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RESUMO

O céncer ductal adenocarcinoma pancreatico (PDAC) ¢ reconhecido pela sua agressividade e
prognostico desfavoravel, com a invasdo perineural (PNI) sendo um importante contribuinte
para a gravidade clinica. Os presentes estudos exploraram o PDAC em niveis moleculares
distintos, utilizando dados de sequenciamento de RNA de célula Unica (sScCRNA-seq) e
transcriptoma espacial. O primeiro estudo investigou as complexidades moleculares da PNI no
PDAC, com foco nas Células Estreladas Pancreaticas (PSCs) e em genes criticos como SPP1,
IGFBP3, PLAU e POSTN. Observamos padrdes de sinalizagdo distintos em tumores PNI-
positivos, enfatizando a importancia das PSCs e células mieloides, e identificamos modulos
associados a processos celulares fundamentais, como apresentacdo de antigenos e modulacao
imune. Os dados de transcriptoma espacial corroboram os resultados do sScRNA, demonstrando
que as células PSCs que expressam o gene POSTN estdo proximas as células tumorais e
expressam genes da familia do colageno. O segundo estudo examinou os efeitos do jet lag
crénico no PDAC, também utilizando scRNA-seq em modelo animal de indugdo de PDAC.
Observou-se alteracgdes significativas na composicao celular, interacdes e padrées de expressao
génica, com um aumento notavel de células acinares e mieloides sob jet lag cronico.
Destacamos um perfil distinto de producdo de citocinas em células mieloides, especialmente
marcado pela regulacéo positiva de genes associados a receptores de quimiocinas como Cxcl12,
e identificamos modulos enriquecidos em macrofagos sob jet lag crénico, enfatizando o
Impacto dos ritmos circadianos interrompidos no microambiente tumoral. Ambos os estudos
ressaltam a plasticidade celular e os padrdes de expressdo génica em resposta a PNI e ao jet lag
crénico, oferecendo insights valiosos sobre os mecanismos de regulacdo imunoldgica e
potenciais alvos terapéuticos para investigagdes futuras.

Palavras-chave: sScCcRNA, pancreas, transcriptoma espacial, cancer



ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is recognized for its aggressiveness and unfavorable
prognosis, with perineural invasion (PNI) being a significant contributor to clinical severity.
The present studies explored PDAC at distinct molecular levels, utilizing single-cell RNA
sequencing (scRNA-seq) data and spatial transcriptomics. The first study investigated the
molecular complexities of PNI in PDAC, focusing on Pancreatic Stellate Cells (PSCs) and
critical genes such as SPP1, IGFBP3, PLAU, and POSTN. We observed distinct signaling
patterns in PNI-positive tumors, emphasizing the importance of PSCs and myeloid cells, and
identified modules associated with fundamental cellular processes like antigen presentation and
immune modulation. Spatial transcriptomics data corroborated scCRNA results, demonstrating
that POSTN-expressing PSCs are proximal to tumor cells and express collagen family genes.
The second study examined the effects of chronic jet lag on PDAC, also using SCRNA-seq in
an animal model of PDAC induction. Significant alterations in cellular composition,
interactions, and gene expression patterns were observed, with a notable increase in acinar and
myeloid cells under chronic jet lag. We highlighted a distinct cytokine production profile in
myeloid cells, particularly marked by upregulation of genes associated with chemokine
receptors like Cxcl12, and identified modules enriched in macrophages under chronic jet lag,
emphasizing the impact of disrupted circadian rhythms on the tumor microenvironment. Both
studies underscore cellular plasticity and gene expression patterns in response to PNI and
chronic jet lag, offering valuable insights into immune regulation mechanisms and potential
therapeutic targets for future investigations.

Keywords: sScCRNA, pancreas, spatial transcriptomics, cancer
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1. INTRODUCAO

O cancer pancreatico (CP) continua sendo uma doenca altamente fatal e ocupa o
sétimo lugar como causa de morte por cancer em todo o mundo, tanto em homens quanto
em mulheres. Estima-se que haja cerca de 459.000 novos casos e 432.000 mortes por CP
de acordo com as estimativas do GLOBOCAN 2018 (MIZRAHI et al., 2020). A
incidéncia desse tipo de cancer estd aumentando em uma taxa de 0,5% a 1,0% ao ano,
sendo projetado que se torne a segunda principal causa de morte por cancer nos Estados
Unidos até 2030 (PARK; CHAWLA; O'REILLY, 2021). No Brasil, o CP € responsavel
por aproximadamente 2% de todos o0s casos de cancer diagnosticados e por 4% do total
de mortes relacionadas ao cancer, de acordo com o Instituto Nacional de Cancer José
Alencar Gomes da Silva (INCA) (DA SILVA et al., 2021).

Clinicamente, cancer de pancreas € o termo geral para tumor maligno formado
nas células epiteliais de estruturas glandulares nas células ductais pancreaticas, conhecido
como adenocarcinoma, e o adenocarcinoma ductal pancreatico (PDAC) é responsavel por
mais de 90% dos canceres pancreaticos. Outros canceres pancreaticos exdcrinos menos
comuns incluem carcinoma adenoescamoso, carcinoma de células escamosas, carcinoma
de células gigantes, carcinoma de células acinares e carcinoma de pequenas células (HU
etal, 2021.).

Os fatores que determinam a letalidade do PDAC sdo numerosos, centrados na
incapacidade de detectar a doenca até o final da progressdo, muitas vezes ap0s metastases
a distancia. Além disso, fora da minoria (10%-15%) dos casos atribuidos a mutacdes
germinativas ou fatores de risco conhecidos, tais como lesbes cisticas mucinosas e
pancreatite cronica, ndo existe um anico fator de risco atribuivel para a maioria dos
pacientes. (HALBROOK et al., 2023). O mal prognostico estd relacionado a rapida
disseminagao para os linfonodos e 6rgdos distantes, a auséncia de sintomas especificos
que possam levar a um diagndstico precoce e a escassez de biomarcadores para a detec¢édo
de tumores em estagio avancado. (DA SILVA et al., 2021).

Atualmente, as opc¢0es terapéuticas disponiveis incluem cirurgia, radioterapia,
quimioterapia, imunoterapia e o uso de drogas direcionadas. No entanto, até 0 momento,
as terapias direcionadas as vias moleculares associadas ao cancer ndo tém mostrado
resultados satisfatorios. 1sso ocorre, em parte, devido a rapida ativacdo de vias alternativas
compensatorias, bem como a presenca de uma reacdo desmoplasica densa no tumor
(ADAMSKA; DOMENICHINI; FALASCA, 2017).
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A mudanca na estrutura etaria da populacao global, especialmente em regides em
desenvolvimento, juntamente com as alteragdes nos fatores de risco modificaveis
estabelecidos, desempenham um papel significativo nas tendéncias observadas no cancer
pancreatico. Tanto os fatores genéticos quanto as exposi¢Ges modificaveis, isoladamente
ou em combinacgdo, tém influéncia no risco de desenvolvimento desse tipo de cancer
(KLEIN, 2021). Dentre as muitas lesdes genéticas identificadas no cancer pancreético, o
mutante ativo K-ras € um dos primeiros a ocorrer na tumorigénese pancreatica, seguido
pela inativacdo de varios supressores tumorais, incluindo p53, p16INK4a e outros, como
genes envolvidos no ritmo circadiano (JIANG et al., 2022).

Os ritmos circadianos oscilam ao longo de um periodo de 24 horas e impactam
muitos processos fisioldgicos e aspectos da vida diaria, incluindo comportamentos
alimentares, regulacdo do ciclo sono-vigilia e homeostase metabdlica (STEELE et al.,
2021). Varios processos bioldgicos importantes sdo regulados por ritmos circadianos.
Assim, a interrupcdo do reldgio circadiano pode contribuir para a proliferacdo celular
anormal, aumento da mutacdo genética e resisténcia a apoptose, que sao caracteristicas
importantes do cancer. Com base nas descobertas de estudos epidemiolégicos e
laboratoriais, 0s ritmos circadianos anormais foram listados como potenciais
cancerigenos pela Organizacdo Mundial da Saude (OMS), o que aumentou o foco na
definicdo dos mecanismos subjacentes a tumorigénese induzida pela interrupcédo
circadiana (ZHOU et al.,2022).

Especificamente, o pancreas é um dos 6rgdos mais afetados por esse sistema de
cronometragem, pois possui seu préprio sistema de temporizacdo endégeno regulado pelo
SCN (nucleo supraquiasmatico) e sinais ndo foticos que mantém sua fisiologia normal.
Além disso, 0 pancreas esta intimamente ligado a sua funcdo endécrina. Estudos in vitro
e in vivo tém demonstrado que a interrupcdo do ritmo circadiano também esta associada
ao desenvolvimento, progressao e resisténcia aos tratamentos no cancer pancreatico.
Analises prospectivas da expressdo dos genes circadianos em pacientes com
adenocarcinoma ductal pancreatico revelaram uma menor expressdo de PER1, PER2,
PER3, CRY1, CRY2, TIPIN, TIM, CK1E, BMAL-ARNTL e CLOCK nos tecidos
cancerosos em comparagio com seus tecidos adjacentes correspondentes (GARCIA-
COSTELA et al., 2020).

Além dos mecanismos que auxiliam na proliferacdo das células, o ritmo
circadiano esta sendo associado com a evolugdo das neoplasias a nivel metastatico. A

invasdo perineural (PNI) corresponde a um tipo de disseminagdo metastatica no qual as
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células neoplasicas invadem os nervos do sistema nervoso periférico para realizar o seu
trajeto até o sitio secundario, uma vez que, 0s nervos protegem essas células neoplésicas
contra as defesas imunologicas (CHEN et al., 2019).

Avancos recentes na gendmica de célula unica fornecem ferramentas poderosas
na exploracdo da heterogeneidade genética e funcional, reconstrucdo de linhagens
evolutivas e deteccdo de subpopulages raras. Além disso, estudos de scRNA-seq em
tumores humanos revelaram novos insights sobre a heterogeneidade tumoral e
subpopulacdes distintas, que s@o essenciais para dissecar detalhadamente o mecanismo
relacionado ao tumor (PENG et al., 2019). Por meio do scRNA-seq, pesquisadores
encontraram dois grupos de células ductais e pelo menos sete subgrupos com
suprarregulacdes Unicos de genes em cada um. Eles também identificaram cinco
subgrupos de linfécitos T e macrofagos, cada um compreendendo ecossistemas
imunoldgicos Gnicos. E imperativo considerar as varias populacdes de células ndo
cancerigenas ao explorar esses microambientes tumorais. Em particular, as células
imunes precisam ser examinadas, pois a sobrevivéncia do paciente foi associada a
infiltracdo imune, com correlacdes significativas com os tipos de células imunes e as
assinaturas de inflamacdo presentes. Com o tempo, 0 SCRNA-seq pode muito
provavelmente inaugurar uma nova era de medicina de precisao na pesquisa e terapéutica
do cancer de pancreas (BOU ZERDAN et al., 2022).

Nesse contexto, o objetivo do presente estudo foi avaliar a progressdo do CP,
associando esse evento a expressdo dos genes circadianos e observar uma possivel
interacdo entre esse evento e a desdiferenciacdo das células de Schwann, agentes
importantes para a promocéo da invasao perineural. O CP é um tipo tumoral complexo e
agressivo que necessita de mais estudos para melhorar o entendimento sobre 0s processos

que estdo relacionados a sua progressao.
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2. OBJETIVOS

2.1 Objetivo geral

e Compreender a interacdo entre o ritmo circadiano e a invasdo perineural no

contexto do adenocarcinoma de pancreas

2.2 Objetivos especificos

e Identificar os genes diferencialmente expressos no cancer de pancreas;

e Analisar as vias moleculares associadas aos genes diferencialmente expressos do
cancer de pancreas;

e Associar os genes diferencialmente expressos do cancer de pancreas a expressao
dos genes do ritmo circadiano;

e Analisar o processo de invasdo celular das células neoplasicas de cancer de
pancreas;

e Analisar a diversidade celular e 0 microambiente tumoral no carcinoma ductal
pancreéatico (PDAC);

e Correlacionar os dados de scRNA e trancriptoma espacial.
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3. REVISAO DE LITERATURA

3.1 Cancer de Pancreas

3.1.1 Caracteristicas gerais

O pancreas normal consiste em células acinares secretoras de enzimas digestivas,
células ductais secretoras de bicarbonato, células centroacinares que sdo a transi¢do
geografica entre células acinares e ductais, ilhotas enddcrinas secretoras de hormonios e
células estreladas relativamente inativas. A maioria das neoplasias malignas do pancreas
sdo adenocarcinomas; neoplasias pancreaticas raras incluem tumores neuroenddcrinos
(que podem secretar horménios como insulina ou glucagon) e carcinomas acinares (que
podem liberar enzimas digestivas na circulacdo). Neoplasias ainda menos comuns
incluem carcinomas coldides, pancreatoblastomas e neoplasias sélidas pseudopapilares
(KLEEFF et al., 2016).

Dentre todos os subtipos de tumores pancreaticos, o mais prevalente é o
adenocarcinoma (de origem no tecido glandular), correspondendo a 90% dos casos
diagnosticados. O PDAC é um tumor epitelial que se origina no compartimento exdcrino
do pancreas, que contém células acinares responsaveis pela sintese de enzimas digestivas
e o0 ducto pancreatico funciona como um canal para o intestino delgado. O PDAC
interrompe a secrecdo de enzimas digestivas, levando a ma digestdo e, consequentemente,
a desnutricdo. O PDAC tem uma natureza agressiva e metastatiza com frequéncia,
especialmente para o figado (PANG et al., 2022).

Infelizmente, a maioria dos canceres pancreaticos se apresenta de forma
inespecifica e ndo é diagnosticada até o final do curso da doenca, depois que o cancer ja
se espalhou para outros 6rgdos. Os sintomas comuns incluem dor, particularmente dor
epigastrica que irradia para as costas, perda de peso inexplicavel, ictericia, fezes cor de
barro, nausea e em ~10% tromboflebite migratoria (sindrome de Trousseau). As vezes
apresentam diabetes mellitus de inicio recente ou sinais e sintomas de pancreatite crénica
(WOLFGANG, et al., 2013).

O cancer de pancreas esta associado a um prognostico extremamente ruim por
varias razdes. Geralmente é diagnosticado em estagios avancados, o que geralmente
ocorre devido a inespecificos e - em alguns casos - auséncia de sintomas, falta de

marcadores tumorais sensiveis e especificos e dificuldades na geracdo de imagens de
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tumores em estagio inicial. O cancer de pancreas é agressivo, com crescimento local
perineural e vascular e metastases distantes precoces que impedem a ressec¢ao cirurgica
curativa na maioria dos pacientes. O cancer de pancreas é caracterizado por uma notavel
resisténcia (ou tolerancia) a maioria das opcdes de tratamento convencionais, incluindo
quimioterapia, radioterapia e terapia alvo molecular. Finalmente, o cancer pancreatico
abriga multiplas alteracdes genéticas e epigenéticas e possui microambientes tumorais
complexos e densos. Todos esses fatores resultam em uma taxa de sobrevida geral em 5
anos de <7%, com quase todos o0s sobreviventes nesse momento sendo 10 a 20% dos
pacientes submetidos a resseccao cirirgica; para esses pacientes, a taxa de sobrevida em
5 anos é de aproximadamente 15-25% (KLEEFF et al., 2016).

3.1.2 Epidemiologia

Anaélises de dados de base populacional devem considerar variagdes geograficas
e temporais na qualidade dos diagndsticos clinicos e na propor¢do de casos de cancer
pancreatico verificados histologicamente, que raramente € superior a 50%. Por exemplo,
0 acesso diferenciado aos cuidados de salde, incluindo ferramentas radioldgicas
avancadas, pode influenciar a precisdo das taxas relatadas de cancer pancreatico
(KLEEFF et al., 2016).

Nas Ultimas duas décadas, o numero global anual de canceres de pancreas
diagnosticados dobrou. Em 2017, havia 441.000 canceres pancreaticos em todo o mundo,
em comparacdo com 196.000 em 1990. Dado que o cancer pancreatico € uma doenga cujo
risco aumenta com a idade e raramente ocorre antes dos 40 anos, a mudancga na estrutura
etaria da populacdo global juntamente com a melhoria do diagnéstico respondem por
grande parte do aumento da incidéncia (nimero de casos na popula¢do em um ano) de
cancer pancreético, particularmente em paises de alta renda. (KLEIN, 2021).

O PDAC ¢ a terceira principal causa de mortalidade por cancer nos Estados
Unidos (EUA) e a sétima principal causa em todo o0 mundo. A idade média no momento
do diagndstico nos EUA é de 71 anos, e 0o PDAC ¢ ligeiramente mais comum em homens
do que em mulheres (5,5 vs 4,0 por 100.000 individuos). Na apresentacdo, 50% dos
pacientes tém doenca metastatica, 10% a 15% tém doenca localizada passivel de cirurgia
e o restante (30% a 35%) tem doenca localmente avancada principalmente irressecavel
devido a extensdo de envolvimento tumoral-vascular (PARK; CHAWLA; O’REIL;
2021).
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Essa patologia corresponde no cenario brasileiro a cerca de 2% dos canceres
diagnosticados e a 4% do total de mortes no Brasil (DA SILVA et al., 2021). O nimero
estimado de casos novos de cancer de pancreas no Brasil, para cada ano do triénio de
2023 a 2025, é de 10.980 casos, correspondendo ao risco estimado de 5,07 casos por 100
mil habitantes, sendo 5.290 em homens e 5.690 em mulheres. Esses valores correspondem
a um risco estimado de 5,00 casos novos a cada 100 mil homens e 5,15 a cada 100 mil
mulheres. Sem considerar os tumores de pele ndo melanoma, o cancer de pancreas ocupa
a 142 posicao entre os tipos de cancer mais frequentes. A Regido Sul apresenta as maiores

taxas de incidéncia entre homens e mulheres (INCA, 2022).

3.1.3 Fatores de risco

Os fatores de risco para CP (cancer pancreatico) sdo classificados como néo
modificaveis (idade, sexo, area, grupo sanguineo, histéria familiar e suscetibilidade
genética, diabetes) e modificaveis (microflora intestinal, tabagismo, alcool, pancreatite
crbnica, obesidade, fatores dietéticos, infeccdo) (ZHAO; LIU; 2020).

3.1.3.1 Fatores de risco ndo modificaveis

A idade é o principal determinante do cancer de pancreas. A maioria dos pacientes
é diagnosticada com mais de 50 anos de idade, com pico de incidéncia na sétima e oitavas
décadas de vida (KLEEFF et al., 2016). No Brasil, o cancer de pancreas € uma entidade
rara quando diagnosticado antes dos 30 anos, sendo mais comum ser diagnosticado apds
0os 60 anos. Globalmente, cerca de 90% dos casos de cancer de pancreas sdo
diagnosticados apds 0s 55 anos de idade, variando em alguns paises. Nos Estados Unidos,
a doenca é mais prevalente aos 60 anos e, na india, torna-se mais frequente a partir dos
50 anos (PASQUAL et al, 2020.).

A incidéncia mundial de cancer de pancreas é maior em homens do que em
mulheres. Essa disparidade parece ser maior em paises com indices de desenvolvimento
mais elevados. Apesar da diferenca entre os sexos, uma revisao sistematica de 15 estudos
concluiu que os fatores reprodutivos ndo foram associados ao cancer pancreatico em
mulheres. Esses achados apontam para diferentes exposi¢cdes a fatores ambientais ou
genéticos como explicacdes alternativas para a predominancia masculina (MCGUIGAN
etal., 2018).
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Nos Estados Unidos, foi relatado um risco aumentado de 50% a 90% de cancer
pancreatico em afro-americanos em comparagao com caucasianos, enquanto as taxas de
incidéncia sdo mais baixas em habitantes das ilhas do Pacifico e asiatico-americanos.
Propde-se que as taxas de incidéncia mais altas na populacdo afro-americana estejam
ligadas a uma maior exposicdo a outros fatores de risco para cancer pancreatico, como
tabagismo, consumo de alcool, indice de massa corporal elevado e maior incidéncia de
diabetes, mas ha também ¢ evidéncia de interac@es genéticas ou ambientais subjacentes
para explicar pelo menos algumas das diferencas observadas na incidéncia entre grupos
étnicos (MCGUIGAN et al., 2018).

Estudos recentes mostraram que os antigenos do grupo sanguineo afetam o risco
de CP. Entre as pessoas com diabetes, as pessoas com grupo sanguineo A, AB ou B tém
um risco maior de desenvolver CP do que aquelas com tipo O. Esses estudos indicam que
0 gene que codifica o grupo sanguineo ABO desempenha um papel direto na
tumorigénese e na malignidade e esta envolvido na vigilancia imunoldgica das células
tumorais, na adesdo celular, na apoptose tumoral e na angiogénese (ZHAO; LIU; 2020).
O grupo sanguineo O mostrou um efeito protetor, enquanto cerca de 15% a 20% de todos
0s PC poderiam estar associados ao tipo sanguineo ndao-O (LUO et al, 2023.).

Estudos de caso-controle e de coorte demonstraram que individuos com histdria
familiar de cancer pancreatico tém um risco aumentado de 1,9 a 13 vezes de desenvolver
cancer pancreatico (WOLFGANG, et al., 2013). Estima-se que até 10% dos casos surjam
em individuos com forte histdrico familiar ou portadores de uma mutagdo germinativa,
referidos como individuos de alto risco (IHR), para os quais a vigilancia é recomendada.
O IHR pode ser dividido em cancer de pancreas familiar ou como sindrome de cancer
hereditario, que apresentam prevaléncia populacional e risco de cancer de péancreas
variaveis (KLATTE et al, 2022). O cancer de pancreas hereditario pode se apresentar no
contexto de varias sindromes hereditarias, incluindo sindrome de Peutz-Jeghers,
pancreatite hereditaria, melanoma multiplo atipico familiar, sindrome hereditaria de
cancer de mama e ovario, sindrome de Lynch e polipose adenomatosa familiar (CAI et
al, 2021).

O diabetes mellitus é tanto um fator de risco para o cancer de pancreas como
também uma consequéncia, com muitos pacientes com cancer de pancreas recentemente
diagnosticado a reportar inicio de diabetes ou, entre aqueles com diabetes, um
agravamento da doenca. O diabetes de longa data (>3 anos) tem sido associado a um risco

aumentado de 1,5a 2,4 vezes de cancer de pancreas (KLEIN, 2021). Parece que o diabetes
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de inicio recente € um efeito e ndo uma causa do PDAC, e estudos recentes concentraram-
se neste sintoma para definir um grupo de alto risco para triagem. Aproximadamente 1%
ou menos dos pacientes com diabetes de inicio recente desenvolvem PDAC dentro de 3
anos (WOQOD et al, 2022).

3.1.3.2 Fatores de risco modificaveis

Nos ultimos anos, varios estudos demonstraram que o aumento do indice de massa
corporal (IMC) também esta associado a um risco aumentado de desenvolver cancer
pancreatico. Uma analise dos dados de 12 estudos de coorte e um estudo de caso-controle
estimou que o risco de cancer pancreatico € 1,55 vezes maior (IC 95% = 1,16 —2,07) para
individuos com IMC > 35 em comparacdao com individuos com IMC de 18,9 para 24.9
(WOLFGANG, et al., 2013).

O tabagismo é um fator de risco bem estabelecido para cancer de pancreas. O risco
é maior entre aqueles que fumam o maior nimero de cigarros por dia, com fumantes de
mais de 35 cigarros por dia, tendo uma razdo de chance de cancer pancreatico de 3,0 (IC
95% 2,2-4,1) em comparacdo com nunca fumantes. Curiosamente, o0 risco de cancer
pancredtico em ex-fumantes diminui com o aumento dos anos desde a cessagdo do
tabagismo, de modo que 10 a 20 anos apds a cessacao do tabagismo, o risco de cancer
pancreético em ex-fumantes retorna ao dos nunca fumantes (KLEIN, 2021).

A metandlise mais recente descobriu que o consumo baixo e moderado de alcool
ndo estava associado ao risco de cancer de pancreas, no entanto, naqueles com alto
consumo de alcool, havia um risco aumentado de 15% de cancer de pancreas. O consumo
excessivo de alcool também € a principal causa de pancreatite cronica, que é um fator de
risco conhecido para cancer de pancreas e, portanto, o alcool nesse cenario é um fator de
risco para cancer de pancreas (MCGUIGAN et al., 2018).

Fatores dietéticos: pessoas que consomem carne vermelha e processada em
quantidades excessivas ttm o potencial de formar substancias cancerigenas, como
compostos N-nitrosos e danos ao DNA. (RIKARNI, 2021)

A pancreatite cronica é um fator de risco bem conhecido para o desenvolvimento
de céncer de pancreas, com risco de 40% ao longo da vida desse tipo de cancer em
pacientes com sindromes de pancreatite hereditaria, associadas a mutacdes em SPINK1 e
PRSS1. Um estudo de 3.000 pacientes mostrou que 5,2% dos pacientes com cancer de

pancreas que nao tinham histérico familiar desse tipo de cancer apresentavam pelo menos
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uma alteracdo genética predisponente hereditaria conhecida para cancer de pancreas, em
comparacdo com 7,9% dos pacientes com histérico familiar positivo (MIZRAHI, et al.,
2020).

Uma revisao sistematica mostrou que niveis mais baixos de Neisseria alongate e
Streptococcus mitis, e niveis mais altos de Porrphyromonas ginggivalis e Granulicatella
adiacens estdo associados a um risco aumentado de cancer pancreéatico. Infec¢cdo: Riscos
aumentados de cancer pancreatico observados em pacientes com infeccdes por
Helicobacter pylori ou hepatite C (RIKARNI, 2021).

3.1.4 Diagnostico

A realizacdo de um exame direcionado de individuos para CP na populacdo em
geral € ardua e financeiramente inviavel devido a inadequacéo de avalia¢Ges diagndsticas
altamente precisas e a baixa incidéncia de CP. Em 2020, a American Gastroenterological
Association (AGA) emitiu diretrizes abrangentes para a triagem de CP, com foco
especifico em individuos de alto risco, como os portadores de sindrome de Peutz-Jeghers,
mutacdo do gene CDKN2A, pancreatite hereditéria, sindrome de Lynch ou aqueles com
historico familiar de primeiro grau (ou mais) de CP. Além disso, individuos com
mutacdes nos genes BReast CAncer 1 e 2 (BRCA1, BRCAZ2), parceiro e localizador de
BRCA2 (PALB2) e genes Ataxia-Telangiesctasia Mutated (ATM) também sédo
classificados como candidatos de alto risco (UNGKULPASVICH et al, 2023.).

A imagem médica tem um papel importante no rastreamento e deteccdo precoce
do céancer de pancreas, na avaliacdo e estadiamento pré-operatério, no diagnostico
diferencial, no acompanhamento e na avaliagdo do tratamento. Diferentes métodos de
imagem tém diferentes capacidades para a deteccdo precoce do cancer de pancreas
(YANG et al, 2021). Atualmente, os métodos utilizados para o diagndéstico precoce do
cancer de pancreas no ambiente clinico incluem principalmente tomografia
computadorizada (TC), ressonancia magnética (RMI), ultrassonografia endoscdpica,
colangiopancreatografia retrograda endoscépica (CPRE) e colangiopancreatografia por
ressondncia magnética (CPRM) familiar (CAl et al, 2021).

A angiotomografia computadorizada de pancreas com TC de torax e pelve pode
ser usada na avaliacdo da anatomia vascular e do estagio da doenca e é recomendada no
diagndstico. O grau de contato entre o tumor e 0s vasos sanguineos locais (isto é, as veias

mesentérica superior e porta, bem como as artérias celiaca, hepatica e mesentérica
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superior) é classificado como ndo envolvido, confinado ou encapsulado (PARK;
CHAWLA; O’REILLY, 2021).

A ressonancia magnética € uma modalidade alternativa que pode fornecer uma
avaliacédo detalhada do trato biliar (por exemplo, colangiopancreatografia por ressonancia
magnética) e tem maior sensibilidade para a deteccdo de lesdes hepaticas. A
ultrassonografia endoscépica é frequentemente usada como ferramenta adjuvante para
identificar linfonodos regionais e avaliar a relagdo dos tumores com estruturas vasculares
préximas. Para pacientes com doenca potencialmente ressecavel, a ultrassonografia
endoscopica com aspiracdo com agulha fina é uma abordagem segura e de alto
rendimento para confirmacdo tecidual (MIZRAHI, et al., 2020).

Os biomarcadores podem desempenhar um papel importante na detecgdo precoce
e no rastreio de individuos com alto risco de cancer de péancreas. O antigeno de
carboidrato sérico 19-9 € um biomarcador bem estabelecido para PDAC e é util para
monitorar a resposta ao tratamento (PARK; CHAWLA; O’REILLY, 2021). Além do
CA19-9, outros marcadores tumorais, como CEA, CA125 e CA242, também sdo usados
em conjunto para diagnosticar o cancer de pancreas. O CA19-9 parece estar associado a
maior sensibilidade em torno de 80%, mas ndo apresenta vantagens em relagdo a
especificidade, que parece ser a mais alta para 0 CA242, em aproximadamente 90%.
Notavelmente, a sensibilidade e a especificidade em conjunto foram claramente
superiores a qualquer marcador tnico (YANG et al, 2021).

Patologicamente, o PDAC consiste em glandulas malignas com arquitetura
aleatdria incorporadas em um estroma desmoplésico denso. Esta pauci-celularidade
complica significativamente a analise molecular de amostras primarias de PDAC, uma
vez que a maioria das células num fragmento de tecido sdo provavelmente nao
neoplasicas; sem enriquecimento para células neoplasicas, muitas vezes menos de 10%
das células podem ser malignas. Existem também diversas variantes morfoldgicas,
incluindo carcinoma adenoescamoso e carcinoma indiferenciado com células gigantes
semelhantes a osteoclastos, algumas das quais apresentam caracteristicas clinicas e/ou
moleculares unicas (WOOD et al, 2022).

3.1.5 Tratamento

As opcdes de tratamento para o adenocarcinoma ductal pancreatico sdo bastante

limitadas e dependem muito do estagio da doenca. Atualmente, as principais op¢Oes de
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tratamento sdo a quimioterapia e a cirurgia. No entanto, devido a detec¢do geralmente
tardia da doenca, apenas uma pequena porcentagem de pacientes (15% a 20%) € elegivel
para cirurgia no momento do diagnéstico (MCGUIGAN et al., 2018).

Para PDAC ressecavel ou limitrofe ressecavel, a base do tratamento envolve
intervencdo cirdrgica, seguida de quimioterapia adjuvante (PANG et al, 2022).

Os tumores na cabeca do pancreas sdo normalmente ressecados com uma
pancreaticoduodenectomia (procedimento de Whipple), que inclui a resseccdo da cabeca
do péncreas, duodeno, jejuno proximal, ducto biliar comum, vesicula biliar e um
segmento do estdmago. Tumores localizados no corpo ou na cauda do pancreas podem
ser tratados com pancreatectomia distal, geralmente combinada com esplenectomia
(MIZRAHI, et al., 2020).

Na ultima década, dois novos regimes combinados surgiram como terapia de
primeira linha em pacientes com PDAC avancado. O primeiro € uma combinacédo de 5-
fluorouracil (5-FU), leucovorina, irinotecano e oxaliplatina, que leva a sigla
FOLFIRINOX. A segunda é a combinacdo de gencitabina e um conjugado de
nanoparticulas de albumina de paclitaxel (nab-paclitaxel). Pode ser oferecida aos
pacientes que progridem para regimes de primeira linha a possibilidade de mudar para
outro regime, ou para um regime de segunda linha que inclua uma formulagao lipossomal
de irinotecano em combinacao com 5-FU, desde que ndo tenham recebido nenhum destes
agentes anteriormente. No geral, ndo existem padrdes universais para regimes de segunda
linha e além no PDAC, e o curso da terapia é frequentemente determinado pelo status de
desempenho do paciente, pela presenca de metas “acionaveis” e pela disponibilidade de
ensaios clinicos apropriados (HALBROOK et al, 2023).

Uma vez metastatizado, o progndstico do cancer de pancreas é ruim. O tratamento
quimioterapico continua sendo a principal opcéo para pacientes com tumores avangados
e metastaticos. A radiacdo, em combinacdo com a quimioterapia, € outra opcdo para o
cancer metastatico irressecavel. No entanto, os efeitos alcancados por ambas as
abordagens s@o principalmente um ligeiro aumento da taxa de sobrevivéncia e uma
reducdo dos sintomas relacionados com o cancer. Além disso, devido a toxicidade
elevada, a quimioterapia combinada, que esta associada a resultados ligeiramente
melhores, é limitada apenas a pacientes com bom desempenho (ADAMSKA,
DOMENICHINI, FALASCA, 2017).

3.2 Genética do cancer de pancreas
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O recente sequenciamento do genoma do cancer pancreatico confirmou que
quatro genes sdo mais comumente afetados pela mutacdo somaética desta neoplasia:
Kirsten Rat Sarcoma oncogene homolog (KRAS), Cyclin-Dependent Kinase Inhibitor 2A
(CDKN2A/p16), Mothers Against Decapentaplegic Homoélogo 4 (SMAD4) e proteina
tumoral 53 (TP53). Além disso, alguns com cerca de 10% de prevaléncia (por exemplo,
KDM6A, RBM10, MLL3). O KRAS ¢ o oncogene alterado com mais frequéncia no
cancer pancreatico, sendo ativado por uma mutacdo pontual em mais de 90% dos casos.
O gene pl6/CDKN2A é o gene supressor tumoral mais frequentemente inativado no
cancer de pancreas, estando inativo em 95% dos casos. A proteina p16 tem um papel
critico no controle do ciclo celular e sua inativagdo remove um ponto de controle
importante. O gene supressor de tumor SMAD4 ¢ inativado em 55% dos canceres
pancreaticos, mas raramente encontrado em outros tumores. A inativacdo do gene
supressor de tumor TP53 ocorre em 50% a 70% dos canceres pancreaticos. Seu produto
génico, p53, atua tanto para reforcar os pontos de controle do ciclo celular quanto como
um indutor de apoptose ou senescéncia. A proteina de suscetibilidade ao cancer de mama
tipo 2 (BRCA2) também é mutada tardiamente em um subgrupo de cancer pancreatico
(RIKARNI, 2021).

Anormalidades epigenéticas que alteram a metilagdo do DNA, modificacdo de
histonas ou expressao de microRNA séo outros fatores para alterar as fungdes dos genes
na conducgdo e promocéao da tumorigénese pancreatica. Em alguns canceres de pancreas,
supressores de tumor ou genes de reparo de DNA (como CDKN2A, CDH1 e MLH1) sdo
silenciados pela metilacdo. As superexpressdes de microRNAs no cancer pancreatico
também foram reveladas, o que parecia participar do desenvolvimento neoplasico
pancreatico (JIANG et al., 2022).

3.2.1 Sequenciamento de RNA de células tnicas (ScCRNA-seq)

Além do Human Cell Atlas, a tecnologia de sequenciamento de célula unica
oferece uma oportunidade sem precedentes para decifrar os estados funcionais de células
neoplasicas individuais. O acumulo de dados cada vez mais abundantes de
sequenciamento de células Unicas permitiu o estabelecimento do The Cancer Cell Atlas,
que cobre um espectro de canceres. Ao integrar informag6es patoldgicas clinicas e dados

de sequenciamento de células Gnicas, novos biomarcadores de diagndstico e prognostico
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e potenciais tipos ou estados de células terapeuticamente relevantes podem ser decifrados
(LEI et al., 2021).

As abordagens gendmicas unicelulares permitem avaliacdo detalhada de
caracteristicas genéticas e transcricionais presentes em centenas a milhares de células
individuais por tumor. Em principio, esta abordagem pode permitir-nos identificar todos
0s principais componentes celulares simultaneamente, determinar os seus estados
gendmicos e moleculares individuais e determinar quais destas caracteristicas podem
prever ou explicar as respostas clinicas aos agentes anticancerigenos (TIROSH et al,
2016).

O sequenciamento de RNA unicelular (scRNA-seq) é uma ferramenta poderosa
que pode delinear o padrdo de expressdo génica de cada célula individual e decodificar
as interacOes entre diversos componentes celulares no TME. O perfil transcriptdmico
unicelular de tumores primarios PDAC tem sido sistematicamente investigado, revelando
que as paisagens imunoldgicas e estromais em cada paciente sdo altamente heterogéneas,
e que células T citotdxicas com padrdes de expressao génica esgotados podem contribuir
para 0 TME imunossupressor (ZHANG et al, 2023.).

Bernardo e cols. realizaram uma das primeiras investigacoes sScCRNA-seq em
cancer pancreatico para identificar as alteraces transcricionais de células neoplasicas e
microambientais associadas a progressao tumoral. Suas descobertas primarias foram que
células raras com potencial maligno estavam presentes em lesdes pré-cancerosas,
provavelmente responsaveis pela progressdo neoplasica. Além disso, eles encontraram
uma mudanca dindmica no microambiente do tumor ao longo do tempo, com as lesdes
pré-cancerosas exibindo altas concentracdes de linfocitos CD4+ e CD8+ e fibroblastos
especiais associados ao cancer (CAFs) chamados miofibroblastos (myCAFs) (BOU
ZERDAN et al., 2022).

Esforgos anteriores de sequenciamento de RNA em massa em PDAC
identificaram dois subtipos principais, presumivelmente dicotémicos, de casos com base
em assinaturas de genes subjacentes - 0s chamados tumores "tipo basal" e "classicos" -
com implicac6es progndsticas e associacao preditiva com resposta a terapia citotoxica.
Por outro lado, o perfil sScRNA-seq descobriu que a maioria dos tumores PDAC sdo na
verdade uma mistura de subtipos 'basais' e 'classicos', presentes em propor¢des variadas,
com heterogeneidade espacial em como as células neoplasicas correspondentes a cada
subtipo de assinatura estdo localizadas dentro do tumor. De grande interesse, e até entdo

ndo relatado em conjuntos de dados de sequenciamento em massa, 0 SCRNA-seq
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identificou a existéncia de um tipo de célula hibrida 'transicional intermediaria’ no PDAC
humano que co-expressa marcadores de ambos os subtipos e compartilha caracteristicas
com células que compreendem o nicho progenitor pancreatico (com base em dados de um
artigo pré-impresso ndo revisado por pares). Esses dados sugerem uma plasticidade
inerente aos estados transcriptdmicos observados no PDAC, impulsionados tanto por
fatores inerentes, como vias oncogénicas e epigenéticas, quanto por mediadores
exdgenos, como sinais paracrinos do TME. O efeito dessa mistura de subtipos na histéria
natural do PDAC e na resposta as terapias de primeira linha continua sendo uma questdo
de investigacdo ativa (HAN; DEPINHO; MAITRA; 2021).

Estudos recentes revelaram heterogeneidade intratumoral complexa no
microambiente PDAC e identificaram varias novas subpopulaces de células usando
scCRNA-seq (CHEN et al, 2022).

Elyada e seus colegas desenharam um atlas celular de pancreas humano e de
camundongo e identificaram trés tipos de fibroblastos associados ao cancer (CAFs):
CAFs miofibroblasticos, CAFs inflamatérios e CAFs apresentadores de antigenos,
sugerindo uma intrincada heterogeneidade dos CAFs. No entanto, as caracteristicas de
expressao génica de células tumorais em PDAC ainda precisam ser mais investigadas
(ELYADA et al, 2019). No entanto, as caracteristicas de expressdo génica das células

tumorais no PDAC ainda precisam ser investigadas.

3.2.2 Invasdo perineural e cancer de pancreas

A invasdo neoplasica dos nervos corresponde ao aumento do crescimento do
cancer e ao pior resultado do paciente em uma variedade de doengas malignas, incluindo
cancer de prostata, cancer de cabeca e pescoco e cancer gastrico. A invasdo perineural
(PNI) é observada em 75% dos canceres ressecados e parece ser a forma mais importante
de disseminacdo extracapsular nesta malignidade (GOLA et al, 2022).

Embora os mecanismos moleculares da PNI sejam caracteristicas comuns em
diferentes canceres humanos, a prevaléncia da PNI no PDAC supera qualquer outra
malignidade sélida. Surpreendentemente, a PNI tem prevaléncia que chega a 100% no
PDAC. O fato de o pancreas estar localizado proximo a varios plexos neurais ajuda a
entender por que esse 6rgdo é particularmente inervado. Além disso, o padrdo da PNI esta
relacionado ao local do tumor. O pancreas é um orgao retroperitoneal circundado pelo

plexo celiaco, pelo plexo hepatico dorsal e pelo plexo ao redor da artéria mesentérica
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superior. Normalmente, os nervos estdo localizados tanto na periferia quanto na parte
interna dos tumores. Como resultado da invasdo de células PDAC, é observado dano
neural com ruptura do perineuro e distorcdo nervosa com edema de axonios (SELVAGGI
et al, 2022).

Células do microambiente tumoral, como fibroblastos e macréfagos, contribuem
para a invasdo das células cancerigenas. Estas células facilitam a propagacéo do cancer
através de sinalizacdo paracrina ou remodelacdo directa da matriz e também formam
adesdes heterotipicas com células cancerigenas. Nos nervos, as interagcBes entre 0s
neurdnios e as células de Schwann envolvem fung@es paracrinas, remodelacdo da matriz
e contato direto. As células de Schwann promovem a sobrevivéncia neuronal durante o
desenvolvimento e mielinizam os nervos (SHEARMAN et al, 2000).

As quimiocinas e seus receptores tém sido implicados no crescimento tumoral e
na invasdo de células tumorais de Orgaos circundantes. Mais recentemente, estudos
descobriram que a PNI esta intimamente relacionada a certos fatores, incluindo fator de
crescimento nervoso (NGF), fator neurotréfico derivado do cérebro (BDNF),
neurotrofina-3 (NT-3), moléculas de adesdo de células neurais (NCAM), glial fator
neurotréfico derivado de linha celular (GDNF) e metaloproteinases de matriz (MMPSs). O
eixo CXCL12/CXCR4 é uma das vias de sinalizacdo de quimiocinas mais amplamente
estudadas. Verificou-se que este eixo desempenha papéis importantes na proliferacéo,
angiogénese, transicdo epitelial-mesenquimal, metéstase e invasdo de varios tipos de
cancer, incluindo o CP. CXCL12 e CXCR4 foram detectados nos sistemas nervoso
central e periférico, e os neurdnios, bem como as células de Schwann, sdo os principais
produtores do ligante. A quimiocina CXCL12 e seu receptor CXCR4 controlam a
migracdo de neurdnios e células microgliais no sistema nervoso central (XU et al, 2015).

Outros mecanismos moleculares, metabodlicos e celulares também tem sido
amplamente estudados e estdo intimamente relacionados ao mau progndstico da doenca
em PDAC.

3.3 Ritmo circadiano e cancer

3.3.1 Ritmo circadiano: Caracteristicas gerais
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A natureza humana tem componentes temporais. O ritmo pode ser encontrado em
diversos niveis organizacionais, desde células individuais até comportamento social; na
verdade, quase todas as fun¢es fisioldgicas e psicoldgicas variam em periodicidade. Os
ritmos mais estudados séo os ritmos circadianos, onde circadiano (de cerca, cerca de, e
diem, dia ou 24 h) refere-se a funcdes cujo ciclo gira em torno das 24 h (MONTARULI
et al, 2021). O termo ritmo circadiano (do latim circa diem , que significa 'durante cerca
de um dia") foi cunhado por Halberg para descrever oscilagdes enddgenas em organismos
que foram observadas em associacdo aproximada com o ciclo de rotagdo diaria da Terra
(SCHEIERMANN, KUNISAKI, FRENETTE, 2013).

Quase todos os comportamentos e atividades fisiol6gicas das vidas, incluindo
bactérias, fungos, plantas, moscas-das-frutas, peixes, ratos e seres humanos, obedecem a
um ritmo circadiano de 24 horas, como comportamento alimentar dos mamiferos, padréo
de sono/vigilia, producdo hormonal e sistema imunologico (LIU et al, 2022).

O reldgio circadiano pode ser dividido em dois componentes principais: o reldgio
central, que reside no nucleo supraquiasmatico (NSQ) do cérebro, e 0s relogios
periféricos que estdo presentes em quase todos os tecidos e sistemas organicos
(RICHARDS, GUMZ, 2013). O reldgio central é o marca-passo mestre do reldgio
circadiano, que recebe sinais claro-escuros, necessidades metabdlicas, alteragfes
hormonais, deficiéncias do sistema imunoldgico, mudancas na temperatura do corpo e
sinais neurais no trato retino-hipotalamico através de um subconjunto de neurénios e
fotorreceptores e se comunica com outras células do NSQ para preservar as oscilaces
circadianas neuronais. Utilizando esta via, as alteragdes ambientais também sdo
transmitidas aos reldgios periféricos de todo o corpo através dos nervos e das vias de
sinalizacdo endécrina (ORTEGA-CAMPOS et al, 2023).

Células ganglionares da retina fotossensiveis especializadas no olho detectam a
luz através do fotopigmento melanopsina e depois esta informacdo para o NSQ através
do trato retino-hipotalamico. A luz que é detectada pela retina, portanto, permite o
arrastamento, ou sincronizacao, dos ritmos diarios para o ciclo claro-escuro de 24 horas
que ocorre devido a rotacdo da Terra. Entdo, por meio de sinalizacdo neuronal e hormonal,
0 NSQ envia sinais a outros érgdos periféricos para manter os tecidos sincronizados com
o relégio mestre do cérebro. Em ultima analise, esses processos afetam aspectos da
fisiologia que apresentam ritmicidade circadiana em humanos, incluindo presséo arterial,
temperatura corporal e liberacdo dos hormoénios cortisol e melatonina (LUBOV,
CVAMMEN, KEMP, 2021).
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No nivel molecular, o reldgio circadiano consiste em maultiplos conjuntos de
fatores de transcricdo, resultando em ciclos de feedback autorregulatérios de transcrigéo-
traducdo (TTFLs) que representam o mecanismo central do relégio circadiano em
mamiferos (FAGIANI et al, 2022). Os componentes positivos sdo dois fatores de
transcricdo basicos hélice-alca-hélice, contendo o dominio PAS, CLOCK e BMALL.
Quando esses fatores de transcricdo se heterodimerizam, eles conduzem a transcricao de
trés genes de periodo (no camundongo, designados mPerl, mPer2 e mPer3) e dois genes
criptocromos (mCryl e mCry2) (SHEARMAN et al, 2000.)

Em camundongos, a ativagédo do CLOCK:BMALL1 ocorre durante o dia, levando
a transcricdo dos genes Per e Cry a tarde e ao acimulo das proteinas PER e CRY no final
da tarde ou a noite. As proteinas PER e CRY interagem entre si, bem como com as serina-
treonina quinases Caseina quinase 16 (CK18) e CKlg 43, e translocam-se para o nicleo
a noite (TAKAHASHI, 2017). Nas primeiras horas da madrugada, mesmo com a liga¢do
do complexo CLOCK-BMALL em sua sequéncia E-box alvo, os altos niveis de CRY e
PER ligam-se a esse complexo e inibem sua transcri¢do, criando a regulacéo repressiva.
Consequentemente, CRY e PER reprimem a sua prépria expressao e, ao nascer do sol, a
falta de producdo das proteinas CRY e PER provoca niveis reduzidos no nucleo da célula
e, na auséncia de ligagdo ao CLOCK-BMALL1, permite que estes complexos iniciem a
sua transcri¢do, criando a regulacdo ativa (SANFORD et al, 2022).

Em dois ciclos de feedback adicionais, o fator de transcricdo CLOCK/BMALI
impulsiona a expressdo do receptor nuclear 6rfio REV-ERBa/ relacionado ao acido
retindico, o receptor 6rfaio RORwB relacionado ao RAR, bem como a proteina Dhp de
ligacdo ao promotor de albumina no local D (FINGER, DIBNER, KRAMER, 2020).
REV-ERB e ROR ligam-se competitivamente aos elementos de resposta do receptor
orfao relacionados ao acido retindico (RORES) encontrados no promotor BMAL1 para
negar ou promover a transcricao, respectivamente. Além dessas proteinas centrais, varias
vias de sinalizacdo celular e modificacdes pos-traducionais interferem no reldgio e em
sua funcdo (LUBOV, CVAMMEN, KEMP, 2021).

3.3.2 0Osono e o trabalho noturno
O ciclo de sono e vigilia é o exemplo classico de sistemas de ritmo circadiano,

cuja geracdo, manutencdo e consolidacdo dependem da interacdo entre ritmos circadianos

enddgenos e processos que regulam a homeostase do ambiente interno (SUN, CHEN,
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2022.). Em relagdo ao proprio sono, ele ndo é homogéneo, pois é constituido por quatro
a cinco ciclos, compreendendo cada um, quatro estagios (sono ndo REM-NREM ou sono
REM - com movimentos rapidos dos olhos - Rapid Eye Movements), sendo que cada
ciclo dura cerca de 90-120 minutos (NEVES, MACEDO, GOMES, 2017).

O sono ndo-REM ¢ subdividido em diferentes estagios do sono caracterizados
pela vigilia relaxada (N1) ao sono leve (N2), até ao sono de ondas lentas (SWS) ou sono
profundo (N3) (TARUN et al, 2020). Ele geralmente representa 75% a 80% do sono,
enquanto o sono REM geralmente representa 20% a 25% do sono, ocorrendo em quatro
a seis episadios distintos (CARSKADON et al, 2005).

Individuos idosos podem apresentar sono mais superficial, com diminuicdo dos
estadgios N3 e REM e aumento dos estagios N1 e N2, enquanto em criangas o contrario é
observado (NEVES, MACEDO, GOMES, 2017). O trabalho noturno abrange uma série
de interrupcdes circadianas que estdo intimamente ligadas a alteracdo da exposicao a luz
durante o trabalho noturno, incluindo interrupcdes no sono, na alimentacdo e nas
atividades (CABLE et al, 2021.).

3.3.3 Desregulacao do ritmo circadiano no cancer

A perturbacdo dos ritmos circadianos tem sido relacionada a um maior risco de
patologias como diabetes, distirbios metabdlicos, incluindo obesidade ou doencas
metabdlicas, depressdo, doencas cardiovasculares e cancer. Nos ultimos anos, a
interrupcéo circadiana tem sido descrita como um fator de risco independente para cancer
(ORTEGA-CAMPOS et al, 2023).

De acordo com a IARC (Agéncia Internacional de Pesquisa sobre Cancer), o estilo
de vida do trabalho noturno € prejudicial aos seres humanos. Além disso, o polimorfismo
de nucleotideo Unico esta intimamente ligado a desregulacdo do ritmo circadiano, o que
leva a delecdo, alteracdo epigenética e esta substancialmente ligado ao risco de cancer
(Rossen Donev, 2023). Defeitos ou interrup¢des no funcionamento circadiano normal e
niveis alterados de expressdo genética do relégio podem aumentar o risco de cancer de
préstata, cancer de mama, cancer de ovario, cancer colorretal, cancer de endométrio,
linfoma ndo-Hodgkin, cancer de péancreas, osteossarcomas, carcinomas de células
escamosas de cabeca e pesco¢o, leucemia mieloide aguda e carcinomas hepatocelulares
(MALIK et al, 2022).
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Foram demonstradas que alteraces na expressao do gene Per estdo associadas a
ocorréncia, desenvolvimento e progndéstico do cancer. Os niveis de expressdo PER1/2
foram encontrados significativamente regulados negativamente em cancer gastrico,
colorretal, pancreético, de préstata e de mama, carcinoma de células escamosas de cabeca
e pescoco, cancer de pulmdo de células ndo pequenas, leucemia linfocitica cronica,
melanoma e carcinoma hepatocelular (DENG, YANG, 2019).

A expressdo reduzida de mRNA de PER1 pode levar a um desequilibrio entre a
proliferacdo celular e a apoptose, promovendo ainda mais a transformacéo de células
malignas. Acima de tudo, € universalmente aceito que a diminuicdo da expressao de PER1
no cancer esta intimamente correlacionada com a ocorréncia e progressdao do tumor,
regulando genes do ciclo celular a jusante e genes relacionados ao cancer, incluindo
Ciclina B1, Ciclina D, Ciclina E, WEE-1, C-MYC, KI-67, MDM2 e p53 (ZHAO et al,
2016). Descobriu-se que a expressdo de Per3 é significativamente regulada
negativamente no cancer colorretal, carcinoma de células escamosas de cabeca e pescogo,
cancer de pulméo de células ndo pequenas, cancer pancreatico e carcinoma hepatocelular
(DENG, YANG, 2019).

Anormalidades na metilacdo do promotor Period e no status de acetilagcdo de
histonas também foram relatadas em tumores humanos. Portanto, alteracfes genéticas e
epigenéticas nos genes Period sdo encontradas em tumores humanos (WOOD, YANG,
HRUSHESKY, 2009).

Além disso, em carcinomas hepatocelulares, BMALL heterodimeriza com a
proteina 2 do dominio PAS neuronal (NPAS2) para facilitar a sobrevivéncia de células
cancerigenas mediada por NPAS2. Polimorfismos nos genes do reldgio circadiano estdo
associados a um risco elevado de cancer. Por exemplo, polimorfismos no gene NPAS2
estdo associados a um maior risco de cancer de mama; NPAS2, Perl e Per2 estdo
associados ao cancer gastrico; e CLOCK1 estéa relacionado ao desenvolvimento de cancer
colorretal (MALIK et al, 2022).

E agora bem aceite que o microambiente tumoral e, em particular, 0 ambiente
imunitario desempenham um papel crucial no controlo da progressdo tumoral e, até a
data, sabe-se que varias terapéuticas (por exemplo, pembrolizumab; ipilimumab) actuam
sobre ele (FAGIANI et al, 2022). Normalmente, o microambiente tumoral (TME)
compreende matriz extracelular (MEC) e uma variedade de células, incluindo células
mieloides inatas [por exemplo, macrofagos associados a tumores (TAMs), células

supressoras derivadas de mieloides (MDSCs), neutrdfilos e células dendriticas, linfocitos
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(por exemplo, células T e células NK), fibroblastos associados ao cancer (CAFs) e células
endoteliais (XUAN et al, 2021).

Os genes circadianos medeiam a interacdo entre as células tumorais e 0 TME
através da regulacdo dos CCGs a jusante, que estdo envolvidos no ciclo celular, na
apoptose, na resposta a danos no DNA e nas modifica¢des da cromatina. Por outro lado,
as perturbagbes do ritmo circadiano também contribuem para a remodelacdo do
microambiente tecidual, possivelmente pela inducdo de inflamacéo sistémica e alteracao
da expressdo dos genes do reldgio (LIU et al, 2022).

Mesmo com evidéncias de que a formacdo neoplésica esta correlacionada com
alteracGes no ciclo circadiano (CC), sdo poucas as abordagens terapéuticas que utilizam
essa correlagdo; assim, surge como uma possivel abordagem promissora para 0
tratamento do cancer, em que os medicamentos antineoplasicos sdo administrados no
momento ideal de acordo com o CC; isso se chama ‘cronoterapia’ e pode ser
especialmente benéfico quando associamos tolerancia a quimioterapia e uma acdo mais
adequada (SANFORD et al, 2022).

3.3.3.1 Ritmo circadiano e cancer de pancreas

Embora indeterminado, ha algumas evidéncias de que o reldgio pode estar
desregulado no adenocarcinoma ductal pancreatico (PDAC), levando a um pior
prognostico; isso é alarmante para uma doenca maligna mortal, onde apenas 11% dos
pacientes sobrevivem além de 5 anos (SCHWARTZ et al, 2023).

Um microarranjo personalizado enriquecido com genes pancreaticos, o Pittsburgh
Pancreas Gene Enriched ARray-PittPEAR, analisou 5.763 genes, 264 dos quais foram
expressos diferencialmente em cancer pancreatico versus tecido normal. Neste estudo
foram identificados 30 genes humanos relacionados a um dos sete genes circadianos da
mosca. Observou-se que um dos quatro genes humanos relacionados ao citocromo P450,
PER1 e DEC1, e efetores a jusante, como a protease 30 especifica da ubiquitina, foram
significativamente subexpressos no cancer pancreatico.Também foi encontrada uma
associacdo significativa entre baixos niveis de expressdo de genes circadianos e reducdo
da sobrevida (GARCIA-COSTELA et al., 2020).

No estudo conduzido por Wang et al, foi revelado que a expressdo de ARNTL2
foi significativamente regulada positivamente nos tecidos PDAC do que nos tecidos

normais, e o alto nivel de ARNTL2 estava intimamente associado a fendtipos malignos
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agressivos e baixa sobrevida de pacientes com PDAC. Além disso, experiéncias
funcionais demonstraram que a elevada expressdo de ARNTL2 facilitou a proliferacéo,
migracdo e invasdo celular. Além disso, experimentos funcionais verificaram que o
knockdown de ARNTL2 impediu a proliferacdo e invasdo de células PDAC in vitro,
enquanto diminuiu o crescimento do tumor in vivo. Tomados em conjunto, os dados
acima elucidaram que o ARNTL2 desempenhou um papel oncogénico na progressdo do
PDAC (WANG et al, 2020.).

Em investigacdo recente, foram encontrados 299 genes circadianos cujos niveis
de expressdo foram significativamente alterados em amostras de cancer de pancreas em
comparagdo com amostras normais. As anélises de sobrevivéncia mostraram que 0s
pacientes PACA que apresentavam niveis de expressdo mais elevados de
MBOAT2/CDA/LPCAT2/B4GALTS apresentavam taxas de sobrevida global mais
curtas (WANG et al, 2023.).
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4. METODOLOGIA

A infraestrutura de servidores para realizar a analise de dados encontra-se
disponivel nos laboratérios do Histopatologia localizado na Campus Arapiraca, UFAL.
Todos os dados referentes as amostras encontram-se publicamente disponiveis nos bancos
de dados do Gene Expression Omnibus (GEO) e do Zenodo. Todas as amostras foram
derivadas de tumores primarios e coletadas antes do inicio do tratamento. A plataforma
de aquisicdo dos dados de transcriptdmica espacial utilizada para todas as amostras foi a

Visium Spatial Gene Expression (10x Genomics).

4.1 Integracdo dos conjuntos de dados de single-cell e anotacgéo celular

Todas as amostras de sequenciamento single-cell foram submetidas a um pré-
processamento utilizando o pacote Seurat 4.2.0 da linguagem R. A partir da matriz de
expressao génica obtida ap6s o alinhamento com o genoma de referéncia e
disponibilizada para acesso publico, células que expressam menos de 500 genes, mais de
9.000 genes (outliers) ou com percentual de genes mitocondriais superiores a 10% e genes
que sdo expressos por menos de 5 células serdo desconsiderados da analise. Para uma
melhor separacdo entre células tumorais e estromais, todos os conjuntos de dados de
diferentes bidpsias foram combinados antes da anotacdo celular. Essa estratégia favorece
o algoritmo de clusterizacdo, uma vez que ha uma maior variabilidade celular, além de
proporcionar uma melhor identificacdo de tipos celulares raros.

Para detectar variacGes do numero de copias (CNVs) cromossdémicas em larga
escala usando dados de RNA de célula Unica, utilizou-se o inferCNV (v.0.8.2) com
parametros padrdo recomendados para dados da tecnologia 10x Genomics. Todas as
células que ndo sdo células tumorais foram agrupadas para compor o conjunto de
referéncia normal. O inferCNV foi executado em nivel de amostra e apenas com dados
filtrados pds-controle de qualidade. Para calcular eventos de CNV em nivel de brago
cromossémico, utilizou-se um script interno para relacionar a saida do inferCNV em nivel
de gene com as bandas cromoss6micas e calcular o valor médio para cada braco.

Para a expressao diferencial em nivel de célula e em nivel de cluster, utilizamos a
fungédo 'FindMarkers' ou 'FindAllMarkers' do pacote Seurat, conforme apropriado, com
uma porcentagem minima de 0,25 (parametro min.pct = 0,25) e considerando apenas a

direcdo positiva, uma vez que a falta de expressdo € mais dificil de interpretar devido a
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escassez de dados. Os Genes diferencialmente expressos (DEGS) resultantes foram
filtrados para ajuste P < 0,05 e classificados por fold change. Todas as analises de
expressdo diferencial foram realizadas utilizando o ensaio 'SCT' (Scale-Data Corrected

Transcripts).

4.2 Anélise de interacdo célula-célula

Para inferir, analisar quantitativamente e visualizar as redes de comunicagio
celulares, utilizamos o pacote em R CellChat 1.6.0. Este pacote utiliza dados de
sequenciamento single-cell como entrada e faz uma previsdo das principais vias de
comunicacdo celular utilizando abordagens de analise de rede e de reconhecimento de
padrdes. Para isso, utiliza como referéncia um repositério de interagdes entre ligantes,
receptores e cofatores. Assim, comparando o perfil de transcricdo, o tipo celular e os
dados contidos no banco de referéncia, a ferramenta consegue quantificar as semelhancas
entre todas as vias de sinalizacdo significativas e agrupa-las com base na similaridade
funcional e entdo sugerir as provaveis interacdes celulares para cada via. Quanto maior o
grau de similaridade, maior a probabilidade dos ligantes e receptores exibirem funcdes

semelhantes.

4.3 Integracdo dos dados de Sequenciamento de RNA single-cell e Transcriptdmica

Espacial

Os tipos celulares definidos durante o processamento das amostras de
sequenciamento single-cell serdo utilizados para anotar o tipo de célula contida em cada
spot de leitura das amostras de transcriptdbmica espacial. A transferéncia das anotacdes
celulares sera feita pelo pacote R Seurat 4.2.0 ap6s uma normalizacdo dos dados de
entrada, identificacdo dos marcadores de transferéncia, identificacdo baseada em score da
predicdo dos spots de destino e, por fim, a plotagem do tipo celular na imagem da lamina
do tecido (Figura 1). As imagens digitais dos tecidos serdo avaliadas por patologistas e as

regibes destacadas serdo utilizadas como guias para a analise e interpretacdo de dados.
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Figura 1. Anotaco celular de dados single-cell na imagem do tecido. Amostra de cortex visual
primario de rato adulto. Imagem adaptada - tutorial Seurat 4.2.0.

4.4 ldentificacéo e localizacdo de Copy Number Variations (CNVs)

A identificacdo de clones e subclones contendo alteracBes de nimero de copias
sera realizada com a ferramenta inferCNV, que detecta diferencas no nivel da expressao
relativa média a partir de dados de transcriptoma, considerando uma janela movel
composta por 101 genes 43. Dessa forma, sera possivel conhecer os perfis de variacdes
de numero de cépias (CNVs) de cada cluster (Figura 2). Analisando o perfil de
perda/ganho de cada cluster, sera possivel identificar a presenca ou a auséncia de células

tumorais no cluster.
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Figura 2. Clusters identificados pela ferramenta inferCNV Adaptada de 44. A: Distribui¢do dos
diferentes agrupamentos de expressdo génica identificados apds a operagdo de clusterizagdo. B:
Heatmap com os perfis de CNVs de cada cluster. Regides cromossémicas em vermelho
representam amplificacdo, e em azul, delegdes.
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4.5 Andlise de Trajetoria do perfil de expressdo génica

Uma vez identificadas as regides tumorais no tecido e definidas as posicdes dos
demais tipos celulares que compdem regides do microambiente tumoral, é possivel
investigar como variam a expressdo de genes de interesse que foram identificados na
analise de interacdo celular feita pelo CellChat (Figura 3). Por exemplo, podemos
verificar como variam ao longo do espaco alguns genes relacionados com a transicéo
epitélio-mesenquimal ou com a promog¢do da angiogénese. Outra possibilidade sera
avaliar como varia o perfil de expressdo de um determinado tipo celular (ex.: macréfagos,
TCD8+) em regides distantes e proximas as células neoplésicas e verificar quais genes
apresentam o mesmo padrao de variacdo. A anélise de trajetoria sera realizada pelo pacote
SPATA do R 45
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Figura 3. Variacdo da expressdo de genes selecionados ao longo de uma trajetdria definida em

uma amostra de carcinoma pulmonar.

4.6 Localizacdo e da proximidade espacial de processos biolégicos

Para visualizar regides onde um determinado processo bioldgico esta em curso,
utilizaremos uma ferramenta que esta sendo desenvolvida pelo nosso grupo de pesquisa.

O ArchipelaGO é um pacote escrito em R e Python que utiliza o teste exato de Fisher
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para identificar ilhas celulares enriquecidas considerando um geneset de entrada. E
possivel também analisar a composi¢do celular de cada ilha e avaliar a distancia entre

ilhas e assim identificar a colocalizacdo processos bioldgicos diferentes.
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is marked by its aggressive nature and poor
prognosis, with perineural invasion (PNI) significantly contributing to its clinical
severity. This study leverages single-cell RNA sequencing (SCRNA-seq) data to dissect
the molecular intricacies of PNI in PDAC, focusing on the role of Pancreatic Stellate Cells
(PSCs) and critical genes—SPP1, IGFBP3, PLAU, and POSTN. Analyzing intercellular
communication networks through CellChat unveils a distinct signaling pattern in PNI-
positive tumors, emphasizing the importance of PSCs and myeloid cells. Hierarchical,

weighted gene co-expression network analysis (hdWGCNA) identifies modules
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associated with fundamental cellular processes, with Module M5 standing out for its
involvement in antigen presentation and immune modulation. Essential genes within M5,
including MDK, ITGB1, THY1, SFRP2, HLA-A, and DYNLL1, add complexity to our
understanding, suggesting pivotal roles in shaping PSC behavior. Pseudotime analysis
reveals dynamic temporal changes, highlighting increased cellular plasticity and
inflammatory response pathways in PNI-positive samples. Essential genes exhibit distinct
expression patterns: SPP1 underscores its role in PDAC's invasive phenotype, IGFBP3
hints at regulatory network contributions, PLAU implicates extracellular matrix

remodeling, and POSTN suggests involvement in creating a favorable niche.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) stands as a formidable malignancy,
marked by a dismal 5-year survival rate of less than 10%. A defining characteristic
contributing to its aggressive nature is perineural invasion (PNI), where tumor cells
infiltrate along or within nerve fibers, leading to increased pain, local recurrence, and
poor prognosis (1,2). The intricate molecular mechanisms orchestrating PNI in PDAC
remain incompletely understood, with factors like inflammation, hypoxia, and
extracellular matrix remodeling implicated in this complex process (3-5). Notably,
various molecules, including nerve growth factor, semaphorins, plexins, neuropilins, and
glial cell line-derived neurotrophic factor, play pivotal roles in guiding tumor cells toward
nerves and modulating nerve responses to invasion (4).

In the context of PDAC, Pancreatic Ductal Cells (PSCs) take center stage as our
analysis reveals a marked increase in their prevalence in perineural invasion-positive
samples. This observation underscores a potential correlation between PSCs and the
aggressive nature of perineural invasion (6,7). Exploring the temporal dynamics of PDAC
samples through pseudotime analysis unveils the pivotal roles played by critical genes
like SPP1, IGFBP3, PLAU, and POSTN in the context of PNI. These findings not only
deepen our understanding of PDAC progression but also open avenues for targeted
therapeutic interventions, offering hope for improved clinical outcomes in the face of this
formidable malignancy (8,9).

The comprehensive exploration of cellular profiles extends to the stromal and
immune landscape, revealing significant alterations in endothelial, myeloid, and T cells
in perineural invasion-positive samples(10). These observations underscore the intricate

interplay between tumor cells and the surrounding microenvironment during the invasive
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process. Integrating high-dimensional approaches, including hdWGCNA and pseudotime
analysis, unravels distinct modules and gene expression patterns associated with
perineural invasion. This provides a nuanced perspective on the molecular intricacies
driving PDAC aggressiveness (10,11). As we delve into the spatial transcriptome, our
analysis sheds light on the spatial organization of cell types, offering valuable insights
into the spatial trajectories simulating the tumor process and further enhancing our
understanding of the complex interplay within the tumor microenvironment (12).

This study unravels the multifaceted dynamics of perineural invasion in PDAC.
Employing single-cell RNA sequencing (ScCRNA-seq) data, we conduct an in-depth
analysis to delineate distinctive cellular profiles and gene expression patterns in
perineural invasion-positive and perineural invasion-negative PDAC samples. The focus
extends to PSCs, exploring their potential correlation with perineural invasion. PSCs
emerge as key players, with a conspicuous elevation in perineural invasion-positive
models, suggesting a possible association with the invasive phenotype. Further
investigation into PSC behavior involves advanced analytical approaches such as
hierarchical, weighted gene co-expression network analysis (hdWGCNA) and

pseudotime analysis, shedding light on the intricate molecular landscape underlying PNI.

Methods

Single cell RNA-seq Data

Processed scRNA-seq data and annotation tables were retrieved from the GEO database
under the accession number (GSE242230), an integrative analysis of 24 human
parenchymal PDAC samples generated by single-cell transcriptomic. The untreated
samples were selected and examined to remove unnecessary factors. We
comprehensively analyzed the sScRNA-seq data of six negative and 18 positive perineural
invasion PDAC samples. Separately, count matrices from the chosen samples were

imported into R (4.3.2) and converted to a Seurat object using the Seurat package (4.4.0).

Cell-Cell Interaction Analysis

CellChat R package provides a complete toolkit for analyzing and visualizing cell-cell
communication networks in sScRNA-seq data. CellChat R package offers robust tools for
analyzing and visualizing cell-cell communication networks in scRNA-seq data. By
following this methodology, researchers can gain new insights into the complex cellular

interactions that underlie many biological processes (13).
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High-dimensional WGCNA (hdWCNA)

The workflow for conducting high-dimensional Weighted Gene expression network
Analysis (hdWCNA) in R was performed with the "hdWGCNA" package. Briefly, the
hdWCNA pipeline involves the following steps: data preprocessing, gene network
construction, module identification, module preservation analysis, and functional
enrichment analysis. hdWGCNA is chosen for its high-dimensional analysis capabilities,
allowing the identification of co-expression modules associated with perineural invasion.
This method is well-suited for exploring molecular networks and pathways implicated in
PNI, providing a systems-level understanding of the regulatory mechanisms within the
PDAC microenvironment (14).

In the first step, gene expression data are preprocessed to remove noise and batch effects.
In the second step, a gene co-expression network is constructed based on pairwise
correlations among genes. In the third step, modules or clusters of highly correlated genes
are identified, and the module eigengenes are computed. In the fourth step, module
preservation analysis is performed to assess the robustness of the identified modules.
Finally, in the fifth step, functional enrichment analysis is performed to determine the

biological processes and pathways associated with the modules.

Pseudotime analysis

The pseudotime dynamics of endothelial cells and astrocytes in cerebral metastasis were
analyzed using Monocle3, a state-of-the-art computational tool. Following acquiring the
scRNA-seq dataset, Monocle3 was employed for trajectory inference and pseudotime
estimation, bypassing preprocessing details. This computational tool is selected for its
ability to infer developmental trajectories and identify significant gene expression
changes over time. The analysis aims to shed light on the progression of PNI and the roles
played by critical genes at different stages.

Leveraging the advanced algorithms within Monocle3, we elucidated the temporal
progression of endothelial cells and astrocytes during cerebral metastasis. This
methodology offers a comprehensive approach to uncovering the transcriptional
dynamics and developmental trajectories within the microenvironment, shedding light on

critical regulatory mechanisms and functional implications of these key cell types.

Spatial Transcriptome
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Spatial transcriptome data was obtained from the GEO database (GSE). Cell Ranger
output was imported into SPATA2 using the import  function
(SPATAZ::initiateSpataObject_10X). This function facilitated data integration and
executed baseline sample processing using the recently described pipeline. To elucidate
the dynamics of spatial trajectories, we utilized the SPATA2 toolbox (v2.0.4) to manually
draw trajectories simulating the tumor process, carefully selecting spots within the
trajectory width. To infer the spatial organization of cell types, we employed an advanced
method designed to integrate spatial and single-cell data, implemented as an R package

(semla, v.1.1.6, https://github.com/ludvigla/semla).

Results

To characterize the cellular composition and cell states associated with perineural
invasion in pancreatic ductal adenocarcinoma (PDAC), we utilized single-cell RNA
sequencing (scRNA-seq) data obtained from skin biopsy specimens of perineural
invasion-positive and perineural invasion-negative samples. The dataset comprises
previously published information from five perineural invasion-positive and five
perineural invasion-negative PDAC patients, along with normal tissue samples. After
rigorous quality control and filtering procedures, we assembled a comprehensive dataset
comprising 57,953 cells from 24 samples (Figure 1A). Data integration was performed
using a batch effect correction algorithm, and subsequent analyses were carried out using
a customized computational pipeline based on the Seurat package. Results were
visualized through uniform manifold approximation and projection (Figure 1B).

We performed scRNA-seq analysis on PDAC samples, stratified by the presence
or absence of perineural invasion, to elucidate distinctive cellular profiles that offer
profound insights into the intricate molecular dynamics associated with each condition.
Perineural invasion-positive samples showed a conspicuous elevation in Tumor cells
(20,795) compared to perineural invasion-negative samples (5,807), implicating these
cellsin the invasive phenotype of PDAC. Moreover, perineural invasion-positive samples
exhibited a marked increase in Pancreatic Stellate Cells (PSCs) (5,517) compared to the
negligible presence in perineural invasion-negative samples (400), highlighting a
potential correlation between PSCs and perineural invasion. The stromal and immune
landscape in perineural invasion-positive samples was characterized by a significant rise
in Endothelial cells (4,285) compared to perineural invasion-negative samples (1,097),

implicating their involvement in the invasive process. Notably, Myeloid cells showed
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increased prevalence in perineural invasion-positive samples (4,101) compared to their
counterparts in perineural invasion-negative samples (991), signifying an altered immune
milieu associated with perineural invasion (Figure 1C).

Similarly, T cells demonstrated an elevated frequency in perineural invasion-
positive samples (2,634) compared to perineural invasion-negative samples (369),
indicating an active role of T cells in the invasive phenotype. Acinar cells were more
abundant in perineural invasion-negative samples (1,415) than in perineural invasion-
positive samples (198), suggesting potential alterations in acinar cell populations during
perineural invasion. Beta Cells and Epsilon cells also exhibited decreased frequencies in
perineural invasion-positive samples, implicating an impact on these cell types in the

context of perineural invasion.
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Figure 1 - Profiling Cellular Diversity in PDAC samples through scRNAseq Analysis.
A) Experimental approach. B) Visualization of 57,953 single cells. Cells are colored by

cell type. C) Frequencies of single cells per sample type.
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Decoding CellChat and hdWCGNA Signaling Networks in Perineural Invasion-
Positive PDAC

In our comprehensive exploration of PDAC tumors, we engaged in a meticulous
CellChat analysis to unravel the intricate tapestry of cellular interactions. Recognizing
the pivotal role of complex intercommunications among diverse cell components in
driving tumor progression, our study focused on a comparative analysis using CellChat,
specifically between perineural invasion-positive and perineural invasion-negative
tumors. A strikingly distinct pattern emerged, with heightened significance in perineural
invasion-positive tumors (Figure 2A).

Within this intricate network delineated by CellChat, a notable interaction
unfolded, showcasing the synchronized production of ANXAL by tumor cells and SPP1,
IGFBP3, PLAU, and POSTN by PSCs. Remarkably, these signaling molecules found
their primary recipients in myeloid cells, adorned with FPR1, CD44, and TEMEM219
receptors. This elaborate communication network was notably absent in perineural
invasion-negative tumors, where signal production and reception dynamics were
markedly reduced. The specificity of intercellular communication, as unveiled by
CellChat analysis in perineural invasion-positive tumors, reveals a potentially unique
cellular network integral to PDAC pathology. This revelation hints at a targeted
modulation of signal transduction within the microenvironment of perineural invasion-
positive tumors, potentially contributing to the distinctive invasive phenotype
characterizing PDAC. The conspicuous expression of signal receptors in myeloid cells
suggests a localized mechanism for signal regulation in these tumors, emphasizing the
intricate crosstalk between tumor cells, PSCs, and myeloid cells in the broader context of
PDAC (Figure 2B).

We applied an advanced analytical approach, hierarchical, weighted gene co-
expression network analysis (hdWGCNA). This method identified ten distinct modules,
among which M1, M5, and M8 significantly correlated with perineural invasion, shedding
light on the intricate molecular landscape of PDAC progression. Module M1,
characterized by hub genes associated with Cytoplasmic Translation, Peptide
Biosynthetic Process, Macromolecule Biosynthetic Process, Translation, and Gene
Expression, suggests an involvement in fundamental cellular processes, possibly

indicative of heightened protein synthesis and cellular activity. ldentifying these
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pathways provides a foundation for understanding the molecular machinery underlying
the behavior of PSCs in the context of perineural invasion (Figure 2C).
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Figure 2 - Cell-cell communications referenced by CellChat demonstrated notable
alterations in receptors-ligands-mediated communications comparing negative and
positive perineural invasion. A) Circle plots depicting the interaction numbers and
interaction strength. B) Scatter plot showing the intensity of the outgoing and incoming
interactions in two-dimensional manifold. The size of the circles suggests the numbers of
significantly expressed receptor-ligand pathways of different cell populations. C)
Schematic model representing the strongest signalings between cells. D) UMAP plot of
the co-expression network. Each node represents a single gene, and edges represent co-

expression links between genes and module hub genes.

Module M3 exhibits a notable enrichment in pathways related to Intracellular
Oxygen Homeostasis, Regulation Of Oxidative Stress—Induced Neuron Intrinsic
Apoptotic Signaling Pathway, Regulation Of Vascular Associated Smooth Muscle Cell
Differentiation, and Regulation Of Vascular Wound Healing suggests a potential role in
orchestrating responses to oxidative stress and contributing to vascular homeostasis. The
involvement of these pathways emphasizes the multifaceted nature of cellular responses
within the PDAC microenvironment.

Module M5 prominently stands out in association with perineural invasion. This
module features hub genes related to Negative Regulation Of Protein Localization To
Cell Surface, Positive Regulation Of Cellular Extravasation, Antigen Processing And
Presentation Of Endogenous Peptide Antigen Via MHC Class | Via ER Pathway, Antigen
Processing And Presentation Of Endogenous Peptide Antigen Via MHC Class | Via ER
Pathway (TAP—independent), Antigen Processing And Presentation Of Endogenous
Peptide Antigen Via MHC Class Ib, Antigen Processing And Presentation Of Peptide
Antigen Via MHC Class Ib, and Cotranslational Protein Targeting To Membrane. These
findings strongly implicate processes related to antigen presentation, cellular
communication, and immune response modulation in the context of perineural invasion.

Our investigation into Module M5 revealed an additional layer of complexity
within its structure. Specifically, we identified three distinct modules intricately woven
within the broader framework of M5. Their substantial enrichment for critical genes,
including MDK, ITGB1, THY1, SFRP2, HLA-A, and DYNLL1, sets these modules
apart. This unique molecular signature unveils a rich tapestry of gene expression
intricacies that likely play a pivotal role in orchestrating the behavior of PSCs during

perineural invasion.
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The inclusion of MDK, recognized for its involvement in various cellular
processes, suggests a multifaceted impact on PSCs within the intricate tumor
microenvironment. Concurrently, ITGB1, an integral component of cell adhesion
processes, and THY1, a marker associated with cell—cell interactions and signaling,
further underscore the dynamic interplay within these modules. Additionally, the
presence of SFRP2, known for its role in Wnt signaling, adds another layer of complexity,
potentially implicating regulatory mechanisms associated with this crucial pathway.

Moreover, the enrichment of HLA-A within these modules highlights its potential
involvement in immune-related processes. It raises intriguing questions about the
interplay between immune responses and perineural invasion in PDAC. HLA-A, a crucial
component in the antigen presentation, is pivotal in activating immune responses against
aberrant cells. The significant representation of HLA-A in the identified modules suggests
a potential link between immune surveillance and the regulation of perineural invasion,
adding a layer of complexity to the understanding of PDAC progression.

Additionally, the presence of DYNLLI, intricately associated with dynein light
chain function, introduces a fascinating dimension to our exploration of cellular transport
and intracellular dynamics within the identified modules. Dynein light chains are integral
components of the dynein motor complex, responsible for intracellular cargo transport
along microtubules. The identification of DYNLL1 within these modules hints at
potential regulatory roles in orchestrating cellular transport processes during perineural
invasion. This discovery not only broadens our understanding of the molecular intricacies
associated with PDAC but also underscores the need for further investigation into the
specific contributions of DYNLL1 to the dynamic interplay within the tumor
microenvironment, offering new avenues for targeted therapeutic interventions.

The intricate molecular signatures of these modules in Module M5 expand our
understanding of the regulatory networks shaping PSC behavior and open avenues for
more targeted investigations. Unraveling the specific roles these genes play in the intricate
dance of molecular interactions during perineural invasion provides a nuanced
perspective on the underlying biology of PDAC. This discovery prompts further
exploration, suggesting that these genes may serve as potential targets for therapeutic
interventions or as markers for refining diagnostic approaches in the complex landscape

of pancreatic cancer.

Pseudotime Analysis in PSCs: Contrasting Perineural Invasion in PDACs
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To unravel the temporal dynamics underlying perineural invasion in PDAC, we
conducted a pseudotime analysis using Monocle3 on integrated scRNA-seq data from
samples categorized as negative and positive for perineural invasion. The study identified
distinct pseudotime trajectories, illustrating significant gene expression changes as cells
progressed through different stages of tumor development (Figure 3A).

A notable progression along the pseudotime trajectory was observed in samples
positive for perineural invasion, reflecting increased cellular plasticity and invasive
potential. Coordinated activation of pathways associated with inflammatory response and
tumor microenvironment remodeling was evident. Specifically, genes related to nerve
growth factor (NGF) signaling and neural-tumor cell interactions were overexpressed in
later pseudotime stages. In contrast, samples negative for perineural invasion exhibited
more stable pseudotime trajectories, indicating lower cellular plasticity and a less
dynamic response throughout tumor development. Gene expression profiles in these
samples suggested a more conserved regulation of cellular pathways associated with
tissue homeostasis.

Our analysis of pseudotime dynamics in PDAC samples highlighted the
significant involvement of critical genes in perineural invasion. SPP1, IGFBP3, PLAU,
and POSTN exhibited distinct expression patterns along the pseudotime trajectory. SPP1
demonstrated increased expression in perineural invasion-positive samples, emphasizing
its role in the invasive phenotype of PDAC (Figure 3B). IGFBP3, associated with growth
factor signaling, displayed dynamic expression changes, suggesting its contribution to the
regulatory network governing PDAC development. The encoding urokinase-type
plasminogen activator PLAU showed elevated expression in later pseudotime stages in
invasion-positive samples, implicating its role in extracellular matrix remodeling.
POSTN, linked to the tumor microenvironment, exhibited dynamic expression, indicating
its potential involvement in creating a favorable niche for tumor progression.
Understanding the regulatory roles of these genes provides insights into the molecular
mechanisms driving invasive phenotypes in PDAC, offering avenues for targeted

therapeutic strategies (Figure 3C).
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analysis of pancreatic stellate cells, and the cells were ordered by pseudotime. B)
Scatterplots for gene set enrichment analysis of pancreatic stellate cell DEGs. C) The

heatmap for the expression patterns of the top significant genes (ranked by q value).

POSTN is a secreted extracellular matrix protein that was initially identified in
cells from the mesenchymal lineage. It influences extracellular matrix remodeling, tissue
repair, and the epithelial-mesenchymal transition, all of which can be related to tissue
healing, development, and disease. Furthermore, POSTN is overexpressed in many solid
tumors, mainly by stromal cells and, to a lesser extent, by tumor cells themselves. Both
paracrine and autocrine signals can stimulate the expression of POSTN by stromal and
tumor cells. Extracellularly secreted POSTN interacts with other extracellular matrix
(ECM) proteins, such as collagens, tenascin C, and fibronectin, which produce a tumor-
receptive ECM by modulating, for example, collagen cross-linking. In addition, POSTN
interacts with integrin receptors present on the membrane of cancer cells, promoting cell
proliferation, cell survival, epithelial-mesenchymal transition (EMT), and migration.

PLAU, is a serine protease generated by various cell types, including epithelial
cells, monocytes, fibroblasts, neutrophils, and tumor cells. Its primary function lies in
catalyzing the conversion of plasminogen into plasmin, thereby contributing to the
proteolysis of proteins crucial for extracellular matrix (ECM) remodeling. Additionally,
urokinase plays a role in the activation of growth factors. Given its significance as a
critical proteolytic enzyme associated with ECM degradation, PLAU has been implicated
in pivotal biological processes such as tissue remodeling, migration during development,

and tumorigenesis.

Spatial Transcriptome (ST) Profiling in PDAC tumors

Spatial transcriptomics (ST) analysis was performed on four PDAC samples. The
A-FF donor cohort primarily consists of invasive carcinoma surrounded by immune,
stromal, and vascular components. Despite sharing a single pathology compartment, the
two tumor clusters exhibit distinct transcriptional profiles across all four replicates. In
contrast, the A-FFPE donor cohort is characterized by dominance in stroma and immune
components, alongside TAN. Notably, despite the significant presence of tumor-adjacent
normal tissue (TAN), the transcriptional analysis resolves islets of Langerhans, small
structures, containing PPY, INS, and other hallmark genes. Additionally, malignant

tissue, albeit a minor portion of these sections, is distinctly resolved.
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Figure 4 - Spatial analysis of PDAC donor B. A) Cluster’s distribution across tissue
showing the trajectory drawn. B) Inferred gene expression changes along the trajectory.
C) Cell type deconvolution performed by semla R package. D) Spatial dimension of the
sample and colors the surface according to the expression of POSTN, COL3AL,
COL1AL, ITGAV, SPPland CD44 genes.

The B donor section, profiled using FFPE-probes-ST, reveals tumor invasion into
the small intestine, with major structures resolved including intestinal epithelium,
muscularis propria, and Brunner’s glands. Similarly, the C donor section, profiled using
FFPE-probes-ST, exhibits a gradient of compartments spanning vasculature, stroma,
immune, TAN, and tumor compartments. Tumor tissue remains a minority, sandwiched
between macrophage- and fibroblast-enriched bands. Transcriptional characterization
aligns with pathology annotation. The A-FF cohort predominantly shows epithelium and

stroma dominance in appropriate clusters. In contrast, the A-FFPE cohort comprises
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mainly exocrine, ductal, and stromal tissue, with few epithelial clusters. The B section
demonstrates epithelium correspondence to both tumor and intestinal epithelium regions
but not the muscularis mucosa. In the C section, minority epithelium corresponds to the
tumor band, while the rest of the tissue is classified as stroma, ducts, and vascular
structures. Overall, these findings suggest that ST can effectively capture both major and
minor tissue compartments and their corresponding gene expression profiles across

various tumor structures (Figure 4A, 5A).
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Figure 5 - Spatial analysis of PDAC donor C. A) Cluster’s distribution across tissue
showing the trajectory drawn. B) Inferred gene expression changes along the trajectory.
C) Cell type deconvolution performed by semla R package. D) Spatial dimension of the
sample and colors the surface according to the expression of POSTN, COL3AL,
COL1AL, ITGAV, SPPland CD44 genes.

In this study, we focused on investigating the expression profiles of key genes—
POSTN, COL3A1, COL1AL, ITGAV, SPP1, and CD44—across PDAC samples (Figure
4B, 5B). The analysis revealed a significant presence of POSTN, along with the other
identified genes, within the pancreatic stellate cells. This finding not only confirms the
results obtained from single-cell RNA sequencing (scRNA) analysis but also sheds light

on the molecular landscape of PDAC.
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Discussion

Pancreatic ductal adenocarcinoma remains a formidable challenge in the realm of
cancer, characterized by its aggressive nature and dismal prognosis, with perineural
invasion standing out as a significant contributor to its clinical severity. The exploration
unveils a comprehensive view of the molecular landscape intricately associated with
perineural invasion, shedding light on cellular composition and gene expression patterns
that play a pivotal role in PDAC aggressiveness (6,7).

Our analytical efforts unravel distinct cellular profiles, notably showcasing an
upsurge in Pancreatic Stellate Cells (PSCs) within PNI-positive samples, a marked
contrast to their minimal presence in PNI-negative counterparts. This observation
suggests a potential correlation between PSCs and PNI, emphasizing the pivotal
significance of these cells in the invasion process. Further probing into the temporal
dynamics of PDAC samples through pseudotime analysis reveals a captivating narrative,
elucidating the crucial roles of critical genes in the context of PNI (15,16). SPP1, IGFBP3,
PLAU, and POSTN exhibit unique expression patterns along the pseudotime trajectory,
unraveling the intricate molecular ballet underpinning the invasive nature of PDAC. The
fluctuating expression of IGFBP3 throughout pseudotime signifies its involvement in the
complex regulatory network dictating PDAC development (17,18). Notably, escalated
PLAU expression in later pseudotime stages within invasion-positive samples implicates
its contribution to extracellular matrix remodeling, highlighting its potential as a critical
player in invasive mechanisms. Moreover, the dynamic expression of POSTN signifies
its probable engagement in establishing a conducive niche for tumor progression. This
comprehensive analysis of temporal gene expression provides a deeper understanding of
the molecular dynamics orchestrating perineural invasion in PDAC, offering valuable
insights for targeted therapeutic strategies (19).

SPP1 takes center stage in this molecular drama, demonstrating increased
expression in PNI-positive samples, underscoring its integral role in fostering the invasive
phenotype of PDAC (17). Dynamic expression changes in IGFBP3, intricately associated
with growth factor signaling, hint at its involvement in the regulatory network governing
PDAC development. Moreover, the elevated expression of PLAU, responsible for
encoding urokinase-type plasminogen activator, in PNI-positive samples suggests its
potential as a promising therapeutic target, holding the key to innovative intervention
strategies. Additionally, POSTN, encoding periostin, emerges as a noteworthy player,

exhibiting overexpression in PNI-positive samples and implicating its intricate role in



57

orchestrating the tumor microenvironment, further contributing to the aggressive nature
of PDAC (1,20).

Another critical factor in PNI in PDAC is the secreted phosphoprotein 1 (SPP1),
also known as osteopontin (OPN). This multifunctional cytokine and extracellular matrix
protein, overexpressed in PDAC, correlates with tumor stage, grade, and PNI. SPP1's
interaction with various cell surface receptors activates signaling pathways that regulate
cell survival, migration, and invasion, potentially facilitating PNI by modulating
interactions between tumor cells, nerve cells, and stromal cells (4,5,21). SPP1 induces
nerve growth factor expression and its receptor TrkA, enhancing chemotactic responses
to nerve-derived cues. Furthermore, SPP1 stimulates the production of matrix
metalloproteinases and other proteases, facilitating tumor cell penetration of the nerve
sheath. Additionally, SPP1 inhibits PDAC cell apoptosis, increasing resistance to
chemotherapy and radiotherapy and suggesting its potential as a therapeutic target
(1,2,4,5).

Several strategies, including neutralizing antibodies, antisense oligonucleotides,
small interfering RNAs, and small molecule inhibitors, have been proposed to block SPP1
function, showing promise in preclinical PDAC models by reducing tumor growth, PNI,
and metastasis (1-3,20). However, the safety and efficacy of these agents require
evaluation in clinical trials. In conclusion, PNI significantly contributes to the
aggressiveness and poor outcomes of PDAC. Understanding the molecular mechanisms
may lead to innovative therapeutic strategies for preventing or treating PNI, ultimately
improving the quality of life and survival of PDAC patients (10,17).

Our comprehensive findings suggest that PNI-positive samples manifest a more
dynamic response throughout the intricate journey of tumor development, marked by
heightened cellular plasticity and invasive potential. Moreover, identifying critical genes
associated with PNI unveils promising therapeutic targets, presenting potential avenues
for novel and innovative interventions. However, the intricate roles these genes play in
the context of PNI necessitate further in-depth studies to unveil precise underlying
mechanisms. These outcomes promise to pave the way for developing innovative
therapeutic strategies, mitigating the inherent aggressiveness of PDAC, and ushering in
an era of improved clinical outcomes for patients grappling with this formidable
malignancy.

In conclusion, our study reveals the complex molecular landscape of PNI in

PDAC, highlighting the critical roles of PSCs, dynamic cellular interactions, and intricate
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signaling networks. Essential genes, including SPP1, IGFBP3, PLAU, and POSTN,
emerge as central players in regulating PDAC progression. These findings deepen our
understanding of the molecular mechanisms underpinning PNI and open promising
avenues for targeted therapeutic interventions. In the intricate landscape of pancreatic
cancer, identifying these genes enhances the potential for refining diagnostic approaches
and developing precision therapies, offering a beacon of hope for improved clinical

outcomes in the face of this malignancy.
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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is a challenging cancer with poor survival
rates and unclear molecular mechanisms. Recent research suggests that myeloid cells play
a role in PDAC, especially under conditions of circadian disruption. This study delves
into the effects of chronic jet lag on PDAC development using single-cell RNA
sequencing (scRNA-seq) data. The analysis reveals substantial alterations in cellular
composition, interactions, and gene expression patterns in PDAC samples under normal
circadian conditions compared to chronic jet lag. Notably, there is a noticeable increase
in acinar and myeloid cells under chronic jet lag, indicating potential implications for
tumor microenvironment dynamics. CellChat analysis unveils a distinct cytokine
production profile in myeloid cells, particularly marked by the upregulation of genes
associated with chemokine receptors like Cxcl12. This finding suggests the establishment
of a specialized communication network within the tumor milieu under chronic jet lag

conditions, influencing immune responses and tumor progression. High-dimensional
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Weighted Gene Co-expression Network Analysis (hdWGCNA) identifies modules
enriched in macrophages linked with chronic jet lag, emphasizing disrupted circadian
rhythms' impact on the tumor microenvironment. Pseudotime analysis highlights specific
gene expression patterns in myeloid cells under chronic jet lag, notably upregulating
Hsp90aal, Hsp90abl, Hsp90bl, Hspa5, and Hspa8, indicating a cellular response to
circadian disruption. These findings offer novel insights into immune dysregulation
mechanisms in PDAC, including the role of chemokines like Cxcl12 and Ccl2, and

present potential therapeutic targets for further investigation.

Keywords: Pancreatic ductal adenocarcinoma, chronic jet lag, single-cell RNA

sequencing, cell-to-cell interactions, gene expression patterns, immune dysregulation,

Introduction

Pancreatic ductal adenocarcinoma (PDAC) presents a formidable challenge in
oncology, boasting a disheartening 5-year survival rate of less than 10%. Despite
substantial research efforts, the intricate molecular mechanisms underlying PDAC
development and progression remain largely elusive (Park et al., 2021; Schnittert et al.,
2019; Wood et al., 2022). However, recent studies have shed light on the significant role
of myeloid cells in the context of PDAC. These immune cells have emerged as key
players, with their prevalence showing marked differences in PDAC samples under
normal circadian conditions and those exposed to chronic jet lag (Schwartz et al., 2021,
2023).

Exploring the temporal dynamics of PDAC samples through pseudotime analysis
has revealed the pivotal roles played by myeloid cells in the context of circadian
disruption (Arjona et al., 2012; Gery & Koeffler, 2010; Zhu & Zee, 2012). Notably, the
analysis has unveiled a distinctive pattern of cytokine production by myeloid cells under
conditions of chronic jet lag, indicating a potential association between circadian
disruption and immune dysregulation within the tumor microenvironment (Buhr &
Takahashi, 2013; Dunlap, 1999; Rana & Mahmood, 2010; Zee et al., 2013). Moreover,
the upregulation of heat shock proteins in myeloid cells under chronic jet lag conditions
suggests a concerted effort by these cells to mitigate cellular damage and maintain
functional integrity in the face of circadian disruption (Schwartz et al., 2021, 2023).
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The comprehensive exploration of cellular profiles extends to the stromal and
immune landscape, revealing significant alterations in myeloid cells, endothelial cells,
and T cells in PDAC samples exposed to chronic jet lag (Schwartz et al., 2021, 2023).
These observations underscore the intricate interplay between immune cells and the
surrounding microenvironment during tumor development and progression, particularly
under conditions of circadian disruption. Integrating high-dimensional approaches,
including hdWGCNA and pseudotime analysis, unravels distinct modules and gene
expression patterns associated with immune dysregulation induced by circadian
disruption. This provides a nuanced perspective on the molecular intricacies driving
PDAC aggressiveness under conditions of altered circadian rhythms (Cao et al., 2019;
Hughes et al., 2020; Rusu et al., 2023; Schwartz et al., 2021, 2023).

This study unravels the multifaceted dynamics of immune dysregulation in PDAC
under the influence of circadian disruption. Employing single-cell RNA sequencing
(scRNA-seq) data, we conduct an in-depth analysis to delineate distinctive cellular
profiles and gene expression patterns in PDAC samples under normal circadian
conditions and those exposed to chronic jet lag. The focus extends to myeloid cells,
exploring their potential correlation with immune dysregulation induced by circadian
disruption. Further investigation into myeloid cell behavior involves advanced analytical
approaches such as hierarchical, weighted gene co-expression network analysis
(hdWGCNA) and pseudotime analysis, shedding light on the intricate molecular

landscape underlying immune dysregulation induced by circadian disruption.
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Methods
Single cell RNA-seq Data

Processed scRNA-seq data and annotation tables were downloaded from the GEO
database. We performed an extensive analysis of the sScRNA-seq data of animal models
for chronic jet lag. To test the hypothesis that circadian misalignment by chronic jet lag
accelerates tumor initiation and development of PDAC, the authors elected to utilize the
LSL-KrasG12D/+, Pdx1-Cre (KC) mouse model — a well-characterized PDAC
development model —and assessed the burden of neoplastic lesions and PDAC. From 4-
6 weeks of age, the KC mice underwent two distinct lighting conditions: a standard 12-
hour light/12-hour dark (LD) cycle representing normal circadian rhythms and a chronic
jet lag model designed to disrupt circadian patterns, simulating environmental
disturbances seen in humans. The CJ regimen involved a 12-hour LD cycle shifted
forward by 4 hours every 2-3 days. These conditions persisted until the mice reached 5
and 9 months of age, marking the study's conclusion. At 5 months, KC mice typically
develop early pre-cancerous lesions while retaining mostly normal pancreatic tissue,
making this timeframe ideal for evaluating tumor initiation acceleration due to circadian
misalignment. Assessments involved gauging the degree of pancreatic involvement by
neoplastic lesions and fibroinflammatory infiltrates. As the fibroinflammatory infiltrates
progression becomes less relevant by 9 months, the focus shifts towards higher-grade
neoplastic lesions, reflecting pre-cancerous lesions evolving into cancer (Schwartz et al.,
2021).

Cell-Cell Interaction Analysis

CellChat R package provides a comprehensive toolkit for analyzing and
visualizing cell-cell communication networks in sScCRNA-seq data. CellChat R package
provides a powerful set of tools for analyzing and visualizing cell-cell communication
networks in SCRNA-seq data. By following this methodology, researchers can gain new
insights into the complex cellular interactions that underlie many biological processes
(Jinetal., 2021).

High-dimensional WGCNA (hdWGCNA)
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The workflow for conducting high-dimensional Weighted Gene expression
network Analysis ([dWGCNA) in R was performed with the “hdWGCNA™ package.
Briefly, the hdWGCNA pipeline involves the following steps: data preprocessing, gene
network construction, module identification, module preservation analysis, and
functional enrichment analysis. In the first step, gene expression data are preprocessed to
remove noise and batch effects. In the second step, a gene co-expression network is
constructed based on pairwise correlations among genes. In the third step, modules or
clusters of highly correlated genes are identified, and the module eigengenes are
calculated. In the fourth step, module preservation analysis is performed to assess the
robustness of the identified modules. Finally, in the fifth step, functional enrichment
analysis is carried out to identify the biological processes and pathways that are associated
with the modules [19]. hdWGCNA utilized the R package enrichR [20](version 3.0) to
conduct enrichment analysis on the top 100 genes within each module, ranked by kME.
This analysis incorporated the following databases: GO_Biological _Process 2023,
GO_Cellular_Component_2023, and GO_Molecular_Function_2023 (Morabito et al.,
2023).

Pseudotime analysis

The pseudotime dynamics of myeloid cells was analyzed using Monocle3, a state-
of-the-art computational tool. Following the acquisition of the scRNA-seq dataset,
Monocle3 was employed for trajectory inference and pseudotime estimation, bypassing
preprocessing details. Leveraging the advanced algorithms within Monocle3, we
elucidated the temporal progression of myeloid cells during chronic jet lag. This
methodology offers a comprehensive approach to uncovering the transcriptional
dynamics and developmental trajectories within the microenvironment, shedding light on
critical regulatory mechanisms and functional implications of these key cell types [21].
Gene set enrichment analysis (GSEA) was performed by Bioconductor package,
clusterProfiler 4.0 (Wu et al., 2021).
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Results
Profiling the cellular composition

To characterize the cellular composition and cell-state in pancreatic
adenocarcinoma, We performed single-cell RNA sequencing (ScCRNAseq) analysis on
pancreatic samples (1 male/female) collected from both normal circadian and chronic jet
lag KC mice at 5 and 9 months. It is noteworthy that male and female mice were pooled
together due to the consistent absence of sex-specific effects observed within either the
normal circadian or chronic jet lag group of KC mice at 5 months or 9 months. Following
filtration and dimensionality reduction, we identified a total of eight distinct
heterogeneous cell types using the ScType package, comprising 42,791 cells.

The analysis uncovered significant differences in the frequency of various cell
types, shedding light on the intricate cellular dynamics associated with each state.
Notably, during the chronic jet lag, there was a higher prevalence of acinar (4,995) and
myeloid cells (6,623), suggesting a potential role for these cell types during this
physiological condition. Conversely, in the normal circadian, there was a higher
frequency of pancreatic stellate (3,500) and mast cells (701), indicating a distinct cellular
landscape under normal conditions. These findings underscore the dynamic nature of
cellular compositions in different physiological states, providing valuable insights into

the intricate cellular dynamics associated with each condition.
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Figure 1 - Profiling Cellular Diversity in PDAC samples through scRNAseq Analysis.
A) Experimental approach. B) Visualization of 42,791 single cells. Cells are colored by

cell type. C) Frequencies of single cells per sample type.

Jet Lag Effects on Cell Interactions in Pancreatic Adenocarcinoma Development
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Given the complex intercommunications among cell components crucial in
pancreatic adenocarcinoma, CellChat analysis was conducted to evaluate the interactions
between cells. In our comparative analysis using CellChat between normal circadian and
chronic jet lag samples, a distinctive pattern emerged, particularly in the chronic jet lag
group. Through CellChat, we discerned a pronounced interaction where immune cells,
including leukocytes and myeloid cells, exhibited a cytokine-producing profile. Notably,
these cytokines were observed to be selectively captured by genes associated with
chemokine receptors, such as Cxcl12 and Ccl2, expressed in the myeloid cells of the
chronic jet lag sample. This interaction was notably absent in both normal circadian tissue
and the chronic jet lag sample, where the expression of these genes was not observed.

The specific capture of immune cell-derived cytokines by myeloid cells, as
indicated by the expression of Cxcl12 and its receptors in the chronic jet lag sample,
underscores a potentially unique intercellular communication network in pancreatic
adenocarcinoma pathology. This finding implies a targeted modulation of cytokine
signaling within the chronic jet lag pancreatic adenocarcinoma microenvironment,
potentially contributing to the distinct immunological responses observed in pancreatic
adenocarcinoma lesions. The exclusive expression of genes associated with chemokine
receptors in myeloid cells suggests a localized mechanism for cytokine regulation in the
chronic jet lag sample, highlighting the intricate crosstalk between immune cells and
myeloid cells in pancreatic adenocarcinoma development. Further exploration of this
molecular interaction may unveil novel insights into the immunopathogenesis of
pancreatic adenocarcinoma and provide avenues for targeted therapeutic interventions
aimed at modulating this specific intercellular communication network in pancreatic
adenocarcinoma-affected tissues.

The hdWGCNA analysis, a powerful tool for exploring gene expression patterns
and co-expression networks, provided comprehensive insights into the molecular
landscape of pancreatic adenocarcinoma. The recommended approach for hdWGCNA is
to choose the minimum soft power threshold that yields a Scale-Free Topology Model Fit
greater than or equal to 0.8. Therefore, in this instance, our soft power threshold would
be set at 12. Through this analysis, 10 distinct modules were delineated, offering a
structured framework to decipher the intricate interplay of genes and biological processes
underlying PDAC development and progression. Notably, among these modules,
modules M3, M5, M6, M7, and M10 emerged as particularly enriched in macrophages
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associated with chronic jet lag, suggesting a potential link between disrupted circadian
rhythms and the tumor microenvironment in PDAC.
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Figure 2 - Cell-cell communications referenced by CellChat demonstrated notable
alterations in receptors-ligands-mediated communications comparing normal and
disrupted circadian rhythm. A) Circle plots depicting the interaction numbers and
interaction strength. B) Scatter plot showing the intensity of the outgoing and incoming
interactions in two-dimensional manifold. The size of the circles suggests the numbers of
significantly expressed receptor-ligand pathways of different cell populations. C)
Schematic model representing the strongest signalings between cells. D) UMAP plot of
the co-expression network. Each node represents a single gene, and edges represent co-

expression links between genes and module hub genes.

Additionally, the analysis of enrichment demonstrated that modules 3, 5, and 7
are closely associated with pathways related to immune responses, particularly those
involving interleukins. This discovery emphasizes the significant role of the immune
system in shaping the microenvironment of pancreatic adenocarcinoma (PDAC) and
influencing tumor progression. By uncovering the molecular mechanisms underlying
immune dysregulation in PDAC, these enriched modules present promising targets for
therapeutic intervention and potential biomarkers for patient stratification. Moreover, the
integration of hdWGCNA analysis with insights into the immune landscape of PDAC
provides a thorough understanding of the disease's complexity and reveals new avenues

for precision medicine approaches.

Integrated trajectory analysis of disease-associated myeloid cells

In our exploration of pseudotime dynamics within myeloid cells and their
comparison between chronic jet lag and normal circadian conditions, we delved into the
intricacies of cellular behavior over developmental trajectories. Despite rigorous analysis,
we didn't observe significant variations in pseudotime across the different conditions
examined. However, what emerged prominently were certain genes — Hsp90aal,
Hsp90ab1l, Hsp90b1, Hspab, and Hspa8 — which exhibited specificity to the pseudotime
of chronic jet lag. This specificity suggests a unique molecular response or adaptation of
myeloid cells to the prolonged disruptions in circadian rhythms characteristic of chronic

jet lag.
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Scatterplots for gene set enrichment analysis of Hspa8 in myeloid cells. C) The heatmap

for the expression patterns of the top significant genes (ranked by q value)

Following this observation, we extended our analysis to explore the broader
molecular landscape using Gene Set Enrichment Analysis (GSEA) focused on myeloid
cells. Here, we uncovered the enrichment of pathways associated with heat shock
proteins, indicating a notable cellular response to the stress induced by chronic jet lag.
Heat shock proteins are known for their crucial roles in cellular homeostasis and response
to various stressors. Their upregulation in myeloid cells under chronic jet lag conditions
suggests a concerted effort by these cells to mitigate cellular damage and maintain

functional integrity in the face of circadian disruption.

This revelation underscores the intricate interplay between circadian rhythms and
the immune system, particularly within myeloid cell populations. Circadian disruptions
can profoundly affect immune function, leading to dysregulated responses and potential
implications for overall health. Understanding how myeloid cells adapt to these
disruptions sheds light on the broader mechanisms governing immune homeostasis and
the pathophysiology of circadian-related disorders. Moving forward, further exploration
of these molecular pathways holds promise for uncovering novel therapeutic targets
aimed at mitigating the adverse effects of circadian disruption on immune function. By
elucidating the molecular underpinnings of myeloid cell dynamics in response to
circadian disruption, we gain valuable insights into potential avenues for therapeutic

intervention and disease management.
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Discussion

The investigation into the impact of chronic jet lag on pancreatic cancer delves
into a multifaceted interplay between immune cell dynamics and the intricate molecular
pathways that propel tumor development (Schwartz et al., 2021). By employing single-
cell RNA sequencing techniques, researchers have uncovered nuanced differences in the
cellular landscape of pancreatic cancer between individuals subjected to chronic jet lag
and those maintaining normal circadian rhythms (Gery & Koeffler, 2010; Zee et al.,
2013). Within the chronic jet lag group, a notable increase in the prevalence of acinar and
myeloid cells emerged, hinting at the potential involvement of these cellular subsets in
responding to the altered physiological conditions induced by disrupted sleep-wake
cycles. This shift in cellular composition underscores the adaptive nature of the pancreatic
tumor microenvironment in response to external circadian disruptions (Leungetal., 2016;
Niu et al., 2015).

Moreover, an in-depth analysis of cell-to-cell interactions unveiled a distinctive
cytokine production profile among immune cells, particularly marked by the upregulation
of genes associated with chemokine receptors in myeloid cells. This observation suggests
the establishment of a specialized intercellular communication network within the tumor
milieu under chronic jet lag conditions (Schwartz et al.,, 2021, 2023). Such
communication pathways may play pivotal roles in shaping the inflammatory response
and influencing tumor progression dynamics.

Furthermore, through gene co-expression analysis, specific modules enriched in
macrophages were identified, particularly associated with chronic jet lag. Thisenrichment
implies a potential connection between perturbed circadian rhythms and the modulation
of macrophage-mediated responses within the pancreatic tumor microenvironment. These
findings shed light on the intricate interplay between circadian disruption and the immune
landscape of pancreatic cancer, offering valuable insights into the underlying mechanisms
driving disease progression.

Cytokines, adiverse group of active proteins released by the immune system, have
long been recognized as regulators of immune response and inflammation. Recent
research has uncovered their involvement in tumor initiation and progression, with
heightened levels of specific cytokines linked to these processes (Marchesi et al., 2010).
Chemokines, another class of small, secreted proteins structurally related to cytokines,

play a crucial role in inflammation, immunity, and cancer-related inflammation.
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Classified into four subclasses based on conserved cysteine residues in their structure,
chemokines and their receptors are intricately regulated by the circadian clock,
influencing various aspects of innate immunity and inflammatory gene expression (Bozek
et al., 2009; Marchesi et al., 2010; Mazzoccoli et al., 2012).

Among the chemokines, Cxcl12, a subfamily of CC chemokines, stands out for
its influence on cancer metastasis. Cxcl12 binds to receptors such as CCR2 and CCR5,
modulating the activity of cancerous tumors by recruiting M2 macrophages and
impacting immune system processes (Malik et al., 2022). In breast cancer, tumor-
associated macrophages are primary sources of Cxcl12 production. The interplay between
Cxcl12 and SIGLECLI (Sialic Acid Binding Ig Like Lectin 1) establishes a regulatory loop
involving tumor cells and TAMs, facilitated by TNF-a, leading to increased tumor cell
motility. Additionally, elevated levels of TNF-a further support Cxcl12 production within
the tumor microenvironment (Roy et al., 2014a; Sleightholm et al., 2017).

In breast cancer, tumor-associated macrophages play a pivotal role in the
production of Cxcl12. This chemokine establishes a regulatory loop with tumor cells and
TAMs through its interaction with SIGLEC1, facilitated by TNF-a, thereby amplifying
their expression and enhancing tumor cell motility (Roy etal., 2014a, 2014b; Sleightholm
et al., 2017). In turn, both cancer cells and TAMs release substantial levels of TNF-a,
further supporting Cxcl12 production within the tumor microenvironment. Importantly,
the presence of Cxcl12 stimulates cancer cells to increase their production of colony
stimulating factor 1 (Csfl), a critical factor for macrophage survival and proliferation,
thus intensifying the self-stimulating loop (Malik et al., 2022; Roy et al., 2014a;
Sleightholm et al., 2017).

The elevated levels of Cxcll2 play a multifaceted role within the tumor
microenvironment. Firstly, Cxcl12 facilitates intricate communication channels between
cancer cells and tumor-associated macrophages, contributing to the dynamic interplay
between these cellular components (Malik et al., 2022; Roy et al., 2014a). This
communication network fueled by Cxcl12 enables the exchange of signaling molecules
and promotes the progression of breast cancer by enhancing tumor cell motility and
invasiveness. Furthermore, Cxcl12 acts as a potent chemoattractant for monocytes,
orchestrating the recruitment of immune cells to the tumor site (Malik et al., 2022; Roy
et al., 2014a; Sleightholm et al., 2017). This recruitment process mediated by Cxcl12 is
crucial for shaping the immune landscape within breast tumors and modulating the local

immune response against cancer cells. Remarkably, in murine models of metastatic breast
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cancer, Cxcl12 demonstrates an additional function by recruiting regulatory T cells
(Tregs) through the chemokine receptor CCR5. This recruitment mechanism highlights
the immunomodulatory properties of Cxcl12 and its ability to influence the balance
between pro-tumorigenic and anti-tumorigenic immune responses (Roy et al., 2014b; Shi
et al., 2020; Sleightholm et al., 2017).

The interplay between heat shock proteins (HSPs) and disruptions in the circadian
rhythm reveals an intricate relationship that affects cellular responses and molecular
mechanisms essential for maintaining the body's balance. HSPs, a group of proteins
crucial for shielding and repairing cells under stress, are closely linked with the body's
internal clock, which regulates various physiological functions throughout the day (Hoter
et al., 2018; Moran Luengo et al., 2019). When the circadian rhythm is disturbed due to
factors such as irregular sleep patterns or exposure to artificial light at night, it can disrupt
the normal expression and activity of HSPs. Research indicates that different types of
HSPs exhibit fluctuations in their production levels throughout the day, peaking at
specific times. Any disruptions to this daily rhythm can impair cells' ability to effectively
respond to stressors and safeguard essential cellular processes. Furthermore, disturbances
in the circadian rhythm may compromise the effectiveness of HSPs in managing cellular
stress. Inadequate sleep or prolonged exposure to artificial light during nighttime hours
can undermine the ability of HSPs to adequately cope with stress, rendering cells more
susceptible to damage and dysfunction. This imbalance in HSP regulation could
potentially elevate the risk of developing metabolic disorders, neurodegenerative
conditions, and even cancer (Hoter etal., 2018).

HSPs are classified according to their molecular mass, where Hsp90 for instance
means a subset of HSPs having a molecular weight of 90-kDa. Hsp90 facilitates the
progression of the cell cycle and triggers signaling kinases through interactions with the
Cdc37 co-chaperone, which are pivotal for activating anti-apoptotic and proliferative
pathways crucial to carcinogenesisl. Neoplastic cells develop a dependence on
chaperones, forming a vicious cycle where the heightened demand for Hsps results in an
increase in mutated proteins. This, in turn, drives the induction of Hsps, leading to
elevated translational processes and protein expression, ultimately contributing to cellular
transformation. In mammalian cells, HSP90 has 4 subtypes, two of them located in
cytoplasm: heat shock protein 90 alpha family class A member 1 (HSP90AA1) and heat
shock protein 90 alpha family class B member 1 (HSP90AB1) (Hoter et al., 2018).
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HSP90AAL1 and HSP90AB1 exhibit the ability to concurrently enhance the
phosphorylation of necrosome components, including RIPK1, RIPK3, and MLKL. This
activation, in turn, triggers various necroptosis pathways such as MLP, the mitochondrial
membrane potential, and mitochondrial fission3. The process of mitochondrial fission
contributes to the proliferation, metastasis, and drug resistance of cancer cells. Despite
their role in promoting necroptosis, HSP9OAA1l and HSP90AB1 also function as
upstream regulators of endosomal sorting complexes required for transport-I11 (ESCRT-
[11). This regulatory action helps preserve membrane integrity during the initiation of
necroptosis, ultimately promoting cell survival (Hoter et al., 2018; Moran Luengo et al.,
2019).

A comprehensive analysis of cellular composition, interactions, and molecular
pathways in pancreatic adenocarcinoma, particularly under conditions of chronic jet lag,
reveals intricate dynamics within the tumor microenvironment. The distinct cellular
profiles observed between normal circadian and chronic jet lag conditions underscore the
influence of disrupted circadian rhythms on tumor microenvironment heterogeneity.
Moreover, the identification of unique intercellular communication networks and
molecular responses in chronic jet lag samples highlights the complex interplay between
circadian disruption, immune function, and tumor progression. These findings provide
valuable insights into potential therapeutic targets and precision medicine approaches for
mitigating the adverse effects of circadian disruption on immune function and disease

outcome in pancreatic adenocarcinoma.
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6 CONCLUSOES

No primeiro estudo sobre o carcinoma ductal pancreatico (PDAC) revelou
descobertas importantes. Primeiramente, observou-se um aumento marcante na
prevaléncia das Células Estelares Pancreéaticas (PSC) em amostras positivas para invasao
perineural, sugerindo uma possivel associacdo entre as PSCs e a natureza agressiva da
invasao perineural no PDAC. Além disso, a analise de pseudotempo revelou a progressao
temporal de amostras de PDAC, indicando maior plasticidade celular e potencial invasivo
em amostras positivas para invasdo perineural. A analise de interacdo célula-célula
identificou padrdes distintos de redes de comunicacao intercelular entre tumores positivos
e negativos para invasdo perineural, enquanto a analise de rede de co-expressao génica
destacou modulos especificos significativamente correlacionados com a invasao
perineural, fornecendo insights sobre a paisagem molecular intricada que impulsiona a
progressdo do PDAC. Além disso, a analise do transcriptoma espacial revelou perfis
transcripcionais distintos em diferentes compartimentos teciduais, destacando a
complexidade do microambiente tumoral. No entanto, limitagcdes, como o tamanho da
amostra e a complexidade bioldgica do PDAC, devem ser consideradas, e Sa0 necessarias
pesquisas adicionais para validar as descobertas e traduzi-las em estratégias terapéuticas
eficazes.

O segundo estudo revela insights significativos sobre os mecanismos moleculares
e as interacdes celulares subjacentes a disfuncdo imunolégica em PDAC sob a influéncia
da perturbacdo circadiana. A identificacdo de padrdes distintos de expressdo génica,
interacOes celulares e adaptacdes celulares em resposta ao jet lag cronico fornece uma
compreensdo mais profunda da complexidade do microambiente tumoral e das respostas
imunoldgicas associadas. Essas descobertas destacam a importancia critica das células
mieloides e de sua interagdo com outros componentes celulares na progressao do PDAC,
especialmente em contextos de perturbagéo circadiana.

Entretanto, algumas limitacbes devem ser consideradas ao interpretar 0s
resultados deste estudo. Primeiramente, a utilizacdo de modelos animais pode néo refletir
completamente a complexidade da fisiopatologia do PDAC em humanos, limitando a
generalizacdo dos achados. Além disso, a analise baseada em RNA de célula Unica,
embora poderosa, pode apresentar vieses devido a variabilidade na captura de células e
na sensibilidade de deteccdo de expressdo génica. Portanto, estudos complementares em

modelos in vitro e em amostras clinicas de pacientes sdo necessarios para validar e
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expandir as conclusbes deste estudo. Ademais, a natureza observacional do estudo
impede a inferéncia de causalidade entre a disfuncdo circadiana, a resposta imune e a
progressdo do PDAC, sugerindo a necessidade de estudos longitudinais e intervengdes
experimentais para elucidar completamente essas relacbes. Em Gltima analise, essas
limitacdes destacam a importancia continua da pesquisa translacional e da colaboracédo
interdisciplinar para avangar nosso entendimento da biologia do PDAC e identificar
estratégias terapéuticas mais eficazes.
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