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RESUMO

Os tumores mamarios do subtipo triplo-negativo (TNBC) possuem alta frequéncia de
mutacdes no gene do supressor tumoral p53 (TP53) e elevada expressao de
interleucina-8 (IL-8), sendo considerados os mais agressivos e desafiadores, do
ponto de vista terapéutico. Esta tese teve como objetivo estudar a relagdo entre as
mutagdes do tipo ganho-de-fungdo (GOF) em TP53 no céncer de mama e a IL-8
expressa por tumores mamarios. Para isso, utilizou-se modelos celulares,
ferramentas de silenciamento génico e analises histologicas e de bioinformatica.
Inicialmente, o estudo revelou que a deplecdo da p53 mutante tornou as linhagens
celulares TNBC suscetiveis ao tratamento com Metanossulfonato de metila (MMS) e
cisplatina, reduziu o potencial de invasédo, migragao e a expressao de citocinas pro-
inflamatodrias, incluindo CXCL2, IL-8 e IL-6 em linhagens celulares TNBC. No
entanto, moléculas associadas a malignidade do cancer de mama, como PGE2 e
MMP1, reguladas pela via de sinalizacdo ERK1/2 MAPK, ndo foram afetadas pela
deplecéo de p53 mutante. O tratamento com inibidores de MEK1/2 demonstrou uma
diminuicdo na produgao de citocinas, e a combinacéo da inibigdo destas duas vias
de sinalizag&o resultou em uma redugao aprimorada de IL-8 e IL-6, além de redugao
na invasao e migragao celular, em comparagdo com cada tratamento isolado. A
inibicdo da sinalizagdo do NFkB também contribuiu para diminuicao da viabilidade
celular e da producao de citocinas. Embora a deple¢ao de p53 mutante ndo tenha
afetado o status de fosforilagdo do MEK/ERK1/2 ou dos complexos NFkB, foi
observada uma diminuicdo da atividade do NFkB no nucleo, indicando seu papel na
regulacdo da atividade do NFkB em linhagens celulares TNBC. Esses achados
indicam que mutag¢des GOF do TP53 contribuem com ERK1/2 MAPK e NFkB para a
producao do secretoma inflamatério em linhagens celulares TBNC. Sabendo que a
IL-8 é produzida por subtipos especificos de cancer de mama e contribui para
fendtipos malignos, especialmente no cancer de mama TBNC, nds revisitamos o
perfil de expressao e a importancia funcional da IL-8. O estudo revelou que ha uma
ampla faixa de expressao de CXCL8 (mRNA de IL-8) em tumores mamarios e
linhagens de cancer de mama. Analises de enriquecimento funcional de genes e
mutacdes indicaram uma sinalizacado inflamatéria aumentada e uma resposta ao
estrogénio diminuida associada a niveis mais elevados de CXCL8 em tumores de
mama. A expressdao de CXCL8 se mostrou aumentada em tumores do subtipo
molecular tipo-basal e claudin-low. Notavelmente, mutagdes no gene TP53 foram
associadas a altos niveis de expressao de CXCL8. Além disso, foram observados
niveis elevados de CXCLS8 e secregao de IL-8 em um painel de linhagens celulares
do tipo-basal e claudin-low, as quais apresentaram maior invasividade, quando
comparado a linhagens de fenétipo RE+ (ou luminais). A redugédo da expressao de
CXCL8 por siRNA ou antagonista de receptor CXCR1/2 demonstrou uma diminuigao
significativa na viabilidade, invasédo e potencial de migracdo de linhagens celulares
triplo-negativas/claudin-low de cancer de mama, indicando um papel importante da
via IL-8/CXCR1/2 na malignidade tumoral. Esses achados fornecem insights
importantes sobre a interagdo entre IL-8, mutacbes GOF em TP53 e resposta
inflamatéria no cancer de mama, destacando alvos terapéuticos e estratégias
potenciais para melhorar a eficacia do tratamento do cancer de mama.

Palavras-chave: Cancer de mama; Proteina p53; Ganho-de-funcdo; Inflamacéao
tumoral.



ABSTRACT

Triple-negative breast cancer (TNBC) have high frequency of mutations in the tumor
suppressor gene p53 (TP53) and elevated expression of interleukin-8 (IL-8), making
them the most aggressive and challenging subtype from a therapeutic standpoint.
This thesis aimed to study the relationship between gain-of-function (GOF) mutations
in TP53 in breast cancer and the IL-8 expressed by mammary tumors. To do this,
cellular models, gene silencing tools, and histological and bioinformatic analyses
were employed. Initially, the study revealed that depletion of mutant p53 rendered
TNBC cell lines susceptible to treatment with Methyl methanesulfonate (MMS) and
cisplatin, reduced invasion and migration potential, and decreased the expression of
pro-inflammatory cytokines, including CXCL2, IL-8, and IL-6 in TNBC cell lines.
However, molecules associated with breast cancer malignancy, such as PGE2 and
MMP1, regulated by the ERK1/2 MAPK signaling pathway, were not affected by
mutant p53 depletion. Treatment with MEK1/2 inhibitors showed a decrease in
cytokine production, and the combination of inhibiting these two signaling pathways
resulted in enhanced reduction of IL-8 and IL-6, as well as decreased cell invasion
and migration compared to each treatment alone. Inhibition of NFkB signaling also
contributed to decreased cell viability and cytokine production. While mutant p53
depletion did not affect the phosphorylation status of MEK/ERK1/2 or NFkB
complexes, decreased NFkB activity in the nucleus was observed, indicating its role
in NFkB activity regulation in TNBC cell lines. These findings indicate that GOF
mutations in TP53 contribute to ERK1/2 MAPK and NFkB signaling for the production
of the inflammatory secretome in TNBC cell lines. Knowing that IL-8 is produced by
specific subtypes of breast cancer and contributes to malignant phenotypes,
especially in TNBC, we revisited the expression profile and functional importance of
IL-8. The study revealed a wide range of CXCL8 (IL-8 mRNA) expression in
mammary tumors and breast cancer cell lines. Functional enrichment analyses of
genes and mutations indicated increased inflammatory signaling and decreased
estrogen response associated with higher levels of CXCL8 in breast tumors. CXCL8
expression was elevated in basal-like and claudin-low molecular subtype tumors.
Notably, TP53 gene mutations were associated with high levels of CXCLS8
expression. Furthermore, elevated levels of CXCL8 and IL-8 secretion were
observed in a panel of basal-like and claudin-low cell lines, which exhibited higher
invasiveness compared to RE+ (luminal) phenotype lines. Reducing CXCL8
expression using siRNA or CXCR1/2 receptor antagonists demonstrated a significant
decrease in viability, invasion, and migration potential of triple-negative/claudin-low
breast cancer cells, indicating an important role of the IL-8/CXCR1/2 pathway in
tumor malignancy. These findings provide important insights into the interaction
between IL-8, GOF mutations in TP53, and inflammatory response in breast cancer,
highlighting therapeutic targets and potential strategies to enhance the effectiveness
of breast cancer treatment.

Keywords: Breast cancer; p53 protein; Gain-of-function; Tumor inflammation.
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1INTRODUGAO

1.1 CANCER

O cancer € um dos principais problemas de saude publica em todo 0 mundo
e esta entre as quatro principais causas de morte prematura (antes dos 70 anos de
idade) na maioria dos paises (BRAY et al., 2018a). A mais recente estimativa
mundial, aponta que em 2020 ocorreram cerca de 19,3 milhdes de novos casos de
céncer e quase 10,0 milhées de mortes por cancer no mundo (SUNG et al., 2021).
Para o Brasil, a estimativa do Instituto Nacional de Cancer aponta que ocorrerao 704
mil casos novos de cancer no triénio de 2023 a 2025 (INCA, 2023).

A formacgéao do cancer € um processo complexo, composto por varias etapas
que demandam numerosas alteragdes e modificagdes em nivel celular que podem
variar entre os diferentes tipos de tumores e individuos (BASU, 2018; BRAY et al.,
2018b). De acordo com Basu e colaboradores (2018), a iniciagdo acontece quando
ocorrem mudangas estaveis no genoma das células, como mutagdes, delegbes ou
amplificagdes génicas, que podem ocorrer de forma espontédnea ou serem induzidas
pela exposi¢cdo a fatores ambientais, como substancias quimicas carcinogénicas,
radiacdo ou virus (BASU, 2018). A iniciacao leva a formagao de células com
caracteristicas genéticas alteradas, que sdo a base para o desenvolvimento do
cancer. A promocao, € a fase em que as células iniciadas entram em um processo
de proliferacdo acelerada, estimulada por agentes promotores, que podem ser
horménios, substancias quimicas ou fatores de crescimento presentes no
microambiente tumoral. A exposicao continua a esses agentes promotores leva a
expansao do clone celular mutado e a formacédo de lesbes pré-cancerosas ou
tumores benignos. A progressdo é a fase irreversivel em que novas alteragdes
gendmicas se somam a mudangas no microambiente tumoral. Isso inclui a
acumulagao de mutagdes adicionais, pressao seletiva do microambiente tumoral e
selecdo clonal das células mais adaptadas. Esses processos resultam em uma
populacdo de células malignas com alto potencial de invaséo tecidual, capacidade
metastatica e escape dos mecanismos de controle do organismo (HANAHAN;
WEINBERG, 2011b).

Associados a sustentacao da sinalizagao proliferativa, em 2011, Hanahan e

Weiberg, descreveram fendtipos que também caracterizam o cancer, como evasao
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da atividade de supressores de crescimento, resisténcia a morte celular programada,
imortalidade replicativa, indugdo da angiogénese, ativagao da invasao celular e
metastase (HANAHAN; WEINBERG, 2011a). Além destas caracteristicas, estdo a
instabilidade gendmica, que resulta em mutagcdes e alteragbes no DNA, que
contribuem para a diversidade genética observada nos tumores, e a inflamacgéao
promovida pelo tumor, que também desempenha um papel importante no cancer,
favorecendo varias das caracteristicas descritas anteriormente por Hanahan e
Weinberg, através da promog¢ado um ambiente favoravel para o crescimento tumoral,
inducao da proliferagao celular, estimulagdo da angiogénese, invasdo e metastase
(HANAHAN, 2022).

A reprogramacdo do metabolismo energético e evasdo do sistema
imunoldgico também s&o cruciais para o crescimento e sobrevivéncia das células
tumorais. Em contraste com as células diferenciadas, que na presenga de oxigénio
dependem do sistema de fosforilagdo oxidativa, as células tumorais tém a
capacidade de reprogramar o seu metabolismo para manter um metabolismo
altamente glicolitico, independentemente da presencga de oxigénio. Esse fenémeno
de glicolise aerdbica caracteristico dos tecidos tumorais, descrito no inicio do século
XX, é conhecido como efeito Warburg (CRUZ-BERMUDEZ et al., 2021). Ja o
sistema imunoldgico, possui mecanismos de controle que reconhecem e eliminam
células cancerosas, entretanto, as células tumorais desenvolvem estratégias para
escapar da resposta imune, permitindo assim a sobrevivéncia e progressao tumoral
(LABANI-MOTLAGH; ASHJA-MAHDAVI; LOSKOG, 2020).

Outro componente que é agora amplamente estudado por desempenhar um
papel importante na tumorigénese e progressao maligna, € o microambiente tumoral,
composto por populagdes heterogéneas e interativas de células tumorais e células-
tronco cancerosas, juntamente com uma multiplicidade de células estromais como
fibroblastos, células endoteliais, células imunes e células do tecido adiposo
(HANAHAN, 2022). Essas células estromais recrutadas secretam fatores de
crescimento, citocinas, quimiocinas e enzimas que promovem a proliferacao,
angiogénese, invasao e metastase das células tumorais. Além disso, o
microambiente tumoral também inclui componentes da matriz extracelular, como
colageno, proteoglicanos e outras proteinas, que fornecem suporte estrutural para o
tumor (BAGHBAN et al., 2020). Esses fendtipos e caracteristicas, representadas na

Figura 1, fornecem uma base sélida para a compreensdo dos mecanismos
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envolvidos no desenvolvimento e progressédo do cancer, contribuindo para o avango
dos estudos e terapias relacionadas a doenga.
Hallmarks do Cancer

Evasdo do sistermna Inflamagdo promovida pela

Sustentagdo da sinalizagao Evasdo da atlvidade de
i imunoldgico tumor

proliferativa supressares de crescimento imotiicagE eplicative

e o S b D8+ T cell Citacinas

wodon _F]

Supressores de ® g
crescimento ®
celular

Ativacdce da invasdo celular > o Resistencia a morte celular Reprogramacéo do Instabilidade genomica e
& metastase Inducdo da angiogénese programada metabolismo energético mutagoes

Caad
)

I T
Las S

Figura 1. Hallmarks do Cancer. Adaptado de Hanahan, 2022 (llustragéo: autoria propria
criada na plataforma BioRender, 2023).

1.2 CANCER DE MAMA

Os tumores de mama sado os mais incidentes entre os tipos de cancer
existentes, sdo os mais comumente diagnosticados e sdo a principal causa de morte
por cancer entre as mulheres. No periodo de 2023 a 2025, a estimativa para o Brasil
€ de 73.610 novos casos de cancer de mama, correspondendo a um risco estimado
de 66,54 casos novos a cada 100 mil mulheres (INCA, 2023). Apesar dos avangos
no rastreamento, como a mamografia bienal em mulheres entre 50 e 69 anos, ainda
ha desafios significativos relacionados ao diagndstico tardio e a progressao para
doencga metastatica. Muitas pacientes sdo diagnosticadas em estagios avangados da
doencga, o que torna o tratamento mais desafiador (SUNG et al., 2021).

O cancer de mama é uma doenga heterogénea que envolve uma
diversidade de tipos celulares e alteragbes genéticas (DAl et al., 2016). Fatores de
risco ndo atuam isoladamente, mas interagem de maneira complexa e embora nao
haja um unico fator de risco predominante, a idade é considerada o fator mais
importante para o desenvolvimento do cancer de mama, dado que o risco aumenta
significativamente apdés os 50 anos de idade (FENG et al, 2018). No entanto,
existem outros fatores que também podem aumentar substancialmente o risco de
desenvolver a doenga, como os fatores genéticos e hereditarios que desempenham

um papel significativo em casos de cancer de mama, como mutagées nos genes
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BRCA1 e BRCA2, e em outros genes de suscetibilidade ao cancer (BRAY et al.,
2018a). Além disso, fatores relacionados a histéria reprodutiva e hormonal também
estdo associados ao risco de cancer de mama. A menopausa tardia, por exemplo,
esta relacionada a um maior risco, assim como a exposicado a horménios como o
estrogénio e a progesterona ao longo da vida. Fatores comportamentais e
ambientais como obesidade, sedentarismo e exposicdo frequente a radiagdes
ionizantes, como radioterapia prévia, também desempenham um papel importante
no desenvolvimento do cancer de mama e estdo associados a um aumento do risco
(DAVIS LYNN et al., 2018).

1.2.1 Classificagao histolégica e molecular do cancer de mama

Os canceres de mama sado bastante heterogéneos, apresentam
caracteristicas morfolégicas e biologicas variaveis e, consequentemente,
comportamento clinico e resposta ao tratamento diferenciados. A classificagao
histolégica dos canceres de mama por meio de histologia e imuno-histoquimica
(IHC) é essencial para a avaliagdo do progndstico e a determinagao das opcgoes
terapéuticas mais eficazes para cada paciente. Sendo assim, a classificagdo do
cancer visa fornecer um diagnostico preciso da doenga e a previsdao do
comportamento do tumor (TSANG; TSE, 2019).

A classificacdo histolégica dos canceres de mama € baseada em varios
critérios que avaliam o crescimento patolégico do tumor. Isso inclui o tipo celular, a
secrecao extracelular, as caracteristicas arquitetonicas e o perfil imuno-histoquimico.
Existem mais de 20 tipos histologicos de céncer de mama, mas o0s mais
frequentemente encontrados na pratica clinica sdo o Carcinoma Ductal Invasivo
(IDC, do inglés: Invasive Ductal Carcinoma) e o Carcinoma Lobular Invasivo (ILC, do
inglés: Invasive Lobular Carcinoma). O IDC é responsavel por 70% a 80% de todos
0s canceres invasivos de mama, enquanto o ILC representa cerca de 10% desses
casos. Além desses, existem outros tipos histologicos menos comuns, como 0s
carcinomas mucinoso, cribriforme, micropapilar, papilar, tubular, medular,
metaplasico e apocrino (TAN et al., 2020; TSANG; TSE, 2019).

A avaliagao do cancer de mama de acordo com as caracteristicas do tumor
em analise de IHC inclui analises da expressdo de marcadores que sao amplamente

utilizados na rotina clinica para classificar os tumores de mama e guiar o tratamento.
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Sao eles: receptor de estrogénio (ER, do inglés: Estrogen Receptor), receptor de
progesterona (PR, do inglés: Progesterone Receptor) e Fator de Crescimento
Epidérmico Humano 2 (HERZ2, do inglés: Human Epidermal Growth Factor Receptor-
type 2). Tumores de mama que expressam ER e/ou PR sao classificados como
homonio positivos (HR+, do inglés: Hormone Receptor positive), tumores que
possuem superexpressao de HER2 sao classificados como HER2+, e os tumores de
mama que ndo expressam nenhum desses trés marcadores (ER, PR e HER2) séo
conhecidos como canceres de mama triplo-negativos (TNBC, do inglés: Triple-
negative Breast Cancer) (ANDERSON; SCHWAB; MARTINEZ, 2014). Além dos
marcadores ER, PR e HER2, outros testes moleculares e genéticos também sao
usados para fornecer informacdes adicionais sobre o perfil molecular do tumor,
incluindo a expressao de genes relacionados a proliferagao celular (e. g., Ki67), com
0 objetivo de personalizar o tratamento e prever a resposta do paciente a terapias
especificas. No entanto, é importante destacar que a classificagao histologica,
embora forneca informacdes importantes sobre o tipo e fenétipo do tumor, € uma
categorizagdo ampla e ndo detalhada o suficiente para capturar a heterogeneidade
biolégica dos canceres de mama. Tumores do mesmo tipo histolégico podem ter
comportamentos bioldgicos muito diferentes. Sendo assim, a avaliagdo desses
parametros pode nao capturar os variados cursos clinicos individuais de canceres de
mama (RAKHA et al., 2010).

A avaliagao dos subtipos moleculares de cancer de mama é uma abordagem
mais refinada e complementar a classificacdo histolégica. A heterogeneidade dos
canceres de mama em nivel molecular se tornou mais evidente com os avangos da
gendmica e da transcriptémica - como os estudos do consorcio do Atlas do Genoma
do Céancer (TCGA, do inglés: The Cancer Genome Atlas), os quais permitiram uma
caracterizagao abrangente da heterogeneidade molecular da doenga (CURTIS, C.,
2012). Essas abordagens tém revelado que cénceres de uma mesma origem
tecidual s&o caracterizados como doengas molecularmente distintas, podendo
apresentar perfis mutacionais diferentes, variagdes no numero de copias de genes e
expressodes génicas distintas.(KOBOLDT et al., 2012).

Sendo assim, estudos de perfil de expressdo génica global tém
desempenhado um papel fundamental na caracterizagado molecular dos canceres de
mama. Existem dois sistemas de classificagdo molecular mais amplamente

utilizados, onde a analise pode ser realizada em tecido tumoral fixado em formalina
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e embebido em parafina. O EndoPredict, € um ensaio de expressao de 12 genes.
Este ensaio mede a expresséao de trés genes proliferativos e cinco genes associados
a sinalizagéo do receptor do estrogénio, juntos com quatro genes de normalizagao e
controle, por reacdo em cadeia da polimerase quantitativa em tempo real (QRT-PCR,
do inglés: Real-Time Quantitative Reverse Transcription PCR) (DUBSKY et al.,
2013). Ja o Prosigna Breast Cancer Prognostic Gene Signature Assay,
anteriormente chamado de teste PAMS50, (do inglés: Prediction Analysis of
Microarray 50), utiliza a plataforma nCounter NanoString para analisar a expressao
de 50 genes especificos (BERNARD et al., 2009). Esses estudos permitiram a
identificacdo de subtipos moleculares clinicamente relevantes, conhecidos como
subtipos moleculares intrinsecos, sao eles:

e Luminal A: E caracterizado por uma expresséo génica semelhante as células
epiteliais que revestem os ductos mamarios normais. Os tumores luminais A
sdo frequentemente positivos para os receptores de estrogénio (ER) e/ou
progesterona (PR) e apresentam um progndstico favoravel (KOBOLDT et al.,
2012).

e Luminal B: Também s&o positivos para os receptores de estrogénio (ER) e/ou
progesterona (PR), mas apresentam alta expressao de genes relacionados ao
aumento da proliferagdo celular, como Ki67, e um progndstico um pouco
menos favoravel em comparagao aos tumores luminais A (KOBOLDT et al.,
2012).

e HER2+: E caracterizado pela amplificacéo ou superexpressao do gene HER2.
Os tumores HER2+ tendem a ser mais agressivos, mas 0s pacientes se
beneficiam com terapias especificas direcionadas ao HER2 (PRAT; PEROU,
2011).

e Basal-like: E caracterizado por uma expressdo génica semelhante as células
basais da mama. Esses tumores geralmente sao negativos para os ER, PR e
HER2, sendo denominados como triplo-negativos. Apresentam um
comportamento mais agressivo e estdo associados a um prognostico
geralmente pior comparado aos outros subtipos (PRAT; PEROU, 2011).

e Normal-like: E considerado um subtipo residual e representa uma pequena
proporgcao de tumores de mama, apresentando expressao génica semelhante
aos tecidos mamarios normais (TSANG; TSE, 2019).
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Em 2010, Prat e colaboradores caracterizaram o subtipo claudin-low, como
um subtipo de tumores do tipo basal-like, usando um banco de dados de tumores
humanos e multiplos conjuntos de dados independentes, apresentando as
caracteristicas patolégicas e a resposta a quimioterapia deste subtipo de céanceres
de mama triplo-negativo. Em contraste com o subtipo basal-like, os tumores claudin-
low apresentam expressao reduzida de claudinas, que estdo envolvidas na formagao
de jungdes celulares e desempenham um papel na manutencdo da integridade dos
tecidos. Além disso, possuem baixa instabilidade gendémica, exibem uma carga
mutacional e niveis de proliferagdo celular mais baixos. Entretanto, apresentam
presenca de altos niveis de infiltragcdo de células imunes e estromais (PRAT et al.,
2010). Essa classificagdo molecular dos subtipos intrinsecos, representados na
Figura 2, permite uma melhor compreensao da biologia dos tumores de mama e tem

implicagdes clinicas importantes, como a selecdo de terapias direcionadas

ER+/PR+
\ Luminal B

HER2+
+ l—
e enriched

/ Basal-like —{ Claudin-low
TBNC \

Figura 2. Esquema de classificagao molecular do cancer de mama. Um modelo
proposto para entender como os subtipos moleculares correspondem ao esquema molecular inicial
de ER/PR, HER2 e TNBC. A assinatura do gene PAM50 organiza os canceres de mama em cinco

subtipos distintos: luminal A, luminal B, tipo normal-like, basal-like e enriquecido com HER2, com
classificagdo adicional do subtipo distinto de claudin-low. Legendas: ER, receptor de estrogénio;
HERZ2, receptor 2 do fator de crescimento epidérmico humano; PR, receptor de progesterona; TNBC,
cancer de mama triplo-negativo. Adaptado de (TURNER et al., 2021) (llustragdo: autoria propria
criada na plataforma BioRender, 2023).

especificas para cada subtipo.
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1.2.2 Terapia do cancer de mama

A abordagem terapéutica para o cancer de mama ¢€ altamente
personalizada, levando em consideracao fatores como o subtipo molecular do tumor,
estadiamento da doencga, caracteristicas individuais do paciente e resposta ao
tratamento. A terapia do cancer de mama tem se beneficiado de inUmeros avangos
nas ultimas décadas, permitindo abordagens terapéuticas mais especificas e
eficazes para diferentes subtipos moleculares da doenca. No caso dos tumores de
mama ER positivos, o tamoxifeno, um modulador seletivo do receptor de estrégeno
oral que se liga aos receptores de estrogénio nas ceélulas tumorais e inibe seu
estimulo proliferativo, tem sido amplamente utilizado como terapia hormonal. Essa
abordagem tem mostrado resultados favoraveis, especialmente quando combinada
com o estadiamento precoce da doencga (WILSON et al., 2017). Para tumores HER2
positivos, 0 uso do anticorpo monoclonal trastuzumabe (comercialmente conhecido
como Herceptin) tem revolucionado a terapia-alvo. O trastuzumabe atua
direcionando-se ao receptor HER2, presente em grande quantidade nessas células
tumorais, inibindo sua atividade e sinalizagao proliferativa. Isso resulta em uma
melhoria significativa no progndstico e na sobrevida dos pacientes com tumores
HER2 positivos. No entanto, os TNBC, representam um desafio terapéutico, pois
nao possuem alvos moleculares especificos para terapias direcionadas disponiveis
(KWON et al., 2017).

A quimioterapia tornou-se a principal abordagem para o tratamento dos
tumores de mama triplo-negativos. Nos ultimos anos, o uso de regimes de
quimioterapia neoadjuvante no tratamento destes tumores tem apresentado uma
taxa de remissao patoldgica significativamente maior do que para o cancer de mama
com receptor hormonal positivo e pode melhorar significativamente o prognéstico
dos pacientes. Atualmente, as diretrizes de tratamento recomendam o uso de
regimes de combinagdo com base em taxano, antraciclina, ciclofosfamida, cisplatina
e fluorouracil (YIN et al., 2020).

Ha um grande numero de ensaios clinicos em andamento que tem como
alvo receptores especificos ou em terapias direcionadas para tumores de mama
triplo-negativos. Dados de estudos pré-clinicos apoiam o uso do fator de
crescimento epidérmico (EGFR, do inglés: Epidermal Growth Factor Receptor) como

potencial alvo para a terapia direcionada para TNBC, devido a 70-78% destes
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tumores superexpressarem EGFR. Entretanto, dados experimentais clinicos com
inibidores de transducdo, como o gefitinib, ndo obtiveram resultados eficazes
(CERSOSIMO, 2019; MA, C. X. et al., 2017).

A poli (ADP-ribose) polimerase 1 (PARP1, do inglés: Poly [ADP-ribose]
polymerase 1) € uma das enzimas mais importantes da familia PARP e desempenha
um papel vital no reparo do DNA. A inibicdo da PARP leva a perda da funcao de
reparo do DNA e, assim, induz a apoptose (TENTORI; GRAZIANI, 2005). Os
inibidores de PARP tém efeitos antitumorais significativos em tumores deficientes em
BRCA1/2, e até 25% dos pacientes com tumores de mama triplo-negativos carregam
mutacdées em BRCA1/2 (BARCHIESI et al., 2021). Portanto, espera-se que 0s
inibidores de PARP sejam usados na terapia direcionada de pacientes com tumores
de mama triplo-negativos com mutagdes BRCA1. Entretanto, a administragdo de
olaparibe, um inibidor de PARP, ndo gerou diferenga significativa na taxa de
resposta entre pacientes com tumores de mama triplo-negativos com e sem
mutagdes BRCA1/2 (TUNG; GARBER, 2022).

O ligante de morte programado 1 (PD-L1, do inglés: Programmed death-
ligand 1) é um alvo potencial importante encontrado principalmente em células
apresentadoras de antigenos como macréfagos e células dendriticas (CHA et al.,
2019). No entanto, células tumorais também expressam PD-L1 em sua superficie,
interagindo com o receptor inibitério PD1 em linfécitos T. Essa interagéo inibe a
atividade citotoxica das células CD8 infiltrantes de tumores, suprimindo a producao
de citocinas. Isso permite que as células cancerosas evitem a deteccdo e causem a
"exaustdo de células T", suprimindo a via de sinalizagdo do receptor de células T
(TCR, do inglés: T cell receptor) (SUN; MEZZADRA; SCHUMACHER, 2018). Em
2016, Sun e colaboradores demonstraram que 59% dos pacientes com tumores de
mama triplo-negativos superexpressam PD-L1, indicando que PD-L1 pode ser um
potencial alvo imunoterapéutico (SUN; LEE; KOO, 2016). Sendo assim, em um
estudo clinico que realizou o tratamento de tumores TNBC com pembrolizumabe, um
anticorpo monoclonal anti-PD-1, verificou-se que a taxa de resposta geral (ORR, do
inglés: Overall response rate) foi de 18,5% nos 27 pacientes cuja atividade
antitumoral foi avaliada (NANDA et al., 2016).
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1.3 ALTERAGCOES EM VIAS DE SINALIZACAO NO CANCER DE MAMA
TRIPLO-NEGATIVO

Diante da complexidade dos tumores de mama triplo-negativos e da falta de
biomarcadores validados, a pesquisa atual busca identificar genes que possam
desempenhar papéis importantes no direcionamento terapéutico, no progndstico da
doenca e na predicdo da resposta ao tratamento. Nesse contexto, o TCGA revelou
que aproximadamente 80% dos casos de tumores de mama triplo-negativos
apresentam mutagdes no gene supressor de tumor p53 (TP53) (CURTIS, C., 2012).
Essa descoberta ressalta a importancia da proteina p53 no contexto dos tumores de
mama triplo-negativos, uma vez que essa proteina desempenha um papel crucial na
supressao de tumores, regulando a resposta ao estresse celular e evitando a
proliferacdo de células danificadas ou geneticamente instaveis (XIAO et al., 2020).
Além disso, uma das vias de sinalizacdo conhecidas por estar ativada durante a
progressao tumoral dos tumores de mama triplo-negativos é a via da proteina cinase
ativada por mitégeno (MAPK) (do inglés: Mitogen-activated Protein Kinase). Essa via
desempenha um papel fundamental na regulagao do crescimento celular e tem sido
alvo de interesse na busca por novas estratégias terapéuticas (BARTHOLOMEUSZ
etal., 2012).

1.3.1 Proteina p53

p53 € uma proteina chave na regulagéo do ciclo celular e na supressao do
crescimento tumoral. O nome "p53" refere-se ao peso molecular aproximado da
proteina, que é de cerca de 53 kilodaltons (kDa) (SOUSSI; MAY, 1996). O gene que
codifica a proteina, o TP53, esta localizado no braco curto do cromossomo 17
(17p13.1) e consiste em 11 exons, que sao as regides do gene que contém
informacgdes para a sintese da proteina. O tamanho aproximado do gene TP53 é de
cerca de 20 kilobases (kb), e a proteina resultante da sua expressédo é composta por
393 aminoacidos (LIU et al., 2016). A proteina p53 é composta por cinco dominios
funcionais distintos que desempenham papéis importantes em sua atividade

reguladora. Esses dominios s&o:
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e Dominios de transativacdo (TAD) (do inglés: Transactivation Domain):
Contém dois dominios independentes (aa 1-42 e 43-63) e o sitio de ligagao
da proteina MDM2 (aa 13-29). Sdo responsaveis por ativar a transcricdo de
genes alvo e interagem com fatores de transcricao e cofatores para regular a
expressao génica.

e Dominio rico em prolina (PRD) (do inglés: Proline-Rich Domain) contém uma
série de residuos de prolina repetidos (aa 64-92) que sao conservados na
maioria das proteinas p53. E importante para a interacdo da p53 com
proteinas regulatorias, como aquelas envolvidas no controle do ciclo celular e
na resposta a danos no DNA.

e Dominio de ligagdo ao DNA central (DBD) (do inglés: DNA-Binding Domain):
(aa 101-300) confere a p53 sua capacidade de se ligar especificamente a
sequéncias de DNA chamadas de elementos de resposta p53 (REs) (do
inglés: response elements). A ligacdo ao DNA é essencial para a regulagao
da expressao de genes alvo envolvidos na resposta a estresses celulares.

e Dominio de oligomerizagao (OD) (do inglés: Oligomerization Domain): (aa
307-355) consiste em uma fita beta, seguida de uma alfa-hélice necessaria
para a dimerizagao, para que multiplas moléculas de p53 se associem entre
si, formando uma estrutura oligomérica. A oligomerizagdo da p53 ¢é
necessaria para sua atividade transcricional e interagdo com outras proteinas
regulatérias.

e Dominio C-terminal: (aa 356-393) Contém sinais de localizacdo subcelular
que direcionam a proteina p53 para diferentes compartimentos celulares,
como o nucleo. Também estd envolvido na regulacdo da estabilidade e
atividade da p53.

Em conjunto, esses dominios, representados na Figura 3, conferem a
proteina p53 a capacidade de regular a expressdo génica e desempenhar um papel
crucial na manutencdo da integridade genémica (KASTENHUBER; LOWE, 2017).
Consequentemente, a proteina p53 é frequentemente referida como a "guardia do
genoma". A regulacao transcricional pela p53 de genes envolvidos em processos
celulares que suprimem o crescimento tumoral é fundamental para prevenir o inicio
e a progressao de tumores (BECKERMAN; PRIVES, 2010).
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1-63: Dominio de Transativagéo
64-92: Dominio rico em Prolina
101-300: Dominio de ligagao ao DNA
307-355: Dominio de Oligomerizacéo
356-393: Dominio C-terminal

Figura 3. Supressor tumoral p53. A. Cristalografia do complexo p53-DNA. Protein Data Bank; Cho
et al, 1995; Tumor Suppressor p53 Complexed With DNA; https://doi.org/10.2210/pdb1TUP/pdb. B.
Representacdo esquematica dos diferentes dominios de p53. Adaptado de (PALANIKUMAR et al.,
2021) (llustragao: autoria propria criada na plataforma BioRender, 2023).

Em condigdes fisiologicas sem estresse, a expressao de p53 € mantida em
baixos niveis, principalmente por ser degradada por uma série de reguladores
negativos, incluindo MDM2 (do inglés: Murine Double Minute) que interage com a
p53 e atua como um ligante de ubiquitina E3, marcando a p53 para a degradacao
pelo proteassoma, um complexo proteolitico intracelular responsavel pela quebra de
proteinas (PARRALES; IWAKUMA, 2015).

No entanto, apds a exposicao a estresses genotodxicos, a proteina p53 sofre
modificagdes pods-traducionais, como fosforilagdo e acetilagdo, que estabilizam a
proteina e bloqueiam sua degradagao mediada por MDMZ2. Isso leva a um aumento
nos niveis de p53 na célula e desencadeia uma série de respostas celulares. Uma
das principais atividades da p53 é promover a parada do ciclo celular nos pontos de
verificacdo das fases G1 e G2. Isso € parcialmente realizado por meio da ativacao
transcricional de genes como p21 e GADD45 (KASTENHUBER; LOWE, 2017). A
parada temporaria do ciclo celular permite que as células tenham tempo para
reparar danos no DNA antes de continuar a divisdo celular, evitando a propagacao e
acumulacgao de danos e mutagdes (LIU; ZHANG; FENG, 2014b).

Além disso, se 0 dano causado ao DNA nao for reparado, p53 pode induzir

mecanismos de morte celular, como senescéncia ou apoptose. A ativagao da p53
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resulta na transcricdo de genes envolvidos em processos de morte celular, como
PUMA, Bax e Noxa, e esta indugcdo de morte celular programada € importante para
remover células danificadas ou com potencial de transformagdo maligna,
contribuindo para a supressdao tumoral (AUBREY et al, 2018). p53 também
desempenha outras fungbes importantes na supressdo tumoral, incluindo a
regulacdo do metabolismo celular, defesa antioxidante e ativagcdo de microRNAs
(miRNAs). Esses mecanismos adicionais ajudam a manter a integridade genémica,
equilibrar o metabolismo celular e suprimir o crescimento de células tumorais
(PITOLLI et al., 2019)
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Figura 4. Feedback regulatério p53-MDM2 sob condig6es nado estressadas e fungao p53 sob
estimulos estressantes. Adaptado de (URSO et al., 2016) (llustragéo: autoria prépria criada na
plataforma BioRender, 2023).

1.3.1.1 Mutacgéo: a perda e o ganho de fungdo dos mutantes

A perda de fungcao da proteina p53 € um evento critico no desenvolvimento
tumoral. Mutagdes ou inativacdo do gene TP53 sdao observadas em uma ampla
variedade de tipos de cancer. A sindrome de Li-Fraumeni é um exemplo importante
que ilustra o impacto das mutagbes germinativas hereditarias em p53. Essa
sindrome € caracterizada por uma predisposicdo hereditaria ao cancer devido a
mutacdes no gene TP53 transmitidas de geracdo em geracdo. Os individuos

afetados pela sindrome de Li-Fraumeni tém um risco aumentado de desenvolver
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varios tipos de cancer, incluindo sarcoma, cancer de mama, cancer cerebral e
outros, muitas vezes em uma idade jovem (MAI et al., 2016).

A mutacdo no gene TP53 é frequentemente encontrada em tumores
malignos, incluindo tumores mamarios. Estudos tém demonstrado que a mutagao
em TP53 ocorre em aproximadamente 30% dos casos de tumores mamarios,
independentemente do subtipo (YUE et al., 2017). Quando os tumores mamarios
sao sequenciados e analisados de acordo com os subtipos moleculares, a maioria
das mutagbes em TP53 estda concentrada em tumores do subtipo triplo-
negativo/basal-like. Estima-se que cerca de 80% das mutagcbes em p53 ocorram
nesse subtipo especifico de tumores mamarios. Essa alta frequéncia de mutacoes
em p53 em tumores triplo-negativos/basal-like sugere um papel importante da
proteina p53 na patogénese desses tumores (CURTIS, C., 2012).

Ao contrario de muitos genes supressores de tumor, que geralmente sofrem
inativagao bialélica durante a carcinogénese por meio de dele¢gdes ou mutagdes
truncadas, o gene TP53 é frequentemente inativado por uma unica mutagéo
monoalélica sem sentido (missense) (>70%), que envolve a substituicdo de um unico
nucleotideo no gene, levando a troca de um aminoacido especifico na proteina p53,
resultando na formacédo de uma proteina mutante com comprimento total, mas que
perde sua fungcdo supressora tumoral normal (BROSH; ROTTER, 2009). A
estabilidade aumentada das proteinas p53 mutantes ocorre porque a mutacio
interfere nos mecanismos que normalmente levam a degradagéo da p53, como a
interacdo com a proteina MDM2, mencionada anteriormente. Como resultado, a p53
mutante ndo é efetivamente degradada e acumulam-se em niveis elevados nas
células tumorais. A presenca dessas proteinas p53 mutantes com acumulo
excessivo pode levar a efeitos negativos nas células tumorais, como aquisicdo de
novas fungbes oncogénicas, interagdo com outros fatores de transcricao e
modulagéo de vias de sinalizacéo (YUE et al., 2017).

Das mutagbes encontradas no gene TP53, aproximadamente 80% estao
agrupadas nas regides que codificam o dominio de ligagdo ao DNA da proteina p53,
como demonstrado na Figura 5. Essas regides incluem locais especificos, onde
mutagdes recorrentes sdo observadas com maior frequéncia (LEROY; ANDERSON;
SOUSSI, 2014). Alguns exemplos destas mutacbées no gene TP53 incluem
alteragdes nos residuos de aminoacidos 175, 248 e 273. Essas mutagdes tém

efeitos significativos na forma e fungdo da proteina p53 traduzida. Por exemplo,
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mutacdes nos residuos R273H (Arginina — Histidina) e R248Q (Arginina —
Glutamina) afetam residuos de aminoacidos que interagem diretamente com o DNA,
comprometendo assim a capacidade da proteina p53 de se ligar especificamente ao
DNA e regular a transcricdo de genes alvo. Outras mutagdées, como nos residuos
R175H (Arginina — Histidina) e R249S (Arginina — Serina), afetam a conformacgao
geral da proteina p53, causando uma distor¢cdo total ou parcial do dobramento
correto do dominio de ligacdo ao DNA, levando a uma perda ou alteragdo na
especificidade de ligagdo da proteina p53 a sequéncias de DNA especificas
(SABAPATHY; LANE, 2018a). Essas mutagdes no dominio de ligacao ao DNA da
p53 tém implicagdes funcionais significativas. A capacidade da p53 de ativar a
transcrigcdo de genes alvo envolvidos na supressao tumoral, reparo de DNA e outras
funcdes importantes é prejudicada por essas mutagdes. Isso pode levar a uma perda
ou reducdo drastica da atividade supressora de tumor da p53 e contribuir para a
progressao tumoral (STIEWE; HARAN, 2018).
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Figura 5. Frequéncia de mutagdes em p53 nos dominios da proteina. Grafico /ollipop
mostrando as diferentes mutagdes na proteina p53, principalmente no Dominio de ligagdo o DNA.
Dados obtidos a partir do projeto TCGA, 2012 (Fonte: The cBioPortal for Cancer Genomics, 2023).

Ambos os tipos de mutantes ndo apenas perdem a atividade do tipo
selvagem (LOF, do inglés: Loss of Function), mas também podem resultar em outros
fendmenos como representado na Figura 6. As mutagbes no gene TP53 que
ocorrem no dominio de ligacdo ao DNA da proteina p53 podem apresentar um efeito
dominante negativo (DNE, do inglés: Dominant-Negative Effect) sobre o alelo
selvagem presente no cromossomo homodlogo. Esse efeito dominante negativo
ocorre quando as proteinas p53 mutantes se oligomerizam com as proteinas p53 do
tipo selvagem, formando complexos mistos. Como resultado, a presenca de
proteinas p53 mutantes com efeito dominante negativo interfere na funcdo da

proteina p53 do tipo selvagem. Esses complexos mistos bloqueiam a funcdo de
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supressao tumoral da p53, comprometendo a capacidade da p53 selvagem de
regular adequadamente a transcricdo de genes alvo e exercer suas atividades
protetoras contra o desenvolvimento tumoral (PARRALES; IWAKUMA, 2015).

As mutagcdes missense de TP53 no cancer humano s&o geralmente
seguidas por perda de heterozigosidade (LOH, do inglés: Loss of Heterozygosity) no
locus correspondente, ou seja, o0 alelo saudavel e ndo mutado do TP53 é perdido
nas células tumorais, deixando apenas o alelo mutante. A perda de heterozigosidade
no locus do TP53 também é frequentemente associada a um estagio mais avangado
do cancer, maior agressividade tumoral e pior progndstico. Isso destaca a
importancia da inativagdo completa da p53 para a progressao tumoral e sugere que
a perda do alelo do TP53 funcional pode ser um evento critico para a evolugcdo do
céncer (YUE et al., 2017).

Além da perda da fungao do tipo selvagem e do efeito dominante negativo,
as mutacbes de p53 também podem adquirir fungdes oncogénicas adicionais,
conhecidas como mutagdes com ganho-de-funcdo (GOF, do inglés: Gain-of-
function). Essas mutagdes conferem a p53 mutantes novas caracteristicas que
promovem a sobrevivéncia e a progressao das células tumorais, através de
respostas celulares que nao sao associadas as fungdes normais da p53 do tipo
selvagem (LIU; ZHANG; FENG, 2014a). Essas caracteristicas oncogénicas da
proteina p53 mutante podem afetar diversos processos bioldgicos associados a
progressédo do cancer. Por exemplo, a proteina p53 mutante pode promover a
invasao e a metastase tumoral através da ativagao de vias de sinalizagao envolvidas
na remodelacdo da matriz extracelular e na migragao celular. Além disso, a proteina
p53 mutante pode induzir alteracbes no metabolismo celular, favorecendo a
reprogramagao metabdlica que fornece aos tumores energia e biomassa
necessarias para seu crescimento descontrolado. A proteina p53 mutante também
pode interagir com o sistema imunoldégico de maneiras complexas, inibindo a
apresentacdo de antigenos e promovendo a tolerdncia imunoldgica. Essas
interagcdes com o sistema imunolégico podem contribuir para a evasdo tumoral do
reconhecimento e da destruigdo pelo sistema imunolégico (ALVARADO-ORTIZ et
al., 2021).

E importante ressaltar que os mecanismos e efeitos do ganho de funcéo do
p53 mutante sdo complexos e variados, e podem depender do tipo especifico de

mutacdo presente (Figura 6B). O estudo desses mecanismos pode fornecer
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conhecimentos importantes para o desenvolvimento de estratégias terapéuticas
direcionadas a tumores com mutagdes de p53. Em cancer de mama, mutagdes no
residuo R175H (Arginina — Histidina), promovem a proliferagdo, migracao,
metastase e reprogramacao metabolica (CAPACI et al., 2020; GAIDDON et al.,
2001; MULLER et al., 2009). J& mutag¢des no residuo R273H (Arginina — Histidina)
promovem a evasado imune através do aumento da atividade proé-inflamatéria no
microambiente tumoral (FREED-PASTOR et al, 2012), e mutagdes em R280K
(Arginina — Lisina), promovem a resisténcia farmacologica através da regulacdo das
vias de reparo do DNA (LIN et al., 2019). Embora esses processos sejam centrais
para o cancer, os mecanismos moleculares envolvidos e os alvos precisos das

mutagdes em p53 com ganho de funcdo so6 recentemente estdo sendo elucidados.
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Figura 6. Mutagao em p53. (A) As consequéncias das mutagdes somaticas do TP53 na
tumorigénese. Os resultados dos mutantes p53 sao a perda da fungéo do tipo selvagem e o ganho de
uma nova fungéo. O LOH (perda de heterozigosidade) e DNE (efeito negativo dominante) sao os dois
principais mecanismos principais para anular o supressor de tumor fung¢éo do tipo selvagem p53. Em

alguns casos de cancer com mutagdes TP53, o GOF (ganho de fungdo) dos mutantes p53 séo
capacitados com tipos de potenciais oncogénicos, que promovem o inicio do cancer e progressao;
(B) Exemplos de mutacdes em diferentes residuos da proteina p53 e suas consequéncias na
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iniciacdo e progressao tumoral. Adaptado de (LI et al., 2019) (llustragao: autoria propria criada na
plataforma BioRender, 2023).

1.3.1.2 pb53 mutante como alvo na terapia do cancer de mama

Uma abordagem promissora na terapia do cancer de mama é o
desenvolvimento de terapias direcionadas especificas para tumores com mutagoes
em TP53. As mutacbes em p53 sdo especificas do tumor e, portanto, sdo alvos
moleculares ideais para a terapia direcionada ao cancer, que deve causar efeitos
colaterais minimos. Varios medicamentos foram desenvolvidos para atingir as
mutagbes em p53. Embora os efeitos bioldgicos utilizando linhagens celulares e
modelos de camundongos tenham sido demonstrados, a seguranga clinica e a
eficacia da maioria dos medicamentos direcionados as mutagdes em p53 ainda néo
foram determinadas (CANDEIAS et al., 2023).

A primeira estratégia para mutagbes missense de p53 visa restaurar a
atividade da p53 selvagem ou estabilizar a conformacgéo da p53 selvagem. Drogas
ou compostos que possuem essa fungdo sdo conhecidos como reativadores. A
droga mais representativa desse grupo é o APR246 (Eprenetapopt/PRIMA-1MET),
que esta sendo testada em varios ensaios clinicos de fase 2 ou 3 (ClinicalTrials.gov
Identifier. NCT02999893, NCT03931291, NCT04214860 e NCT04383938). E
relatado que o APR-246 funciona por sua conversdo em células no eletréfilo reativo
metileno quinuclidinona (MQ). O MQ reage com os residuos de cisteina C124, C229
e C277 no nucleo das proteinas p53 mutantes e, assim, altera sua conformacao de
mutante para selvagem, resultando na restauragdo da transativagdo de genes alvo
que inibem o crescimento do tumor (BYKOV et al., 2002). Além disso, ja foi
demonstrado que que PRIMA-1 previne a agregacao de p53 mutante e inibe os
efeitos da mutagdo em linhagens celulares de cancer de mama e ovario, reduzindo
os niveis de oligbmeros amildides intracelulares de mutantes nos residuos R280K e
R248Q p53 juntamente com a reativagcdo e restauragdo da atividade de p53
selvagem (RANGEL et al., 2019). Em linhagens celulares de TNBC, APR-246
reduziu significativamente a viabilidade das linhagens MDA-MB231 e MDA-MB468 in
vitro, mas nao teve efeito sobre linhagens mamarias normais (AG11132A) ou
linhagens de cancer de mama que expressam p53 selvagem (MCF-7). Em modelo
de xenoenxerto tumoral em camundongos, a administracdo de APR-246
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isoladamente ou em combinagdo com bavituximab, um anticorpo monoclonal
quimeérico humano-camundongo que rompe a vasculatura tumoral, reduziu
significativamente o crescimento tumoral da linhagem celular MDA-MB231, bem
como dois marcadores de angiogénese (LIANG et al., 2020).

A segunda estratégia é induzir a degradagcao ou esgotamento da p53
mutante missense, aproveitando a dependéncia das células tumorais da p53
mutante e potencialmente restaurando as atividades de alguns supressores de
tumor, incluindo p63 e p73, cujas fungdes sao suprimidas pela p53 mutante. Drogas
ou compostos empregados para essa estratégia incluem inibidores de HSP90 ou
estatinas, medicamentos redutores de colesterol que sdo capazes de induzir a
degradagao da p53 mutante, resultando em supressao tumoral (ALEXANDROVA et
al., 2015; PARRALES; IWAKUMA, 2015)

A terceira estratégia € induzir a morte celular especificamente em células
tumorais com dele¢des ou mutagdes em p53, conhecida como letalidade sintética da
p53 (Harada et al, 2011). Essa estratégia geralmente visa vulnerabilidades impostas
pela deficiéncia de p53 ou pelo ganho-de-funcdo (GOF) da p53 mutante, em vez de
direcionar diretamente para a p53 mutante. Drogas ou compostos utilizados para
essa estratégia incluem inibidores de Wee1 ou inibidores de sinalizagdo de resposta
a danos no DNA (por exemplo, inibidores de ATR ou Chk1/2) (HIRAI et al., 2009;
ORIGANTI et al., 2013; REAPER et al., 2011).

1.3.2 ERK1/2 MAPK no cancer de mama

A via de sinalizacdo MAPK € uma das vias de sinalizacdo mais importantes
e amplamente estudadas nas células eucaridticas. Essa via € crucial para a
transducdo de sinais extracelulares para o interior da célula, regulando uma
variedade de processos celulares, incluindo proliferacdo, diferenciacao,
sobrevivéncia e resposta a estimulos externos (MCCUBREY; LAHAIR; FRANKLIN,
2006). Como demonstrado na figura 7, a via MAPK é ativada por diversos estimulos,
como fatores de crescimento, horménios, estresses ambientais, entre outros. Esses
estimulos s&o reconhecidos por receptores de membrana especificos que
desencadeiam uma cascata de reagdes quimicas intracelulares. A via MAPK
consiste em trés principais niveis de cinases (enzimas que transferem grupos
fosfato): MAPKKK, MAPKK e MAPK. O primeiro passo na ativagao da via MAPK ¢é a
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fosforilagdo do MAPKKK em resposta ao estimulo extracelular. Essa fosforilagéo
ativa a MAPKKK, que, por sua vez, fosforila e ativa a MAPKK. Em seguida, o
MAPKK fosforila a MAPK, ativando-a totalmente, promovendo a ativagao de diversos
substratos com decisdes especificas de destino celular e diferentes desfechos
bioldgicos (CARGNELLO; ROUX, 2011).

A via de sinalizagdo MAPK é altamente regulada para evitar uma ativagao
indiscriminada e garantir uma resposta adequada aos estimulos. Muitos
mecanismos de controle estdo em vigor para controlar a atividade das cinases
envolvidas e para garantir a sua degradagcdo e inativagdo apds a resposta ao
estimulo (YUAN et al., 2020a). A desregulacao na via de sinalizagcdo MAPK tem sido
associada a diversas doencgas, incluindo cancer, doencas autoimunes,
neurodegenerativas e cardiovasculares. Portanto, o estudo dessa via € de grande
relevancia para a compreensdo dos processos celulares normais e patoldgicos
(SANTARPIA; LIPPMAN; EL-NAGGAR, 2012).

As trés principais familias de MAPKs sdo: proteina cinase regulada por sinal
extracelular (ERK, do inglés: extracellular signal-regulated kinase), proteina cinase
ativada por c-Jun N-terminal (JNK, do inglés: c-Jun N-terminal cinase) e proteina
cinase p38 (WIDMANN et al., 1999). Essas vias de sinalizagao respondem a uma
ampla gama de estimulos, incluindo sinais fisioldgicos, como hormoénios, citocinas e
fatores de crescimento, bem como estresse enddgeno e sinais ambientais (Kim et
al., 2010). Embora as MAPKs (ERK, JNK e p38) respondam a uma variedade ampla
e sobreposta de sinais, a ERK é a mais bem estudada e a via RAS-RAF-MEK-ERK é
uma das mais caracterizadas. No contexto do cancer, essa via € especialmente
relevante, uma vez que esta alterada em cerca de 30% dos casos de cancer
humano (FORBES et al., 2011). A ativacdo das MAPKs ocorre em varias etapas em
resposta a estimulacdo dos receptores de tirosina cinase (RTKs) (do inglés:
Receptor Tyrosine Kinases). Por exemplo, os ligantes essenciais dos EGFRs sao
responsaveis pela ativacdo da MAP cinase e envolvem proteinas como Grb2, Sos e
p21ras, além de uma cascata de proteinas cinases sequencialmente definidas, como
c-Raf-1 (MAPKKK) e MEK1 e MEK2 (MAPKK). Essas ultimas enzimas fosforilam as
ERKs, também conhecidas como ERK1 e ERK2, aumentando sua atividade
enzimatica (STOKOE et al., 1994). Uma vez ativadas, as ERKs migram para o
nucleo da célula e ativam fatores de transcricdo que regulam a expressao génica,

promovendo crescimento, diferenciacdo ou mitose. No entanto, quando essa via é
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anormalmente ativada devido a mutagdes genéticas ou outros mecanismos, pode
levar a um descontrole na proliferagcao celular, supressao da apoptose e aumento da

capacidade de invas&o e metastase de células tumorais (YUAN et al., 2020b).
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MAPKK. MAPKK, e MAPK através da fosforilagdo sequencial de proteinas. As MAPKs ativadas sao
translocadas para o nucleo e desencadeiam respostas celulares. Adaptado de (PUA et al., 2022)
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1.3.2.1 ERK1/2 MAPK como alvo na terapia do cancer de mama

Devido a importancia da via RAS-RAF-MEK-ERK no cancer, muitos esforgos
de pesquisa tém sido direcionados para o desenvolvimento de terapias direcionadas

a essa via, o que modificou essencialmente a estratégia terapéutica dos canceres

em estudos pré-clinicos e clinicos (SONG et al., 2023).
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Embora as mutagdes ativadas em MEK sejam relativamente baixas em
tumores humanos, a atividade de MEK & encontrada em niveis elevados em mais de
85% dos canceres, em parte devido as mutacdes upstream de RAS ou RAF.
Portanto, inibir MEK & uma estratégia terapéutica atraente e para esse fim, varias
combinagdes (inibidor de MEK e inibidor de B-Raf) foram aprovadas pelo FDA, e
essas abordagens terapéuticas efetivamente interromperam o crescimento tumoral
em modelos pré-clinicos e em pacientes com mutagcdes RAS ou RAF em diferentes
tipos de tumores (KIRCHBERGER et al., 2018). A imunoterapia fez um progresso
notavel em alcangar um aumento da sobrevida global e remissdo duravel a longo
prazo em pacientes com tumor, que depende principalmente de células T CD8+ de
memoria. Recentemente, estudos mostraram que a inibicado de MEK, com o inibidor
selumetinibe (Koselugo) pode reprogramar as células T CD8+ em células-tronco de
memoria com potente capacidade antitumoral (LOI et al., 2016), e a inibicado de RAF
poderia induzir a expressao de PD-L1 de células tumorais (EBERT et al., 2016). Em
linhagens celulares de TNBC, o inibidor de MEK aumentou significativamente a
expressao de PD-L1, e a combinagcao de anticorpos PD-L1 e inibidor de MEK
aumentou a resposta imune antitumoral em um modelo de camundongo de cancer
de mama e cancer de colon (EBERT et al., 2016; LOI et al., 2016).

O UO126 é uma molécula sintética que foi desenvolvida para bloquear
especificamente a atividade das cinases MEK1 e MEK2. Essas cinases sao
responsaveis por fosforilar e ativar as proteinas cinases ERK1 e ERK2, que por sua
vez tém um papel central na transmissao de sinais para o nucleo celular. A inibigao
do MEK impede a ativagcado subsequente das ERKSs, interrompendo assim a cascata
de sinalizagdo MAPK/ERK (FAVATA et al., 1998). Ao inibir seletivamente o MEK1/2,
0 UO126 tem sido amplamente utilizado como ferramenta de pesquisa em estudos
pré-clinicos e em linhagens celulares. No entanto, sua aplicagao clinica direta como
um medicamento terapéutico é limitada devido a varios fatores, incluindo a falta de
especificidade, toxicidade e dificuldades em alcancar alvos especificos in vivo
(ADNANE et al., 2006; WILHELM et al., 2006).

O sorafenibe ¢ um medicamento que pertence a classe dos inibidores de
tirosina cinase, que sao compostos que bloqueiam as enzimas responsaveis por
transmitir sinais de crescimento celular. Foi aprovado para uso clinico em 2005 e é
utilizado principalmente para tratar tumores de coélon, rim, pulmao e mama em
modelos xenotransplante (ADNANE et al., 2006; WILHELM et al., 2006), bloqueando
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a inflamacéao induzida pelo tumor, invasao celular e angiogénese (ZANOTTO-FILHO
et al., 2018). O sorafenibe atua inibindo varias proteinas cinases, incluindo as
cinases do receptor do fator de crescimento endotelial vascular (VEGFR, do inglés:
Vascular endothelial growth factor), receptor do fator de crescimento derivado de
plaquetas (PDGFR, do inglés: Platelet-derived growth factor receptors), receptor do
fator de crescimento epidérmico (EGFR) (do inglés: Epidermal growth factor
receptor), B-Raf e C-Raf. Em ensaios clinicos de cancer de mama, a monoterapia
com sorafenibe e as combinagdes com taxanos e bevacizumabe mostraram baixa
eficacia, enquanto que as combinag¢des com gemcitabina e/ou capecitabina em
doenca localmente avancada ou metastatica apresentaram resultados promissores.
Em relagdo a toxicidade, o sorafenib geralmente € bem tolerado, embora em alguns
ensaios sua dosagem tenha precisado ser reduzida e as taxas de interrupgado do
tratamento tenham sido altas (ZAFRAKAS; PAPASOZOMENOU; EMMANOUILIDES,
2016).

1.4  INFLAMACAO PROMOVIDA PELO TUMOR

A correlagao entre inflamagao e cancer foi inicialmente proposta em 1863
por Rudolf Virchow, com base em observacdes de que o cancer se originava em
locais de inflamacgao crbnica e que as células inflamatérias, como leucécitos, eram
abundantes em bidpsias tumorais. Essas observacdes levaram a hipétese de que a
inflamacao cronica poderia estar envolvida no desenvolvimento e progressao do
cancer (BALKWILL; MANTOVANI, 2001). Atualmente, a inflamacao associada ao
tumor é considerada uma caracteristica chave do cancer, com uma ligacdo bem
estabelecida entre a inflamagéo crénica e o desenvolvimento do tumor (HANAHAN;
WEINBERG, 2011b).

A inflamagdo aguda e a inflamagdo crénica tém efeitos diferentes no
contexto do cancer. A inflamagao aguda é uma resposta temporaria e controlada do
sistema imunoldgico a lesées ou infecgdes. Nesse caso, a inflamagédo pode
desempenhar um papel protetor, ajudando a eliminar as células tumorais. Durante a
inflamagédo aguda, as células do sistema imunolégico, como os macréfagos, séao
ativadas e iniciam a resposta imune antitumoral (GRIVENNIKOV; GRETEN; KARIN,
2010). No entanto, a inflamagéao cronica, desregulada e persistente € prejudicial e

pode promover o desenvolvimento e a progressdao do cancer. Nesse contexto, a
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resposta inflamatéria ndo é resolvida e continua por um periodo prolongado de
tempo, 0 que pode levar a danos continuos nos tecidos e na resposta imune. A
inflamacé&o crénica pode contribuir para a resisténcia terapéutica, tornando as
células tumorais menos sensiveis aos tratamentos convencionais, como a
quimioterapia e a radioterapia. Além disso, a inflamacao crbénica pode promover a
angiogénese, bem como a invaséao local das células tumorais em tecidos adjacentes
e a disseminagédo metastatica (ZHAO et al., 2021).

O cancer e a inflamacéo estdo conectados por duas vias: a via extrinseca e
a via intrinseca. A inflamagao extrinseca do tumor refere-se a inflamacédo que é
desencadeada por fatores externos como fatores ambientais e comportamentais,
que estdo associados a inflamacéo crénica e ao aumento do risco de cancer. Entre
esses fatores, estdo incluidos: doencas autoimunes; infecgcdes bacterianas e virais;
obesidade; tabagismo e consumo excessivo de alcool (COUSSENS; WERB, 2002).
Em contraste, a inflamagado intrinseca do cancer, também conhecida como
inflamacé&o induzida pelo cancer, refere-se a resposta inflamatéria que ocorre dentro
do proprio tumor devido a mutagdes genéticas e alteragdes nas ceélulas. Essas
mutacdes podem levar a producdo de moléculas inflamatérias, como citocinas,
quimiocinas e fatores de crescimento, que recrutam e ativam células inflamatérias no
microambiente tumoral. A inflamacédo intrinseca do cancer cria um ambiente
favoravel para a progressao tumoral, fornecendo nutrientes, fatores de crescimento
e protegdo contra a resposta imunolégica. Essa interagédo entre as células tumorais e
as células inflamatérias no microambiente tumoral € complexa e desempenha um
papel importante na iniciagdo e progressao do cancer (GRIVENNIKOV; GRETEN;
KARIN, 2010; ZHAO et al., 2021).

Durante a iniciagdo do cancer, um microambiente tumoral inflamatério pode
contribuir para o aumento das taxas de mutacdes por meio da geracédo de espécies
reativas de oxigénio e reativos intermediarios de nitrogénio, como por exemplo, o
oxido nitrico. Essas espécies reativas podem causar danos no DNA, incluindo danos
oxidativos, quebras de fita dupla do DNA e outras lesbes no material genético. O
dano no DNA pode levar a erros de replicacdo e reparo inadequado do DNA,
resultando em instabilidade genémica e mutagdes acumulativas (GRIVENNIKOV;
GRETEN; KARIN, 2010).

A inflamagao também impulsiona mecanismos relacionados a promogao

tumoral, processo de crescimento do tumor a partir de uma unica célula inicial em
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um tumor primario totalmente desenvolvido. Durante o processo de crescimento
tumoral, a inflamagao crénica contribui para a progressdo do tumor fornecendo uma
variedade de moléculas bioativas ao microambiente tumoral, que incluem fatores de
crescimento, citocinas, quimiocinas e fatores de sobrevivéncia, entre outros. Essas
substancias sdo secretadas pelas células inflamatérias e células tumorais ativadas
no microambiente tumoral, criando um ambiente favoravel para o crescimento e a
sobrevivéncia das células tumorais (GRETEN; GRIVENNIKOV, 2019).

1.4.1 Alguns fatores-chave na inflamagao associada ao tumor

Na inflamagdo associada ao tumor, existem varios fatores intrinsecos que
desempenham um papel importante na promocédo e sustentagcdo do ambiente
inflamatdrio tumoral. Isso inclui fatores de transcrigao e citocinas inflamatérias chave.

O Fator Nuclear kappa B (NFkB, do inglés: Nuclear Factor kB) é um
coordenador-chave da imunidade inata e da inflamacdo, e emergiu como um
importante promotor tumoral endégeno (MANTOVANI et al., 2008). Em células
tumorais, células epiteliais em risco de transformagao por carcinégenos, e células
inflamatorias, o NFkB ativa a expressdo de genes que codificam citocinas
inflamatdrias, moléculas de adesao, enzimas na via de sintese de prostaglandinas,
oxido nitrico sintase (NOS2, do inglés: Nitric Oxide Synthase 2) e fatores
angiogénicos. Além disso, uma das fungdes importantes do NFkB em células
tumorais ou alvo de agentes carcinogénicos € promover a sobrevivéncia celular, por
meio da indugdo da expressdo de genes antiapoptéticos (XIA; SHEN; VERMA,
2014).

A ativacdo do NFkB pode ocorrer de varias maneiras, mas geralmente é
desencadeada por estimulos pro-inflamatérios, como citocinas, fatores de
crescimento, lipopolissacarideos bacterianos e estresse celular (SUN, 2017).
Existem duas principais vias de sinalizagdo envolvidas na ativagdo do NFkB: a via
canbnica e a via nao-candnica (Figura 8). A via canbnica medeia a ativagao de
NFkB1 p50, RELA e c-REL, onde um estimulo pré-inflamatério, como a ligacao de
um fator de crescimento ou uma citocina ao seu receptor de superficie celular,
desencadeia a ativagdo de uma enzima chamada IkB cinase (IKK). A IKK, por sua
vez, fosforila e degrada a proteina IkBa, que normalmente inibe a atividade do NFkB,
retendo-o no citoplasma. A degradacdo de IkBa libera o NFkB, permitindo sua
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translocagao para o nucleo da célula, onde ele se liga aos elementos reguladores do
DNA e ativa a transcrigcdo de genes envolvidos na resposta inflamatéria e imune. Na
via ndo-canbnica, um grupo diferente de estimulos, como a ligagado de ligantes a
receptores de fator de necrose tumoral (TNF) (do inglés: Tumor Necrosis Factor) ou
receptores de linfotoxina-B, desencadeia uma cascata de sinalizagao que leva a
ativagao da cinase IKKa. A IKKa fosforila e processa uma proteina chamada p100,
convertendo-a em seu produto de clivagem, p52. O complexo NFkB p52/RELB é
entdo liberado e translocado para o nucleo, onde ativa a expressdo de genes
especificos (SUN, 2017).
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Figura 8. Via de sinalizagao candnica e ndo-candnica de NFkB. A via candnica do NF-kB envolve
a fosforilagdo e degradacéo das proteinas IkB para liberar dimeros de NF-kB que entram no nucleo e
se ligam aos genes alvo. A via ndo canénica envolve o processamento de p100 para produzir p52 e
RELB, que também se translocam para o nucleo. Adaptado de (SUN, 2017) (llustragdo: autoria
prépria criada na plataforma BioRender, 2023).

O NFkB juntamente com outros fatores de transcrigcdo, como o Transdutor de
Sinal e Ativador da Transcricao 3 (STAT3, do inglés: Signal Transducer and
Activator of Transcription 3), coordenam a produg¢do de mediadores inflamatérios,

incluindo citocinas e quimiocinas, bem como a produgao de ciclooxigenase 2 (COX2)
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(que, por sua vez, resulta na producao de prostaglandinas) (DIWAKAR et al., 2017).
As citocinas ativam os mesmos fatores-chave de transcricio em células
inflamatdrias, células estromais e células tumorais, resultando na produgdo de mais
mediadores inflamatorios e na geracdo de um microambiente inflamatério
relacionado ao cancer (DIWAKAR et al., 2017).

Entre os mediadores inflamatorios produzidos por células tumorais estdo as
metaloproteinases e prostaglandinas. As metaloproteinases da matriz (MMPs) séo
enzimas que desempenham um papel importante na remodelagdo da matriz
extracelular, incluindo a degradagcéao de componentes como colageno e elastina
(WANG et al., 2019). No cancer de mama, as células tumorais podem secretar
varias MMPs, como a Metaloproteinase da Matriz 1 (MMP1, do inglés: Matrix
Metallopeptidase 1), também conhecida como colagenase-1, estd envolvida na
degradagdo da matriz extracelular. O aumento dos niveis de MMP-1 tem sido
observado em cancer de mama triplo-negativo, tanto nas células tumorais quanto
nas células estromais circundantes. A expressdo aumentada de MMP-1 esta
associada a progressao do cancer de mama e ao mau prognodstico (NILAND;
RISCANEVO; EBLE, 2022). A atividade excessiva da MMP-1 pode contribuir para a
invasao local e a metastase do tumor de mama, permitindo que as células tumorais
atravessem a matriz extracelular e invadam tecidos adjacentes ou se espalhem para
orgaos distantes (WANG et al., 2017). As prostaglandinas séo derivadas do acido
araquidénico e desempenham um papel importante na resposta inflamatéria. No
cancer de mama, as células tumorais podem produzir prostaglandinas,
principalmente a Prostaglandina E2 (PGE2), um dos principais produtos derivados
da ciclo-oxigenase-2 (COX-2) (WANG; DUBOIS, 2010). Além de afetar as vias de
sinalizagdo intracelular nas células tumorais, a PGE2 também contribui para a
modificagdo do microambiente tumoral, promovendo a supressdo e evasao
imunoldgica e favorecendo a tumorigénese (CHEN; SMYTH, 2011).

Além disso, células tumorais tém a capacidade de produzir citocinas e
quimiocinas, que desempenham um papel crucial na subversdao do sistema
imunolégico e na promogao do crescimento e disseminagao do tumor (MANTOVANI
et al., 2008). As citocinas produzidas pelas células tumorais podem influenciar o
comportamento das células imunes, levando a fendtipos pré-tumorais, como por
exemplo, o Ligante de quimiocina 2 (CXCL2, do inglés: C-C motif chemokine ligand

2), também conhecido como proteina quimiotatica de monécitos 1, € uma citocina
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pré-inflamatéria que desempenha um papel importante na resposta inflamatéria e no
recrutamento de células do sistema imunoldgico, especialmente mondcitos e
macroéfagos, para locais de lesdo tecidual e inflamagdo. No contexto do céancer de
mama, o CCL2 pode ser altamente expresso tanto pelas células tumorais quanto
pelas células estromais circundantes, incluindo fibroblastos e células endoteliais
(SUN et al., 2017).

Citocinas como a IL-6 (Interleucina-6) e interleucina-8 (IL-8), desempenham
um papel importante na regulacdo de varios processos fisioldégicos e patoloégicos
podem desencadear respostas inflamatérias e estdo associadas a inflamagao
cronica, que contribui para o desenvolvimento de varias doencgas, incluindo cancer
(MA, Y. et al., 2017). A Interleucina-8 (IL-8) especificamente, também conhecida
como quimiocina CXCL8, é uma proteina de 8,4 kDa, pertencente a subfamilia de
quimiocinas CXC, caracterizada como uma citocina pro-inflamatéria que
desempenha um papel crucial no recrutamento e ativacdo de neutrofilos, que séo
importantes células imunes envolvidas na resposta inicial a infeccbées e lesdes
(CHEN, S. jie et al., 2018). A IL-8 é produzida por diversos tipos de células, incluindo
células epiteliais, macréfagos, células endoteliais e fibroblastos. A IL-8 se liga a dois
receptores na superficie de células-alvo, receptor alfa da IL-8 (IL-8RA/CXCR1) e
receptor beta da IL-8 (IL-8RB/CXCR2), para mediar seus efeitos. Além dos
neutréfilos, a IL-8 também atrai outras células imunes, como células T, células
natural killer e mondcitos, para locais de inflamacdo (RUSSO et al.,, 2014). A
desregulacao da IL-8 tem sido implicada em diversas doengas humanas, incluindo
aterosclerose, cancer, doenga inflamatéria intestinal, infecgdo, sepse, doenca
pulmonar obstrutiva crénica (DPOC), psoriase e artrite reumatoide. Nessas
condigbes, a IL-8 pode contribuir para a inflamagdo crénica, danos teciduais e
progressdo da doenca. No contexto do cancer de mama, a inflamagao crdénica
descontrolada pode levar a producéo excessiva de interleucinas, que sédo secretadas
pelas proprias células tumorais (autocrina) ou por células no ambiente circundante
(paracrina), promovendo a proliferagdo e sobrevivéncia celular, e estdo associadas a
caracteristicas agressivas do tumor, como maior invasdo, metastase e resisténcia a
tratamentos (SCHETTER; HEEGAARD; HARRIS, 2009).
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2 JUSTIFICATIVA

Os avancgos terapéuticos no cancer de mama nas ultimas décadas tém sido
notaveis, beneficiando especialmente pacientes com tumores expressando
receptores de estrogénio (ER-positivos) e tumores com amplificagdo de HER2
(HER2-positivos). No entanto, tumores de mama triplo-negativos ainda representam
um desafio significativo devido a sua natureza invasiva e metastatica, além da falta
de alvos moleculares especificos. Portanto, ha uma necessidade continua de
caracterizar novas vias de sinalizagao e validar medicamentos que possam interferir
na taxa de crescimento, invasdo e/ou angiogénese desses tipos tumorais.
(BIANCHINI et al., 2022). Diante dessa lacuna terapéutica, compreender os
mecanismos associados a inflamagéo tumoral promovida pelo ganho-de-funcao dos
mutantes de p53 em tumores triplo-negativos torna-se uma etapa crucial para
direcionar o desenvolvimento de novas estratégias terapéuticas. Nesse contexto, &
fundamental investigar a diversidade de mutagbes p53 com ganho de funcéo,
juntamente com o impacto funcional dessas mutagbes na biologia tumoral, e
desenvolver farmacos mutante-especificos que possam afetar essas formas
mutantes sem prejudicar as células saudaveis (SABAPATHY; LANE, 2018b).

Especificamente no cancer de mama, o infiltrado inflamatério e o estroma
podem constituir até 50% da massa tumoral (VOLODKO et al., 2019). A interleucina-
8 (IL-8) em particular tem sido associada a malignidade tumoral em diversos tumores
sélidos humanos, incluindo o cancer de mama. Sua superexpressao e potencial
efeito autdcrino e/ou paracrino na promogao tumoral, além do impacto na
angiogénese e resposta imune, tornam a IL-8 uma candidata promissora para
investigacbes mais aprofundadas (LABANI-MOTLAGH; ASHJA-MAHDAVI,
LOSKOG, 2020).

Diante desse cenario, o presente trabalho visa investigar o perfil de
expressao da IL-8, sua regulagcdo e associagcdo com mutantes de p53 e outros
mediadores inflamatérios no cancer de mama. A pesquisa nessa area oferece um
campo fértil para inovacao na terapia do cancer de mama e o objetivo & contribuir
para o entendimento dos mecanismos envolvidos na malignidade tumoral,
especialmente no contexto de tumores triplo-negativos, e identificar possiveis alvos

terapéuticos especificos para o cancer de mama.
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3HIPOTESES

3.1 CAPITULO 1

A proteina p53 mutante com ganho-de-fungdo desempenha um papel crucial
na promog¢ao da ativacdo de vias inflamatérias e processos de malignidade em
células de cancer de mama triplo-negativo. Acredita-se que essas mutagdes
especificas de p53 estejam associadas a expressao de mediadores inflamatorios no
secretoma tumoral, como a IL-8/CXCL8 e outros, levando a uma maior

complexidade do microambiente tumoral.

3.2 CAPITULO?2

A interleucina-8 (IL-8) desempenha um papel crucial na malignidade tumoral
e na progressdao do cancer de mama, e a expressdo aumentada da IL-8 no
microambiente tumoral de tumores triplo-negativos esta associada a um perfil de

agressividade tumoral.
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4 OBJETIVOS

4.1

OBJETIVO GERAL: CAPITULO 1

Avaliar o papel da mutagao da proteina p53 em parametros de malignidade

tumoral de linhagens celulares de cancer de mama e seu papel na produgao de IL-8

e outros mediadores inflamatoérios do secretoma tumoral.

4.1.1 Objetivos especificos

4.2

Investigar o impacto das mutagdes nos residuos R280K e V157F da proteina
p53 em linhagens celulares de cancer de mama, através da analise da
proliferagdo, migracdo, invasao celular e resposta ao dano no DNA, apoés a
deplecao da TP53 mutante;

Quantificar os niveis de IL-8, IL-6, CXCL2, MMP1 e PGE2 no sobrenadante
de linhagens celulares de céncer de mama, tanto em condi¢des basais
quanto apds a deplecédo da TP53 mutante;

Avaliar a interagao entre as vias de sinalizacdo ERK1/2 MAPK e p53 mutante
na secrecao de IL-8, IL-6, CXCL2, MMP1 e PGE2, apés a deplecédo da TP53
mutante inibicao da via ERK1/2 MAPK;

Investigar o efeito da deplecédo da TP53 mutante e da inibi¢do da via ERK1/2
MAPK sobre parametros de malignidade tumoral, como proliferagao, migragao
e invasao celular;

Avaliar o efeito da deplecao dos fatores de transcrigao p65 e RelB, bem como
o tratamento com inibidor farmacoldgico de NFkB;

Quantificar o imunoconteudo basal dos fatores de transcricdo p65 e RelB e
das proteinas ERK1/2 em um painel de linhagens de cancer de mama.
Investigar a interagdo da proteina p53 mutante com os complexos de NFkB
no citoplasma e no nucleo celular;

Avaliar o efeito da deplecdo da TP53 mutante na atividade transcricional de
NFkB.

OBJETIVO GERAL: CAPITULO 2
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Realizar uma caracterizagdo abrangente do perfil de expressdo da

Interleucina-8 (IL-8) no cancer de mama, explorando seu papel funcional em

diferentes subtipos moleculares e histolégicos da doenca.

421

Objetivos especificos

Avaliar o perfil de expressdo de CXCL8 em bancos de dados de tecidos
normais (GTEX), tumores (TCGA) e linhagens celulares (CCLE);

Avaliar o nivel de marcagdo de IL-8 em Tissue MicroArray de tumores
mamarios por Imuno-histoquimica (IHC);

Correlacionar a expressao de IL-8 e seu mRNA com a expressao do receptor
de estrogénio, receptor de progesterona, estagio tumoral, diagndstico
patologico e subtipos moleculares de cancer de mama em amostras de
tumores mamarios (Tissue MicroArray e TCGA);

Analisar o perfil mutacional e enriquecimento de vias de amostras com
expresséao elevada de CXCLS;

Identificar se as linhagens celulares de cancer de mama e/ou o
microambiente tumoral expressam CXCLS8 por analise Single-cell,
Compreender a funcédo da IL-8 em linhagens celulares de cancer de mama
através da analise da proliferacdo, migragcao, invasao celular e formacgao de
colonias apds a deplegcdo de CXCL8 por siRNA e inibicdo farmacolégica por
SB225002;
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5 DESENVOLVIMENTO

5.1  CAPITULO 1 - MUTANT P53 AND ERK1/2 MAPK COOPERATE WITH THE
PRODUCTION OF TNBC INFLAMMATORY SECRETOME

'Raquel Nascimento das Neves; ?Alexander James Roy Bishop; ?Alfeu
Zanotto-Filho

" Laboratério de Farmacologia e Bioquimica do Cancer, Departamento de
Farmacologia, Centro de Ciéncias Bioldgicas, Universidade Federal de Santa
Catarina (UFSC), Florianépolis, SC, Brasil.

2 Greehey Children’s Cancer Research Institute, University of Texas Health
at San Antonio, San Antonio, TX, 78229, USA

Abstract

TP53 is the most commonly mutated gene in human cancer, with a particularly high
occurrence of mutations in the triple-negative breast cancer (TNBC) subtype,
affecting 80% of patients. In TNBC, TP53 mutations not only lead to the loss of
typical p53 functions but can also result in gain-of-function (GOF) mutations that
activate various cellular mechanisms involved in tumor malignancy. In this study, we
investigate the role of TP53 GOF mutations and its impact on inflammatory response
in TNBC cell lines. We found that the absence of p53 did not significantly affect cell
viability. However, knockdown of TP53 GOF mutations made the cells susceptible to
treatment with MMS and cisplatin. The invasion assay revealed that depleting TP53
GOF mutations reduced the invasiveness potential of TNBC cells, which was further
supported by decreased cell migration. Moreover, TP53 GOF mutations knockdown
led to a decrease in the expression of several pro-inflammatory cytokines, including
IL-8, IL-6, and CXCL2, while it did not affect other mediators known to be involved in
breast cancer malignancy, such as PGE2 and MMP1. The latter were upregulated
via ERK1/2 MAPK signaling pathway. This was confirmed in TNBC cells treated with
the MEK1/2 inhibitors UO126 and sorafenib, which showed a decrease in IL-8 and
CXCL2, as well as PGE2 and MMP1 production. Furthermore, combining TP53 GOF
mutations knockdown with MEK/ERK1/2 pathway inhibition resulted in a more
pronounced inhibition of IL-8 and IL-6 and decreased cell invasion and migration
compared to each treatment alone. Interestingly, TP53 GOF mutations knockdown
did not affect the phosphorylation status of MEK/ERK1/2 or NFKB complexes, nor did
UO126 and sorafenib treatment and NFkB knockdown alter p53 immunocontent.
However, TP53 GOF mutations knockdown decrease NFkB activity in the gene
reporter assay. These findings indicate that TP53 GOF mutations collaborates with
the ERK1/2MAPK pathway to promote the inflammatory secretome, and can regulate
the NFkB activity in the nucleus in TNBC cell models.

Keywords: Triple-negative breast cancer; p53 gain-of-function; tumor secretome;
inflammation; ERK1/2 MAPK; pathway cooperation
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Introduction

Breast cancer is the world’s most prevalent cancer affecting women
worldwide, leading to 2.3 million women diagnosed with breast cancer and 685.000
deaths globally in 2020 (SUNG et al., 2021). Breast tumors display cellular and
molecular heterogeneity, including receptor status, such as tumors with a positive
expression for estrogen receptors (ER-positive), tumors with ERBB2 / HER2
amplification (Her2 positive), and triple-negative breast tumors (TNBC), which lack
the expression of estrogen receptor a, progesterone receptor and HER2 (CURTIS et
al., 2012). Recent gene-expression profiling analyses identified five molecular
subtypes, known as intrinsic subtypes, such as luminal A, luminal B, HER2-enriched,
basal-like, and claudin-low (POMMIER et al., 2020).

Breast cancer therapy has benefited from numerous advances in recent
decades. Tumors with positive expression for estrogen receptors (ER-positive) -
which correspond to 65-80% of diagnoses, depending on the studied cohort are
treated with the anti-estrogen tamoxifen and have a favorable prognosis, especially
when associated with low staging. Tumors with ERBB2/HER2 amplification (Her2
positive) improved their prognosis by using the monoclonal antibody Herceptin
(WILSON et al., 2017). On the other hand, breast tumors known as triple-negative, in
addition to constituting the most invasive and metastatic tumor phenotype, lack
identification of molecular targets with pharmacological potential (KWON et al.,
2017). Therefore, different factors interfere with breast cancer development and
therapeutic processes and TNBC is still a major challenge in breast cancer clinics,
therefore, the need to characterize new signaling pathways of this type of tumor
therapy provides us with a fertile field of study and innovation in tumor therapy.

Another factor involved in breast cancer malignancy is the presence of genetic
alterations. These molecular alterations are one of the earliest events that affect a
large number of genes and may provide the initial oncogenic potential and help
trigger clonal expansion of imminent breast cancer cells (HANAHAN; WEINBERG,
2011b). Among these genes, ESR1, NF1 and TP53 were revealed to be enriched in
patients with metastatic breast cancer (MBC) compared with those in primary breast
cancer (PBC) (CHA; LEE; WON, 2021). Among the potential targets for the therapy
of TNBC is the tumor suppressor gene TP53, which encodes a multidomain
phosphoprotein with 393 amino acids (BIANCHINI et al., 2022) that acts as a

transcription factor regulating several cellular processes to suppress tumor growth,
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being essential for the process of cellular response to DNA damage (LIU et al.,
2016).

TP53 gene mutation is frequently found in malignant tumors, occurring in 30%
of cases of breast tumors, regardless of subtype (YUE et al., 2017). When breast
tumors were sequenced and separated by molecular subtypes, it was observed that
80% of p53 mutations were concentrated in triple-negative/basal-like tumors,
precisely the most aggressive subtype (CURTIS et al., 2012). The most common
mutations in human tumors are missense mutations (>70%), characterized by an
amino acid exchange at a specific codon that leads to the synthesis of a stable
mutant protein that accumulates in the nucleus of tumor cells (BROSH; ROTTER,
2009). Of these mutations, approximately 80% are clustered in the regions of the
TP53 gene that encode the DNA-binding domain, with several recurrent hotspot
mutations observed. These mutations differ considerably in the shape and function of
the translated protein, and affect amino acid residues that interact with DNA (i.e.,
R273H and R248Q mutations), or affect protein conformation (i.e., R175H and
R249S), which indirectly also affects the ability to bind DNA (SABAPATHY; LANE,
2018c).

These proteins, in addition to losing the characteristic of tumor suppressor
(classical loss of function), activate new oncogenic characteristics and promote the
survival of tumor cells through cellular responses that are not associated with normal
wild-type p53 functions, activating transcription factors and survival signaling
cascades such as NFkB, proteasome, integrins and stimulation of the Warburg
effect, contributing to increased angiogenesis, genomic instability, metastasis and
metabolic changes, features that have been named as “p53 gain-of-function” (GOF)
(LIU; ZHANG; FENG, 2014b). The study of the impacts of p53 GOF on tumor
malignancy is quite recent. The various p53 mutations can activate different cellular
mechanisms, such as inflammation in tumors, mainly through increased activation of
NFkB, which regulates the transcription of inflammatory mediators (BARABUTIS;
SCHALLY; SIEJKA, 2018). These molecules induce cells with mutations in the p53
protein show high expression of cytokines, which are directly involved in tumor
progression, angiogenesis and metastasis (BELLAZZO; DI MININ; COLLAVIN,
2015).

In the last decade, the role of inflammatory mediators in the tumor

microenvironment has been recognized as an important component. Inflammation is



55

important in the tumor promotion, metastatic progression, and immune evasion of
tumor cells (ZHAO et al., 2021). Initially, it was believed that such mediators were
secreted only by immune cells that infiltrate tumors, however, today the
understanding is that both tumor cells, stroma, and intratumoral immune cells are
capable of secreting interleukins, chemokines, and prostaglandins, acting in
paracrine signaling between different cell types in the tumor (GRIVENNIKOV;
GRETEN; KARIN, 2010).

Considering the diversity of p53 GOF mutants, the type of mutation and its
functional impact on tumor biology have been critical parameters in the search for
drugs targeting individual mutations (SABAPATHY; LANE, 2018c). Although there is
growing knowledge about the importance of the microenvironment and tumor
metabolism, little progress has been made regarding its modulation to treat tumor
processes. The understanding of the mechanisms involved in the promotion of tumor
inflammation and the modulation of metabolic pathways in triple-negative breast
tumors with different mutations in the p53 protein are important initial steps to direct
the search for therapeutic strategies based on p53 mutants as a target. Therefore,
here we explore the involvement of mutant p53 and contribution of other pathways in
controlling cancer cells secretome, which can apply far beyond the context of breast

cancer, given the vast frequency of p53 mutations in different tumor types.

Materials and methods

Cell culture and treatment

MDA-MB231, MCF7, Hs578T, BT474, SKBR3, and MDA-MB436 breast
cancer cell lines were obtained from ATCC (American Type Culture Collection). Cell
lines were grown in DMEM or RPMI culture media, supplemented with 10%
inactivated FBS plus 1% of the antibiotic solution. Methyl Methanesulfonate (MMS)
was from Sigma-Aldrich, and stored at -20° C. Sorafenib (from Santa Cruz
Biotechnology) and UO126 (from Sigma-Aldrich) stock solutions were prepared in
DMSO at 50 and 20 mM, respectively, and Cisplatin (Sigma-Aldrich) was prepared in
ultrapure water at 8 mM and stored at 20°C.
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Cell viability

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay
was used to estimate cell viability changes caused by treatments and siRNA
knockdown. Cells were seeded in 96-well plates and after 24h subjected to siRNA
transfection for 24h. Cells were treated with MMS, Cisplatin, Sorafenib, or UO126
and after 72h the culture medium was removed, 100 pL of MTT (0.5 mg / mL) was
added to each well, incubated in a humidified incubator with 5% CO2 at 37° C for 30
minutes, and then formazan crystals were dissolved in 100 yL of DMSO. The plate
was shaken and read at 560-630 nm (A560-A630) (Multireader Infinite M200 Tecan).
Data were expressed as a percentage (%) of cell viability compared to DMSO

vehicle-treated controls.

SiRNA-mediated knockdown

Small-interference  RNA (siRNA) transfections were performed using
Lipofectamine RNAi MAX Reagent following manufacturer instructions (Invitrogen).
siRNA duplexes targeting human p53 #1 (#sc-29435), p53 #2 (#AM16708), and
scrambled siRNA (#AM4611) were purchased from Santa Cruz Biotechnology and
Ambion and incubated at 25-100 nM siRNA range for 24 h before treatments.

Knockdown efficiency was confirmed by Western Blot.

Wound closure assay
MDA-MB231 cells were seeded into 24-well plates and after cells reached

~90% confluence FBS was reduced to 2% (overnight). The cell monolayers were
then scratched with a 200 uL pipette tip to create a wound, washed twice with PBS
1x to remove floating cells, and then incubated in DMEM with 2% FBS plus
treatments. In p53 knockdown cells and scrambled control, 48 h siRNA transfection
was carried out before wounds were performed. The healing was monitored at 0 and
24 h using a phase-contrast microscope (Olympus 1X83) set at 100 x magnification.
The wound area pre- and post-treatment was quantified using ImageJ software and
expressed as percentage wound closure. Complete serum starvation was not used
due to the loss of MDA-MB231 cell viability following 24 h starvation.
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Invasion assay
Cell lines and p53 siRNA knockdown effect on extracellular matrix (ECM)

invasion potential of breast cancer cells was assessed using the QCM ECMatrix Cell
Invasion Assay (ECM-554; Merck Millipore). Briefly, serum-free cells were
trypsinized, centrifuged, and 250,000 cells in 50 uL of this suspension were seeded
onto 8 ym pore size inserts coated with ECM. Then, 200 pL of fresh medium was
carefully added to the top chambers. In experiments with siRNA, p53-depleted cells
and scrambled controls were maintained for 48 h post-transfection to allow efficient
knockdown before trypsinization and seeding into transwell chambers. The bottom
chambers consisted of DMEM supplemented with 20% FBS as a chemoattractant.
Cells were allowed to invade for 24-48 h at 37 -C before assaying. Invaded cells
were detached from the bottom side of the insert, lysed, and developed with CyQuant
GR fluorescent dye for 15 min. Fluorescence was read at Ex/Em = 480/520 nm. The

percentage of invading cells was compared to cell number standard curves.

Western blot
Protein lysates were prepared using Laemmli sample buffer 5x (TRIS 1,5M

pH 6,8, SDS, glycerol, and bromophenol blue) with the addition of 10% of 2-
mercaptoethanol to the buffer before mixing with the samples. Proteins were boiled
for 5 minutes at 100°C for protein denaturation and separated by 10% SDS-PAGE
(Mini-Protean, Bio-Rad, Hercules, CA, USA) and electro-transferred onto
nitrocellulose membranes using a semidry system (Hoefer TE77, Amersham,
Holliston, MA, USA). Membranes were stained with Ponceau S for loading control,
rinsed, and blocked with 5% non-fat dry milk in TBS-T (Tris-buffered saline, 0.1%
Tween-20) for 1 h at room temperature. Primary antibodies included p-ERK1/
2Thr202/Tyr204 (#4370), ERK1/2 (#9102), p-MEK1/28er217/221 (#3958), MEK1/2 (#4694),
p53 (#9282) and B-Actin (D6A8) (#8457), were from Cell Signaling Technology and
used at 1:1000 dilution (incubated overnight at 4°C). Secondary Antibody Conjugated
to HRP included anti-rabbit or anti-mouse IgG (#70740) were also from Cell Signaling
Technology and were used at 1:3000 dilution (incubated 2 h at room temperature) in
TBS-T with 5% BSA. Protein bands were captured using LumiGlo chemiluminescent
substrate (from Cell Signaling Technology #7003S) and ChemiDoc MP (Bio-Rad).

ImagedJ software was used to quantify protein bands, and protein immunocontent
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was expressed as fold-change compared to the average band intensity of the control

group per gel and pooled for statistical comparison.

ELISA and CBA
Quantification of IL-8, IL-6, CXCL2, MMP1, and PGE2 content in culture

medium was assessed after 12-48 h of incubation using commercially available Kits:
Human IL-8 ELISA kit (Invitrogen, #KHC0081); Human IL-6 ELISA kit (Invitrogen,
#BMS213-2); Human MIP2 ELISA Kit (CXCL2) (ab184862); RayBio-MMP1 Elisa Kit
(RayBiotech, Inc); and Prostaglandin E2 EIA Kit Monoclonal (Cayman Chemical
Company), respectively. Culture media were diluted up to 50 times as appropriate for
each target and concentration values were normalized by 10° cells. IL-8 and IL-6
were also measured using the Cytometric Beads Array (CBA) (BD Cytometric Bead
Array Mouse Inflammation Kit, BD Biosciences; San Jose, CA, USA; cat #552364).
Briefly, 25 uL of capture beads mix were incubated with 50 uL samples and 25 uL PE
detection reagent. The samples were incubated at room temperature for 2 h in the
dark, washed, and centrifuged at 200xg for 5 min per manufacturer’s protocol. The
supernatant was aspirated, and the beads re-suspended with 1 x wash buffer.
Fluorescence was read in a BD FACSCanto Il (BD Biosciences) and calculated using
the FCAP Array software v3.0 (BD Biosciences) using kit-provided standard curves
as a reference. The samples were diluted 20x, and cytokine concentrations in 24 h

cultures were expressed as ng/g adipose tissue per well.

Gene reporter assay

Prior to transfection, cells were cultured in 96-well plates and allowed to grow
until they reached approximately 80% confluence. Once the cells were ready, we
proceeded with the transfection process. To assess the influence of NFkB-
responsive firefly luciferase constructs, cells were transfected with a combination of
these constructs from Stratagene, mixed in a 40:1 ratio with a constitutive CMV-
Renilla luciferase construct from Qiagen. As negative controls, it was used mixtures
of non-inducible firefly luciferase constructs combined with constitutively expressing
Renilla luciferase constructs in the same 40:1 ratio. After a 24-hour period of
transfection, cells were submitted to p53 siRNA kockdown and treated with either

sorafenib or UO126 for 6 hours. Following these treatments, the activities of firefly
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and renilla luciferases were measured using the Dual-Luciferase® Reporter Assay
System protocol from Promega. The results were expressed as fold-change by

comparing firefly luciferase activity to the levels of renilla luciferase.

Immunofuorescence

MDA-MB231 cells were seeded in 24-well plate with coverslips and after cells
reached ~90% confluence p53 siRNA knockdown was performed. TNF (1ug/mL)
treatment was made for 30 minutes and then cells were fixed in paraformaldehyde
4% for 1 h at 4° C. The proteins were blocked in 5% BSA in TBS-T for 1 h, and then
incubated with NFkB p65 (D14E12) antibody from Cell Signaling Technology used at
1:500 dillution in TBS-T with 5% BSA, for 2 h at 4° C. The coverslips were rinsed
thoroughly with PBS 1x and incubated with HRP included anti-rabbit IgG (#70740)
were also from Cell Signaling Technology and were used at 1:3000 dilution in TBS-T
with 5% BSA, incubated 2 h at room temperature. For nuclear observations, the cells
were stained with DAPI (1 pg/ml) for 15 min at room temperature and washed again
with PBS 1x. The coverslips were then mounted on slides using Permount Mounting
Medium. Three fields per sample were photographed at 200x in microscope
(Olympus BX41, Japan).

Results

Mutant p53 role in cell proliferation, invasion, migration, and response to cellular

damage in triple-negative breast cancer cells

To evaluate the role of TP53 GOF mutation in cell proliferation, it was
performed a knockdown with two different small interfering RNA (siRNA) duplexes
targeting the TP53 gene in MDA-MB231 and Hs578t cells, which are triple-
negative/basal-like breast cancer cell lines, and in MCF-7, a luminal breast cancer
cell line, which harbors the wild-type p53. The knockdown was confirmed by Western
Blot, and as expected, loss of TP53 by siRNA #1 depletion did not significantly
impact the cell viability of these cell lines in the MTT assay compared with non-
silenced cells. However, siRNA #2 showed a little, but significant reduction in cell
viability (Figure 1A).
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Interestingly, cell invasion, measured by the transwell assay, demonstrated
that triple-negative/basal-like breast cancer cell lines such as MDA-MB231, Hs578t,
and MDA-MB436 have an invasive phenotype when compared with BT4T4 and
SKBR3 (HER2+) and MCF-7 (Luminal A), which did not migrate through the transwell
chamber even after exposure to MDA-MB231 conditional media (Figure 2B).
Furthermore, mutant p53 depletion decreased the invasiveness potential of MDA-
MB231 and Hs578t cells after 24 h incubation (Figure 1B). This result was
substantiated with wound closure assay, where we observed that MCF7 presented
low migration potential when compared with MDA-MB231, and we also observed a
decreased migration of MDA-MB231 p53 depleted cells in 24 h (Figure 1C).
Additionally, mutant p53 knockdown made MDA-MB231 and Hs578T cells more
susceptible to treatment with a genotoxic alkylating agent such as methyl-methane
sulfonate (MMS) at 20 ug/mL, and Cisplatin at 40-60 uM at the MTT assay, while

both treatments alone did not show such aggressive cytotoxicity (Figure 1D).

Figure 1
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Figure 1. Mutant p53 role in cell proliferation, invasion, migration, and response to cellular
damage in TBNC cells. (A) siRNA knockdown effect in MCF-7, MDA-MB231 and Hs578T breast
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cancer cell lines proliferation. (B) Transwell assays of breast cancer cell lines panel, and showing the
impact of p53 knockdown upon cell invasion in MDA-MB231 and Hs578T cells. (C) Wound closure

assay of MCF7, MDA-MB231 and Hs578T cells and showing the impact of p53 knockdown upon cell
migration (D) Effect of differing concentrations of MMS and Cisplatin alone or combined with p53
knockdown in MDA-MB231 and Hs578T cells after 72 h treatment as determined by MTT assay.

Legends: Srfn (Sorafenib); siRNA#1 - Santa Cruz Biotechnology, siRNA#2 — Ambion; * different from

untreated/control or at indicated comparisons. & Different from untreated/control and treatment plus

ctrl siRNA at same concentration. (2-way-ANOVA- Bonferroni for “A” and “D”; 1-way-ANOVA-Tukey

for “B” and “C”; p<0.05).

Mutant p53 regulates pro-inflammatory cytokines production

ELISA assay of breast cancer cells panel showed high levels of IL-8, IL-6,
CXCL2, and MMP1 as determined in triple-negative/basal-like cell lines culture
media, MDA-MB231, Hs578T, and MDA-MB436 (Figure 2A) when compared with
BT4T4 and SKBR3 (HER2+) and MCF-7 (Luminal A). We analyze the expression of
several constitutively expressed pro-inflammatory components known to be involved
in breast cancer cells malignancy. We observed that MDA-MB231 expresses high
levels of IL-8, IL-6, MMP1, CXCL2, and PGE2 (Figure 2B). Thus, we analyze the
culture media of MDA-MB231 and Hs578t cells transfected with two sequences of
siRNA targeting mutant p53, and we observed mutant p53 knockdown decreased the
expression of IL-8 (Figure 2C), IL-6 (Figure 2D), and CXCL2 (Figure 2E), even after
treatment with MMS 10 pg/mL, but not PGE2 (Figure 2F) and MMP1 (Figure 2G),

which were not affected by p53 knockdown.
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Figure 2. Mutant p53 regulates pro-inflammatory cytokines production. (A) ELISA assays
showing basal IL-8, IL-6 CXCL2 and MMP1 levels as determined in the culture medium of breast
cancer cell lines panel after 12 h treatment. (B) ELISA and CBA assays showing basal IL12-p70, IL-8,
IL-6, IL10, IL1B, TNF, MMP1, CXCL2 and PGE2 levels as determined in the culture medium of MDA-
MB231 after 12 h treatment. (C) ELISA assays showing levels of IL-8 (D) IL-6 (E) CXCL2 (F) MMP1
and (G) PGE2 after MMS alone or combined with p53 knockdown in MDA-MB231 and Hs578T cells
after 48 h treatment. Unless otherwise specified, MMS was used at 10 yg/mL. Legends: ND (not
detected). Data are presented as meanzSD. * different from untreated controls; & different from
control and from MMS-treated cells (1-way-ANOVA-Tukey; p<0.05).

Concomitant inhibition of TP53 GOF mutant and MEK/ERK1/2 pathways reduced
malignant phenotypes in TNBC cell models

Given ftriple-negative cells such as MDA-MB231, and Hs578T display higher
levels of phosphorylated ERK1/2 (Figure 3B), we treated cells with MEK1/2 inhibitor
UO126 and Sorafenib, at 15 yM and 10 pyM, respectively, which decreased the
PGE2, MMP1, IL-6, and IL-8 levels. Furthermore, combined mutant p53 knockdown
with MEK/ERK1/2 pathway inhibition caused a more pronounced IL-8 and IL-6

inhibition when compared to either p53 knockdown or UO126/sorafenib alone,
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whereas MMP1 and PGE2 levels were only reduced by MEK/ERK1/2 inhibitor
treatments (Figure 3A). Interestingly, through Western Blot analysis, we observed the
effect of UO126 and Sorafenib on decreasing p-ERK and p-MEK immunocontent,
however, neither mutant p53 knockdown impacted ERK1/2 and MEK1/2
phosphorylation status nor did UO126/sorafenib alter mutant p53 immunocontent
(Figure 3B). Functional cell assays showed that concomitant inhibition of mutant p53
and MEK/ERK1/2 pathways with UO126 at 15 yM and Sorafenib at 10 yM reduce
MDA-MB231 and Hs578T cell proliferation (Figure 3C). The decrease in invasion
potential was also observed in MDA-MB231 cells (Figure 3D), sustained by reduced
migration potential in the wound closure assay (Figure 3E), indicating that TP53 GOF
mutation cooperates with the ERK1/2 MAPK signaling pathway to promote

secretome production and malignant phenotypes in TNBC cells.

A\, 500007 B. MCF-7 MDA-MB231 Hss7gT Figure3
40000 ctrisiRNA  p53 siRNA ctrisiRNA  p53 siRNA ctri SiRNA 53 SiRNA
2 . e P P P ® & F
£ 300001 ELE eFFeF & o FLe O Lo &K
*
p53 — —_— e — — - —
p-MEK 1/2  —— —— — —-— -— -— -
MEK 1/2 -_ — — —— — e — T — s ——— —
PERK12 | mm mmes = — -— - —_
ERK1/2 | &8 &5 == - —————— ] ———— —
GAPDH | = == qump e — ——— —
C E 40

Hs578T
- ctd sSiRNA#2
- p53 siRNA#2

125 304 &

125;

o

=}
o
=)

-~

3
~
a

o
=}

o
o
% Cell invasion

% Cell viability
% Cell viability

N}

a
N
a

=}

T T T
10 0 5 10

0 5
D Sorafenib (uM) Sorafenib (uM) F
3 Hs578T
125 MDA-MB231 125 S.

® ctrl siRNA#2
8- p53 sIRNA#2

=3

=3
o
S

~

o
~
A

o
=}

o
o
% Wound closure -

% Cell viability
*
% Cell viability

I

&

20
N
&

l.) 1’5 3‘0 ll) 1‘5 3‘0
U0126 (uM) U0126 (uM)

Figure 3. Concomitant inhibition of TP53 GOF mutation and MEK/ERK1/2 pathways reduced
malignant phenotypes in TNBC cells. (A) ELISA assays showing IL-8, IL-6, MMP1, CXCL2 and
PGEZ2 levels as determined in the culture medium of MDA-MB231 after p53 knockdown and Sorafenib



64

and UO126 treatment. (B) Western Blot of p53, p-MEK, MEK, p-ERK, ERK, GAPDH immunocontent
after p53 knockdown and Sorafenib and UO126 treatment. (C) Effect of differing concentrations of
Sorafenib and (D) UO126 alone or combined with p53 knockdown in MDA-MB231 and Hs578T cells

after 72 h treatment as determined by MTT assay. (E) Transwell assays showing the impact Sorafenib
and UO126 alone or combined with p53 knockdown upon cell invasion in MDA-MB231. (F) Wound
closure assay showing the impact of Sorafenib and UO126 alone or combined with p53 knockdown
upon cell migration. Legends: Srfn (Sorafenib); siRNA#2 — Ambion; * different from untreated/control

or at indicated comparisons. & Different from untreated/control and treatment plus ctrl siRNA at same
concentration. (1-way-ANOVA-Tukey for “A”, “E” and “F”; 2-way-ANOVA-Bonferroni for “C” and “D”;

p<0.05).

TP53 GOF mutation decrease NFkB activity in TNBC cells

To investigate the role of NFkB in TNBC cell models harboring TP53 GOF
mutations, we assessed cell viability using MTT assay after siRNA-mediated
knockdown of NFKB complexes and treatment with the kB kinase (IKK) inhibitor, BAY
11-7082. In MDA-MB231 cells, NFkB depletion did not significantly impact cell
viability, while in Hs578T cells, a significant reduction was observed after 72 hours
(Figure 4A). Moreover, treatment with BAY 11-7082 affected MDA-MB231 cell
viability, especially at concentrations of 15 uM (Figure 4B). To investigate whether
p53 knockdown could modulate NFkB activity at the protein level, we performed
western blot analysis in MCF-7, MDA-MB231, and Hs578t cells. Mutant p53
knockdown did not affect the levels of p65 and RELB, and knockdown of p65 or
RELB did not influence mutant p53 levels. Interestingly, inhibition of ERK1/2 MAPK
with UO126 and sorafenib reduced RELB and p65 levels in Hs578t cells, suggesting
a negative feedback mechanism within this pathway (Figure 4C).

To determine the nuclear translocation and activity of NFkB, we performed cell
fractionation in MCF-7, MDA-MB231, and Hs578t cell extracts. Majority of NFkB
immunocontent was localized in the cytoplasm, with a small amount present in the
nucleus, whereas, as expected mutant p53 was accumulated in the nucleus of MDA-
MB231 and Hs578T cells, when compared with wild-type p53 in MCF-7 cells (Figure
4D). Immunofluorescence analysis revealed that basal levels of p65 are mostly
localized in the cytoplasm, therefore, it was not observed a reduction in p65
translocation after mutant p53 knockdown in MDA-MB231 cells, but treatment with
TNFa induced its nuclear localization, thereby indicating that non-canonical pathway
is responsive in the MDA-MB231 cell line (Figure 4E). Moreover, knockdown of the
p65 significantly decreased the levels of IL-8, IL-6, and CXCL2 in the ELISA assay
(Figure 4G). By western blotting, we observed elevated levels of ERK and MEK in
MDA-MB231 and HS578t cells compared to MCF-7 cells. Interestingly, knockdown of
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p65 and RELB could modulate the expression of these proteins, suggesting a
regulatory role of NFkB in the ERK1/2 MAPK pathway (Figure 4F). To determine if
mutant p53 can modulate the NFkB gene activity, we performed a reporter gene
luciferase assay, and it was observed that p53 mutant depletion reduced the NFkB
activity. NFkB inhibition was also triggered by UO126 and Sorafenib treatment,
supporting that this is also a MEK1/2-ERK1/2 dependent activity (Figure 4H).
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Figure 4. TP53 GOF mutation decreases NFkB activity in TNBC cells. (A) siRNA knockdown effect
in MDA-MB231 and Hs578T breast cancer cell lines proliferation; (B) Effect of differing concentrations
of BAY 11-7082 in MDA-MB231 cells after 72 h treatment as determined by MTT assay; (C) Western
Blot of RelB, p-p65, p65, p53 and GAPDH immunocontent after p53 knockdown and Sorafenib and
UO126 treatment in MCF-7, MDA-MB231 and Hs578T cells; (D) Western Blot of basal RelB, p65, p53,
B-tubilin and Lamin B1 immunocontent after cell fractionation; (E) Immunofluorescence with p65
antibody and DAPI (nuclei) after p53 knockdown and TNF treatment; (F) Western Blot of RelB, p65,
p53,p-MEK, MEK, p-ERK, ERK and GAPDH immunocontent after p53, p65 and RelB knockdown in
MCEF-7, MDA-MB231 and Hs578T cells; (G) ELISA assays showing levels of IL-8, IL-6 and CXCL2
after p65 and RelB knockdown in MDA-MB231 cells after 48 h treatment; (H) Luciferase activity after
p53 knockdown and UO126 and sorafenib treatment in MDA-MB231 cells determined by gene
reporter assay. (1-way-ANOVA-Dunnet; p<0.05).
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Discussion

With the advent of large-scale screening of cancer genomes, hundreds of
gene changes in tumors have been identified, clearly revealing that cancer is a
complex disease caused by genetic and epigenetic changes in multiple genes (GU et
al., 2013). The behavior and status of p53 are fundamental for cancer development,
progression, and the fate of many cancer patients because p53 plays many important
roles in cancer and is considered a master regulator of intracellular functions
(ALVARADO-ORTIZ et al., 2021). Initially, we evaluate the role of p53 in triple-
negative human breast cancer cells expressing mutant p53: MDA-MB231 and
Hs578T. These cell lines express mutants with gain-of-function activities, MDA-
MB231 and Hs578T cells harbors a p53 missense mutation in the residue R280K
and V157F, respectively, both described to be associated with the tumor
microenvironment and tumor inflammation, in triple-negative breast cancer through
DAB2IP interaction and in non-small cell lung cancer exome release through miR-
1246 (STEIN; ROTTER; ALONI-GRINSTEIN, 2019). In this study, we demonstrated
that in breast cancer cells, the depletion of p53 mutant protein does not has major
effects upon cell viability, but it can change the malignancy phenotypes such as
invasion, migration, and response to DNA damage caused by MMS and cisplatin.
These results are supported by studies showing that the R280K mutation can
promote invasion and metastasis through protein and transcriptional targets
interactions, such as KLF17 in invasive breast carcinoma cells (ALI; SHAH; AHMAD,
2014), and Pin1 in a mutant p53 mouse model and triple-negative breast cancer cells
(GIRARDINI et al., 2011).

Tumor progression is generally associated with immune system evasion, and
loss-of-canonical function of wild-type TP53 is a crucial point for the generation of an
inflammatory microenvironment that benefits cancer cells (BLAGIH; BUCK;
VOUSDEN, 2020). Among the pro-inflammatory cytokines expressed in tumor cells
with TP53 mutations are those which recruit leukocytes, such as macrophages,
neutrophils, dendritic cells, and lymphocytes. For instance, IL-8 has been found to
promote the proliferation of breast cancer cells (MOREIN; ERLICHMAN; BEN-
BARUCH, 2020), CXCL2 was described as an important mediator of tumor growth
(SHARON et al., 2015), and high IL-6 serum and tumor levels have been associated
with aggressiveness and poor outcome in patients (JIANG et al., 2017). It has been
described that expression of CXCL5, CXCL8, and CXCL12 was elevated in cells
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expressing oncogenic p53, and short hairpin RNA knockdown of mutant p53 in lung
cancer cells, and MDA-MB-231 cells reduced the expression of several key targets,
including several chemokines and other inflammatory mediators (YEUDALL et al.,
2012). In this manner, we evaluate the expression of proteins such as IL-8, IL-6,
CXCL2, PGE2, and MMP1 whose constitutive expression is associated with the
aggressive basal-like/triple-negative phenotype of breast cancer. After TP53 GOF
mutantion knockdown, we observed that TP53 depletion decreases the expression of
IL-8, IL-6, and CXCL2 in MDA-MB231 cells, and IL-8 and CXCL2 in Hs578t cells, but
did not affect PGE2 and MMP1 expression in both cell lines. This indicates that there
are other mechanisms contributing to inflammatory secretome production in these
breast cancer cells. In this manner, identifying and characterizing signaling pathways
dictating these phenotypes will help to find new targets for triple-negative breast
cancer treatment.

Individual tumors often have multiple functional changes affecting more than
one pathway. Signaling pathways are altered somatically in cancer at varying
frequencies and in varying combinations in different organs and tissues, indicative of
complex interaction and pathway crosstalk (SANCHEZ-VEGA et al., 2018).
Understanding the extent, detailed mechanisms, and co-occurrence of oncogenic
changes in these pathways is critical for the development of new therapeutic
approaches (MITTAL et al., 2009). Triple-negative breast cancer cells, such as MDA-
MB231 and Hs578T, exhibit elevated levels of phosphorylated ERK1/2 and increased
activity of KRAS/RAF1 compared to other breast cancer cell types, like MCF7 (Figure
3B). These differences are likely due to specific mutations in MDA-MB231, where
KRAS carries the G13D mutation and B-RAF carries the G464V mutation, and in
Hs578T, where the HRAS gene is mutated (KRAUS; YUASA; AARONSON, 1984).
To address this, we employed two inhibitors in combination with TP53 knockdown:
UO126, a selective inhibitor of MEK1/2, and Sorafenib, a multi-kinase inhibitor that
targets B-RAF (including the oncogenic V600OE variant), CRAF, VEGFR2, VEGFRS3,
PDGFR-b, FLT-3, and c-KIT (FAVATA et al, 1998; ZAFRAKAS;
PAPASOZOMENOU; EMMANOUILIDES, 2016). By inhibiting the MEK/ERK1/2
pathway, we observed a reduction in the content of PGE2 and MMP1. Moreover,
when combined with TP53 knockdown, we observed a more pronounced inhibition of
IL-8 and IL-6 compared to each treatment alone. These findings suggest that both
the MEK/ERK1/2 pathway and TP53 GOF mutation contribute to the expression of
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the evaluated secretome components. Interestingly, western blot experiments
revealed that neither TP53 knockdown impacted MEK/ERK1/2 phosphorylation
status nor did UO126/sorafenib alter p53 immunocontent, indicating that these
pathways independently cooperating for secretome production in our model.

It has been demonstrated that Sorafenib, an inhibitor of the RAS/MEK/ERK
pathway, can reduce cell invasion in triple-negative cell models. Furthermore, the
quest for novel compounds that target this pathway has shown promising results,
leading to decreased cell proliferation, migration, and colony formation in MDA-
MB231 and SKBR3 cells (HATZIDAKI et al., 2019; XU et al., 2020; ZANOTTO-FILHO
et al., 2018). Furthermore, inhibition of both signaling pathways made cells more
susceptible to UO126 and Sorafenib treatment, and decreased invasion and
migration potential of triple-negative breast cancer cells.

The transcription factor NFKB plays an important role in multiple cancers
(AGGARWAL; SUNG, 2011). NFkB is known to be involved in crucial cellular
processes such as cell survival, invasion, proliferation, metastasis, angiogenesis, and
chemoresistance (TANIGUCHI; KARIN, 2018). To delve deeper into its role, we
focused on two essential components of the NFkB pathway: p65 and RelB. we
performed knockdown experiments for p65 and RelB in MDA-MD231 and Hs578T
cells. The results revealed that NFKB depletion played a crucial role in cell survival,
particularly in Hs578T cells. Furthermore, we sought to inhibit NFKB activation by
using Bay 11-7082, a chemical compound that limits NFkB binding to DNA. As
expected, we observed a similar effect in MDA-MB231 cells, confirming the
importance of NFkB in promoting cell proliferation in breast cancer cells, consistent
with previous studies reporting the decreased proliferation and invasiveness of breast
cancer cells upon NFkB inhibition (SMITH; LYU; CAI, 2014).

To investigate the potential interaction between mutant p53 and p65 or RelB,
we conducted western blot experiments in MCF-7, MDA-MB231, and Hs578T cells.
Surprisingly, our results indicated that p53 knockdown did not have a significant
impact on the immunocontent of p65 or RelB (Figure 4C). However, it has been
previously demonstrated that mutp53 exerts its influence upstream, leading to a shift
in the balance between the activation of the NFkB and ASK1/JNK pathways in
response to TNFa in triple-negative cell lines. Mechanistically, a portion of mutp53
binds with DAB2IP in the cytoplasm, which interferes with the formation of TNF-
induced signaling complexes responsible for activating the ASK1/JNK axis (DI MININ
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et al., 2014). It is noteworthy that, under basal conditions without external stimuli, we
did not observe the activation of p65 or RelB through their translocation to the
nucleus after cell fractionation. Nevertheless, the protein levels detected in both
Western Blot and Immunofluorescence analyses appear to be sufficient to trigger the
high expression levels of pro-inflammatory cytokines observed in MDA-MB231 and
Hs578T models.

Additionally, our study revealed that both MDA-MB231 and Hs578T cells
exhibited elevated levels of MEK and ERK (Figure 4F). Intriguingly, upon p65 and
RelB knockdown, there was a noticeable reduction in p-ERK immunocontent. To
further validate these findings, we conducted ELISA assays to quantify the levels of
IL-8, IL-6, and CXCL2 cytokines. The results consistently demonstrated a significant
decrease in cytokine production after p65 knockdown, supporting the notion that the
cytokine production is predominantly regulated through the NFkB canonical pathway.
These findings shed light on the intricate crosstalk between NFkB and ERK signaling
cascades and emphasize the critical role of NFkB in controlling the expression of pro-
inflammatory cytokines in MDA-MB231 and Hs578T cells.

In order to explore the potential interaction between mutant p53 and NFkB
activity, we conducted a luciferase gene reporter assay. The results from this
experiment revealed a significant decrease in NFkB activity following p53
knockdown, and this effect was further augmented when cells were treated with
sorafenib and UO126 (Figure 4H). Previous studies utilizing ChlP-seq, RNA-seq, and
GRO-seq have already demonstrated a global overlap in the binding of p53 mutants
and the master proinflammatory regulator NFkB in colorectal cancer models. These
interactions lead to alterations in enhancer and gene activation in response to
chronic TNFa signaling (RAHNAMOUN et al., 2017). However, it is important to note

that this interaction has not yet been validated in breast cancer cells.

Conclusion

Taken together, our findings indicate that the inflammatory microenvironment
generated by certain TNBC cells plays a role in promoting malignant characteristics,
including invasion and migration, while also potentially affecting the response to DNA
damage. Additionally, TP53 gain-of-function (GOF) mutations promote expression of
inflammatory secretome components in cooperation with the ERK1/2 MAPK and

NFkB signaling pathway in TNBC cells. Understanding the mechanisms underlying
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tumor promotion associated with p53 mutant gain of function is a crucial first step in
guiding the search for novel therapeutic strategies and the development of targeted

drugs specifically for mutant p53 in breast cancer.
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Abstract

The intricate interplay between tumor-secreted cytokines and immune cells plays a
pivotal role in cancer biology. In breast cancer, Interleukin-8 (CXCL8), a chemokine,
has emerged as a key player in promoting malignant growth of mammary cells. In
this study, we comprehensively investigated the expression profile of IL-8 and its
functional significance in breast cancer. We carried out a scope review of current
literature combined with comprehensive evaluation of large breast cancer ‘omics’
datasets. In breast cancer cell lines, we employed cell viability, migration and
invasion assays to evaluate the role of IL-8 in cell malignancy. We quantified CXCL8
levels using ELISA and conducted bioinformatics analyses using TCGA, GTEx, and
CCLE datasets. Immunohistochemistry (IHC) on tissue microarray slides was
performed to elucidate the expression profile of CXCL8 in breast cancer subtypes.
Our mRNA profile analysis and IHC revealed widespread expression of CXCLS8
across all types of cells, displaying significant variation within samples from the same
tissue. Functional enrichment and mutational analysis demonstrated an augmented
inflammatory response and a diminished estrogen response, which appear to be
hallmark gene sets associated with higher CXCL8 levels in tumors. Notably, TP53
gene mutations exhibited the most significant enrichment between the top and
bottom CXCL8-expressing groups in breast tumors. Moreover, triple-negative (basal-
like and claudin-low) tumors show an augmented expression of CXCL8 when
compared to luminal A/B cancer subtypes. ELISA assays further confirmed elevated
CXCLS8 levels in basal/claudin-low cell lines compared to HER2+ and Luminal A/B
cell lines, accompanied by increased invasiveness. To investigate the functional
relevance of CXCL8, we performed a CXCL8 knockdown in the MDA-MB231 cell
line. The results demonstrated that CXCL8 depletion significantly reduced viability,
invasion, and migration potential, underscoring the essential role of IL-8 in tumor
malignancy. Collectively, our findings suggest that CXCL8 produced by certain
subtypes of breast cancer contributes to malignant phenotypes. In summary, the
CXCL8 signaling pathway represents a promising target for novel therapeutic
approaches in triple-negative (basal-like/claudin-low) breast cancer.

Keywords: Interleukin-8; triple-negative; breast cancer.
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Interleukin-8 (IL-8): an overview

Cytokines play key roles in many diseases, in which they can exercise
different functions. In cancer, cytokines can play an antitumoral effect through pro-
inflammatory activity, increasing cell recruitment in the tumor microenvironment and
cell cytolysis. On the other hand, they can play a pro-tumoral activity when released
by tumor cells and adjacent immune cells in the tumoral microenvironment, and even
cytokines can play both roles (BERRAONDO et al., 2019).

Interleukin-8 (IL-8), also known as chemokine CXCLS8, is an 8.4 kDa protein,
belonging to the CXC subfamily of chemokines, characterized as a pro-inflammatory
cytokine that plays a crucial role in the recruitment and activation of neutrophils,
which are important immune cells involved in the initial response to infection and
injury (CHEN, S. jie et al., 2018). IL-8 is produced by a variety of cell types, including
epithelial cells, macrophages, endothelial cells, and fibroblasts. IL-8 binds to two
receptors on the surface of target cells, IL-8 receptor alpha (IL-8RA/CXCR1) and IL-8
receptor beta (IL-8RB/CXCRZ2), to mediate its effects. Besides neutrophils, IL-8 also
attracts other immune cells, such as T cells, natural killer cells, and monocytes to
sites of inflammation (RUSSO et al., 2014). IL-8 dysregulation has been implicated in
several human diseases, including atherosclerosis, cancer, inflammatory bowel
disease, infection, sepsis, chronic obstructive pulmonary disease (COPD), psoriasis,
and rheumatoid arthritis. In these conditions, IL-8 can contribute to chronic
inflammation, tissue damage, and disease progression. Therefore, targeting IL-8 and
its receptors is a promising strategy for developing new therapies for these diseases
(JIANG et al., 2022).

IL-8 expression in breast cancer

IL-8 is overexpressed in several human solid tumors, and integrative
bioinformatics analysis showed that mMRNA expression of CXCLS8 is significantly up-
regulated in breast cancer samples in multiple datasets (CHEN, E. et al., 2018). This
overexpression has been linked to a tumor-promoting role in modulating the survival
and proliferation of tumor cells through autocrine and/or paracrine signaling
(NAJDAGHI; RAZI; REZAEI, 2020). IL-8 biological activity in tumors and in the tumor
microenvironment can contribute to tumor progression through several mechanisms,
including the regulation of angiogenesis, cancer cell growth and survival, tumor cell

motility, and leukocyte infiltration. Additionally, IL-8 can modify immune responses in
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the tumor microenvironment, leading to an association with poor prognosis in some
cancers (SINGH et al., 2013).

To determine the CXCL8 mRNA expression profile in healthy tissues, tumors,
and cancer cell lines, we used three datasets, and the presence and distribution of
gene transcripts indicate that a variety of healthy tissues, tumors, and cell lines
expresses CXCLS8, including the breast tissue, tumors, and cell lines, suggesting that
CXCLS8 is expressed in breast tissue in and out of cancer microenvironment (Figure
1A, 1B and 1C). To determine the IL-8 expression in breast tissues, we performed
IHC-staining to detect IL-8 protein expression in a human tissue microarray
containing 75 tissue samples with duplicate slices (BR1503c US Biomax). IL-8
detection by IHC was possible in 67 samples where it was observed positive staining,
classified as 1+, 2+, or 3+ in all types of tissues (Figure 1D). Normal, tumor adjacent
breast tissues showed strong IL-8 staining, which is mostly confined to mammary
ducts’ cells. Intraductal and invasive carcinomas also showed extensive IL-8 staining
with cancer cells. We also noted staining of some stromal cells in both normal and
cancerous tissues (Figure 1D). The same pattern was observed in vitro by Ma et al.,
2017, where CXCL8 levels were measured by ELISA in samples isolated from
patients with ductal carcinoma and control subjects, and the serum IL-8 levels were

observed both in healthy patients and in the ductal carcinoma patients.
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Figure 1. CXCL8 is expressed in healthy tissues, tumors and cancer cell lines (A)
CXCL8 expression in Genotype-Tissue Expression (GTEx) dataset; (B) CXCL8 expression in The
Cancer Genome Atlas (TCGA) dataset; (C) CXCL8 expression in E-MTAB 2706 cell line panel; (D)
IHC staining in human tissue microarray (BR1503c US Biomax) for CXCL8 detection in cancer
adjacent normal breast tissue, fibroadenoma, intraductal carcinoma and invasive ductal carcinoma.

IL-8 and hormonal signaling

Estrogen and progesterone are steroid hormones that play critical roles in
mammary gland development, particularly during puberty and pregnancy. Both
hormones have been shown to modulate the expression of cytokines and
chemokines in the mammary gland (REED; SCHWERTFEGER, 2010). Studies have
suggested that estrogen and progesterone can have differing effects on the cytokine
profile in mammary glands at the pubertal stage versus the adult stage. Specifically,
in pubertal female mice treated with only estrogen or progesterone, there is an

induction of the expression of several pro-inflammatory genes for chemokines and
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cytokines including genes encoding /IL17B and TNF (AUPPERLEE et al., 2014). In
contrast, in adult mice, recent findings demonstrate that the cytokine
microenvironment of the murine mammary gland fluctuates over the estrous cycle,
with the estrus phase skewed to a pro-inflammatory environment through increased
protein secretion of CSF1, IFNG, and TNF (DASARI et al., 2014).

Breast cancer is a complex disease that can be influenced by various factors,
including hormones. Estrogen and progesterone are two hormones that play a crucial
role in breast cancer development, growth, and treatment. Understanding the
complex interplay between hormones, immune function, and tissue composition is
critical for developing effective breast cancer prevention and treatment
strategies (HYNES; WATSON, 2010). To determine if there is a factor that can be
correlated with the positive skewness in a protein level, first, we assessed whether
levels of IL-8 protein expression were associated with any specific parameter
analyzed on tissue microarray slides. The results showed no association between
levels of IL-8 and levels of Estrogen Receptor (ER) (p>0.1139), Progesterone
Receptor (PR) (p>0.3834), HER2 (p>0.2405), Marker of Proliferation Ki-67
(p>0.4388), Tumor Protein p53 (p>0.4047), Tumor stage (p>0.8457), Tumor grade
(p>0.5316), Pathology diagnosis (p>0.3563) and breast cancer histological subtype
(p>0.2533) as shown in Table 1.

Breast Tissue

IL-8 p-value
Array Type
Molecular markers Medium High
ER - (n=44) 10 34
0.1139
ER + (n=23) 1 22
PR - (n=51) 10 41
0.3834
PR + (n=16) 1 15
HER2 — (n=63) 9 54
0.2405
HER2 + (n=4) 2 2
Ki67 — (n= 50) 10 40
0.4388
Ki67 + (n=17) 1 16
Tumor Stage
| (n=5) 1 4
lla (n=28) 4 24
0.8457
lIb (n=14) 1 13
[lla (n=8) 2 6
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[lIb (n=3) 1 2
Tumor Grade
1 (n=4) 0 4
2 (n=46) 7 39 0.5316
3 (n=7) 1 6
Pathology Diagnosis
Cystosarcoma phyllodes (n=2) 0
Intraductal carcinoma (n=6) 2 4 0.3563
Invasive ductal carcinoma (n=59) 9 50
Histological Subtype
Luminal A (n=22) 1 21
Luminal B (n=2) 0
Her2+ (n=12) 4 02593
Triple-negative (n=31) 6 25

Table 1. IL-8 scores analyzed by immunohistochemistry (IHC) using BR1503 (US Biomax) tissue
microarray (TMA) slides; Pearson's Chi-squared test; ER — Estrogen receptor, PR — Progesterone
receptor, HER2 - Human epidermal growth factor receptor 2.

Since breast cancer is mainly classified by expression of ER, PR and HER2
and protein levels weren’'t correlated with any parameter, we examined the
relationship between CXCL8 mRNA expression and the presence of common breast
cancer receptors (ER, PR and HERZ2) classified by IHC or tumor stage and pathology
using TCGA dataset. When tumors and cell lines were grouped according to ER, PR
and HER2 by IHC staining, CXCL8 expression was significantly high in ER-negative
(p<0.001) (Figure 2A) PR-negative (p<0.001) (Figure 2B), HER2-positive samples
(p<0.0243) (Figure 2C) and accordantly to the pathology diagnosis (p<0.0089)
(Figure 2D) but it was not significant different in tumor stage classification (p<0.2463)
(Figure 2E). Consistent findings were replicated in additional publicly available
datasets that included gene expression data from primary breast tumors. Upon
categorizing the tumors into ER-negative and ER-positive groups, it was evident that
CXCL8 mRNA was significantly higher in ER-negative tumors (ACETO et al., 2012).
Moreover, IL-8 levels from patients diagnosed with ductal carcinoma exhibited
positive correlation with clinical disease stage (an effect not observed in the TCGA
cohort as afore described), lymph node metastasis, as well as ER and HER2 antigen
expression (MA, Y. et al., 2017).
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Figure 2. CXCL8 increased expression in ER-, PR-, HER2+ samples and in invasive ductal
carcinoma. CXCL8 mRNA expression in tumors classified by IHC for (A) ER (p<0.001), (B) PR
(p<0.001), (C) HER2 (p<0,0243) status, (D) pathology diagnosis (p<0,0089) and (E) tumor stage
classification (p<0,2463) in The Cancer Genome Atlas (TCGA) dataset. * p<0,05, T-test for “A”, “B”
and “C” 1-way-ANOVA-Tukey for “D” and “E”). ER — Estrogen receptor, PR — Progesterone receptor,
HER?2 - Human epidermal growth factor receptor 2, IDC — Invasive ductal carcinoma, ILC — Invasive
lobular carcinoma.

IL-8 pathway in molecular subtypes of breast cancer.

Tumor heterogeneity is a major challenge in breast cancer treatment, both
within individual patients (intra-patient heterogeneity) and between different patients
with the same type of cancer (inter-patient heterogeneity) (KOREN; BENTIRES-ALJ,
2015). Such heterogeneity exists on genetic and phenotypic levels. These genetic
and phenotypic differences can lead to the presence of aggressive tumor clones with
enhanced survival, invasion, and colonization abilities. The molecular and cellular
programs that underlie these differences can vary greatly between different cancer
types and subtypes (HANAHAN; WEINBERG, 2011c).

Breast tumors are a heterogeneous disease, displaying a range of biological
and clinical behaviors. This heterogeneity can be attributed to various factors,

including receptor statuses such as ER-positive, HER2-positive, and triple-negative
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tumors (CURTIS, C., 2012). Molecular classification of breast cancer is critical for
understanding the underlying biology of the disease, predicting patient outcomes,
and guiding treatment decisions. The PAM50 classification, which identifies the
intrinsic subtypes of breast cancer based on gene-expression profiling, has been
widely used to classify breast tumors into luminal A, luminal B, HER2-enriched, and
basal-like breast tumors (PRAT; PEROU, 2011). However, the emergence of the
claudin-low subtype has added another layer of complexity to the molecular
classification of breast cancer. These tumors are characterized by low expression of
cell-cell adhesion molecules, high expression of mesenchymal markers, and stem-
cell-like features. They are associated with poor prognosis, resistance to therapy,
and a high likelihood of recurrence (PRAT et al., 2010). Some of them have benefited
from numerous advances in recent decades but different factors interfere with
processes involved in breast cancer development and therapeutics.

We examined the CXCL8 expression among breast cancer molecular
subtypes using the TCGA dataset. The breast cancer molecular subtypes are first
thing branched into two arms, luminal and basal, as they present expression profiles
that are very much alike to the cells of the luminal-epithelial and basal-epithelial
tissues of the breast. The central distinction between these two groups is the
expression of the ER in luminal cancers. To do this, first, we reclassified the datasets
samples using the Claudin-low molecular subtype signature based on a gene list that
identifies a set of core tumors described by Fougner et al., 2020. In the TCGA set, 6
% (74) of the samples previously classified as Normal-like (50), Luminal A (16),
Basal-like (7), and one non—classified/undetermined were designated as Claudin-low
(Figure 3A). These samples had high mRNA expression of ALDH1A1, ITGAG6, ITGB1,
MME, SNAI1, SNAI2, THY1, TWIST1, TWIST2, VIM, ZEB1, ZEB2 and low mRNA
expression of CDH1, CLDN3, CLDN4, CLDN7, EPCAM, MUC1, and OCLN as
previously demonstrated (FOUGNER et al., 2020) (Figure 3A). In breast cancer
tumor data (n = 1206 samples classified in TCGA), the subtypes Basal-like, Claudin-
low, and HERZ2-enriched showed higher levels of CXCL8 mRNA expression than the
Luminal subtypes even though Claudin-low showed lower levels than Basal-like and
HER2-enriched (Figure 3B). Notably, the expression levels of CXCL8 receptors,
CXCR1 and CXCR2, showed no significant variation across the molecular subtypes
(Figures 3C and 3D). This suggests that while the ligand (CXCL8) is expressed

differently among the molecular subtypes, there is no alteration in the expression of
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its corresponding receptors, indicating that IL-8 levels could dictate the magnitude of
IL-8/CXCR1/2 pathway activation.
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Figure 3. CXCL8 exhibits elevated expression in basal-like, claudin-low and HER2
tumors. (A) Heatmap using the Claudin-low molecular subtype signature (B) CXCL8 (C) CXCR1 and
(D) CXCR2 mRNA expression in tumors classified by molecular subtype in The Cancer Genome Atlas

(TCGA) dataset. * p<0,05 (1-way-ANOVA-Tukey).

IL-8 association with pathways and genetic alterations in breast tumors

In our results from figures 1B and 1C, while breast cancer is not the tissue that
expresses this cytokine the most, we observed that there is a positive skewness in
the CXCL8 expression distribution in breast samples in all datasets, possibly
indicating a heterogeneous expression of CXCL8 in subsets of tumors and cell lines.

Next, we analyzed the functional enrichment and mutational differences
between samples with the 25 % top versus bottom CXCL8 expression values in the
TCGA dataset. Thus, we used the 306 samples above the third quartile and the 306
below the first quartile (Figure 4A, red and blue groups/points). The log10 CPM
CXCL8 values of the top-values group ranged from 0.76 to 2.24 (a 1.48
difference/delta) while of the bottom-values group ranged from 0 to 0.24 (a 0.24
difference), a 6.16 times greater distribution and with more heterogeneous values. In
Gene Set Enrichment Analysis (GSEA), five hallmarks gene sets were enriched with

up-regulated genes, i) TFNa signaling via NFkB, ii) hypoxia, iii) epithelial-
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mesenchymal transition, iv) inflammatory response, and v) KRAS signaling, and two
hallmarks were enriched with down-regulated genes, both associated with estrogen
response (Figure 4B). Since an increased inflammatory and a decreased estrogen
response seem to be the hallmark gene sets in common in tumors with higher levels
of CXCL8, we analyzed the gene rank related to these terms among the universe of
analyzed genes via GSEA and they are both associated with CXCL8 top and bottom
groups ranked gene sets (Figure 4C).

As for the presence of non-silent mutations in tumors, we performed
enrichment analysis of 15.180 gene mutations using Fisher exact test for proportions
to identify genes with the greatest variation between top and bottom CXCL8
expression groups, and the only one with a difference greater than 10 % was the
TP53 gene, present in 41.7 % of samples from the top-expressed and 10.8 % from
the bottom-expressed CXCL8 group (Figure 4D). Interestingly, TP53 gene mutations
are a genetic hallmark of basal-like tumors, and HER2-enriched to some extent,
which is keeping with the herein observed upregulation of CXCL8 expression in the
basal-like and Her2 intrinsic subtypes (Figure 3B). Studies have demonstrated that
TP53 mutations play a role in promoting chronic inflammation and immune
suppression within the tumor microenvironment, thereby contributing to cancer
development and progression (SHI; JIANG, 2021). Upon analyzing the TCGA data,
we observed that samples containing p53 hotspot mutations exhibited higher levels
of CXCL8 compared to samples with wild-type p53 (Figure 4E). Furthermore, these
effects were observed across various types of TP53 alterations, including the most
frequent missense, as well as inframe, and truncating mutations (Figure 4F).
Regarding the known TP53 hotspot mutations in breast cancer, the loss of arginine in
273 and 175 residues showed higher expression of CXCL8 when compared to p53
wild-type samples (Figure 4G). It has been hypothesized that TP53 mutations may
activate the NFkB pathway, which, is a crucial signaling pathway involved in
regulating immune responses and inflammation, often disrupted in cancer, and in
turn, can stimulate the expression of IL-8 (RAHNAMOUN et al., 2017), which is in
keeping with the NFkB pathway enrichment observed in GSEA analysis of pathways
associated with CXCL8-high tumors (Figure 4B).
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Figure 4. Functional enrichment and mutational differences in breast cancer. (A) Samples with
the 25 % top versus bottom CXCL8 expression values; (B) Gene Set Enrichment Analysis (GSEA),
NES: normalized enrichment score; (C) CXCL8 top and bottom groups ranked gene sets; (D)
Enrichment analysis of 15.180 gene mutations; (E) CXCL8 expression in p53 mutant versus p53 wild-
type samples; (F) CXCL8 expression in different types of p53 mutations; (G) CXCL8 expression in p53
hotspot mutations. Samples from The Cancer Genome Atlas (TCGA) dataset. * p<0,05 (Fisher exact
test for “B”, T-test for “E”, 1-way-ANOVA-Dunnet for “F” and “G”).

IL-8 in the breast tumor microenvironment

IL-8 is primarily secreted by myeloid cells such as macrophages and
neutrophils, as well as other cell types such as endothelial cells and fibroblasts
(QAZI; TANG; QAZI, 2011). Under physiological conditions, IL-8 plays an important
role in the immune response to infections and tissue damage. IL-8 helps to attract
these cells to the site of infection or tissue damage, where they can help to clear out
pathogens and damaged tissue (PAN et al., 2020).

In addition to recruiting immune cells to the site of a tumor, high levels of IL-8
can also contribute to the development of an immunosuppressive and pro-
tumorigenic environment. This is because IL-8 can attract immune cells such as
(MDSCs) the
microenvironment via the IL-8/CXCR1/CXCR2 axis (DAVID et al., 2016). Neutrophils

and MDSCs that are attracted to the tumor microenvironment can then secrete

neutrophils and myeloid-derived suppressor cells to tumor

growth factors and cytokines that promote tumor growth and survival. These cells can
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also remodel the extracellular matrix and induce angiogenesis, which helps to supply
the tumor with the nutrients and oxygen it needs to grow (ACHARYYA et al., 2012).

In addition to its paracrine effects on the tumor microenvironment, IL-8 can
also act in an autocrine fashion on cancer cells themselves. Tumor-derived IL-8 can
facilitate various oncogenic signaling pathways, including angiogenesis, epithelial-to-
mesenchymal transition (EMT) (FERNANDO et al., 2011). Furthermore, the
microenvironment surrounding cancer cells can have a significant impact on their
exposure to IL-8 and its effects. Cancer cells located in the periphery of the tumor
bulk are often in closer contact with fibroblasts, which can secrete IL-8 and contribute
to its effects on cancer cell behavior. This can lead to further tumor heterogeneity, as
cancer cells in different parts of the tumor may be exposed to different levels of IL-8
and other cytokines (DOMINGUEZ et al., 2017).

To identify whether breast cancer cells and/or the tumor microenvironment
express CXCL8 we reanalyzed a sequencing study of individual triple-negative
breast cancer cells. Using the original classification as published by Wu et al., 2021,
the only cell types in which CXCL8 gene mRNA was detected were, in decreasing
order, myeloid (28.3 % cells), epithelial basal cycling (cancer tissue, 23.9 % cells),
epithelial luminal (normal breast tissue, 20.9 % cells), epithelial basal (cancer tissue,
7.4 % cells) e myoepithelial (5.7 % cells) (Figure 5A). Our next step was to identify
which cell types in the myeloid cluster express CXCL8 transcript. The clustering of
the myeloid population resulted in 11 clusters (0 - 10) (Figure 5B). Our classifier's
assessment in the training group resulted in a 0.86 Cohen’s kappa and a 0.95 Area
Under the Precision-Recall Curve. The myeloid types in which CXCL8 gene mRNA
was detected were, in decreasing order, monocytes (34.6 %), macrophages (26.7
%), conventional dendritic cells - cDC2 (18.3 %), and - cDC1 (9.3 %) in addition to
below the threshold (BT) score cells (31.9%) (Figure 5C). As for the classification of
the clusters, 2 clusters were classified as mostly monocytes, 5 as mostly
macrophages, 1 as mostly conventional dendritic cells cDC2, and 2 (clusters 8 and 9)
as mostly below the threshold (BT) score. Curiously, the highest CXCL8 values
cluster was 8, and it has 74.7 % cells classified as below the threshold score, 16.1 %
monocytes, and 9.1 % of macrophages. This cluster is classified as CD68- and its
top-5 markers were, in decreasing order of p-value, CMTM2 (with an average log2
fold-change of 4.09), CXCR2, an IL-8 receptor (Fold-change: 3.51), ST00A8 (Fold-
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Figure 5. Single cell analysis of IL8 expressing cell types in the breast cancer
microenvironment. (A) UMAP representation of the different cell types identified in breast tumors
based on Wu et al., 2021 (left), and the expression of CXCL8 mRNA within each cell type (right). (B)
Identification of different cell types in the myeloid cluster (left) and expression of CXCL8 per cell type

(right).

Targeting the IL-8 pathway in breast cancer

When examining the expression of CXCL8 in breast cancer cell lines through

ELISA analysis of serum samples from six different breast cancer cell lines, elevated
levels of IL-8 were detected in the serum of BT-20, Hs578t, and MDA-MB231 cell

lines, which belong to the basal/claudin-low subtype known for its aggressive

phenotype. Conversely, the SKBR3, BT-474, MCF-7, and cell lines, classified as

HER2+ and luminal A subtypes, respectively (PRAT et al., 2013), exhibited low levels

of IL-8 (Figure 6A). This pattern has been consistently observed in other studies as

well. For instance, LIUBOMIRSKI et al., 2019demonstrated significantly higher levels

of this chemokine in basal patients compared to luminal-A patients in the TCGA

breast cancer dataset. Additionally, ACETO et al., 2012reported that high expression
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of IL-8 was prevalent in HER2-enriched and basal breast cancers, according to the
Gene Expression-based Outcome of Breast Cancer Online (GOBO) platform.
Interestingly, the cell lines expressing higher levels of CXCL8 also displayed greater
invasion potential, as determined by transwell chamber assay (Figure 6B).

Because IL-8 and its receptors CXCR1/2 are essential for tumor development,
it is intuitive that targeting this pathway may offer opportunities to cancer treatment
(RUSSO et al., 2014). During almost three decades, a variety of CXCL8-releasing
inhibitors, small-molecule CXCR1/2 inhibitors, and neutralizing antibodies against
CXCL8 and CXCR1/2 have been reported. Several preclinical studies suggest that a
combination of CXCR1/2 inhibitors along with other targeted therapies,
chemotherapies, and immunotherapy may be effective in treating select cancers.
Currently, several of these inhibitors are in advanced clinical trials for COPD, asthma,
and metastatic breast cancer (HA; DEBNATH; NEAMATI, 2017).

To assess the IL-8 role in triple-negative breast cancer, we investigated its
function in two claudin-low cell lines, namely MDA-MB231 and Hs578t. Our findings
revealed that knocking down the CXCL8 gene using siRNA reduced the invasion
potential of the MDA-MB231 cell line. However, in the HS578T cell line, no significant
difference was observed between the effects of scrambled siRNA and CXCL8 siRNA
on invasion (Figure 6C). Additionally, we evaluated the migration potential using a
wound closure assay, which demonstrated that CXCL8 inhibition, through siRNA-
mediated knockdown or after SB225002 treatment at 5 and 10 yM significantly
decreased the migration potential of MDA-MB231 cells (Figure 6D).

A few years ago, it was explored an IL-8—specific antibody to target IL-8
signaling in a preclinical model of claudin-low TNBC. The anti-IL-8 antibody, termed
HuMax-IL-8 was explored both in vitro and in vivo with xenografts of claudin-low
breast cancer, such as MDA-MB231 where the administration of HuMax-IL-8
enhances the susceptibility of claudin-low TNBC cells to lysis mediated by immune
effector NK and antigen-specific T cells in vitro (DOMINGUEZ et al., 2017). HuMax-
IL-8 was evaluated in the clinic, including in a recently completed phase Ib clinical
trial (NCT02536469) conducted in patients with metastatic or unresectable, locally
advanced malignant solid tumors. The results concluded that HuMax-IL-8 is safe and
well-tolerated (BILUSIC et al., 2019).

Another clinical study that had preliminary results at phase 1 published,

concluded that co-treatment with HuMax-IL-8 (now known as BMS-986253) plus
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nivolumab demonstrated a safety profile and a significant reduction of serum IL-8
levels, with tumor reduction for early-stage colon cancer (NCT03026140 identifier in
clinicaltrials.gov). A few other clinical trials are still in progress, including an
evaluation in co-treatment with HuMax-IL-8 and nivolumab for pancreatic
adenocarcinoma (NCT02451982 identifier in clinicaltrials.gov), one study for
advanced stage melanoma using a co-treatment with BMS-986253 with nivolumab or
with nivolumab and ipilimumab compared with placebo plus nivolumab
(NCT03400332 identifier at clinicaltrials.gov), a clinical trial evaluating the nivolumab
plus BMS-986253 in head and neck cancer (NCT04848116 identifier at
clinicaltrials.gov), and clinical trials in hormone-sensitive prostate tumor
(NCT03689699 identifier at clinicaltrials.gov) (MARTINEZ et al., 2020).

Several small molecule antagonists of CXCR1 and CXCR2 are currently been
tested. The SCH563705 (Merck) has particularly high binding affinities to CXCR1 and
CXCR2 and proved effective at inhibiting primary human breast CSC activity ex vivo
(SINGH et al., 2013). Others drugs, such as reparixin, SCH479833 (Merck), and
SCH527123 (Merck) have demonstrated anti-tumor effects in xenograft models of
breast cancer (GINESTIER et al., 2010) colorectal cancer (NING et al., 2012) and
melanoma (SINGH et al., 2009). Reparixin is a non-competitive CXCR1 and CXCR2
dual inhibitor designed using molecular modeling studies with CXCR1, and it is
structurally different from the earlier classes of antagonists. Based on recent
evidence that CXCR1/2 inhibition can inhibit breast CSC self-renewal and
metastases in vivo, clinical trials are underway to determine the safety and efficacy of
reparixin in combination with chemotherapy agents in patients with advanced breast
cancer (KORKAYA; LIU; WICHA, 2011). So far, there is three completed clinical trials
involving breast cancer (NCT01861054, NCT02370238, NCT02001974 identifiers at
clinicaltrials.gov). The phase two study (NCT02001974 identifier) had the results
published in 2021. It evaluated the efficacy of co-treatment of paclitaxel plus reparixin
compared to paclitaxel alone in metastatic triple-negative breast cancer. The main
result evaluated was progression-free survival (PFS), and there was no difference
between the treatment group and the placebo group. Noteworthy, the safety of
reparixin was evaluated and severe adverse effects also weren’t present between
groups (GOLDSTEIN et al., 2020). The value of reparixin in combination with other
drugs for triple-negative breast cancers, or other tumor types is still unclear. A few
other molecules are also in clinical trials as AZD5069, danirixin (GSK1325756),
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SB656933, all CXCR2 selective inhibitors. This selectivity benefit is still unclear and it
needs to be more in-depth to compare with non-selective CXCR inhibitors
(GONZALEZ-APARICIO; ALFARO, 2020)

In our experiments, utilizing SRB proliferation assay, we observed that
SB225002 treatment in a dose-dependent manner and CXCL8 siRNA-mediated
knockdown significantly affected MDA-MB231 cell proliferation as shown in Figure 6E
and 6F. We also evaluated cell death using propidium iodide staining, and it was
evident that cells treated with SB225002 at concentrations as low as 12.5 yM began
to exhibit signs of cell death after 48 hours of treatment (Figure 6G). Moreover, the
clonogenic assay revealed that the treatment groups failed to form any colonies
compared to the control group, indicating a significant inhibition of colony formation
(Figure 6H).
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Figure 6. IL-8 role in triple-negative breast cancer. (A) IL-8 levels measured by ELISA in
breast cancer cell lines supernatant; (B) Transwell assay of breast cancer cell lines panel; (C)
Transwell assay showing the impact of IL-8 knockdown upon cell invasion in MDA-MB231 and
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Hs578T cells; (D) Wound closure assay of MDA-MB231 cells showing the impact of CXCL8
knockdown and IL-8 inhibition upon cell migration; (E) Effect of SB225002 and (F) CXCL8 knockdown
in MDA-MB231 cells after 72 h treatment as determined by SRB assay; (G) Propidium iodide and
DAPI staining in MDA-MB231 cells treated with SB225002 after 24h; (H) Clonogenic assay in MDA-
MB231 cells after treatment with SB225002. * - different from untreated/control or at indicated
comparisons. ns — non-significant. (1-way-ANOVA-Tukey for “A” and “B”; 2-way-ANOVA- Bonferroni
for “C”; 1-way-ANOVA-Dunnet and t-test for “D”, “E” and “F”; p<0.05).

Perspectives and directions

The data presented herein show that IL-8 pathway drives pivotal tumor
malignance phenotypes, especially cancer cell migration, invasion, and metastasis.
IL-8-CXCR1/2 pathway is upregulated in triple-negative, ER-negative breast cancers,
offering an opportunity for development of a targeted therapy for the most
challenging breast cancer subtype. In preclinical studies, blocking IL-8 signaling has
been shown to reduce tumor growth, inhibit angiogenesis, and enhance the response
to chemotherapy and immunotherapy. In addition, while there is consistent data from
in vitro and preclinical models, and a variety of synthetized IL-8 receptor antagonists
and antibodies is available for testing, clinical data remains limited, and therefore
clinical trials are of upmost importance to reveal the real-world potential of IL-8-
CXCR1/2 pathway as a target in cancer. This review reported decades of cumulating
evidence for the involvement of IL-8 in breast cancer. Here, we also added analysis
from large tumor datasets to provide a comprehensive, expanded characterization of
this cytokine in different breast cancer tumors, cell lines and their subtypes. IL-8 is an
old foe that deserves to be revised and revived to the list of potential breast cancer
targets. Overall, these findings contribute to our understanding of the role of IL-8 in
triple negative breast cancer, providing a foundation for the development of targeted
therapeutic strategies aimed at inhibiting invasion, migration, proliferation, and

enhancing cell death in this aggressive subtype of breast cancer.

Materials and methods

Datasets search, import, and pre-process

The expression, with gene counts, and annotations matrices of healthy tissue
samples were obtained from the Genotype-Tissue Expression - GTEXx project, the
cancers samples were obtained from The Cancer Genome Atlas - TCGA project, and
cancer cell line (CCL) samples were obtained from the Cancer Cell Line
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Encyclopedia - CCLE. GTEx data (V8, 05-2017) were obtained from
gtexportal.org/home/datasets, CCLE data (counts expression matrix 20780929 and
metadata - cell line annotations 20181226) from portals.broadinstitute.org/ccle/data
and the TCGA data were obtained by applying functions from the TCGAbiolinks
package. The data was normalized using the TMM method (trimmed mean of M-
values) and computed the CPM (counts per million) by applying functions from the

edgeR package.

CXCL8 mRNA expression analysis

To identify the IL-8 (gene symbol: CXCL8) expression profile in healthy tissue,
tumors, and cancer cell lines panels, the CPM values were transformed into log., of
CPM + 1 and 'binned' each sample according to one of the datasets
metadata/variables. As it is predicted that different groups (e.g., tissues, cancer
types) will demand distinct levels of gene activity, the inferred gene activity-
normalized expression was calculated as described by Levings et al., 2018. The IL-8
in breast cancer tumors was also explored for their Estrogen Receptor (ER),
Progesterone Receptor and Human Epidermal Growth Factor Receptor 2 (HER2)
status assessed by immunohistochemistry (IHC), molecular subtype, pathology
diagnosis and tumor stages. The tumor dataset contained the molecular subtypes
triple-negative/basal-like, HER2-enriched, luminal A, luminal B, and normal-like (only
in TCGA data). Since the claudin-low subtype is emerging as a meaningful breast
cancer molecular subtype, some samples were reclassified into the Claudin-low
subtype. To identify the claudin-low samples it was applied an unsupervised machine
learning algorithm, K-Means clustering (K = 3), using the ComplexHeatmap package.
The Shapiro-Wilk test was applied to analyze the normality of the data, Wilcoxon
Rank Sum Test to compare two, and Kruskal-Wallis Rank Sum Test followed by
Pairwise Wilcoxon Rank Sum Test with Benjamini—Hochberg corrections for multiple
comparisons to compare more than two samples.

To identify transcriptional differences in breast cancers with high and low
relative expression of CXCLS8, it was performed a differential expression and
functional enrichment analysis between cancer samples with the 25 % top and
bottom expression values. First, the determination of which genes have sufficient
counts to be retained in statistical analysis was made, then, it was used the trimmed-

mean of M-values (TMM) normalization method to adjust the library sizes among
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samples, computed appropriate observation-level weights using Voom, and adjusted
linear models to each gene. Later, Bayes' empirical moderation was performed to
obtain variability estimations between genes. These steps were made using edgeR
and limma R package functions. Thresholds were applied to obtain differentially
expressed genes (DEG) as follows: i) Benjamini-Hochberg procedure adjusted p-
value < 0.05 for the t-test (25 % top vs. bottom CXCL8 expression values) and ii)
positive absolute fold-change = 2. The gene ontology analysis via over-
representation test (gene enrichment analysis, GEA) and gene set enrichment
analysis (GSEA) were made by applying functions from the clusterProfiler package
and using the collection H - Hallmark gene sets from the Molecular Signatures
Database (MSigDB, v7.1) as background.

Single-cell RNA sequencing analysis

The count data, metadata with the designated cell type, and coordinates
were downloaded for the Uniform Manifold Approximation and Projection (UMAP)
dimensionality reduction UMAP of the Wu et al, 2021 study on the
singlecell.broadinstitute.org/ platform. The count data was normalized using the
“LogNormalize” global-scaling normalization method, multiplied by a 10.000 scale
factor, and log-transformed. In the complete set, it was investigated the proportion of
cells, by cell type, in which CXCL8 expression was detected (normalized counts > 0).
In the myeloid subset (defined as the CD68+ cluster, by Wu et al., 20XX) it was used
a 95 G2/M and S phase markers expression profile to define the cell cycle phase,
scaled the counts, and removed unwanted sources of variation from technical (X)
and biological (cell cycle phase) variables. Principal Component Analysis was
performed using all genes and determined the dimensionality of the myeloid dataset
as defined by i) The point where the principal components only contribute 5% of the
standard deviation and the principal components cumulatively contribute 90% of the
standard deviation. ii) The point where the percent change in variation between the
consecutive PCs is less than 0.1%, in our case, it was 18 dimensions. Myeloid cells
were clustered using a resolution, or granularity, parameter of 0.4 and used UMAP to
cluster portrayal in a lower-dimensional space. The top-5 positive cluster markers
against all other cells were identified by differential expression.

To designate a myeloid cell subtype in the Wu et al., 2021 dataset cells, a

classification model was developed based on the transcriptional profile of myeloid
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breast cancer cells (GSE114727) using the singleCellNet package. To do this, counts
matrices were used as inputs. A training group (GSE114727) was set up using 50
samples of each myeloid cell subtype and “trained” using 200 classification genes
and 100 gene pairs per category. To lower the false positives, it was established that
cells with the 25 % lowest score values would not be classified. In the myeloid set,

the proportion of cells were investigated, by cell type, as described.

Tissue microarray immunohistochemistry

The association between protein levels of IL-8 and Estrogen Receptor (ER),
Progesterone Receptor (PR), HER2, Marker of Proliferation Ki-67 and Tumor Protein
p53 and breast tumor clinical stage, tumor grade and pathology diagnosis in patients
with breast cancer were analyzed by immunohistochemistry (IHC) using BR1503 (US
Biomax) tissue microarray (TMA) slides. The slides contained 3 cases of adjacent
normal breast tissue and breast fibroadenoma (type benign), 2 breast cystosarcoma
phyllodes, 7 breast intraductal carcinoma, and 60 breast invasive ductal carcinoma
(each sample with duplicate slices, totaling 150 slices). A specific primary antibody
against IL-8 (#E5F5Q) was used for IHC with a 2-step protocol.

Two evaluators withheld clinical data and analyzed the IL-8, ER, PR, HER2,
and p53 immunoreactivity under an optical microscope. For quantification, all stains
were evaluated at x200 magnification, counting three areas for each slice. The
immunoreactivity was scored according to the intensity of cellular staining and the
proportion of stained tumor cells. The intensity of cellular staining was scored as 0
(no staining), 1 (weak staining, light-yellow), 2 (moderate staining, brownish-yellow),
and 3 (strong staining, brown). The proportions of stained cells were classified as 0
(0 % positive cells), 1 (1 % positive cells), 2 (2 - 10 % positive cells), 3 (11 - 33 %
positive cells), 4 (34 - 66 % positive cells) and 5 (= 67 % positive cells). The sum of
the intensity of cellular staining and the proportion of stained cells scores defines the
level of IL-8, ER, PR, HER2, and p53 abundance. According to the final staining
score, 0 - 2 was defined as low protein content (0 and 1 for HER2), while 3 - 8 as
high expression for ER, PR, and p53, 3 - 5 as medium, and 6 - 8 as high for IL-8. For
the molecular subtype, samples with protein content > 0 for ER, PR, without HER2
and Ki-67 proportion < 14 were classified as Luminal A-like, and those with the same
receptor protein content but with Ki-67 proportion > 14 were classified as Luminal B-

like; Samples with the protein content of ER, PR, and HER2 were classified as
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Luminal B-like (HER2-positive); Samples without ER and PR but with HER2 content
as HER2-positive and those without expression of ER, PR, and HER2 were classified

as triple-negative.

Cell culture conditions

MDA-MB231, Hs578T, SKBR3, BT20, BT474 and MCF7 breast cancer cell
lines were obtained from ATCC (American Type Culture Collection). Cell lines were
grown in DMEM (Sigma-Aldrich; cat #D5796), supplemented with 10% FBS plus 1 x
antibiotic: antimycotic solution (Sigma-Aldrich; cat#A5955) in a humidified
atmosphere with 5% CO. at 37 -C.

ELISA assay

ELISA was performed to determine the level of IL-8 protein in cell
supernatants. Quantification of IL-8 content in culture medium was assessed using
the Human IL-8 Elisa kit (Pierce Biotechnology). Culture media were diluted up to 50
times as appropriate for each target and concentration values were normalized by

108 cells. ELISA was performed according to the manufacturer's instructions.

Invasion assay

Extracellular matrix (ECM) invasion potential of breast cancer cells was
estimated using the QCMTM 24-Well Cell Invasion Assay Fluorometric (Millipore)
according to Zanotto-Filho et al (2018). Serum-starved cells were trypsinized,
centrifuged, and resuspended to 5000 cells/mL, and 50 mL of this suspension
(250,000 cells) was seeded onto 8 mm pore-size inserts coated with ECM in serum-
free conditions. Afterward, 200 mL of serum-free conditioned or fresh medium was
added to the top chambers. The bottom chambers consisted of 250 mL of CM/fresh
medium plus 250 mL of DMEM supplemented with 20% FBS as a chemoattractant.
Cells were allowed to migrate for 24 and 48 h at 37 °C before the assay. Invaded
cells were detached from the bottom side of the insert, lysed, and incubated with
CyQuant GR fluorescent Dye for 15 min. Fluorescence was read at ExX'Em Vi
480/520 nm. The percentage of invading cells was compared to cell number standard

curves.
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Cell proliferation assay

Cell proliferation was assessed using the sulforhodamine B (SRB) assay.
MDA-MB231 cells (1.10% cells/well) were seeded in 96-well plates and treated with
IL-8 inhibitor SB225002 (Sigma-Aldrich) (100 uM — 1.5 pM) or subjected to siRNA-
mediated depletion of CXCL8 (100 nM) when cell confluence reached approximately
50-60%. The cells were cultured in the presence of 10% FBS for 72 hours.
Subsequently, the medium containing the treatment was removed, and the cells were
fixed with 10% trichloroacetic acid at 4°C for 1 hour. After the fixation, the dye was
added, and the cells were further incubated in the dark at room temperature for 30
minutes. The cells were then dissolved with 1% acetic acid. The absorbance at 510
nm was measured using a microplate reader (Multireader Infinite M200 Tecan). The
data were expressed as a percentage (%) of cell proliferation compared to

DMSO/vehicle-treated controls.

SiRNA-mediated knockdown

Small-interference  RNA (siRNA) transfections were performed using
Lipofectamine RNAi MAX Reagent following manufacturer instructions (Invitrogen).
siRNA duplexes targeting human CXCL8 (#sc-29435) and scrambled siRNA
(#AM4611) were purchased from Santa Cruz Biotechnology and Ambion,

respectively, and incubated at 100 nM for 24 h before treatments.

Wound closure assay

MDA-MB231 cells (5.10* cells/well) were seeded into 24-well plates and
when cells reached ~90% confluence, FBS was reduced to 1% (overnight). The cell
monolayers were then scratched with a 200 pL pipette tip to create a wound, washed
twice with PBS to remove floating cells, and then incubated in DMEM with 1% FBS
plus siRNA transfection or IL-8 inhibitor SB225002 (Sigma-Aldrich) treatments. The
closure was monitored at 0 and 24 h using a phase-contrast microscope (Olympus
IX83). The wound area pre- and post-treatment was quantified using ImageJ
software and expressed as a percentage of wound closure. Complete serum
starvation was not used due to the loss of MDA-MB231 cell viability following 24 h

starvation.
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Clonogenic assay

MDA-MB231 cells (3.10% cells/well) were seeded into 12-well plates, after
96h the cells were treated twice with 12,5 - 50 yM IL-8 inhibitor SB225002, with an
interval of 96h between each treatment. At the end of the second treatment (12 days)
the colonies were fixed and stained. Each well was washed with 1x PBS, stained and
fixed with Cell Stain (20294, Merck) for 15 min. Subsequently, the plates were
submerged three times in H20 to remove the dye and leftovers to dry at room
temperature. Colony counts were performed using a stereomicroscope, considering

colonies with more than 50 cells as colonies.

Propidium iodide staining

MDA-MB231 cells (1.10° cells/well) were seeded into 12-well plates and when
cells reached ~90% confluence, were treated with IL-8 inhibitor SB225002 (Sigma-
Aldrich) (12,5 yM — 50 uM). The cells were cultured in the presence of 10% FBS for
48 hours. Subsequently, the medium containing the treatment was removed, and 1
pg/mL of propidium iodide solution was incubated at 37°C for 1 hour. The cells were
then washed with 1x PBS and 2 ug/mL of DAPI and incubated in the dark for 15

minutes.
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7 CONCLUSAO

Em concluséo, este estudo abordou a complexa relacdo entre IL-8, células
imunes, e mutagcdes GOF em TP53 no cancer de mama. Em relagcdo as mutacgdes
GOF em TP53, foi observado que a sua deplegao tornou as linhagens celulares de
TNBC mais suscetiveis ao tratamento com MMS e cisplatina, além de diminuir a
invasdo, migracéo e a expressao de citocinas pro-inflamatorias, incluindo CXCL2, IL-
8 e IL-6 em linhagens celulares de TNBC. Esses efeitos ndo afetaram moléculas
associadas a malignidade do cancer de mama reguladas pela via de sinalizagao
ERK1/2 MAPK. No entanto, a combinacao da redugado das mutagdes GOF em TP53
com a inibicdo da via MEK/ERK1/2 resultou em uma inibigdo mais acentuada de IL-8
e IL-6, além de reduzir a invasdo e migragdo celular em comparagdo com o0s
tratamentos isolados. Embora a redugdao das mutagbes GOF do TP53 ndo tenha
afetado diretamente a atividade do NFKB ou a fosforilagdo do MEK/ERK1/2, ela
diminuiu a atividade do NFKB no nucleo, sugerindo seu papel na regulagdo da
atividade do NFKB em modelos de linhagens celulares de TNBC. Foi observada
uma expressao ampla de CXCL8 em diferentes tipos de linhagens celulares, com
variacdes significativas dentro do mesmo tecido tumoral. Os resultados revelaram
uma associagao entre niveis elevados de CXCL8 e uma resposta inflamatodria
aumentada, bem como uma diminui¢do na resposta ao estrogénio em tumores de
mama. Além disso, linhagens celulares basais/claudin-low exibiram niveis mais altos
de CXCL8 e maior invasividade. A deplecdao de CXCL8 resultou em uma diminuigcéao
significativa na viabilidade, invasao e migracao de linhagens celulares de cancer de
mama, destacando o papel fundamental dessa citocina na malignidade tumoral.
Esses achados proporcionam informacdes importantes sobre a interacao entre a IL-
8, mutagcdes GOF em TP53 e resposta inflamatéria no cancer de mama, destacando
alvos terapéuticos e estratégias potenciais para melhorar a eficacia do tratamento

desse tipo de cancer.
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