R channels (such as ITPR2) 43, As well as ITPR2, EGFR is frequently mutated or
overexpressed in various cancer types**4°, and in PDAC particularly EGFR is essential
for KRAS-driven pancreatic carcinogenesis?®: 47 48 |t is known that activating KRAS

mutations are early events in PDAC carcinogenesis and occur in ~90% of the cases #°.
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RAS proteins can also active phospholipase C and generate IP3, leading to Ca?* influx,

so the most frequently mutated gene in PDAC is directly linked to Ca?* signaling.

RyRs represent another way to control Ca?* ER store. These receptors are
regulated by Ca?* voltage channels and by various ions, molecules and proteins, e.g.
Ca?*, Mg?*, calmodulin (CALM), Ca?* /calmodulin- dependent protein kinase Il
(CAMK?2), and nicotine °% 51, Once Ca?* levels rise in the cytoplasm, they are strictly
controlled by CALM. Ca?* binding dramatically changes the conformation of CALM and
increases its affinity for a large number of CALM-binding proteins, including the
multifunctional CALM kinases such as CAMK2%2, CAMK2 phosphorylates nearly 40
different proteins, including enzymes, ion channels, kinases, and transcription factors®?
and it is overexpressed in digestive cancers, such as in colorectal cancer®® %
Epithelial-mesenchymal transition, one of the cancer hallmarks, is also controlled by
Ca?* levels through CAMK2A. Focal adhesion kinase (FAK), which increases the
turnover of cell-cell contacts, is phosphorylated by CAMK2 and consequently
upregulated %6. It is important to mention that FAK pathway was differentially methylated

in our analysis.

3. Materials and methods

3.1. Patients and sample collection

A prospective database and biological sample biobank of patients diagnosed with
PDAC was established in a public university hospital in Southern Brazil in 2012. In the
present study, patients recruited for this database and biobank between 2012 and
2018 were included. Inclusion criteria were: pathology-proven diagnosis of PDAC and
no history of previous or current chemo- or radiation therapy. PDAC and PT samples
were obtained during surgery or diagnostic biopsy procedures, and hematoxylin-eosin
slides were prepared for all cases to confirm the diagnosis and assess sample quality.
Samples with pancreatitis, necrosis, fibrosis and less than 20% cellularity were
excluded 19, The study was conducted in accordance with the Declaration of Helsinki,

and the protocol was approved by the Ethics Committee of Hospital de Clinicas de
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Porto Alegre (Project Number: 2014-0526). All subjects gave their informed consent
for inclusion before they participated in the study. Information about age at diagnosis,
gender, TNM classification, tumor location, and differentiation grade were obtained
from the patient’s electronic medical record. Tumor location was categorized as

pancreatic head vs. non-head.

We performed a genome-wide DNA methylation profiling in frozen PDAC samples
(n=6) and adjacent pancreatic non-tumoral tissue samples (PT, n=9) in an exploratory
cohort using the 450K BeadChip Array platform (lllumina Infinium Human
Methylation). Differentially methylated genes were selected, and validation was
performed by pyrosequencing in a biological and technical validation cohort
comprising a different set including 43 PDAC and 24 PT samples.

3.2. DNA isolation and bisulfite conversion

The PureLink Genomic DNA Kit (Thermo Fisher Scientific) was used to isolate
DNA from tissues according to the manufacturer's protocol and eluted DNA was
quantified using Qubit V2.0 (Invitrogen, Carlsbad, USA). DNA from each sample was
bisulfite converted using the EZ-DNA methylation kit (Zymo Research Corporation,

California) according to the manufacturers’ protocol.

3.3.  Human Methylation 450K array and data preprocessing

PDAC and PT tissues were used to establish an exploratory cohort. lllumina
Infinium Human Methylation450k (HM450K) Bead-Chips (lllumina, San Diego, CA)
were used for investigating genome-wide DNA methylation profile. Raw data were
subjected to quality control, prefiltering, signal normalization across samples, and
normalization using the funnorm function (R packages minfi) 63 64, The Infinium data
generated in this study were deposited in Gene Expression Omnibus (GEO) database,

and are openly available under accession number (waiting number).
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3.4. Differential methylation analysis

Differential methylation analysis was performed with limma [65] R/Bioconductor
package, using the M-values matrix as input®. Correction for multiple testing was
conducted with the Benjamini-Hochberg FDR procedure. Probes were annotated for
approved Gene Symbols using annotation files provided by the manufacturer, and all
probes with ambiguous annotations were removed from further analyses. Identification
of DMPs in PDAC and PT samples was performed as previously described . DMPs
were identified by using a cut-off of FDR-corrected p-values < 0.01 and an
absolute difference between the means of the B values (AB) = 0.2. To verify the
methylation patterns in cases and controls, a hierarchical clustering analysis was
applied to the M-values from DMPs using the complete linkage method and Euclidean
distance, as implemented by the heatmap.2 function from gplots R package.

3.5. Functional enrichment analysis

DMPs were subject to functional enrichment analysis using pathway annotations
from the KEGG ©7: €8 and the clusterProfiler package ©° in R/Bioconductor environment.
For this purpose, gene symbol annotation of hyper- and hypo-methylated probes were
analyzed separately. Only KEGG pathways with a minimum size of 30 annotated genes
were considered for further analyses. Statistical significance for enrichment of KEGG
pathways was estimated with a hypergeometric test and adjusted to account for
multiple hypotheses testing using the FDR procedure. Pathways with a FDR-corrected
p-value < 0.05 were highlighted as potentially enriched for hypo- or hyper-methylated

genes. Results were visualized using Cytoscape v3.4.0.

3.6. Technical and biologic Validation

In order to biologically and technically validate the array data, we performed
pyrosequencing (PyroMark Q96 ID- Qiagen) of selected Ca?* pathway genes. Genes
were chosen According to the following selection criteria: only genes with DMP which
were exclusively hypo- or hypermethylated; genes associated with a high |AB|; and/or

genes with previously described roles in carcinogenesis. After applying this filter, five
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genes were selected: RYR3 (hypermethylated) and CALM2, CAMK2A, ITPR2 and
EGFR (all of them hypomethylated).

3.7. TCGA analysis

RNA-seq and methylation microarray (HM450K) data were downloaded using the
GDC Data Transfer Tool. Only patients who had both methylation and expression data
for all target genes were included. The unsupervised hierarchical clustering (heatmap
with dendograms) and KEGG pathway figures were built with the Complex Heatmap
v.2.0 and KEGG graph v.1.44.0 packages, respectively, and the correlations (p-adjust
<0.05 by FDR) were performed with the psych v.1.8.12 package. Promoter category
includes probes located in genomic region TSS1500, TSS200 and 1stExon. We used
the Kaplan—Meier Plotter database (http://kmplot.com/analysis) to analyze mRNA
expression prognostic values of selected Ca?* pathway genes in PDCA samples.
MRNA expression of selected genes was divided by tertiles and the lower and higher
tertiles were used to classify cases into low and high expression, respectively. P-Values
were calculated by a log rank test.

4. Conclusions

In summary, our results show that DNA methylation alterations are involved in the
deregulation of important tumorigenesis cellular pathways in PDAC. Among them, Ca?*
signaling attracted our attention not only for the high number of affected genes, but also
it is intrinsic to multiple aspects of cancer biology. Furthermore, DNA methylation was
frequently correlated with expression, reinforcing a likely phenotypic effect, which was
associated with overall survival. It is also noteworthy that, although the study was not
designed with this purpose, we identified aberrant DNA methylation patterns in
morphologically normal pancreatic tissues, suggesting these alterations might occur
early in pancreatic cell transformation. Future studies should be performed to validate
our findings, but data presented here indicates a significant role of epigenetic

alterations in the calcium signaling pathway as drivers in pancreatic carcinogenesis.
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Supplementary Figure 1. Functional enrichment of differentially methylated genes in
pancreatic adenocarcinoma. (a) Pathways affected by gene hypermethylation (total
of 611 functionally annotated genes); (b) Pathways affected by gene hypomethylation
(total of 385 functionally annotated genes).
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Supplementary Figure 4: Survival analysis. Kaplan—Meier curves depict the impact of
gene expression on PDAC patients’ overall survival. Individual genes are depicted on
the top of each plot. Expression cut-offs were defined by tumor expression tertiles for
each gene. High expression (red line) corresponds to the third tertile while low
expression (black line) corresponds to the first tertile. Log-rank p values and hazard
ratios (HRs; 95 % confidence interval in parentheses) are shown.

MDS
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PDAC: pancreatic ductal adenocarcinoma
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Supplementary Figure 5. PT-like tissue analysis. Multidimensional scaling (MDS) plot
showing sample clustering (A), Hematoxylin and eosin staining (100x) of pancreatic
tissue sections: PT samples 18, 171 and 158, respectively (B-D). PC, principal
component.
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Supplementary Figure 6. Intermediate methylation profile PT-like samples compared
with PT and PDAC samples. Boxplots represent the overall methylation percentage of
PT, PT-like and PDAC of 26 differentially methylated probes of the Calcium signaling
pathway from cluster analysis. Individual genes are depicted on top of each plot. P-
value was calculated using the Generalized Estimating Equations.
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Supplementary Table 1. PDAC clinicopathological features (N=43).

Variables N %
Age (years)

=65 19 44.2
Sex

Male 22 51.2
Differentiation grade?

Well 0 0
Moderate 28 65.1
Poor 11 25.6
NI 4 9.3
Localization

Head 35 81.4
Other (non-head) 8 18.6
T stage!

TX 5 11.6
T1 4 9.3
T2 18 41.9
T3 10 23.3
T4 6 14
N stage!

Nx 8 18.6
NO 15 34.9
N1 16 37.2
N2 4 9.3
M stage!

Mx 3 7
MO 35 81.4
M1 5 11.6
TNM Stage!

1A 4 9.3
B 5 11.6
1A 2 4.7
11B 14 32.5
11 11 25.6
v 5 11.6
NI 2 4.7
Smokers?

No 23 53.5
Yes 17 39.5
NI 3 7

!According to the American Joint Committee on Cancer (AJCC) 8™ edition - TNM staging
system for pancreatic cancer. NI = not informed, 2 Smokers group include smokers and
former smokers. NI= non-informed.



Supplementary Table 2. Enriched KEGG terms for Hypermethylated Genes

ID Description GeneRatio BgRatio P-value Adjusted P-value (FDR) genelD geneCount
hsa04080 Neuroactive 73/611 277/6963 9.84E-19 2.18E-16 CHRM2/CHRNA3/CHRNA4/CRHR1/ 73
ligand-receptor CRHR2/ADRA1D/ADRA1A/ADRB3/D
interaction RD1/DRD2/DRD5/AGTR1/EDNRB/P2

RX2/GABBR1/GABRA5/GABRB2/GA
BRB3/GABRG2/GABRG3/GABRP/GA
LR1/GHR/GHSR/GLRA1/GLRB/NPB
WR1/PRLHR/MLNR/GRIA2/GRIA4/G
RIK3/GRIK5/GRIN1/GRIN2A/GRIN2C
/IGRIN2D/GRM1/GRM5/GRM6/GRM7/
HRH1/HRH2/HTR1A/HTR2C/HTR4/H
TR5A/LEP/LEPR/LHCGR/MTNR1B/N
MBR/NPY1R/NPY2R/NPY5R/NTSR1/
OPRK1/OPRM1/RXFP3/AVPR1A/PT
GDR/PTGER3/PTGFR/PTH2R/BDKR
B2/SSTR4/TACR1/TACR3/VIPR2/MC
HR2/GALR2/GPR50/GABBR2

hsa04020 Calcium 52/611 179/6963 1.70E-15 1.89E-13 PPIF/ADCY1/CHRM2/ADCY8/ADRAL1 52
signaling D/ADRA1A/ADRB3/DRD1/DRD5/AGT
pathway R1/EDNRB/ERBB3/P2RX2/PLCB1/G

NAL/GRIN1/GRIN2A/GRIN2C/GRIN2
D/GRM1/GRM5/HRH1/HRH2/HTR2C/
HTR4/HTR5A/MYLK4/ITPR1/LHCGR/
NTSR1/PDE1C/AVPR1A/PRKCB/PR
KCG/PTGER3/PTGFR/BDKRB2/RYR
2/RYR3/SLC8A2/SLC8AL/STIM1/TAC
R1/TACR3/CACNA1A/CACNA1B/CA
CNA1C/CACNALE/MYLK2/CACNA1l/

CACNA1H/CACNA1G
hsa05033 Nicotine 18/611 40/6963 1.34E-09 8.67E-08 CHRNA4/SLC32A1/GABRA5/GABRB 18
addiction 2/GABRB3/GABRG2/GABRG3/GABR

P/GRIA2/GRIA4/GRIN1/GRIN2A/GRI
N2C/GRIN2D/SLC17A7/SLC17A6/CA

CNA1A/CACNA1B
hsa05032 Morphine 28/611 91/6963 1.56E-09 8.67E-08 ADCY1/PDE10A/ADCY5/ADCYS8/SLC 28
addiction 32A1/DRD1/GABBR1/GABRA5/GAB

RB2/GABRB3/GABRG2/GABRG3/GA
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hsa04727

hsa04723

hsa04724

hsa04713

hsa04010

GABAergic
synapse

Retrograde
endocannabinoid
signaling

Glutamatergic
synapse

Circadian
entrainment

MAPK signaling
pathway

26/611

27/611

28/611

24/611

46/611

88/6963

101/6963

114/6963

95/6963

255/6963

1.57E-08

8.55E-08

3.43E-07

1.38E-06

1.40E-06

6.95E-07

3.16E-06

1.09E-05

3.45E-05

3.45E-05

BRP/GNG4/GRK5/OPRM1/PDE1C/P
DE3A/PDE4B/PDE4C/PDE4D/PRKC
B/PRKCG/GNG12/GNB4/CACNALA/
CACNA1B/GABBR2
ADCY1/ADCY5/ADCY8/SLC32A1/AB
AT/GABBR1/GABRA5/GABRB2/GAB
RB3/GABRG2/GABRG3/GABRP/GA
D1/GAD2/GNG4/PRKCB/PRKCG/GN
G12/SLC12A5/GNB4/SLC6AL1/SLC6A
11/CACNA1A/CACNALB/CACNALC/
GABBR2
ADCY1/ADCY5/ADCY8/SLC32A1/RI
MS1/PLCB1/GABRA5/GABRB2/GAB
RB3/GABRG2/GABRG3/GABRP/GN
G4/GRIA2/GRIA4/GRM1/GRM5/ITPR
1/PRKCB/PRKCG/GNG12/SLC17A7/
SLC17A6/GNB4/CACNALA/CACNAL
B/CACNALC
ADCY1/ADCY5/ADCY8/PLCB1/GNG
4/GRIA2/GRIA4/GRIK3/GRIK5/GRIN1
/GRIN2A/GRIN2C/GRIN2D/GRM1/G
RM5/GRM6/GRM7/ITPR1/SHANK1/P
LA2G4A/PRKCB/PRKCG/GNG12/SL
C17A7/SLC17A6/GNB4/CACNALA/C
ACNA1C
ADCY1/ADCY5/ADCY8/PLCB1/GNG
4/GRIA2/GRIA4/GRIN1/GRIN2A/GRI
N2C/GRIN2D/GUCY1A2/ITPR1/MTN
R1B/PRKCB/PRKCG/GNG12/GNB4/
RYR2/RYR3/CACNA1C/CACNALI/CA
CNA1H/CACNALG
CACNG3/DUSP10/AKT1/FGF3/FGF4
/FGF5/FGF8/FGF10/FGF12/FGF13/F
GF14/FGFR2/FLNC/ILIR1/MAP3K1/
MAP3K3/MAP3K5/MOS/NTF3/NTRK
2/NLK/PLA2G4A/PRKCB/PRKCG/GN
G12/RASGRF1/RASGRF2/CACNGS/
CACNG7/CACNG6/BDNF/CACNALA/
CACNA1B/CACNALC/CACNALE/CA

26

27

28

24

46

85



hsa04024

hsa04514

hsa05412

hsa04725

hsa05414

hsa04810

CAMP signaling
pathway

Cell adhesion
molecules
(CAMS)

Arrhythmogenic
right ventricular
cardiomyopathy
(ARVC)

Cholinergic
synapse

Dilated
cardiomyopathy

Regulation of
actin
cytoskeleton

37/611

29/611

19/611

23/611

19/611

35/611

199/6963

142/6963

74/6963

111/6963

89/6963

214/6963

7.53E-06

1.16E-05

1.35E-05

7.34E-05

0.000203
484

0.000205
441

0.000167209

0.000234857

0.000249448

0.001252788

0.003017821

0.003017821

CNB2/DUSP16/PTPN5/MKNK1/CAC
NALI/CACNA1H/CACNA1G/MAP3K6/
TAOK2/MAP4K4/MAPKSIP1
VAV3/ADCY1/ADCY5/CHRM2/ADCY
8/CNGA3/DRD1/DRD2/DRD5/AKT1/P
IK3R5/GABBR1/GHSR/GLI3/GRIA2/
GRIA4/GRIN1/GRIN2A/GRIN2C/GRI
N2D/HTR1A/HTR4/NPY/NPY1R/PDE
3A/PDE4B/PDE4AC/PDE4D/PTGER3/
RYR2/BDNF/HHIP/TIAM1/VIPR2/CA
CNA1C/GABBR2/CREB5
CDH2/CDH4/CNTN1/VCAN/NTNG1/
NLGN1/NFASC/CLDN14/CNTNAP2/
HLA-DMB/HLA-
G/ITGA6/ITGA4/NCAMI/NCAM2/CLD
N11/NLGN4X/CADMS3/PTPRF/PVRL1
ISELPLG/MADCAM1/NTNG2/ITGAS8/
CDS8A/NRXN3/NRXN1/NRXN2/LRRC
4B
CDH2/CACNG3/CTNNA2/DES/DMD/I
TGALL/ITGAG/ITGA4/LAMA2/CACNG
8/CACNG7/CACNG6/RYR2/SLC8AL/
CACNA1C/CACNB2/ITGA8/ACTN2/A
CTN3
ADCY1/CHAT/ADCY5/CHRM2/CHRN
A3/CHRNA4/ADCY8/AKT1/PLCB1/PI
K3R5/GNG4/ITPR1/KCNQ1/KCNQ2/
PRKCB/PRKCG/GNG12/KCNQ5/GN
B4/CACNA1A/CACNA1B/CACNALC/
CREBS
CACNG3/ADCY1/ADCY5/ADCYS8/DE
S/DMD/ITGA1L/ITGAG/ITGA4/LAMA2
/CACNGS8/CACNG7/CACNG6/RYR2/
SLC8A1/TPM4/CACNALC/CACNB2/I
TGA8
VAV3/BAIAP2/IQGAP2/CHRM2/FGF3
[FGF4/FGF5/FGF8/FGF10/FGF12/FG
F13/FGF14/FGFR2/ITGA11/PIK3R5/
CYFIP2/MYLK4/PEN3/ITGAG/ITGA4/

37

29

19

23

19

35

86



hsa05030

hsa04510

hsa04728

hsa04512

hsa04925

hsa05031

hsa04721

hsa04720

Cocaine
addiction

Focal adhesion

Dopaminergic
synapse

ECM-receptor
interaction

Aldosterone
synthesis and
secretion

Amphetamine
addiction

Synaptic vesicle
cycle

Long-term
potentiation

13/611

34/611

24/611

18/611

17/611

15/611

14/611

14/611

49/6963

207/6963

129/6963

87/6963

81/6963

67/6963

63/6963

66/6963

0.000217
501

0.000232
338

0.000297
814

0.000446

122

0.000536
079

0.000548
579

0.000900
692

0.001458
485

0.003017821

0.003034066

0.003673041

0.005212579

0.005799262

0.005799262

0.009088798

0.013889223

MOS/MSN/ARHGEF4/GNG12/BDKR
B2/TIAM1/VCL/ITGA8/MYLK2/ACTN2
IARHGEF7/ACTN3/WASF1/WASL/B
CAR1
ADCY5/DRD1/DRD2/FOSB/GRIA2/G
RIN1/GRIN2A/GRIN2C/GRIN2D/BDN
F/SLC6A3/SLC18A2/CREB5
LAMCS3/VAV3/COL2A1/COL5A1/COM
P/AKT1/ITGAL11/FLNC/FLT1/FLT4/PI
K3R5/COL24A1/LAMAL/MYLK4/ITGA
6/ITGA4/KDR/LAMA2/COL5A3/PRKC
B/PRKCG/RELN/RASGRF1/THBS3/T
HBS4/TNR/TNXB/VCL/ITGA8/MYLK2
IACTN2/ACTN3/CCND2/BCAR1
ADCY5/DRD1/DRD2/DRD5/AKT1/PL
CB1/GNAL/GNG4/GRIA2/GRIA4/GRI
N2A/ITPR1/KIF5C/ARNTL/PRKCB/P
RKCG/GNG12/GNB4/SLC6A3/SLC18
A2/CACNA1A/CACNA1B/CACNAILC/
CREBS
LAMC3/COL2A1/COL5A1/COMP/ITG
A11/SV2C/COL24A1/LAMAL/ITGAG/I
TGA4/LAMA2/COL5A3/RELN/THBS3/
THBS4/TNR/TNXB/ITGAS8
ADCY1/ADCY5/ADCY8/AGTR1/PLC
B1/ITPR1/KCNK3/KCNK9/PRKCB/PR
KCE/PRKCG/CAMK1D/CACNA1C/C
ACNAL1I/CACNA1H/CACNA1G/CREB
5
ADCY5/DRD1/FOSB/GRIA2/GRIA4/G
RIN1/GRIN2A/GRIN2C/GRIN2D/PRK
CB/PRKCG/SLC6A3/SLC18A2/CACN
A1C/CREB5
TCIRG1/CPLX2/CPLX1/SLC32A1/AP
2A2/RIMS1/DNM3/ATP6VOC/SLC17A
7/SLC17A6/SLC18A2/SYT1/CACNAL
A/CACNA1B
ADCY1/ADCY8/PLCB1/GRIA2/GRIN1
IGRIN2A/GRIN2C/GRIN2D/GRM1/G

13

34

24

18

17

15

14

14

87



hsa04726

hsa04270

hsa04971

hsa05200

hsa05410

hsa04151

Serotonergic
synapse

Vascular smooth
muscle
contraction

Gastric acid
secretion

Pathways in
cancer

Hypertrophic
cardiomyopathy
(HCM)

PI3K-Akt
signaling
pathway

20/611

21/611

15/611

52/611

16/611

46/611

112/6963

120/6963

74/6963

397/6963

83/6963

346/6963

0.001573
729

0.001581
563

0.001626

666

0.001911
632

0.002004
281

0.002565
706

0.013889223

0.013889223

0.013889223

0.015717862

0.015891083

0.019640925

RM5/ITPR1/PRKCB/PRKCG/CACNA
1C
ADCY5/PLCB1/GABRB2/GABRB3/G
NG4/HTR1A/HTR2C/HTR4/HTR5A/T
PR1/KCNN2/PLA2G4A/PRKCB/PRK
CG/GNG12/GNB4/SLC18A2/CACNA
1A/CACNA1B/CACNALC
RAMP3/ADCY1/ADCY5/ADCY8/ADR
A1D/ADRA1A/AGTR1/PLCB1/GUCY1
A2/MYLK4/ITPRI/KCNMAL/PLA2G4
A/AVPR1A/PRKCB/PRKCD/PRKCE/
PRKCG/CACNALC/MYLK2/PPP1R14
A
ADCY1/ADCY5/ADCY8/PLCB1/HRH2
IMYLK4/ITPRL/KCNJ1/KCNQ1/ATP4
A/KCNK10/PRKCB/PRKCG/SST/MYL
K2
CDK6/LAMC3/ADCY1/ADCY5/FZD10
/ADCY8/CTBP1/CTNNA2/AGTRL1/ED
NRB/AKT1/FGF3/FGF4/FGF5/FGF8/
FGF10/FGF12/FGF13/FGF14/FGFR2
/FOXO1/FLT3/PLCB1/PIK3R5/GLI2/G
LI3/GNG4/LAMAL/ITGA6/LAMA2/MM
P2/MMP9/EGLN1/PRKCB/PRKCG/G
NG12/LPAR5/PTGER3/GNB4/RET/B
DKRB2/HHIP/SHH/BMP4/HSP90B1/T
RAF5/WNT2/WNT6/AXIN1/CASPY/C
CNAL1/WNT3A
CACNGS3/DES/DMD/ITGALL/ITGA6/I
TGA4/LAMA2/CACNGS8/CACNG7/CA
CNG6/RYR2/SLC8AL/TPM4/CACNAL
C/CACNB2/ITGA8
CDK6/LAMC3/CHRM2/COL2A1/COL
5A1/COMP/EFNA2/EIFAEBP1/AKT1/
FGF3/FGF4/FGF5/FGF8/FGF10/FGF
12/FGF13/FGF14/FGFR2/ITGA11/FL
T1/FLT4/PIK3R5/COL24A1/GHR/GN
G4/LAMA1/ITGAB/ITGA4/KDR/LAMA
2/NGFR/COL5A3/GNG12/RELN/LPA

20

21

15

52

16

46

88



hsa04022

hsa04015

hsa04915

hsa05146

hsa04666

hsa04930

hsa04014

cGMP-PKG
signaling
pathway

Rap1 signaling
pathway

Estrogen
signaling
pathway

Amoebiasis

Fc gamma R-
mediated
phagocytosis

Type Il diabetes
mellitus

Ras signaling
pathway

26/611

31/611

17/611

18/611

16/611

10/611

31/611

167/6963

211/6963

99/6963

108/6963

92/6963

48/6963

226/6963

0.002692
612

0.002816
472

0.005208
406

0.005673
151

0.005834
472

0.007697

446

0.007882
764

0.01992533

0.020169573

0.036133318

0.038095673

0.038095673

0.048610379

0.048610379

R5/GNB4/SGK1/THBS3/THBS4/TNR/
TNXB/HSP90B1/CASP9/ITGA8/CCN
D2/CREB5
PPIF/ADCY1/ADCY5/ADCY8/ADRAL
D/ADRA1A/ADRB3/AGTR1/EDNRB/A
KT1/PLCB1/PIK3R5/GUCY1A2/MYLK
4/ITPR1/KCNJ8/KCNMA1/PDE3A/PR
KCE/BDKRB2/SLC8A2/SLC8AL/TRP
C6/CACNAL1C/MYLK2/CREBS
ADCY1/ADCY5/ADCY8/DRD2/EFNA
2/AKT1/FGF3/FGF4/FGF5/FGF8/FGF
10/FGF12/FGF13/FGF14/FGFR2/FLT
1/PLCB1/FLT4/PIK3R5/GRIN1/GRIN2
A/PFN3/KDR/NGFR/APBB1IP/PRKC
B/PRKCG/LPARS/TIAM1/BCARL/RA
PGEF5
ADCY1/ADCY5/ADCY8/AKT1/ESR1/
PLCB1/PIK3R5/GABBR1/GRM1/ITPR
1/MMP2/MMP9/OPRM1/PRKCD/HSP
90B1/GABBR2/CREB5
LAMC3/ADCY1/COL2A1/COL5A1/PL
CB1/PIK3R5/COL24A1/GNAL/LAMA1
/IL1IR1/LAMA2/COL5A3/PRKCB/PRK
CG/VCL/ACTN2/ACTN3/CD1D
VAV3/WASF3/DOCK2/AKT1/PIK3R5/
AMPH/HCK/MYO10/PLA2G4A/PRKC
B/PRKCD/PRKCE/PRKCG/PPAP2B/
WASF1/WASL
PIK3R5/MAFA/PRKCD/PRKCE/ABC
C8/CACNA1A/CACNA1B/CACNALC/
CACNA1E/CACNA1G
EFNA2/AKT1/FGF3/FGF4/FGF5/FGF
8/FGF10/FGF12/FGF13/FGF14/FGF
R2/RASA3/FLT1/FLT4/PIK3R5/GNG4
/GRIN1/GRIN2A/KDR/NGFR/PLA2G4
A/PRKCB/PRKCG/GNG12/RASGRF1
/RASGRF2/GNB4/TIAM1/RASAL1/KS
R1/RAPGEF5

26

31

17

18

16

10

31

89



Supplementary Table 3. Enriched KEGG terms for Hypomethylated Genes.

Adjusted P-value

ID Description GeneRatio BgRatio P-value (FDR) genelD geneCount
ADCY3/CHRM3/PLCB1/MYLK4/ITP
R1/ITPR2/KCNJ15/KCNQ1/SLC9A4
Gastric acid /MYLK/ACTB/SLC9A1/CALM2/CAM
hsa04971 secretion 16/385 74/6963 1.96E-06 0.000426491 K2A/CAMK2D/MYLK2 16
BAIAP2/SORBS1/CTNNA2/EGFR/I
GF1R/LMO7/PARD3/RAC1/ACTB/S
Adherens RC/TCF7L2/VCL/ITCF7L1/ACTN1/I
hsa04520 junction 15/385 73/6963 8.00E-06 0.000616679 QGAP1 15
VAV3/COL3A1/COL4A1/COL4A2/E
GFR/FLNA/MYLKA4/IGF1R/ITGA3/IT
GB3/ITGB4/LAMA4/LAMAS/LAMB1/
MYLK/PDGFRA/PIK3CD/PDGFC/R
AC1/ACTB/SRC/TNR/TNXB/VCL/C
hsa04510 Focal adhesion 28/385 207/6963 8.49E-06 0.000616679 APN2/TLN2/MYLK2/ACTN1 28
ADCY3/EGFR/PLCB1/ITPRL/ITPR2
/MAP3K1/MAP3K4/PLD1/MAP2K6/
GnRH signaling SRC/CACNA1C/CACNALD/CALM2/
hsa04912 pathway 15/385 91/6963 0.000120829 0.006485182 CAMK2A/CAMK2D 15
ADCY3/EGFR/PLCB1/GUCY1A2/M
YLK4/ITPRL/ITPR2/MYLK/PRKAG2/
PIK3CD/CAMK1D/ACTB/SRC/CAC
Oxytocin NAL1C/CACNA1D/CACNB4/CALM2/
signaling CAMK2A/CAMK2D/MYLK2/CACNA
hsa04921 pathway 21/385 158/6963 0.000148743 0.006485182 2D4 21
COL3A1/COL4A1/COLAA2/ITGAIII
ECM-receptor TGB3/ITGB4/LAMA4/LAMAS/LAMB
hsa04512 interaction 14/385 87/6963 0.000263092 0.008895587 1/TNR/TNXB/CD36/CD44/SV2B 14
ADCY3/PLCB1/GNA12/GTF2I/GUC
Y1A2/MYLK4A/IRSL/ITPRIU/ITPR2/K
CNMA1/MYLK/PIK3CD/PRKCE/PR
cGMP-PKG KG1/VDAC3/CACNALC/CACNALD/
signaling CALM2/MYLK2/CREB3L1/GTF2IRD
hsa04022 pathway 21/385 167/6963 0.000324796 0.008895587 1 21
ADCY3/CHRM3/EGFR/PLCB1/GRM
Calcium signaling 5/HRH1/MYLK4/ITPRL/ITPR2/MYL
hsa04020 pathway 22/385 179/6963 0.000326444 0.008895587 K/NTSR1/PDE1A/PDGFRA/SPHK2/ 22
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hsa04925

hsa05412

hsa04010

hsa05203

hsa04750

hsa04540

hsa04725

hsa04810

Aldosterone
synthesis and
secretion
Arrhythmogenic
right ventricular
cardiomyopathy
(ARVC)

MAPK signaling
pathway

Viral
carcinogenesis
Inflammatory
mediator
regulation of TRP
channels

Gap junction

Cholinergic
synapse
Regulation of
actin
cytoskeleton

13/385

12/385

27/385

23/385

14/385

13/385

15/385

23/385

81/6963

74/6963

255/6963

205/6963

98/6963

88/6963

111/6963

214/6963

0.000445435

0.000666782

0.000806386

0.000887917

0.000911465

0.001002581

0.001089002

0.001591431

0.010789434

0.014535849

0.015284571

0.015284571

0.015284571

0.015611613

0.015826824

0.02168325

VDAC3/CACNA1C/CACNA1D/ORAI
2/CALM2/CAMK2A/CAMK2D/MYLK
2
ADCY3/PLCB1/ITPRL/ITPR2/PRKC
E/CAMK1D/CACNAL1C/CACNA1D/C
ALM2/CAMK2A/CAMK2D/CREB3L1
/SCARB1
CTNNA2/ITGA3/ITGB3/ITGB4/ACT
B/TCF7L2/CACNALC/CACNALD/C
ACNB4/TCF7L1/ACTN1/CACNA2D
4
DUSP1/EGFR/FGF1/FLNA/GNAL2/I
L1B/STMN1/MAP3K1/MAP3K4/MA
P3K5/NF1/PDGFRA/ZAK/GNG12/M
AP2K6/RAC1/RELB/RPSBKA2/TNF
RSF1A/TRAF2/TRAF6/CACNALC/C
ACNA1D/CACNBA4/ILIR2/CACNA2
D4/CDC25B
HDACS5/CDK6/UBR4/GTF2EL/GTF2
H3/HLA-
AJHPN/IL6ST/IRF7/LYN/HDAC7/PIK
3CD/VAC14/RAC1/SRC/IC3/TRAF2/
VDAC3/MAD1L1/ACTN1/CREB3LY/
HDAC9/HDAC4
ADCY3/PLCB1/HRH1/IL1B/ITPR1/I
TPR2/TRPV2/PIK3CD/PRKCE/MAP
2K6/SRC/CALM2/CAMK2A/CAMK?2
D
ADCY3/EGFR/TUBB/PLCB1/GRMS5/
GUCY1A2/ITPR1/ITPR2/PDGFRA/P
RKG1/PDGFC/SRC/TUBB1
ADCY3/CHRM3/PLCB1/GNG7/ITPR
1/ITPR2/KCNQ1/PIK3CD/GNG12/C
ACNA1C/CACNA1D/CAMK2A/CAM
K2D/CHRNAG/CREB3L1
VAV3/BAIAP2/CHRM3/EGFR/FGF1
IGNA12/MYLK4/ITGA3/ITGB3/ITGB
4/MYLK/PDGFRA/PIK3CD/GNG12/

91

13

12

27

23

14

13

15

23



hsa05410

hsa04713

hsa04611

hsa05200

hsa04270

hsa04261

hsa05414

hsa05205

Hypertrophic
cardiomyopathy
(HCM)

Circadian
entrainment

Platelet activation

Pathways in
cancer

Vascular smooth
muscle
contraction

Adrenergic
signaling in
cardiomyocytes

Dilated
cardiomyopathy

Proteoglycans in
cancer

12/385

13/385

16/385

36/385

15/385

17/385

12/385

21/385

83/6963

95/6963

130/6963

397/6963

120/6963

148/6963

89/6963

203/6963

0.001878158

0.002052343

0.002054244

0.002068564

0.002407219

0.003171833

0.003415299

0.003966959

0.022547351

0.022547351

0.022547351

0.022547351

0.024989229

0.03142998

0.032371095

0.036033213

PDGFC/RAC1/ACTB/SLC9A1/SRC/
VCL/MYLK2/ACTN1/IQGAP1
ITGA3/ITGB3/ITGB4/MYBPC3/PRK
AG2/ACTB/TPM2/TPM4/CACNALC/
CACNA1D/CACNB4/CACNA2D4
ADCY3/PLCB1/GNG7/GUCY1A2/IT
PR1/PRKG1/GNG12/CACNALC/CA
CNA1D/CALM2/CAMK2A/CAMK2D/
NOS1AP
ADCY3/COL3A1/PLCB1/GUCY1A2/
MYLK4/ITGB3/ITPRL/ITPR2/LYN/M
YLK/PIK3CD/PRKG1/ACTB/SRC/TL
N2/MYLK2
CDK6/ADCY3/COL4A1/COL4A2/CS
F1R/CTNNA2/EGFR/ETS1/FGF1/P
LCB1/CBLC/ABL1/GLI2/GNA12/GN
G7/IGF1R/ITGA3/LAMA4/LAMAS/L
AMB1/MITF/PDGFRA/PIK3CD/PLD
1/GNG12/RAC1/SLC2A1/TCEBL/TC
F7L2/TRAF2/TRAF6/WNT9B/AXIN2
ITCF7L1/RUNX1/ARNT2
ADCY3/PLCB1/GNA12/GUCY1A2/
MYLK4/ITPRL/ITPR2/KCNMAL/MYL
K/PRKCE/PRKG1/CACNALC/CACN
A1D/CALM2/MYLK2
ADCY3/RAPGEF4/PLCB1/KCNQ1/
PIK3CD/PPP2R3A/SLCOAL/TPM2/T
PM4/CACNA1C/CACNALD/CACNB
4/CALM2/CAMK2A/CAMK2D/CREB
3L1/CACNA2D4
ADCY3/ITGA3/ITGB3/ITGB4/MYBP
C3/ACTB/TPM2/TPM4/CACNALC/C
ACNA1D/CACNB4/CACNA2D4
EGFR/FLNA/CBLC/ANK1/ANK3/IGF
1R/ITGB3/ITPRY/ITPR2/MIR21/PIK
3CD/PLAUR/RAC1/ACTB/SLC9A1/
SRC/WNT9B/CAMK2A/CAMK2D/1Q
GAP1/CD44

92

12

13

16

36

15

17

12

21



Hippo signaling

YAP1/FRMD6/CTNNA2/FGF1/BBC3
/GLI2/CRB2/PARD3/ACTB/BMP6/T
CF7L2/TEADL/TEAD3/TP73/WNT9

hsa04390 17/385 154/6963 0.004784005 0.041716526 B/AXIN2/TCF7L1 17
Supplemantary Table 4. Correlation between probe methylation and gene expression.
ProbelD Gene r FDR-adjusted p-value Abeta UCSCGenomicRegion
cg07960450 ADCY1 -0.36355 2.79338E-05 0.22 1stExon
€916848624 ADCY1 -0.36065 2.79338E-05 0.23 1stExon
902914422 PDE1C -0.5396 1.01017E-11 0.22 5'UTR
cg03437186 ADCY1 -0.32817 0.000118439 0.26 Body
907651242 ADCY1 -0.32029 0.000135012 0.22 1stExon
€g24801123 ADCY1 -0.29823 0.000328372 0.22 Body
€g05229355 ADCY8 -0.23284 0.049157202 0.2 Promoter
910811502 MYLK2 -0.48711 1.81283E-09 0.27 S5'UTR
€g23008606 ADRA1A -0.28073 0.001595309 0.2 Promoter
€g20303399 ADRA1A -0.27728 0.001595309 0.22 Promoter
€g26730369 ADRAI1A -0.27015 0.001595309 0.21 Promoter
€cg09557462 ADRA1A -0.18174 0.031021689 0.25 1stExon
€g12215340 ADRA1D -0.20135 0.016655571 0.23 Promoter
€g04807594 AGTR1 -0.383 5.53422E-06 0.27 Promoter
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€g26727693
909208611
€g17509220
€cg00465319
€g22491927
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Supplementary Table 5. Log-rank test to determine prognostic factors of overall survival of 32 selected genes.

Basal time- Tercil 1

Basal Time - Tercil 3

Gene Reference category (n) (n) HR (95% Cl) Logrank P
ADCY1 High 59 59 0.62 (0.37-1.02) 0.0563
ADCY8 High 66 45 0.54 (0.31-0.95) 0.0296

ADRA1A High 58 54 0.64 (0.37-1.09) 0.0954
ADRA1D High 61 58 0.77 (0.47-1.26) 0.2992

AGTR1 High 60 60 0.62 (0.37-1.05) 0.0726
AVPRI1A Low 59 60 1.14 (0.68-1.9) 0.6167
CACNA1A High 58 60 0.56 (0.34-0.92) 0.0199
CACNA1B High 59 60 0.42 (0.25-0.7) 0.0007
CACNA1D High 58 59 0.52 (0.31-0.87) 0.0109
CACNAIH High 58 60 0.46 (0.27-0.77) 0.0029
CACNA1I High 61 60 0.73 (0.44-1.21) 0.2197

CALM2 Low 58 59 1.64 (0.98-2.77) 0.0591
CAMKI1D High 58 60 1.03 (0.62-1.71) 0.8983

CASQ2 High 60 60 0.79(0.48-1.4) 0.3517
CHRM2 High 88 56 0.97 (0.6-1.55) 0.8846

DRD1 Low 60 57 1.13 (0.67-1.91) 0.6534

DRD5 High 72 39 0.76 (0.43-1.33) 0.3307
EDNRB High 58 60 0.74 (0.44-1.25) 0.2611
GRIN2D Low 58 60 1.21(0.73-2.01) 0.4521

HRH1 High 58 60 2.1(1.26-3.51) 0.0037

ITPR1 High 59 60 0.62 (0.37-1.02) 0.0571
LHCGR High 99 17 0.89 (0.4-1.99) 0.7774
NTSR1 Low 59 60 1.39 (0.84-2.26) 0.2
ORAI2 High 58 60 0.47 (0.29-0.78) 0.0027
P2RX2 High 61 56 0.62 (0.36-1.04) 0.0691
PDE1A Low 58 60 1.04 (0.63-1.72) 0.8863
PDE1C High 59 60 0.45 (0.26-0.77) 0.0029
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PLCB1 High

PRKCB High
PTGFR High
RYR2 High
RYR3 High

58
58
58
58
58

60
60
59
60
57

0.55 (0.33-0.92)
0.86 (0.52-1.43)
0.99 (0.59-1.64)
0.93 (0.57-1.53)
0.5 (0.3-0.86)

0.0219
0.5582
0.9656
0.7796
0.0107

High and low expression groups of patients were established according to tumor expression tertile value (tertilel X tertile3).
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Abstract:

Background: Periampullary carcinomas (PACs) represent 0.5% of gastrointestinal
malignancies and include pancreatic ductal adenocarcinoma (PDAC), ampulla of Vater
carcinoma (AVC), distal cholangiocarcinoma (dCCA), and duodenal adenocarcinoma
(DAC). Histone acetylation alteration through histones deacetylases (HDACS) can play
a crucial role in cancer development; however, their expression is not entirely
characterized in PACs. Hence, we aimed to evaluate cancer-related HDACs gene
expression among PACs and surrounding non-tumoral tissue (NT) using public
datasets. Furthermore, we investigate HDACs immunostaining profile in AVC and NT

samples.

Methods and Results: HDAC1, HDAC2, HDAC3 and HDACT7 differential
expression analysis were performed from two microarrays reported in Gene Expression
Omnibus. All preprocessing data and analyses were performed in R 3.4.2 statistical
software. HDACs immunostaining were performed using samples from a biobank of
PACs and from a local cohort (n=20), with their respective pancreatic and duodenal NT
used as controls samples. Differential expression analysis showed that DAC and AVC
had equivalent expression profiles for HDAC1 and HDAC2. Additionally, we found
similar immunostaining results for all studied HDACs in AVC and NT samples. Nuclear
and cytoplasmic staining was detected for the majority of HDACs, with exception of

HDAC7 which showed a more pronounced cytoplasmic staining.

Conclusions: The results suggested that HDAC1 and HDAC2 similar profiles
might be shared between DAC and AVC. Moreover, HDAC1, HDAC2, HDAC3 and
HDAC7 equivalent immunostaining in AVC and NT may indicate that these HDACs
may not be involved in the malign transformation of this tumor, although these might

have a role supporting the cancer phenotype.

Keywords: Periampullary carcinomas, ampulla of Vater carcinoma, epigenetic,

histone deacetylases.
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Introduction

Periampullary carcinomas (PACs) are rare neoplasms that represent 0.5% of
gastrointestinal malignancies [1]. PACs arise within 2 cm of the ampulla of Vater and
include four different tumor types: pancreatic ductal adenocarcinoma (PDAC), ampulla
of Vater carcinoma (AVC), distal cholangiocarcinoma (dCCA), and duodenal
adenocarcinoma (DAC) [2, 3]. Although there is a standardized histopathologic
evaluation, the precise diagnosis of the primary site is difficult to classify. In general,
advanced PACS involve more than one potential site of origin destructing the normal
periampullary anatomy and present epithelial dysplasia in more than a single
periampullary portion, which impairs the definition of diagnosis [4—6]. Among the PACs,
AVC is the second most frequent malign tumor, with adenocarcinoma being the most
prevalent histopathologic pattern, especially of the intestinal (AVCi) and

pancreatobiliary (AVCp) subtypes [7, 8].

Modifications in the epigenetic profile, such as histone deacetylase (HDACS)
dysregulation, play an important role in cancer development by silencing tumor
suppressor genes and creating chromosomal instability [9]. The HDAC family
comprises four classes of proteins, namely: class | (HDACs 1-3, and 8), class Il (HDACs
4-7, 9 and 10) and class IV (HDAC11), all Zn?* dependent proteins which utilize
histones as substrate. Alternatively, class IIl HDAC is referred to as sirtuin (SIRTs 1—
7) and requires NAD* as a cofactor [10]. Until now, PDACs and dCCAs are the
periampullary carcinomas that were best characterized regarding tumor HDAC
expression [11-13], while in AVCs and DACs data are poor or inexistent. In addition,
the majority of the studies focus only on neoplastic tissue and data comparing tumor
and surrounding non-tumoral tissue (NT) are scarce. Comparative analysis between
these groups may enhance our understanding on the behavior of these tumors and
provide insights on the carcinogenesis process, on novel prognostic and/or diagnostic
biomarkers and on potential novel therapeutic interventions. In the present study we
assessed HDAC1, HDAC2, HDAC3 and HDACT7 gene expression profiles in PACs
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using publicly-available datasets and results from protein expression data from a cohort

of Brazilian patients with AVC.
Materials and Methods
Bioinformatics Analysis

The gene expression profile of the cancer-related HDACs (HDAC1, HDAC2,
HDAC3, and HDAC7) available in the public datasets Gene Expression Omnibus
(GEO- GSE39409 and GSE60979) was assessed initially [14, 15]. The GSE60979
dataset includes periampullary carcinomas and surrounding pancreatic non-tumoral
(PT) samples, and GSE39409 contains only data regarding periampullary carcinomas.
Raw data from GSE39409 (GPL570) were normalized using the RMA method,
implemented in affy BioConductor R-package [16]. To select a single probe as a
representative of a specific gene, we used the JetSet score [17]. As a result, probes
201209 at, 242141 at, 216326_s_at, and 217937_s_at were assigned to HDAC1,
HDAC2, HDACS3, and HDACY7, respectively. Raw data from GSE60979 (GPL14550)
were background corrected and normalized using limma BioConductor R-package [18].
For HDACs with more than one probe in the array, we calculated mean expression. To
compare HDAC gene expression we performed the Kruskal-Wallis test followed by the
Benjamini-Hochberg correction for multiple comparisons. All data preprocessing and
analyses were performed in R 3.4.2 statistical software. P-values of <0.05 were

considered statistically significant.

Clinical specimens and tissue microarray

A prospective biological biobank of periampullary carcinoma samples recruited
from a public university hospital in Southern Brazil were analyzed. In the present study,
HDAC immunostaining was performed in samples from AVC, PDAC, chronic
pancreatitis, and samples from patients with other pancreatic diseases who underwent
surgical resection. The inclusion criteria were: recent pathology-proven diagnosis and

no history of previous or current chemo- or radiotherapy treatment. The study was
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approved by the institutional review board, and all patients provided written informed
consent (GPPG 14-0526).

Twenty AVC samples were selected and their respective surrounding pancreatic
and duodenal non-tumoral tissues retrieved (PT, n=18; DT, n=16). Additionally, 41 PT,
32 DT and 10 surrounding non-tumoral ampullary tissue (AT) samples from PDAC,
chronic pancreatitis, and other patients with pancreatic diseases were included in tissue
microarrays (TMAs). TMAs were prepared from formalin-fixed paraffin-embedded

tissue sections using a 1-mm punch in triplicate.

Immunohistochemistry analysis

Immunostaining of HDAC1 (10E2, 1:600 dilution, Thermo Fisher Scientific),
HDAC2 (H-54, 1:300 dilution, Santa Cruz Biotechnology), HDAC3 (Y415, 1:100
dilution, Abcam) and HDAC7 (N18, 1:100 dilution, Santa Cruz Biotechnology) were
performed according to the manufacturer's specifications. Nuclear and cytoplasmic

staining were evaluated by pairs of independent observers, blinded to the clinical data.

To establish protein expression levels, a semi-quantitative immunoreactivity score
(IRS) was applied, as previously described [19, 20], with some modifications. In brief,
IRS for each individual case (ranging from 0 to 12) was calculated by multiplication of
the intensity and frequency scores. The intensity score was defined according to the
following patterns as 0: null, 1: weak, 2: moderate and 3: strong. The sample was also
scored according to the percentage of positive cells (frequency score) in four distinct
categories: 1 (<10% positive cells), 2 (210 - 50%), 3 (= 50 - 80%), and 4 (= 80 - 100%).
Cases exhibiting an IRS between 0 and 6 were combined in the “HDAC negative”
group. Cases with an IRS above 6 were combined in the “HDAC positive” group.
Discordant cases were reviewed by observers as many times as necessary until

consensus was reached.
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Results

Bioinformatics Analysis

HDAC1, HDAC2, HDAC3, and HDAC7 expression was analyzed in two GEO
datasets. GSE60979 includes PACs (AVCp, n = 8; AVCi, n = 7; dCCA, n = 8; DAC, n
=9; and PDAC, n =49) and PT, n =12. HDAC1 was overexpressed in AVCi and DAC
when compared to PT (p = 0.002, Md= 13.0 and 13.1 vs 11.8; respectively) (Figurela).
In addition, HDAC2 was overexpressed in DAC, in comparison with AVCp, dCCA, and
PT (p = 0.015, Md= 10.6 vs 10.2, 10.1, 10.3; respectively) (Figurelb). Finally, HDAC7Y
expression was higher in PDAC when compared to PT (p = 0.003, Md=10.6 vs 9.5;
respectively; Figureld). No difference in HDAC3 gene expression analysis was
observed (Figurelc). No significant difference in HDAC expression profiles were
observed between AVCp and AVCi.

Subsequently, due to lack of data combining all subtypes of PACs, we
investigated a second dataset. Although there was a description of pancreatobiliary and
intestinal types of AVC in GSE39409 (AVC, n=14; dCCA, n=2; DAC, n=8 and PDAC,
n = 8), the dataset did not have information about the specific histology of these
samples. This analysis revealed that HDAC1 and HDAC2 were overexpressed in AVC
and DAC compared to the PDAC samples (p = 0.016, Md=12.4 and 12.2 vs 11.9; p =
0.029, Md=7,1 and 7.2 vs 7.0; respectively). Similar to GSE60979, AVC and DAC
samples in this dataset had a comparable expression profile of HDAC1 and no
difference regarding HDAC3 and HDAC7 gene expression analyses between groups

was observed (Figurel e-h).

HDAC immunohistochemistry and subcellular localization in AVC tumors

To evaluate HDAC expression and their subcellular localization, we performed
immunostaining analyses for HDAC1, HDAC2, HDAC3, and HDAC7 in TMA blocks
generated from AVC and NT. Twenty AVC samples were analyzed and all of them were
identified as adenocarcinomas, including 10 of the intestinal subtype, 3 of the

pancreaticobiliary subtype and one mucinous subtype. In 6 samples specific histologic
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subtype was not possible to be determined. Due to mixed epithelium of ampulla of
Vater, here we analyzed NT composed of three subgroups: AT (n=10), PT (n=59) and
DT (n=48). As a result, we observed that most AVC samples had a high IRS scores,
being classified as positive for HDAC immunostaining (100% HDAC1; 75% HDAC2;
95% HDAC3 and 65% HDACY7). In addition, both nuclear and cytoplasmic staining for
the majority of HDACs was detected in AVC, with the exception of HDAC7
immunostaining which had a more pronounced cytoplasmic staining (Table 1 and
Figure 2).

Considering NT samples, HDACs positivity immunostaining was found in all
subgroups. Among them, HDAC1 showed more uniform immunostaining in the
evaluated subgroups (AT= 70%, PT= 97%, and DT= 92%), while positive HDAC2;
HDAC3 and HDAC7 immunostaining was variable among subgroups (Table 1 and
Figure 2).

Discussion

HDAC play crucial roles in cancer by regulating the cell cycle, apoptosis, DNA-
damage response, metastasis, angiogenesis, and other cellular processes through
deacetylation of histone and non-histone proteins [21]. Although HDACs have been
investigated in periampullary carcinomas, including PDAC and dCCA, their
characterization in AVC and DAC is poor or inexistent. To contribute in reducing this
lack of information we performed a combined in silico and experimental
(immunostaining) study including tumoral and non-tumoral samples from an AVC
cohort. The study provides the first data on HDAC1, HDAC2, HDAC3 and HDAC7
immunostaining in AVC and adjacent NT samples.

One of the analyzed datasets (GSE60979) used a microarray platform to
identified mMRNA prognostic biomarkers in periampullary carcinomas. The authors
detected 10 upregulated genes in AVCi, as compared to AVCp, that are regulated by
HDAC1 [15]. We explored this data and showed that HDAC1 and HDAC2 expression
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is similar between AVC and DAC. Additional analyses of this dataset revealed that
dCCA has the same HDAC2 expression profile of AVCp and PT.

Cholangiocarcinoma (CCA) is a rare malignancy that can occur along the biliary
tree and can be classified into three board groups according to the anatomic
distribution: 1) intrahepatic, 2) perihilar, and 3) distal [22]. PACs classification includes
only dCCA and although HDACs analyses have been reported in CCA, the majority of
them did not focus on the distal portion. In our analysis, dCCA was compared with other
PACs tumors and PT according to GSE60979, and we did not find HDACs gene
expression differences between the non-tumoral tissues and dCCA. HDACs
expression in CCA and non-tumoral tissues also was investigated by other groups.
Yamaguchi et al., (2010) used chronic cholecystitis samples (gallbladder inflammation)
to compare HDAC1 and HDAC2 expression with CCA, as well as our study, they did
not find difference on HDACs expression intensity between the samples. In contrast,
using matched adjacent non-tumor tissues of CCA, He et al.,, (2016) found
overexpression of HDAC1, HDAC2, HDAC3, HDACS8, and HDAC9 in CCA and the
protein levels investigation of these samples confirmed the overexpression for HDAC?2,
HDAC3, and HDACS8 (53%, 55%, and 53%, respectively [24].

HDACSs expression in PDAC is better understood due to the higher frequency of
this tumor type [8] and has been determined in tissue samples and cell lines by different
methodologies. Herein we investigated HDACs gene expression in PDAC and found
only HDACT7 overexpression. The same results were identified in two studies with RT-
PCR and immunohistochemistry where just HDAC7 was overexpressed in PDAC
compared to PT samples [11, 25]. To date, the largest cohort of PDAC samples (n= 78)
that investigated HDAC expression by immunohistochemistry reported that 32% of
samples were positive for HDAC1, 63% for HDAC2, and 79% for HDAC3 [26]. Other
studies, with smaller sample sizes, also showed positive staining of these analyzed
HDACSs, however, none of them compared HDACs staining with normal pancreas
tissue [27-30].
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Ampulla of Vater is a small and complex anatomic site, composed of the common
channel, distal biliary duct, pancreatic duct, and duodenal mucosa and all surrounding
tissues share the same embryonic origin [31, 32]. The mixed epithelium of the ampulla
of Vater is one of the reasons why AVCs show a large number of histological subtypes
and because we used three non-tumoral tissues to compare in our
immunohistochemistry analysis. Until now, the only information on HDAC expression
reported was obtained from an unusual neoplasm, a high-grade neuroendocrine
carcinoma, showing 60% HDAC1, 60.3% HDAC2 and 61% HDAC3 positive
immunostaining [33]. The most frequent AVC subtype (adenocarcinoma) was
represented in our cohort, and we identified positive levels of these HDACs (100%,
75%, and 95%, respectively) while also reporting HDAC7 positive immunostaining
(65%). Moreover, similar to AVC samples, all NT subgroups (AT, PT, and DT)
presented HDAC positive immunostaining showing no marked expression difference

compared to tumor samples for the studied HDACSs.
Conclusions

In summary, we presented the first investigation of HDAC in duodenal
adenocarcinoma. The HDAC1 and HDAC2 expression similarity between ampulla of
Vater carcinoma and duodenal adenocarcinoma might due to ampullary epithelium
being formed by intestinal-like cells. It suggests that a similar profile of epigenetic marks
may be shared in these tumors. In addition, the results indicate that different HDACs
are expressed in AVC and NT samples, with none of them associated exclusively with
AVC. Our results may indicate that HDAC1, HDAC2, HDACS3, and HDAC7 may not be
involved in malign transformation, although these might have a role supporting the

cancer phenotype.
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Figl Gene expression of HDACs in periampullary adenocarcinomas using expression profiles
from Gene Expression Omnibus. HDACs gene expression comparison: in GSE60979 (a)
HDACL1, (b) HDAC2, (c) HDAC3 and (d) HDAC7 and in GSE39409 (e) HDAC1, (f) HDAC2, (9)
HDAC3 and (h) HDAC7. AVC= Ampulla of Vater carcinoma; AVCp= Ampulla of Vater
carcinoma pancreatobiliary-type; AVCi= Ampulla of Vater carcinoma intestinal-type AVC;
dCCA= distal Cholangiocarcinoma; DAC= Duodenal adenocarcinoma; PDAC= Pancreatic
adenocarcinoma; PT= Surrounding Non-tumoral pancreatic tissue. Median values are
presented as Md and as solid black lines. Small letters represent post-hoc comparison: equal
letters denote that the groups did not differ, while different letters appoint the groups are
different. Kruskal-Wallis test followed by Benjamini-Hochberg correction for multiple
comparisons. P-values of <0.05 were considered statistically significant.
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Fig2 HDAC1, HDAC2, HDAC3 and HDAC7 immunostaining in ampulla of Vater carcinoma and
non-tumoral tissue samples. (a-d) HDAC1 expression, x400; (e-h) HDAC2 expression, x400;
(i- ) HDAC3 expression, x400 and; (m- p) HDAC7 expression, x400. AVC= Ampulla of Vater
Carcinoma, AT= non-tumoral ampullary tissue, PT= Non-tumoral pancreatic tissue, and DT=
Non-tumoral duodenum tissue.
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Table 1. HDAC1, 2, 3 and 7 immunostaining in carcinomas of the ampulla of Vater and

surrounding non-tumoral tissue samples.

AVC (%) AT (%) PT (%) DT (%)
All samples 20 (100) 10 (100) 59 (100) 48 (100)
HDAC1  Negative 0 (0) 0 (0) 0 (0) 1(2)
Positive 20 (100) 7 (70) 57 (97) 44 (92)
Nucleous 20 7 57 35
Citoplasm 19 7 57 44
NA* 0 (0) 3 (30) 2(3) 3(6)
HDAC2  Negative 5 (25) 5 (50) 11 (19) 25 (52)
Positive 15 (75) 2 (20) 43 (73) 19 (40)
Nucleous 14 0 43 12
Citoplasm 15 2 43 19
NA* 0 (0) 3 (30) 5 (8) 4 (8)
HDAC3  Negative 1(5) 1(1) 29 (49) 1(2)
Positive 19 (95) 6 (60) 26 (44) 43 (90)
Nucleous 19 6 26 43
Citoplasm 19 6 26 43
NA* 0 (0) 3 (30) 4(7) 4 (8)
HDAC7 Negative 7 (35) 2 (20) 11 (19) 4 (8)
Positive 13 (65) 3 (30) 43 (73) 41 (85)
Nucleous 0 3 27 0
Citoplasm 13 3 43 41
NA* 0 (0) 5 (50) 5 (8) 3 (6)

AVC= Ampulla of Vater Carcinoma, AT= surrounding non-tumoral ampullary tissue, PT=
surrounding non-tumoral pancreatic tissue and DT= surrounding non-tumoral duodenum
tissue. NA* samples not available because of lost tissue cylinders from tissue microarray.
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Abstract

In this study, we described for the first time a neurofibromatosis type 1 patient with
pancreas divisum, multiple gastrointestinal tumors and the co-occurrence of
germline NF1 and CFTR pathogenic variants. Case report: A 62-year-old female NF1
patient presented with weakness, choluria, nausea, and diffuse abdominal pain to an
emergency room service. Magnetic resonance imaging revealed an abdominal mass
involving the periampullary region and pancreas divisum. After surgical resection, three
synchronous neoplasms were detected including two ampullary tumors
(adenocarcinoma of the major ampulla, and neuroendocrine tumor of the minor
ampulla) and a gastrointestinal stromal tumor (GIST). Germline multigene panel testing
identified two pathogenic heterozygous germline variants: ¢.838del in NF1 and ¢.1210-
34TG[12]T[5] in CFTR. Conclusions: We report for the first time a phenotype of
multiple primary tumors and a developmental anomaly in a patient harboring
pathogenic germline variants in NF1 and CFTR, two genes associated with
predisposition to pancreatic cancer and pancreatitis, respectively. Identification of two
germline variants in this patient may explain the unusual and more severe phenotype
and underscores the importance of comprehensive molecular analyses in patients with

complex phenotypes.

Keywords: Synchronous neoplasms, GIST, periampullary tumors, neurofibromatosis
type 1, pancreas divisum, CFTR pathogenic variant, NF1 pathogenic variant.

1. Introduction

Pancreas divisum is a pancreatic duct developmental anomaly with an incidence
of 4.5% (Dimitriou et al., 2018). The anomaly is caused by absent or incomplete fusion
of the ventral (main or Wirsung) and dorsal (marginal or Santorini) ducts (Kanth et al.,
2014) and results in coexistence of two ampullary systems: the ventral duct drains the
pancreatic head through the major ampulla, while the dorsal duct drains the pancreatic

body and tail through the minor ampulla (Ferri et al., 2019).
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Ampullary neoplasms are rare, comprising 7% of all periampullary malignancies
(Adsay et al.,, 2012), and association of theses tumors with pancreas divisum is
considered an episodic event (Singh et al., 2003; Outtas et al., 2004; Kim et al., 2010).
Their occurrence has been reported in families with hereditary cancer syndromes, such
as Familial Adenomatous Polyposis (Pérez-Cuadrado-Robles et al., 2019) and
Neurofibromatosis type 1 (NF1) (Tewari et al., 2014).

NF1 (OMIM 162200) is one of the most common autosomal dominant disorders
(incidence estimated at 1 in 2,500-3,000 live births) (Ferner et al., 2007). About one
quarter of NF1 patients also have gastrointestinal involvement (Agaimy et al., 2012),
with the occurrence of gastrointestinal stromal tumors (GISTs) and an increased
incidence of neuroendocrine tumors (NET). The most frequent are somatostatin
secreting duodenal NETs usually located in the periampullary region (Klein et al., 1989;
Nunobe et al., 2003; Relles et al., 2010), followed by pheochromocytomas (Kalff et al.,
1982) and pancreatic endocrine tumors (Thannberger et al.,, 2001; Fujisawa et al.,
2002; Perren et al., 2006). A few NF1 patients with co-occurrence of GIST and NETs
have been described in literature (Tewari et al., 2014; Thavaraputta et al., 2019).

In this study, we described for the first time a neurofibromatosis type 1 patient with
pancreas divisum, multiple gastrointestinal tumors and the co-occurrence of
germline NF1 and CFTR pathogenic variants. Although pancreas divisum is not a
feature of NF1, the synchronous occurrence of multiple gastrointestinal tumors in a NF1
background is extremely rare but more frequent than observed in the general

population.

Case presentation

A 62-year-old female patient with NF1 presented to the emergency room with
symptoms of weakness, nausea, vomiting, choluria, and diffuse abdominal pain. She
reported a previous diagnosis of pheochromocytoma and breast cancer. Upon physical
examination, the patient was jaundiced and had a palpable and painful gallbladder, and

multiple neurofibromas in the abdomen and extremities. Initial laboratory findings
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showed unusually high levels of bilirubin (total bilirubin 9.9 mg/dl and direct bilirubin 8.4
mg/dl), elevated serum C-reactive protein levels (29.8 mg/dl) and elevated liver

enzymes.

Due to the high levels of bilirubin, the patient was submitted to an endoscopic
retrograde cholangiopancreatography for placement of a biliary stent and during the
procedure, an ulcerated expansive periampullary lesion was identified and biopsied.
Pathology examination of the biopsy specimen revealed a moderately differentiated
adenocarcinoma. During further investigation, an abdominal magnetic resonance
imaging showed not only a small hypointense nodular mass (T2 sequence) in the

periampullary region of the duodenum, but also pancreas divisum (Figure 1A and 1B).

The patient underwent a resection of the proximal jejunum, pylorus-preserving
pancreaticoduodenectomy (PPPD) with routine reconstruction, and cholecystectomy.
Macroscopic examination of the PPPD specimen revealed a 17.0x2.0mm ulcerated
and infiltrative tumor located in the major ampulla (Figure 2A). In addition, a firm white
lesion, 12.0mm in diameter was detected in the duodenum (Figure 2B). Microscopic
examination of the major ampulla revealed a poorly differentiated adenocarcinoma
(pT2 pN1 RO) infiltrating the duodenal wall with focal necrosis (Figure 3A and B).
Another lesion was identified in the minor ampulla corresponding to a well-differentiated
NET (pT1 pNO RO) 5.0mm in diameter and without lymphovascular invasion (Figure
3C and D). The third synchronic tumor identified in the patient, a fusiform low-grade
GIST, with a proliferative index of 2% (pT1 pNO RO0) was identified in the duodenal wall
(Figure 3 and F).

The patient was then referred to the institutional genetic cancer risk assessment
program (Hospital de Clinicas de Porto Alegre). She reported clinical diagnosis of NF1
since the age of 14 years. Physical examination identified multiple cutaneous
neurofibromas and café-au-lait spots in the gluteal area, lower and upper limbs. Review
of the past medical history was significant for diagnosis of viral hepatitis but she denied
any previous history of pancreatitis. In addition, review of medical records and

pathology reports confirmed previous occurrence of pheochromocytoma (at age 54
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years), and breast cancer (first diagnosis at age 58 years and recurrence at age 61
years), all of which are features of the NF1 cancer predisposition syndrome. Review of
the patient’s family history revealed that her mother also had symptoms consistent with
NF1 (café-au-lait spots and neurofibromas) although no formal clinical evaluation or

molecular testing had been performed.

1. Materials and methods
Genetic testing

After signing a written informed consent for genetic analysis, a saliva sample was
obtained with standard procedures using the Oragene DNA OG-500 self-collection kit
(DNA Genotek, Ottawa, CA) and the sample was submitted to germline genetic testing
using a multigene panel test (MGPT) in a commercial laboratory (Invitae, San
Francisco, CA). The decision to investigate with a multigene panel was prompted by
presence of clinical features not consistent with NF1, such as pancreas divisum and by
the diagnosis of five distinct primary tumors. Using Illumina technology, the presence
of small variants, duplications and deletions in 29 genes (APC, ATM, BMPRI1A,
BRCAL1, BRCA2, CDKN2A, EPCAM, MEN1, MLH1, MSH2, MSH6, NF1, PALB2,
PMS2, SMAD4, STK11, TP53, TSC1, TSC2, VHL, CDK4, FANCC, PALLD, CASR,
CFTR, CPAL, CTRC, PRSS1, and SPINK1) associated with hereditary pancreatic
cancer and pancreatitis were assessed in the patient. All targeted regions were
sequenced at a minimum of 50x depth and reads were aligned to a reference sequence
(GRCh37).

2. Results

MGPT revealed a novel heterozygous germline deletion in exon 8 of the NF1
gene, ¢.838del, p.(lle280Ter) (NF1 chrl7:29509630, NM_000267.3) which was
reported as pathogenic since it predicts a premature stop codon, resulting in the
absence of translation of all NF1 protein functional domains. This variant was not

previously reported in the scientific literature, public variant databases (ClinvVar and
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LOVD) or population databases (EXAC, Abraom, and 1000genomes). Considering the
more than 4000 different NF1 variants reported to date and distributed along its 58
exons described in the ClinVar database, only a small portion are located in exon 8 (77
variants). Of these, only 16 are pathogenic. The significant molecular heterogeneity
observed in NF1 renders genotype-phenotype correlations difficult, and no correlation
with mutations in NF1 exon 8 and a specific phenotype have been previously

established.

Additionally, one pathogenic germline variant was identified in heterozygosity in
intron 9 of the CFTR gene, ¢.1210-34TG[12]T[5], (NM_000492.3). This sequence
change, also referred to as TG12-5T or T5TG12 in the literature, consists of 12 TG and
5T sequence repeats on the same chromosome and, although it does not directly
change the encoded amino acid sequence of the CFTR protein, it increases alternative

splicing of exon 10 (referred to as exon 9 in some publications) from mRNA.

3. Discussion

NF1 is a hereditary cancer predisposition syndrome characterized by increased
risk of developing benign and malignant tumors, and a cumulative cancer risk of 20%
in affected patients older than 50 years (Friedman and Birch, 1997; Upadhyaya, 2011).
The NF1 gene acts as a tumor suppressor through its Ras-GTPase activity (Cawthon
et al., 1990; Boyd et al., 2009) and this activity has a negative regulatory effect on the
Ras proto-oncogene signal transduction pathway, which regulates cell proliferation and
differentiation (Tewari et al., 2014). Germline heterozygous loss-of-function mutations
in the NF1 gene lead to protein dysfunction and consequently, uncontrolled cell
proliferation which has been associated with several of the NF1 clinical features. Loss
of heterozygosity has been reported as a necessary step for the development of
malignancies in NF1 patients (Ruggieri and Packer, 2001).

It is well known that NF1 patients are predisposed to solid tumors, including those
of the gastrointestinal tract (Agaimy et al., 2012), including tumors arising in the ampulla
of Vater and the duodenum. GIST, carcinoid tumors and other NETs are frequently

reported in NF1 patients, occurring in isolated manifestation or, in rare events, in
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synchronism with other tumors (Sgrensen et al., 1986; Kim et al., 2014; Park et al.,
2019). In this report, the patient was diagnosed with multiple tumors (GIST, NET of the
minor ampulla, and adenocarcinoma of the major ampulla) of which GIST and NET
could be related to the NF1 , a diagnosis confirmed by germline genetic testing. Among
the tumors identified, GIST represents the most common gastrointestinal tumor in NF1
patients (Poredska et al., 2019), accounting for 5 to 25% of all NF1 neoplasms (Zoller
et al., 1997; Miettinen et al., 2006). The last update of duodenal and periampullary
tumors in NF1 patients reports that most (60%) neoplasms arise in the duodenum,
while 31% originate in the ampulla of Vater. Stratification by histology shows that GISTs
correspond to 34% of duodenal tumors and the majority of ampullary tumors are
neuroendocrine (40%), while only 8% are adenocarcinomas (Relles et al., 2010). In
fact, adenocarcinomas associated with NF1 seem to be rare events and have been
reported in only a few studies (Deschamps et al., 2010; Tewari et al., 2014). In several
documentations, the co-occurrence of periampullary NET tumors and GIST has been
proposed as highly suggestive or even pathognomonic of the NF1 diagnosis (Agaimy
et al., 2012; Park et al., 2019; Poredska et al., 2019).

Pancreas divisum was reported in some cases of NF1 patients with periampullary
tumors and in most of them it is an incidental finding, with no apparent relationship with
the development of neoplasia or with the syndrome itself (Waisberg et al., 2006;
Bhandari et al., 2015). In general, the majority of patients with pancreas divisum do not
develop symptomatic disease and there is no evidence of a direct relationship between
this developmental anomaly and cancer (Ferri et al.,, 2019). Acute and chronic
pancreatitis are risk factors for the development of pancreatic cancer (Becker et al.,
2014; Kirkegard et al., 2018). Although some studies reported pancreatitis as findings
in patients with pancreas divisum, recent works revealed that pancreas divisum is not
a cause of pancreatitis, but acts as modulator of risk in carriers of additional genetic
variants (Bertin et al., 2012; Gutta et al., 2019), such as the one described here in the
CFTR gene, suggesting interaction and a cumulative effect of these two risk factors to

increase the risk of cancer (as the observed adenocarcinoma).
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In our patient, a heterozygous germline pathogenic variant in CFTR gene was
found. CFTR codifies the cystic fibrosis transmembrane conductance regulator, which
IS a membrane protein and chloride channel. Pathogenic variants in CFTR decrease
ion channel function and cause extracellular mucus build-up; excessively thick and
sticky mucus obstructs airways and pancreatic ducts, resulting in cystic fibrosis (Wang
et al.,, 2014). Although heterozygous carriers of pathogenic CFTR variants do not
develop cystic fibrosis, they may have an approximately 4-10 fold increased risk for
pancreatitis and associated pancreatic injury due to elevated mucus levels, fibrosis,
and cyst formation (Noone et al., 2001; Schneider et al., 2011; Steiner et al., 2011;
Hegyi et al., 2016). The intronic variant identified in our patient is a reportedly
pathogenic variant which ultimately results in a non-functional CFTR protein through
abnormal splicing (Delaney et al., 1993; Strong et al., 1993; Niksic et al., 1999; Groman
et al., 2004; Bombieri et al., 2011). The specific combination of pancreas divisum and
pancreatitis was previously reported in a carrier of the same pathogenic variant (Dray
et al., 2007; Montagnani et al., 2013).

4. Conclusions

The current report, to our knowledge, is the first clinical description and
documentation of the co-occurrence of germline NF1 and CFTR pathogenic variants in
the same patient with pancreas divisum and multiple tumors. The NF1 variant,
predicted to cause severe disruption of NF1 function is likely the cause of the multiple
solid tumors (breast cancer, pheochromocytoma, GIST and NET) observed in the
patient. Pancreas divisum and the CFTR pathogenic variant in heterozygosity, are
associated with acute and chronic pancreatitis, which in turn increases the risk for
pancreatic cancer. Although the patient did not refer previous pancreatitis, a subclinical
event could not be discarded. Finally, whether combination of the two germline variants
increases risk for pancreatic cancer in an additive manner remains to be determined.
The particular genetic status of this patient will require careful surveillance for lifetime
cancer risk as well as appropriate genetic counseling for her relatives and underscores

the importance of comprehensive genetic testing in patients with complex phenotypes.
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Figure legends

Figure 1. Abdominal magnetic resonance imaging. (A) T2 sequences show a small
nodular mass (arrow) with a hypointense signal at the level of the major duodenal
ampulla, measuring approximately 10.2 mm in its largest axis; (B) Pancreas divisum
diagnosis, arrow 1 shows the ventral pancreatic duct, arrow 2 shows the dorsal
pancreatic duct, and between those, the arrow 3 shows the common bile duct.

M Tt R

Figure 2. Macroscopy specnmens of pylorus-preserving pancreaticoduodenectomy. (A)
Pancreas divisum, arrow 1 shows the dorsal duct with a vegetative lesion
(17.0x2.0mm) extending to the major ampulla (star); arrow 2 shows the ventral duct
and the arrowhead shows a poorly defined densification area near the minor ampulla
(5.0mm); (B) Duodenal wall mass (12.0mm).
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Figure 3. Histological and immunohistochemical features of the synchronic
gastrointestinal tumors by hematoxylin-eosin (H&E) and immunohistochemical (IHC)
staining. The poorly-differentiated adenocarcinoma of the major ampulla H&E. A, and
CK7 IHC staining. B; The well-differentiated neuroendocrine tumor of the minor
ampulla H&E. C, and synaptophysin IHC staining. D; Spindle cells in the
gastrointestinal stromal tumor H&E. E, and DOG1 IHC staining. The histological
sections stained are presented at x100 magnification and the right small squares
represent x40 magnification.
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CAPITULO VII: DISCUSSAO
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Os tumores pancreaticos sdo extremamente agressivos e notadamente
apresentam mal prognéstico, mesmo o adenocarcinoma ductal pancreatico (ADP, tipo
tumoral mais estudado) apresenta oportunidades limitadas de tratamento. Tumores
mais raros, Como 0S outros carcinomas periampulares, também possuem altas taxas
de mortalidade e para estes, ha menos estudos que possam embasar terapias
inovadoras e modificar significativamente a sobrevida. Desta forma, a busca por novos
biomarcadores e alteracdes moleculares em vias de sinalizacdo pode favorecer o
entendimento da biologia tumoral e poderd permitir o desenvolvimento de novas

abordagens diagnésticas e terapéuticas.

No manuscrito do capitulo 1V, a caracterizacdo do perfil de metilacdo do DNA
em ADP foi realizada em busca de potenciais alvos terapéuticos em vias moleculares
associadas a carcinogénese. A plataforma de metilacdo utilizada neste trabalho
(Infinium HumanMethylation450 BeadChip Kit, lllumina) é capaz de interrogar 99% dos
genes humanos e discriminar padroes de metilacdo em dinucleotideos CpG e sua
relagdo com genes e ilhas CpG (Bibikova et al., 2011). Nesta andlise, observou-se que
os tumores eram predominantemente hipermetilados em comparacao as amostras de
tecido pancreatico normal adjacentes ao tumor (PanN) e que a maioria das sondas
hipermetiladas estava localizada nas Ilhas CpG e em promotores génicos. Esse perfil
€ comumente observado em varias neoplasias e ja foi descrito em trabalhos prévios
analisando ADPs com a mesma metodologia (Nones et al., 2014; Mishra & Guda,
2017).

Usando as informacdes de metilacdo obtidas na plataforma, investigamos
novas vias diferencialmente metiladas e potencialmente associadas a carcinogénese.
Observamos que a via de sinalizacdo de Célcio (Ca*?) apresentava Varios genes
diferencialmente metilados que tinham interagbes com vias importantes da
carcinogénese pancreatica (como por exemplo, as vias de sinalizacdo Ras e Hippo).
A via de sinalizacdo de Ca'? atua em diferentes processos bioldgicos, incluindo
regulacdo do ciclo celular, sobrevivéncia, apoptose, migracdo e regulacdo da

expressdo génica (Berridge et al., 2000). Alteracdes desta via ja foram descritas em
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outras neoplasias sélidas e regulacdo positiva ou negativa dos seus genes pode
promover a proliferacdo, migracdo e metastase (Monteith et al., 2007; Monteith et al.,
2012). Um estudo recente e importante foi o de Wang et al., que avaliou o status de
metilacdo do DNA e sua associacdo com expressao génica em doze tumores sélidos.
A via de sinalizacédo do Ca*? foi descrita como uma das principais vias desreguladas
por metilacdo em nove tumores (mama, bexiga, coélon, cabeca e pescoco, rim,
carcinoma hepatocelular, adenocarcinoma de pulméo, carcinoma escamoso de
pulméo e utero). Alguns genes silenciados epigeneticamente codificavam proteinas
chave da via de sinalizacdo do calcio como os trocadores Na*/Ca*? e receptores

acoplados a proteina G (Wang et al., 2017).

Para aprofundar a andlise desta via, a disponibilidade de informacfes de
expressdo génica, metilagdo e sobrevida do consoércio The Cancer Genome Atlas
(TCGA) nos permitiu investigar o impacto da metilacdo sobre a expressao dos genes
da via do Ca*?, bem como fazer inferéncias sobre o seu valor prognéstico. Observamos
que 112 sondas apresentavam correlagéo significativa entre os perfis de metilacdo e
expressdo génica; e entre estas, todas aquelas localizadas nas regides promotoras
apresentavam claramente correlacdo inversa com a expressdo, ao contrario das
sondas nos corpos dos genes, em que a correlacdo entre metilacdo e expressao

génica foi variavel.

Posteriormente, avaliamos o valor progndstico da expressdo de 32 genes
(correspondentes as 112 sondas) da via de sinalizacao do calcio. Verificamos que os
niveis de expressdo de dez genes estavam associados com sobrevida dos pacientes
com ADP. Pacientes com expressdo diminuida dos genes ADCY8, CACNAI1A,
CACNA1B, CACNA1D, CACNA1H, ORAI2, PDE1C, PLCB1 e RYR3 apresentavam
reducdo da sobrevida global, enquanto que a expresséo diminuida do gene HRH1 foi
associada a maior sobrevida. Dos 10 genes avaliados, apenas os genes PDEI1C,
PLCB1 e ADCYS8 codificam proteinas citoplasmaticas, os demais genes codificam
proteinas que controlam o influxo de Ca*? da membrana plasmatica no reticulo

endoplasmatico rugoso. Outros estudos demonstraram que 0s canais ou bombas de

147



Ca*? sdo alvos terapéuticos em potencial em diferentes subtipos de cancer e estédo
correlacionados com o prognéstico (Monteith et al., 2012; Chen et al., 2013; Raynal
et al., 2016; Wang et al., 2017). No ADP, poucos estudos investigaram o papel das
proteinas da via de sinalizacdo do Ca*?, principalmente em relacdo ao controle
epigenético mediado pela metilacdo do DNA de seus genes. O perfil de metilacdo do
gene S100A4, que codifica uma proteina de ligacdo ao Ca*™ relacionada ao
comportamento metastatico (Boye and Maelandsmo, 2010), foi avaliado em amostras
de ADP e linhagens celulares (Rosty et al.,, 2002). Os autores detectaram
hipometilacdo do gene nos tumores, e também associaram 0s niveis de metilacdo a
um pior grau de diferenciacdo tumoral. Usando dados do TCGA, Mishra et. al.
analisaram o perfil de metilagdo do DNA em amostras de ADP, embora os genes da
via de sinalizacdo de Ca*2 ocupassem a quarta posi¢édo no enriquecimento funcional
das sondas diferencialmente metiladas, esse achado néo foi explorado (Mishra &
Guda, 2017).

Embora o estudo néo tenha sido elaborado com essa finalidade, identificamos
padrdes desregulados de metilagdo do DNA em PanN. Ao realizar a clusterizagdo néao
supervisionada das amostras, verificamos que trés PanN apresentavam um perfil de
metilacdo muito semelhante ao ADP em uma pequena parcela das sondas. As
amostras foram verificadas em relacdo ao seu percentual de células normais (> 80%)
e apresentaram apenas pequenas regides de fibrose, sem nenhuma evidéncia de
contaminacdo celular neoplasica, sugerindo que essas alteracbes podem ocorrer
precocemente na transformacdo das células pancreaticas, antes mesmo de se
observar alteracdo morfolégica identificAvel por andlise histopatologica. Tais
alteracdes podem ser atribuidas ao fendbmeno do campo de cancerizagéo, conjunto de
alteracdes genéticas e epigenéticas que indicam que uma area especifica do tecido
normal estd passando por um processo de transformacdo neoplasica ou tem
predisposicdo para iniciar esse processo, 0 que pode ocorrer sem alteracoes
morfolégicas evidentes (Curtius et al.,, 2018). A andlise especifica dessas sondas

revelou 23 genes diferencialmente metilados envolvidos na via de sinaliza¢éo do célcio
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sugerindo que esta via de sinalizacdo pode estar alterada desde etapas muito iniciais

da carcinogénese do ADP.

Sendo assim, os resultados deste estudo indicam um papel importante da via
de sinalizacdo do calcio desde cedo no processo de carcinogénese do ADP e abrem
uma oportunidade promissora para estudos de pesquisa adicionais. Sera importante
ampliar e replicar o estudo atual, preferencialmente com um maior numero de
amostras para confirmar os achados em diferentes estagios do desenvolvimento do
ADP.

Quanto aos carcinomas periampulares, as informacgfes genéticas e epigenéticas
ainda sao limitadas, tanto em relacdo da sua biologia tumoral como histdria natural da
doenca considerando as diferentes origens teciduais. As andlises realizadas nessa
tese tiveram como objetivo inicial contribuir para o melhor entendimento dos
mecanismos de carcinogénese implicados nestes tumores. Neste contexto, a
acessibilidade ao DNA mediada pelas desacetilases de histonas poderia ter um papel
importante na regulagdo epigenética dos mesmos. As HDACs atuam modulando a
expressdo dos genes e removendo grupos acetil de proteinas ndo-histonas como por
exemplo fatores de transcricdo, exercendo efeitos diretos em varios processos
bioldgicos (West & Johnstone, 2014). Em neoplasias, as HDACs atuam na inducéo da
transcricdo de genes-chave que regulam funcbes celulares importantes, como
proliferacédo celular, regulacdo do ciclo celular e apoptose (Ropero & Esteller, 2007).
Adicionalmente, inibidores de desacetilases de histonas (HDACI) sdo uma nova classe
de farmacos anti-cancer que tem sido utilizada como terapia complementar a
convencional para melhorar o prognostico de doencas neoplasicas como o ADP
(Lakshmaiah et al., 2014). Entre as avalia¢cOes iniciais para investigar o potencial
terapéutico de um novo agente quimioterapico esta a verificagcdo se o seu alvo
molecular é expresso. Assim, obter mais informacdes sobre a expressdo das HDACs
em CP € um primeiro passo para avaliar se estas proteinas séo relevantes no processo
de carcinogénese. No manuscrito do capitulo V, caracterizamos o perfil de expressao
das desacetilases de histonas HDAC1, HDAC2, HDAC3 e HDAC7 em carcinomas
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periampulares, bem como investigamos o0 possivel papel das mesmas no
desenvolvimento dos carcinomas de ampola de Vater. Utilizamos bancos de dados de
expressédo para avaliar o perfil das HDACs e segundo nosso conhecimento, este foi o
primeiro estudo a avaliar a sua expressdo no adenocarcinoma duodenal. Os
carcinomas de ampola de Vater e os adenocarcinomas duodenais apresentaram um
perfil de expressdo semelhante paras as HDAC1 e HDAC2. Provavelmente porque
ambos os tecidos apresentam a mesma origem embrionéria e o epitélio da ampola de
Vater é formado por células com o perfil intestinal (Kimura et al., 1994; Chang et al.,
2013; Yachida et al., 2016). Esse trabalho ainda avaliou, pela primeira vez, a
caracterizacao proteica das HDACs em amostras de adenocarcinoma de ampola de
Vater (o subtipo histolégico mais frequente), e tecidos normais adjacentes
(pancreatico, ampular e duodenal). O U(nico relato prévio de expressdo de
desacetilases de histonas no carcinoma de ampola de Vater era de um subtipo tumoral
raro (carcinoma neuroenddcrino de alto grau) (Stojsic et al., 2010). Encontramos um
perfil de expressdo muito semelhante para todos os tecidos analisados, sugerindo que
HDAC1, HDAC2, HDAC3 e HDAC7 nao estdao diretamente envolvidas no

desenvolvimento dos carcinomas de ampola de Vater.

Ainda em relacdo aos carcinomas periampulares, estes tumores ndo sao
incomuns em pacientes com neurofiboromatose tipo 1 (NF1), um dos disturbios
autossdmicos dominantes mais prevalentes (Cimino & Gutmann, 2018). Anomalias do
desenvolvimento, como pancreas divisum, foram descritas em pacientes com NF1 e
com tumores periampulares e, na maioria deles o diagnéstico foi incidental, sem
relacdo causal aparente da alteracdo molecular observada na doenca (perda de
funcd@o do gene NF1) com o desenvolvimento de neoplasias pancreaticas (Waisberg
et al., 2006; Bhandari et al., 2015). No manuscrito do capitulo VI, descrevemos uma
apresentacao incomum de um paciente com NF1, pancreas divisum, multiplos tumores
gastrointestinais e a co-ocorréncia de duas variantes patogénicas na linhagem
germinativa (NF1 e CFTR). Este caso € particularmente interessante porque a
paciente apresentava dois sistemas ampulares devido ao pancreas divisum e trés

neoplasias primarias, duas delas tumores ampulares (adenocarcinoma e tumor
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neuroendocrino) e um tumor estromal gastrointestinal (GIST). Por conta desta
apresentacao, foi realizada uma investigacdo com painel de multiplos genes
relacionados a neoplasias endocrinas e exécrinas do pancreas. Pacientes com NF1
tem uma predisposi¢céo para neoplasias neuroenddcrinas pancreaticas e ampulares
em especial GIST, entretanto a ocorréncia de adenocarcinomas ndao € comum
(Gutmann et al., 1997; Relles et al., 2010; Guilmette & Nosé, 2019). O outro fator de
risco para cancer de pancreas identificado nesta paciente € a presenca de uma
variante patogénica em heterozigose no gene CFTR. O mecanismo de associagao de
risco de CFTR com cancer de pancreas nao € direto, mas sim, indireto, pois em
pacientes com variantes patogénicas, pancreatites recorrentes sdo comuns. A
pancreatite, por sua vez, é um dos fatores de risco para neoplasias pancreaticas mais
estabelecidos (Raimondi et al., 2010; Kirkegard et al., 2017) e nos casos com etiologia
hereditaria geralmente cursa com a presenca de variantes patogénicas nos genes
PRSS1, SPINK1 ou CFTR (Zhan et al., 2018; Lee & Papachristou, 2019).
Surpreendentemente, a paciente ndo apresentava historia prévia de pancreatite, o que
€ curioso, pois além de apresentar uma variante patogénica em CFTR, a paciente
possuia outra caracteristica que favorece o desenvolvimento de pancreatite, o
pancreas divisum. Essa malformacéo pancreética atua como um modulador de risco
em portadores das variantes patogénicas (Bertin et al., 2012; Hegyi et al., 2016).
Embora ndo exista relato de sintomas ou claro diagnostico de pancreatite prévia, a
ocorréncia de pancreatite subclinica ndo pode se descartada. Fica também a duvida
em relacdo a um efeito combinado das duas variantes patogénicas sobre a
predisposicdo aumentada para desenvolvimento de carcinomas periampulares, que
poderia ser melhor estudada em modelos experimentais ou nos proprios tecidos
tumorais da paciente. Sendo assim, € possivel que a identificacdo de duas variantes
germinativas patogénicas possa explicar o fen6tipo incomum e mais grave observado
na paciente. Este caso ressalta a importancia de analises moleculares abrangentes
em pacientes com fenoétipos complexos, como a presenca de multiplos tumores

primarios em combinag&do com anomalias do desenvolvimento.
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CAPITULO VIII: CONCLUSOES
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Considerando os resultados encontrados no presente estudo, podemos

concluir que:

a. O adenocarcinoma ductal pancreatico apresenta genes
diferencialmente metilados em relacéo ao tecido normal adjacente. Entre outros
achados, os dados obtidos no presente estudo indicaram que a via de sinalizagcéo
do célcio est4 alterada por esse processo epigenético, e muitos de seus genes
sdo compartilhados com vias chave da carcinogénese pancreatica, como as vias
Ras e Hippo. Os genes CACNA1A, CACNA1B, CACNAl1H, e RYR3; que
controlam o influxo de Ca*? da membrana plasmatica no reticulo endoplasmatico
rugoso estavam mais frequentemente hipermetilados, a reducdo da expressao
desses genes se mostrou associada a reducdo da sobrevida global nos
pacientes. Este achado é relevante, pois pode indicar potenciais alvos
terapéuticos para casos selecionados de ADP. Adicionalmente, os dados indicam
que a via de sinalizacdo do célcio parece ter um papel importante desde as

etapas muito iniciais da carcinogénese pancreética.

b. A andlise de expressdo de desacetilases de histonas, embora
deva ser considerada uma analise preliminar, indica que que os carcinomas de
ampola de Vater e os adenocarcinomas duodenais apresentam perfil de
expressdo semelhante para HDAC1 e HDAC2. Ainda, os adenocarcinomas de
ampola de Vater e tecidos ndo tumorais adjacentes apresentam também um perfil
de expressao semelhante para as HDAC1, HDAC2, HDAC3 e HDACY. Estes
resultados sugerem que as desacetilases de histonas ndo estdo diretamente
envolvidas na carcinogénese de tumores da ampola de Vater, embora possam
ter um papel auxiliando o fenétipo tumoral, modulando genes envolvidos

proliferacéo celular, regulacéo do ciclo celular e apoptose.

C. Mediante descricio de um caso clinico apresentamos um
exemplo de um caso complexo, com fendtipo atipico e mais grave de

neurofiboromatose 1 onde a presenca de duas variantes germinativas patogénicas

153



em genes distintos (NF1 e CFTR) relacionados a doencas envolvendo o
pancreas podem ter agido sinergicamente. Em especial, a variante germinativa
patogénica do gene CFTR associada ao pancreas divisum podem ter contribuido
para a ocorréncia de mdultiplos tumores na paciente portadora de
Neurofiboromatose tipo 1. Este relato de caso reforca a importancia de uma
analise molecular mais abrangente, incluindo avaliacdo de multiplos genes
relacionados ao fendtipo em casos atipicos ou com fendtipo mais grave que o
habitual. A informacg&o obtida no estudo de caso sera também muito relevante

para os familiares do caso indice.

Em suma, os resultados desta tese contribuem para o melhor entendimento do
perfil genético e epigenético dos adenocarcinomas ductais pancreaticos e de
carcinomas periampulares. Os resultados também indicam importantes linhas de
investigacdo para explorar melhor novas vias de sinalizacdo que possam trazer
informacdes relevantes para o desenvolvimento de biomarcadores prognosticos e

novas estratégias terapéuticas.
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CAPITULO IX: PERSPECTIVAS
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Como perspectivas a continuidade desse trabalho, estao as seguintes acoes:

1) Investigar o perfil de metilacdo de genes da via de sinalizacao do calcio em
um maior nimero de amostras de adenocarcinoma ductal pancreatico para
confirmar os achados em diferentes estagios do desenvolvimento do tumor;

2) Analisar o perfil global de metilacdo do carcinoma de ampola de Vater e do
adenocarcinoma duodenal;

3) Analisar a expressédo proteica das HDACs em amostras teciduais de
adenocarcinoma  duodenal e colangiocarcinoma  distal por
imunohistoquimica;

4) Ampliar a investigacdo do impacto da combinacdo das variantes
patogénicas de NF1 e CFTR sobre a predisposicdo aumentada para
desenvolvimento de carcinomas periampulares em modelos experimentais

e a partir da analise dos tumores identificados em um caso clinico.
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ABSTRACT

Periampullary carcinomas (PACs) are rare neoplasms arising from pancreatic head,
ampulla of Vater, distal billiary duct and proximal duodenum. PACs exhibit high
mortality due to the lack of efficient therapy and the molecular mechanism underlying
the development of these cancers is poorly understood as well as aberrant DNA
methylation. We hypothesized that aberrant DNA methylation may be an important
event in the tumorigenesis of PACs. To test this hypothesis, we aimed to conduct
genome-wide methylation analysis of PACs comparing the methylome profiles of PAC
tumors with the adjacent normal tissue (NT). Methylation profiles were investigated
using lllumina’s Infinium Human Methylation 450 BeadChip array in 17 PAC and 14 NT
samples. Differential methylation among the samples was analyzed by robust
regression. PAC exhibit distinct global methylation profiles in comparison to their NT.
We identified a total of 5622 differentially methylated positions (DMPs) and 1056
differentially methylated regions (DMR) corresponding to 789 genes (FDR < 0.05,
AB>0.2). Among PAC-specific DMRs, we found 14.2% (112 genes) were
hypomethylated and 85.8% (671 genes) were hypermethylated. Some of the identified
DMR-associated genes (ZSCAN18, CDH13, RUNX3, DCLK1, CCND2, SLIT2 and
TWIST1) were reported in previous studies on PAC, supporting the notion that specific
genes may be consistently targeted by differential methylation. To further determine
the potential biological relevance of the identified DMRs, pathway analyses were
performed using Enrichr that revealed dysregulation in calcium signaling and signaling
pathways regulating pluripotency. The present study identified specific differentially
methylated genes underscoring the potential role of distinct pathways involved in the
development and progression of PAC. These deregulated genes and pathways might
be potentially exploited in the development of epigenetics-based strategies for

biomarker discovery and therapeutic intervention.
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ABSTRACT

Telomere maintenance is a critical requirement for enabling tumor replicative
immortality. Here, telomerase expression, telomere length (TL) and potential regulatory
factors that can underlie telomerase machinery alterations in periampullary carcinomas
(PA, n= 20) were analyzed. The hTERT immunostaining was detected in 13/14
samples; additionally, we found short relative TL in tumors compared with normal
duodenal adjacent tissues (ND, P =0.01) assessed by g°PCR. hTERT promoter hotspot
mutations were not present, however, the c.-245bp TSS (rs2853669) was detected in
9/20 tumor samples. rs2853669 is located in an ETS (E-twenty six) family transcription
factor consensus sequence which can increase hTERT expression. The telomere
shortening is a common event in 70% of tumors and the rs2853669 may play a role by
blocking the progressive telomere shortening by increasing telomerase expression in

these tumors.
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Germine pathogenic variants in BRACA T and BACAZ (BRCA) are the main cause of Heradi-
tary Breast and Ovarian Cancer syndrome (HBOC).

Methods

In this study we evaluated the mutational profile and prevalence of BRACA pathogenic/llsly
pathogenic variants among probands fulfiling the NCCN HBOC testing criteria We charac-
terized the cincal profile of these individuals and expiored the performance of internasionad

Results

A pathcgenclikely pathogenic vanant was detected n 19.1% of 218 probands. ndiuding
seven noved frameshift variants. Variants of uncertain significance were found n 5. 7% of
individuals. We evaluated 50 testing critera and mutation probability sigorithms. There was
a significant odds-ratio (OR) for mutation prediction (p < 0.05) for 25 criteria; 14 of these
had p < 0.001. Using a cutolf point of four criteria, the sensiivity i 82 8%, and the specificity
is 53 5% for being a carrier. The prevalence of pathogenic/likely pathogenic variants for
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