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FERNANDES, Mayara Bocchi. Avaliagao da presenga das mutagées nos genes
KRAS e EGFR e o envolvimento da expressao proteica do receptor CXCR4 em
pacientes com cancer colorretal. 2024. 88 paginas. Doutorado em Fisiopatologia
Clinica e Laboratorial — Universidade Estadual de Londrina, Londrina, 2024.

RESUMO

O cancer colorretal (CCR) é uma doenga multifacetada na qual ocorre um complexo
processo de carcinogénese. Mutagdes nos genes KRAS e EGFR estao envolvidas no
desenvolvimento e progressdo do CCR, associadas a mau progndstico e resisténcia
a certas terapias. Além disso, o0 eixo CXCL12/CXCR4 e outras vias podem
desempenhar papeéis essenciais na criacado de um ambiente de suporte para o avango
do tumor, evasao imunoldgica, angiogénese e metastase na carcinogénese do CCR.
Portanto, o objetivo do presente estudo foi avaliar mutagdes nos genes KRAS e EGFR,
perfil MSI e a expressdo do receptor CXCR4 no CCR. Tratou-se de um estudo
transversal, no qual foram avaliados 66 pacientes atendidos no Hospital do Cancer de
Londrina (HCL), de ambos os sexos. A analise das mutagdes nos genes KRAS e
EGFR foi realizada por meio de reacao em cadeia da polimerase, seguida de restricao
enzimatica (PCR-RFLP) e a expressdo de CXCR4 foi realizada através de imuno-
histoquimica (IHQ). O HCL analisou a instabilidade de microssatélites através da
expressao das proteinas de reparo de incompatilidade do DNA (MSH6, MSH2, MLH1,
PMS2) por técnica de IHQ. Os demais parametros clinicopatolégicos analisados,
foram obtidos partir dos prontuarios dos pacientes. A analise dos dados foi realizada
por meio do coeficiente Tau de Kendall, adotando um nivel de significancia de 5%. A
mediana da idade dos pacientes foi de 64 anos, com intervalo interquartil de 57,5 -
69,5 anos e 51,5% eram do sexo feminino. As frequéncias de mutagdes nos genes
foram as seguintes: 40,9% no cédon 12 de KRAS, 31,8% no cédon 13 de KRAS e
1,5% no cédon 21 do EGFR. Nenhum paciente apresentou mutagcao no cédon 19 do
EGFR. No presente estudo, a mutagao no cédon 13 de KRAS correlacionou-se com
um maior estadiamento da doenga (Tau = 0,259; p = 0,031), numero de linfonodos
regionais acometidos (Tau = 0,267; p = 0,040) e com a expressao de MSH6 (Tau =
0,174; p = 0,04). Ja a mutagédo no codon 12 de KRAS, correlacionou-se com a idade
avancada (Tau = 0,358; p = 0,006). Com relacdo a MSI, a maioria dos pacientes
expressavam as proteinas de reparo de incompatibilidade do DNA, indicando uma
estabilidade de microssatélites. Além disso, a expressao de MSH6 correlacionou-se
com menor idade e a expressdo de MLH1 e PSM2 correlacionou-se com um menor
tamanho tumoral. Quanto ao perfil de imunomarcacdo do CXCR4, a expressao do
receptor no tecido tumoral foi encontrada, em sua maioria, em pacientes positivos para
o acometimento de linfonodos, com tamanho tumoral T3, estadiamento Ill, positivos
para as proteinas de reparo de DNA e negativos para mutagcédo nos cdédons 12 e 13
de KRAS. As mutagbes em genes associados com o0 processo de carcinogénese
colorretal encontradas no presente estudo, estdo diretamente relacionadas com
condicdes clinicopatoldgicas mais avangadas da doencga. Portanto, a utilizagdo de
biomarcadores na pratica clinica faz-se importante para as decisdes diagndsticas,
prognosticas e preditivas do CCR, além de constituir a base da medicina
personalizada.

Palavras-chave: Neoplasia colorretal; oncogenes; biomarcadores tumorais.



FERNANDES, Mayara Bocchi. Assessment of the presence of mutations in the
KRAS and EGFR genes and the involvement of protein expression of the CXCR4
receptor in patients with colorectal cancer. 2024. 88 pages. Master’s degree in
Clinical and Laboratory Physiopathology — Londrina State University, Londrina, 2024.

ABSTRACT

Colorectal cancer (CRC) is a multifaceted disease in which a complex process of
carcinogenesis occurs. Mutations in the KRAS and EGFR genes are involved in the
development and progression of CRC, associated with poor prognosis and resistance
to certain therapies. Furthermore, the CXCL12/CXCR4 axis and other pathways may
play essential roles in creating a supportive environment for tumor advancement,
immune evasion, angiogenesis, and metastasis in CRC carcinogenesis. Therefore, the
objective of the present study was to evaluate mutations in the KRAS and EGFR
genes, MSI profile and the expression of the CXCR4 receptor in CRC. This was a
cross-sectional study, in which 66 patients treated at the Hospital do Cancer de
Londrina (HCL), of both sexes, were evaluated. The analysis of mutations in the KRAS
and EGFR genes was performed using polymerase chain reaction, followed by
enzymatic restriction (PCR-RFLP) and the expression of CXCR4 was performed using
immunohistochemistry (IHC). HCL analyzed microsatellite instability through the
expression of DNA mismatch repair proteins (MSH6, MSH2, MLH1, PMS2) using the
IHC technique. The other clinicopathological parameters analyzed were obtained from
the patients' medical records. Data analysis was performed using Kendall's Tau
coefficient, adopting a significance level of 5%. The median age of the patients was 64
years, with an interquartile range of 57.5 - 69.5 years and 51.5% were female. The
frequencies of mutations in the genes were as follows: 40.9% in KRAS codon 12,
31.8% in KRAS codon 13 and 1.5% in EGFR codon 21. No patient had a mutation in
EGFR codon 19. In the present study, the mutation in KRAS codon 13 correlated with
a higher stage of the disease (Tau = 0.259; p = 0.031), number of regional lymph nodes
affected (Tau = 0.267; p = 0.040) and with the expression of MSH6 (Tau = 0.174; p =
0.04). The mutation in KRAS codon 12 correlated with advanced age (Tau = 0.358; p
= 0.006). Regarding MSI, the majority of patients expressed DNA mismatch repair
proteins, indicating microsatellite stability. Furthermore, MSH6 expression correlated
with younger age and MLH1 and PSM2 expression correlated with smaller tumor size.
Regarding the CXCR4 immunostaining profile, the expression of the receptor in the
tumor tissue was mostly found in patients positive for lymph node involvement, with
tumor size T3, stage lll, positive for DNA repair proteins and negative for mutation in
codons 12 and 13 of KRAS. The mutations in genes associated with the process of
colorectal carcinogenesis found in the present study are directly related to more
advanced clinicopathological conditions of the disease. Therefore, the use of
biomarkers in clinical practice is important for diagnostic, prognostic and predictive
decisions regarding CRC, in addition to constituting the basis of personalized
medicine.

Keywords: Colorectal neoplasm; oncogenes; tumor biomarkers.
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1 INTRODUGAO

O cancer colorretal (CCR) humano abrange tumores que acometem
um segmento do intestino grosso, o coélon, e o reto (Malik et al., 2020). A mais recente
estimativa mundial, aponta que nos homens, ocorreram cerca de 1,066 milhdes de
casos novos de CCR em 2020, sendo o terceiro tumor mais incidente entre todos os
canceres, com um risco estimado de 23,4/100 mil. Para as mulheres, foram cerca de
865 mil casos novos no mesmo ano, sendo o segundo tumor mais frequente com taxa
de incidéncia de 16,2/100 mil (IARC, 2020).

No Brasil, estima-se que, para cada ano do triénio 2023-2025, sejam
detectados 45.630 novos casos de CCR, correspondendo a um risco estimado de 21,1
casos por 100 mil habitantes, sendo 21.970 entre os homens e 23.660 entre as
mulheres (INCA, 2022). Os principais fatores de risco associados ao desenvolvimento
da doenga incluem: histéria familiar de CCR, idade avangada, sedentarismo,
obesidade, a presencga de algumas doengas inflamatérias intestinais, como doenga de
Crohn e retocolite ulcerativa cronica; e doencas intestinais hereditarias, como polipose
adenomatosa familiar (FAP) e cancer colorretal hereditario ndo poliposo (CCHNP)
(Marmol et al., 2017).

A etiologia do CCR depende da origem da mutagdo, podendo ser
classificada em carcinomas esporadicos, hereditarios e familiares (Dekker et al.,
2019). A forma esporadica representa cerca de 70% dos casos e € comum em
pessoas com mais de 50 anos (Keum; Giovannucci, 2019). Menos de 10% dos
pacientes apresentam predisposi¢ao hereditaria para o CCR, acometendo individuos
que herdaram de seus pais uma alteragdo em um gene supressor, como por exemplo,
mutagdes germinativas nos genes de reparo do DNA (Marmol et al., 2017). A terceira
forma dessa doenga é conhecida como cancer colorretal familial e nas familias
afetadas, a doenca aparece em uma frequéncia alta o suficiente para nao ser
considerado como esporadico, mas nao segue o padrao das sindromes hereditarias.
Cerca de 20% de todos os casos de CCR s&o incluidos nesta categoria (Jasperson et
al., 2010).

O CCR ¢é considerado uma doenga multifacetada devido a sua
biologia tumoral dindmica, caracterizada por alteragbes genéticas e epigenéticas em
oncogenes e genes supressores de tumor (Sullivan; Noujaim; Roper, 2022). Mutagdes

somaticas em oncogenes pertencentes a via de sinalizagdo do receptor do fator de
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crescimento epidérmico (EGFR) desempenham um papel crucial no processo de
carcinogénese colorretal, contribuindo com o crescimento celular desordenado
(Brinzan et al., 2022).

O EGFR é um receptor transmembrana com atividade tirosina quinase
pertencente a familia ErB, sendo constituido por um dominio de ligagao extracelular
N-terminal, um dominio lipofilico transmembrana e um dominio C-terminal intracelular
de tirosina quinase (Segatto et al., 2011). Ligagdes especificas ao dominio extracelular
resultam na ativagao da via de sinalizagdo Ras/Raf/MAPK, dando inicio a cascata de
transmissao de sinais, com consequente crescimento e proliferacdo celular. Essas
moléculas-chave de sinalizagdo podem ser afetadas por mutagdes genéticas,
alterando o processo de carcinogénese e levando a proliferagdo descontrolada,
angiogénese, inibicdo da apoptose, invasdo e metastase (Jorissen et al., 2003;
Normanno et al., 2006; Segatto et al., 2011).

As mutacdes somaticas no gene EGFR mais comuns sao as dele¢des
no éxon 19 (dels746-750) ou uma substituicdo da leucina pela arginina no cédon 858
do éxon 21 (L858R). Esses dois tipos de mutagéo existem no dominio de ligagédo de
ATP da tirosina quinase, sendo consideradas mutag¢des ativadoras de EGFR. Tais
alteragbes geralmente ocorrem concomitantemente com o aumento da producgao de
ligantes de EGFR devido a algas autécrinas ou paracrinas. Sendo assim, mutacoes
em EGFR determinam o trafego anormal do receptor, o que contribui para o aumento
da sinalizagao e para o desenvolvimento do tumor (JuriSi¢ el al., 2018; Sigismund et
al., 2018).

Também podem ocorrer mutagées no oncogene conhecido como
sarcoma de rato Kirsten (KRAS), levando a ativagao constitutiva das vias de
sinalizacdo a jusante, corroborando com o crescimento celular desordenado
(Hardiman, 2018; Huang et al., 2018). As mutagdes no gene KRAS ocorrem em
aproximadamente 30% a 40% dos pacientes com CCR (Haigis, 2017), sendo mais
frequentemente observadas nos cédons 12 e 13 do gene. As principais mutagdes que
ocorrem no cdédon 12 incluem a mudanga do aminoacido glicina nesta posi¢céo para o
acido aspartico (p.G12D), mudanga da glicina para valina (p.G12V) ou mudancga para
cisteina (p.G12C). Ja no cddon 13, a mutagéo mais frequente é o ¢.38G>C, resultando
na mudanga do aminodcido glicina para o acido aspartico (p.G13D) (Kampman et al.,
2000; Lievre et al. 2010; Sameer et al. 2009).
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Pacientes com KRAS mutado normalmente estdo associados a um
estado avancado da doencga, ma diferenciacdo tumoral, metastases a distancia e
baixa sobrevida (Zhu et al., 2021). Somado a isso, tais mutagdes tém sido diretamente
relacionadas a resisténcia aos anticorpos monoclonais anti-EGFR (panitumumabe e
cetuximabe), devido a ativagdo constitutiva da via de sinalizagdo a jusante
independente de EGFR (Huang et al., 2018).

A instabilidade de microssatélites (MSI) também participa do processo
de carcinogénese colorretal, servindo como um indicador molecular de reparo
defeituoso de incompatibilidade de DNA. A MSI ocorre por um defeito na atividade do
sistema de reparo de incompatibilidade do DNA. Tal sistema € composto por genes
como o homélogo mut-L (MLH1), homologo mut-S 2 (MSHZ2), homdlogo humano Mut-
S 6 (MSH6) e o gene de segregacgao pos-meidtica humana 2 (PSM2) que reconhecem
e corrigem bases mal incorporadas durante a replicagdo do DNA. Qualquer
inconsisténcia nesse sistema, quando comparada ao tecido normal, é referida como
MSI resultante de uma falha do mecanismo de reparo de incompatibilidade em corrigir
erros de base de DNA (Raskov et al., 2020).

Aproximadamente 15% dos CCR apresentam MSI, sendo 3% dos
casos associados a sindrome de Lynch, caracterizada por muta¢des germinativas nos
genes MLH1, MSH2, MSH6 e PMS2; e os outros 12% sado de CCR esporadico,
caracterizado por mutagdes no gene homologo B1 do oncogene do sarcoma murino
viral v-raf (BRAF) e por hipermetilacdo do gene MLH1 (Afrasanie et al., 2019).

A alta carga mutacional tumoral e a carga de neoantigenos nos
tumores MSI favorecem a infiltracdo de células efetoras imunes, como linfocitos
infiltrantes de tumor CD8+, células T helper 1 CD4+ e macréfagos, resultando em
respostas imunes antitumorais. A fim de promover o escape imunoldgico, as células
tumorais MSI regulam positivamente os ligantes inibitérios de células T, como o PD-
L1 e CTLA-4 (Battaglin et al., 2018; Fan et al., 2021; Frank et al., 2021; Zhang et al.,
2022).

A presenca de células imunes em CCR MSI apoia a nhogao de que um
tratamento baseado em imunoterapias deve proporcionar beneficios clinicos para
esse grupo de pacientes. Desse modo, a utilizagao de técnicas que identificam a MSI
auxilia na tomada de decisao frente ao regime terapéutico, uma vez que os pacientes
que apresentam esse tipo de tumor, sdao beneficiados com uso de anticorpos

monoclonais imunomoduladores, como os inibidores de checkpoint anti-PD1
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pembrolizumabe ou nivolumabe, associado ou ndo ao inibidor do antigeno 4
associado a linfocitos T citotoxicos (CTLA-4), como o ipilimumabe (Picard et al., 2020;
Martianov et al., 2023).

Além das principais vias de carcinogénese do CCR, a ligacdo da
quimiocina 12 da familia C-X-C (CXCL12) com o receptor 4 da familia C-X-C (CXCR4)
tem recebido atengcao consideravel no CCR primario e principalmente no processo
metastatico. A expressao aberrante do CXCR4 foi encontrada durante a malignidade
do CCR, onde desempenha um papel crucial na proliferagdo, angiogénese e
disseminagao metastatica (Ottaiano et al.,, 2020). Estudos demonstram que a
expressao de CXCR4 aumenta com os estagios clinicos do CCR (Yoshuantari et al.,
2018; Zielihska; Katanaev, 2020). Além disso, a superexpressao do receptor reflete a
progressdo da doenga e, portanto, estd associada a agressividade do tumor,
diminuicao da sobrevida e mau progndstico (Shi; Riese; Shen, 2020).

Apesar da complexa carginogénese, o CCR é potencialmente curavel.
O atual tratamento tem como base a presenga de marcadores como MSI, KRAS e
BRAF, além do estadiamento da doenga, fatores relacionados ao paciente (idade e
presenca de comorbidades) e com os perfis de eficacia e toxicidade dos
medicamentos (Kim et al., 2015).

A terapia consiste principalmente na ressecg¢ao cirurgica para tumores
iniciais, radioterapia e quimioterapia (Benson et al., 2021). Ja para tumores
metastaticos, sdo indicados o uso anticorpos monoclonais anti-EGFR (cetuximabe e
panitumumabe), anti-VEGF (bevacizumabe), inibidores de BRAF V6%E (encorafenibe)
e de imunoterapias que visam pontos de controle imunolégico, como pembrolizumabe,
nivolumabe e ipilimumabe (Shin; Giancotti; Rustgi, 2023). Como pode-se observar,
além dos regimes terapéuticos classicos, a imunoterapia e os regimes de terapia
direcionados estado se tornando cada vez mais importantes no cenario de tratamento
do CCR metastatico, auxiliando no aumento da progresséao livre de doenga e da

sobrevida global desses pacientes (Benson et al., 2021; Potocki et al., 2023).
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2 OBJETIVOS

2.10Objetivo geral

Avaliar o impacto clinico das mutagdes nos cdédons 12 e 13 do gene
KRAS e nos codons 19 e 21 do gene EGFR, perfil MSI e da expressao do receptor
CXCR4 em pacientes com CCR.

2.2 0bjetivos especificos

e Detectar mutagdes nos codons 12 e 13 do gene KRAS e nos codons 19
e 21 do gene EGFR em pacientes com CCR;

¢ |dentificar possiveis correlagdes e/ou associacdes entre as mutagdes
genéticas avaliadas e a presencga de MSI;

e Avaliar a expressao proteica do CXCR4 e analisar suas possiveis
correlagdes e/ou associagdes entre as mutagdes genéticas avaliadas e os
dados clinicopatoldgicos;

e |dentificar possiveis correlagdes e/ou associagcdes entre o status

mutacional e os dados clinicopatolégicos dos pacientes com CCR.
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3 METODOLOGIA

3.1Selecao e Caracterizacao das Amostras

O presente estudo foi aprovado pelo Comité de Etica em Pesquisa
com Seres Humanos da Universidade Estadual de Londrina (Registro Plataforma
Brasil No. CAAE 73557317.0.0000.5231) e todos os pacientes assinaram o termo de
consentimento livre e esclarecido antes da coleta.

Tratou-se de um estudo transversal, no qual foram selecionadas 66
amostras de pacientes de ambos os sexos, diagnosticados com CCR e atendidos no
Hospital do Cancer de Londrina (HCL).

Considerou-se elegivel para a pesquisa os pacientes com neoplasia
de cdlon direito, esquerdo e reto, independentemente do recebimento ou nao de
quimioterapia, uso de anticorpos monoclonais ou radioterapia préevia. As amostras
incluidas em parafina cuja extracdo de DNA n&o suscitou quantidade suficiente de
material genético, foram excluidas do estudo.

A expressao das proteinas de reparo de incompatibilidade do DNA
(MSH6, MSH2, MLH1 e PSM2) foi realizada no HCL por meio de técnica imuno-
histoquimica. Os resultados foram obtidos a partir de consulta aos prontuarios dos
pacientes. Os dados clinicos e anatomopatoldgicos como idade, sexo, acometimento
de linfonodos, tamanho tumoral e estadiamento Tumor-Nédulo-Metastase (TNM)
(NCCN, 2018), também foram obtidos a partir dos prontuarios dos pacientes atendidos
no HCL.

3.2Extracao de DNA

O DNA gendmico das amostras foi extraido a partir de tecido tumoral
incluido em parafina utilizando o kit de extracdo Q/Aamp® DNA FFPE Tissue,
seguindo instru¢gdes do fabricante. As amostras de DNA foram quantificadas por
espectrofotometria em  aparelho  NanoDrop  2000c®  Spectrophotometer
(ThermoScientific, Wilmington, Delaware, EUA) nos comprimentos de onda
260/280nm.
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3.3Analise das mutagoes nos cédons 12 e 13 do gene KRAS

A analise das mutagdes somaticas nos cdédons 12 e 13 de foi realizada
por reacdao em cadeia da polimerase (PCR), seguida de analise de polimorfismo de
comprimento de restricao (RFLP), de acordo com o protocolo descrito por Nollau et al.
(1996). Os oligonucleotideos iniciadores utilizados para ambas as mutacdes, estao
descritos na tabela 1.

Na etapa de amplificacdo por PCR para a analise de ambas as
mutacdes foram utilizadas as seguintes concentracdes de reagentes: 1x PCR buffer,
1,5 mM de MgClz, 0,2 mM de dNTP, 0,3 uM de cada primer, 0,04 U/uL de Tag DNA
polimerase (todos adquiridos da Invitrogen®, Carlsbad, CA, EUA), 5 ng/uL de DNA
alvo e agua ultrapura para completar 15 yL de volume final. As condigbes de PCR
foram as seguintes: 5 minutos a 95 °C seguidos de 40 ciclos de 1 minuto a 95 °C, 1
minuto a 50 °C e 2 minutos a 72 °C seguidos de 10 minutos de extenséo final a 72 °C.

Para a etapa de restricdo enzimatica, foram seguidos os protocolos
dos fabricantes das enzimas de restrigdo (Invitrogen®), BstNI (sitio de restrigdo: 5'-
CCWGG-3’) para o cédon 12 de KRAS e a Bgll (sitio de restricdo: 5-GCCN5GGC-3’),
para o cédon 13 de KRAS (Tabela 1). Os fragmentos amplificados por PCR e clivados
com enzimas foram visualizados por eletroforese em géis de poliacrilamida (10%),

corados por nitrato de prata (AgNO3) (Figura 1A).

3.4 Analise das mutag¢oes nos codons 19 e 21 do gene EGFR

A analise da mutacdo do EGFR nos coédons 19 (dels746-750) e 21 (L858R)
foram realizadas por PCR de acordo com o protocolo descrito por Pam et al. (2005).
Para a mutagao no coédon 21, foi realizada técnica de RFLP apds a amplificagdo. Ja
para a mutagao no codon 19, por tratar-se de uma delegao, nao foi realizada etapa de
restricdo enzimatica. Os oligonucleotideos iniciadores utilizados para ambas as
mutacdes estao descritos na tabela 1.

As concentracbes de reagentes utilizadas para a etapa de amplificagdo por
PCR seguiram o mesmo protocolo das mutagdes nos codons 12 e 13 de KRAS. As
condi¢des de PCR para o codon 19 foram as seguintes: 10 minutos a 95 °C seguidos
de 40 ciclos de 30 segundos a 95 °C, 1 minuto a 60 °C e 1 minuto a 72 °C seguidos

de 10 minutos de extensao final a 72 °C. Ja as condi¢cdes de PCR para o cédon 21
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foram: 10 minutos a 95 °C seguidos de 40 ciclos de 30 segundos a 95 °C, 1 minuto a
65 °C e 1 minuto a 72 °C seguidos de 10 minutos de extensao final a 72 °C.

Para a etapa de restricdo enzimatica do codon 21, foram seguidos os
protocolos de recomendacbes dos fabricantes da enzima de restricdo Sau96l
(G'GNC’C) (Invitrogen®) (Tabela 1). Os fragmentos amplificados por PCR e clivados
com enzimas foram visualizados por eletroforese em géis de poliacrilamida (10%),

corados por nitrato de prata (AgNOs) (Figura 1B).

Figura 1: Gel de poliacrilamida dos fragmentos amplificados por PCR e clivados
com enzimas de restricao.

Legenda: A) Gel de eletroforese para KRAS 12 e 13 - O produto da PCR é um fragmento de 194pb
(1). Nos pacientes que ndo tem mutagdo, ocorre a clivagem do fragmento 194pb, sendo observado,
portanto, um fragmento em 163pb (2). Ja nos pacientes em que a mutagao esta presente, ocorre perda
do sitio de restrigado, portanto, quando a enzima é adicionada, nao ocorre clivagem do fragmento de
194pb (3). B) Gel de eletroforese para EGFR 21 - O produto da PCR é um fragmento de 222 pb (1).
Nos pacientes em que a mutacdo esta presente, ocorre a clivagem do fragmento 173pb, sendo
observado, portanto, um fragmento em 87pb e 86pb (3). L — ladder 100pb; B — branco.



Tabela 1: Sequéncia de primers para as mutagdes em KRAS e EGFR.
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FRAGMENTOS DOS GENOTIPOS (pb?)

G Sequanci b Enzima
ene equéncia
q P de Restrigio Selvagem Mutado Mutado
Heterozigoto Homozigoto
F: 5-ACTGAATATAAACTTGTGGTAGTTGGACCT-3’
KRAS 12 194 BstNI 163 194, 163 194
R: 5-ACTCATGAAAATGGTCAGAGAAACCTTTAT-3’
F: 5-ACTGAATATAAACTTGTGGTAGTTGGCCCTGGT-3
KRAS 13 194 Bgll 163 194, 163 194
R: 5-ACTCATGAAAATGGTCAGAGAAACCTTTAT-3’
F: 5-GCACCATCTCACAATTGCCAGTTA-3’ 207,198, 195, 198, 195, 192,
EGFR 19 207 - 207
R: F5-AAAAGGTGGGCCTGAGGTTCA-3’ 192, 189 189
F: 5- CCTCACAGCAGGGTCTTCTCTGT -3
EGFR 21 222 Sau96l 173, 49 173, 87, 86, 49 87, 86, 49

R: 5-TCAGGAAAATGCTGGCTGACCTA-3’

Legenda: F — Forward; R — Reverse; pb — pares de base apds reagdo em cadeia da polimerase; pb2 — pares de base apds etapa de restricdo enzimatica.
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3.5 Sequenciamento

Os produtos de PCR para os codons 12 e 13 de KRAS e cdédons 19 e
21 de EGFR foram purificados utilizando PureLink™ PCR Purification Kit (Invitrogen®),
seguindo as instru¢gdes do fabricante. A reacdo de sequenciamento foi realizada
utilizando o kit BigDye® Terminator v3.1 (Applied Biosystems, Foster City, Califérnia,
EUA), 50ng de template e 5pM de primer em um volume final de 10pul. Os fragmentos
amplificados foram sequenciados em Genetic Analyzer 3500XL 24 capilares (Applied

Biosystems, Foster City, California, EUA) para validagdo do método de PCR-RFLP.

3.6 Analise da Expressao de CXCR4

A andlise da expressao de CXCR4 foi realizada por meio de imuno-
histoquimica, na qual foram utilizados cortes histolégicos de 5um de tecido tumoral
embebidos em blocos de parafina. As secgdes de tecidos foram desparafinadas,
hidratadas e tratadas termicamente em tampado EDTA 1 mM para recuperagao
antigénica em panela de pressao a 95, 8 °C durante 20 minutos.

As seccdes foram incubadas durante a noite a temperatura ambiente
com anticorpo monoclonal primario-IgG de coelho anti-CXCR4 (R&D System,
Minneapolis, MN, cat. MAB172, 1:100), seguido de incubacdo com anticorpo
secundario apropriado (ImmunoDetector HRP/DAB, BioSB, Santa Barbara, CA, EUA).
Os cortes foram lavados, corados com cromoégeno 3,3'-Diaminobenzidine (DAB)
(Sigma Chemical Co., St. Louis, MO, EUA) e contra corados com hematoxilina (Sigma-
Aldrich). Um controle negativo passou pela primeira etapa do procedimento por
incubacao com o diluente em vez do anticorpo primario.

As laminas histolégicas foram analisadas ao microscopio éptico por
um patologista experiente. Para cada amostra, trés areas tumorais com maior
intensidade de imunomarcagédo CXCR4 foram fotografadas (800 x 600 pixels) a partir
de campos de ampliagdo de 400X usando uma camera Amscope (FMA050) adaptada
no microscoépio.

As imagens adquiridas digitalmente foram entdo analisadas usando o
software Imaged 1.53 para Windows (software de imagem Java de dominio publico:
/Irsb.info.nih.gov/ij/), usando a ferramenta de limite com selegdo baseada em cores
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para coloragdo positiva. Rotinas para analise de imagens foram definidas na
linguagem macro ImagedJ e realizadas em imagens RGB sem tratamento adicional. O
numero de pixels na faixa de cores selecionada foi dividido pelo numero total de pixels
em cada campo. Os resultados foram expressos pela relacédo entre a fracdo de area

positiva por fragéo de area total como a porcentagem (%) de coloragédo com CXCRA4.

3.7 Analise Estatistica

As analises foram realizadas por meio do programa SPSS versao 22
(IBM®, Armonk, Nova York, NY, EUA), com indice de significancia minimo de p < 0,05.

Inicialmente, os dados patolégicos foram demonstrados em uma
tabela descritiva, onde o numero de linfonodos regionais e o tamanho tumoral foram
classificados de acordo com o estadiamento TNM. Ja as proteinas de reparo do DNA
foram consideradas positivas em casos de expressdao das mesmas por meio de
técnica de imuno-histoquimica e negativas em casos de deficiéncia no sistema de
reparo de incompatibilidade do DNA.

Os dados referentes a idade dos pacientes foram submetidos ao teste
de normalidade Kolmogorov-Smirnov. Por ndo serem paramétricos, os mesmos foram
apresentados como mediana e intervalo interquartil. Para as analises de correlagao
entre as mutagdes nos genes KRAS e EGFR, a expresséo do receptor CXCR4, perfil
MSI e os parametros clinicopatolégicos, foi utilizado o coeficiente Tau de Kendall. Os
resultados da expressdo de CXCR4 obtidos a partir de tecido tumoral foram divididos
em dois grupos: CXCR4_S e CXCR4_I1. O grupo CXCR4_S representou a analise de
intensidade de marcagao realizada ao microscopio éptico por patologista experiente.
Jd as imagens adquiridas digitalmente e analisadas pelo software Imaged,

compuseram o grupo CXCR4_I.
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4 RESULTADOS

Os resultados do presente estudo foram apresentados e discutidos
em trés artigos cientificos.

O primeiro artigo intitulado “Involvement of CXCL12/CXCR4 axis in
colorectal cancer: a mini-review” foi publicado no periddico cientifico Molecular

Biology Reports (Fator de Impacto: 2,8).

e Artigo 1:

Molecular Biology Reports (2023) 50:6233-6239
https://doi.org/10.1007/s11033-023-08479-1

MINI REVIEW ARTICLE
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Involvement of CXCL12/CXCR4 axis in colorectal cancer: a mini-review
Mayara Bocchi'@ . Nathalia de Sousa Pereira' @ . Karen Brajao de Oliveira'*® . Marla Karine Amarante’

Received: 19 January 2023 / Accepted: 19 April 2023 / Published online: 23 May 2023
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Abstract

Migration of metastatic tumor cells is similar to the traffic of leukocytes and has been reported that can be guided by che-
mokines and their receptors, through the circulation to distant organs. The chemokine CXCL12 and its receptor CXCR4
play an essential role in hematopoietic stem cell homing and the activation of this axis supports malignant events. Binding
of CXCL12 to CXCR4 activates signal transduction pathways, with broad effects on chemotaxis, cell proliferation, migra-
tion and gene expression. Thus, this axis serves as a bridge for tumor-stromal cell communication, creating a permissive
microenvironment for tumor development, survival, angiogenesis and metastasis. Evidence suggests that this axis may
be involved in the colorectal cancer (CRC) carcinogenesis. Therefore, we review emerging data and correlations between
CXCL12/CXCR4 axis in CRC, the implications for cancer progression and possible therapeutic strategies that exploit
this system.

Keywords Chemokines - Chemokine receptors - Colorectal cancer - CXCL12 - CXCR4
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Abstract

Migration of metastatic tumor cells is similar to the traffic of leukocytes and has been reported that can be guided
by chemokines and their receptors, through the circulation to distant organs. The chemokine CXCL12 and its
receptor CXCR4 play an essential role in hematopoietic stem cell homing and the activation of this axis supports
malignant events. Binding of CXCL12 to CXCR4 activates signal transduction pathways, with broad effects on
chemotaxis, cell proliferation, migration and gene expression. Thus, this axis serves as a bridge for tumor-stromal
cell communication, creating a permissive microenvironment for tumor development, survival, angiogenesis and
metastasis. Evidence suggests that this axis maybe involved in the colorectal cancer (CRC) carcinogenesis.
Therefore, we review emerging data and correlations between CXCL12/CXCR4 axis in CRC, the implications
for cancer progression and possible therapeutic strategies that exploitthis system.

Keywords Chemokines, Chemokine receptors, Colorectal cancer, CXCL12, CXCR4.

Introduction

Cancer is characterized by unregulated proliferation of hostcells, arising from alterations in cell
physiology, such as: sufficiency in relation to growth factors, insensitivity to growth inhibitors, evasion of
apoptosis and the immune system, dysregulation of energy metabolism, genomic instability, phenotypic plasticity,
epigenetic reprogramming, tissue invasion and development of metastases [ 1, 2]. Although thetumor cell represents
the main focus in the development of a neoplasm, it is important to consider that the tumor mass isnot composed
only of neoplastic cells, but of a set of tumorcells, mesenchymal cells and components of the vascular and immune
system, which contribute substantially to carcinogenesis, tumor progression and metastasis of transformed cells [3].

Evidence indicates that interactions between tumor cells axd stromal cells contribute to tumor initiation

and progression. In this process, the role of chemokines and their receptors is highlighted, which can serve as a
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bridge for tumor-stromal cell communication, creating a permissive microenvironment for tumor growth and
metastasis [4],sometimes facilitating tumor dissemination in each of the events of the process, including
adherence of tumor cellsto the endothelium, extravasation into blood vessels, metastatic colonization,
angiogenesis, proliferation and protection against host response through activation of cell survival pathways [5, 6].

Bowel cancer encompasses tumors that start in the part ofthe large intestine: colon, rectum and anus. It is
also knownas colon and rectum or colorectal cancer (CRC). This canceris the third most common cancer type
worldwide; in 2020, almost 2 million cases were diagnosed. It is the second most common cause of cancer death,
leading to almost 1 million deaths per year [7]. Although environmental and genetic factors play an important role
in the pathogenesis of CRC, research suggests the involvement of chemokines and their receptors in the
development of colon cancer [8, 9].

Binding of the C-X-C motif chemokine /2 (CXCL12) with its C-X-C motif chemokine receptor 4
(CXCR4) has been associated with several types of malignant neoplasms [10—13]. Studies have demonstrated
increased expression of CXCR4 during CRC malignancy [14, 15]. However, despite contributing to tumor
development and maintenance, the signaling mechanism through CXCR4 may be clinically relevant for CRC

patients and represents a potential target for disease-directed therapy [16, 17].

Chemokines and their receptors

Chemokines are a large family of structurally homologous cytokines responsible for inducing chemotaxis,
through binding to a receptor. They are divided into subfamilies according to the number and position of cysteine
residues in the N-terminal portion: C, CC, CXC, and CX3C, where C represents the cysteine molecule and X or
X3, refer to the number of variable amino acid residues separating these cysteines [18].

Produced by different cell types, both constitutively and after induction stimuli, chemokines exert their
effects in an autocrine or paracrine manner, acting via G protein-coupled receptors [19]. In addition to its
chemotactic activity, stimulating the migration of immune, endothelial, mesenchymal stem and malignant
epithelial cells [20], chemokines have other functions, such as participating in embryonic development, acting in
hematopoiesis, angiogenesis, lymphocyte development, cell maturation and directing the movement of
mononuclear cells through the blood [21].

Chemokines are also gaining scientific prominence because of their crucial roles in diseases development
and pathological processes, such as inflammation, autoimmune and infectious diseases, like in human
immunodeficiency virus (HIV) infection and in cancer [5, 6] They are considered key mediators for tumor growth,
angiogenesis, metastases and cellular recruitment for the composition of the tumor microenvironment [20].

Chemokines mediate their functions in target cells through their receptors, which are composed of
transmembrane G protein-coupled receptors. In general, they are 320 to 380 amino acids in length and show
significant sequence homology. In addition, receptors have an N-terminal portion on the outside of the cell surface,
3 intracellular loops, 3 extracellular loops and a C-terminal portion in the cytoplasm [22]. The binding of
chemokines to their ligands triggers conformational alterations in the receptor that culminate in the activation of
the G protein. In this way, the subunits of this protein dissociate, leading to the activation of several signal

transduction pathways [19, 21].
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Receptors are classified as CC, CXC, CX3C, or XC according to the subfamily of their ligands, followed
by the letter R (receptor) and a number that reflects the order of their discovery [22]. Furthermore, the receptors
are divided into two groups: G-protein-coupled chemokine receptors, which act in several signal transduction
pathways, and atypical chemokine receptors, that appear to remove chemokines and contribute to the control of

inflammation in a G protein-independent manner [16].

The CXCL12/CXCR4 axis

Among the chemokines, we can highlight the role of CXCL12 in tumor progression and metastasis. Its
gene, CXCL12, is located at position 10q11.1 and was first clonedinto a bone marrow-derived cell line and later
identifiedas pre-B cell growth stimulating factor (PBSF) [23]. Also called stromal cell-derived factor 1 (SDF-1),
this chemokineis constitutively produced in the bone marrow by immature osteoblasts and endothelial cells, as
well as by epithelial cells in various organs, such as the lung, liver, adrenal glands and lymphnodes [24].

CXCL12 has six isoforms (CXCL12 a to ¢) derived from alternative splicing, with CXCL12a and
CXCLI12p being the most widely studied subtypes. The a isoform is increased in tissue damage but is rapidly
degraded in the blood. In addition, it is the main form secreted by bone mar-row cells and endothelial cells, found
in almost all organs. The B isoform is more resistant to degradation, stimulates angiogenesis and is present in
highly vascularized organs such as liver, spleen and kidney [16].

Literature data suggest that CXCL12 acts as a modulator of cell growth and survival by binding to its
receptor, CXCR4, playing a key role in the homing of stem and hematopoietic progenitor cells. The gene encoding
CXCRd4is located on chromosome 2q2 and is expressed in dendritic cells, naive T cells, natural killer cells and
monocytes [25]. In addition, the production of this chemokine in the initial stage of the disease aids in the process
of angiogenesis and in the growth of tumor cells, while in more advanced stages, production decreases in order to
avoid the recruitment of cytotoxic lymphocytes and increases the metastatic potentialof tumor cells [26], being
implicated in the spread of malignant tumors from the primary site, transendothelial migration of tumor cells and
homing of precursor tumor cells [27]. The expression of CXCR4 in malignant cells indicates that the
CXCL12/CXCR4 axis can influence tumor biology and play a key role in directing metastasis of CXCR4+tumor
cells towards organs that express CXCL12 [28].

The CXCL12/CXCR4 interaction was believed to beunique, until the description of another receptor,
CXCR7, with a strong affinity for CXCL12 [29]. CXCR?7 is part of the G protein-coupled cell surface receptor
family and is alsoassociated with tumor cell survival, migration, adhesion, angiogenesis and metastasis [25].
CXCR7-mediated activation of intracellular signals remains controversial since, unlike typical chemokine
receptors, CXCR7 does not activate heterotrimeric G proteins [16]. The CXCR7 sequence presents a small
modification and when bound to CXCL12, there is no increase in intracellular Ca?* release, an essential step in the
recruitment and activation of G proteins [30]. The CXCR?7 receptor is reported to be highly expressed in many
tumors and tumor-associated blood vessels, includingcancers of the liver, colon, pancreas, prostate and lungs [ 16,
31-33]. In CRC, its role in tumorigenesis probably occurs by means of histone demethylation, through the
formation of heterodimers with CXCR4 [34]. Furthermore, overexpression of CXCR?7 is significantly correlated
with the presence of distant metastasis, advanced TNM stage, reduced overall survival and disease-free survival in

patients with CRC [35].
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Actuation of the CXCL12/CXCR4 axis in the CRC

The CXCL12 chemokine acts in cancer biology by two mainmechanisms. The first is related to direct
autocrine effects, through the activation of signaling pathways that promote tumor cell growth, metastasis and
angiogenesis. The second occurs through indirect effects, where high levels of CXCL12 in tumors attract CXCR4+
inflammatory, vascular and stromal cells to the tumor mass. This favorable microenvironment supports tumor
growth through the secretion ofgrowth factors, cytokines, chemokines and pro-angiogenic factors, so an indirect
effect is that CXCR4+ tumor cells can be recruited to CXCL12-rich mesenchymal stromal niches to initiate
metastasis [4], which can be seen in CRC [28]. Overall, a high CXCR4 expression is clearly associated with an
advanced stage of the tumor, an increased risk of recurrence and distant metastases and poor overall survival of

CRC [13], with an increased risk of death and progression in patients (Figure 1) [17].
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Fig. 1 The tumor microenvironment in CRC. The tumor microenvironment includes both the cellular components
surrounding the tumor mass such as immune cells, fibroblasts and epithelial cells and the ace-cellular components
including the extracellular matrix and blood vessels. Cancer cells release molecules (CXCL12) that modulate the
TMEand contribute to cancer growth through immune evasion, metastatic niche formation, neoangiogenesis
among other functions that contribute to the hallmarks of cancer. “Created with BioRender.com.”

The CXCL12/CXCR4 axis can be regulated by epigenetic, transcriptional and post-transcriptional factors.
Regulation of CXCL12/CXCR4 expression by promoter hypermethylation is common in cancer and studies show
that the CXCL12 gene modulates metastatic potential, where it controls its own regulation in an autocrine loop
[4]. CRC tumor cells can also undergo DNA hypermethylation at the CXCL 2 promoter, resulting in an imbalance
in CXCL12/CXCR4 expression. In this way, tumor cells that lack CXCL12 expression but maintain
overexpression of CXCR4 can selectively spread to target organs in which CXCL12 is highly secreted [36, 37].
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CXCL12 significantly increases several genes associatedwith angiogenesis in tumor cells, such as the /-
6 gene [10].In CRC, IL-6 activates the janus kinase/signal transducer and activator of transcription (JAK/STAT3)
to promotetumor initiation and tumor growth. Thus, the IL-6/STAT3 pathway activates target genes to protect
tumor cells from apoptosis, promote angiogenesis and drive tumor cell proliferation, cell cycle progression,
invasion and metastasis [38].

Studies demonstrate that transcription factors, such as NF-xB, Sp1 and C/EBP-J can be activated through
mitogen-activated protein kinase (MAPK) pathways in CRC cells [39]. Tung et al. [40] proposed a relationship
between this signal transduction pathway, the chemokine CXCL12 and the expression of intercellular adhesion
molecule-1 (ICAM-1). According to the authors, CXCL12 induces extracellular signal-regulated kinase (ERK)
phosphorylation, c-Jun N-terminal kinase (JNK) and p38, which consequently activates NF-xB, Sp1 and C/EBP-
B, leading to their binding to the respective sites on the /CAM-1 promoter, thus resultingin the transcriptional
activation of ICAM-1, facilitating the adhesion of cancer cells to the vascular endothelium and later the promotion
of metastases.

The increase in NF-kB mediated by the activation of the MAPK pathway can also occur by stimulation of
an externalfactor, such as visfatin, an adipokine produced by adipose tissue. Huang et al. [41] suggest that visfatin
induces the expression of CXCL12 through the activation of 1 integrin, the ERK and p38 intracellular signaling
cascades,and the NF-«B transcription factors and activator proteinl (AP-1), thus contributing to the progression
of CRC. In addition, lipopolysaccharides (LPS), normally produced bythe microbiota, also use NF-kB signaling
to induce CXCR4expression in tumor cells, promoting epithelial-mesenchymal transition (EMT) and metastasis
in the CRC [39, 42].

A study by Hu et al. [43] demonstrated a cross-relation- ship between the CXCL12/CXCR4 and Wnt/B-
catenin axisin the CRC, where the CXCR4 receptor could aid in disease progression, invasion and the EMT through
the activation of this signaling pathway. Constitutive activation of the Wnt/p-catenin pathway in CRC can occur
through aberrantsecretion of Wnt factors or a mutation in the adenomatous polyposis coli (APC) gene [44].

Activation of CXCL12 indirectly exerts anti-apoptotic effects on tumor cells. The CXCL12/CXCR4 axis
activates serine-threonine kinase (AKT) and ERK, leading to the accumulation of NF-kB. Accumulation of this
transcription factor can suppress apoptotic signaling. In addition, CXCL12 can suppress tumor cell apoptosis
by inducingthe MAPK-ERK and PI3K pathways, which inactivate the pro-apoptotic protein Bcl-2-associated cell
death agonist (BAD), leading to upregulation of the anti-apoptotic gene Bcl-2 [25, 45].

A hypoxic tumor microenvironment also favors tumorprogression during carcinogenesis through
upregulationof CXCR4 expression in tumor cells by hypoxia-inducible factor 1 (HIF-1), a heterodimeric
transcription factorthat responds to tissue oxygen concentrations. Thus, inhypoxic regions of expanding tumors,
CXCR4 levels can beincreased to facilitate tumor survival and invasion [14, 46].Figure 2 presents the main

mechanisms of action of the CXCL12/CXCR4 axis in the CRC.

Therapeutic strategies targeting the CXCL12/CXCR4 axis in CRC



27

This axis is directly involved in the progression of cancer, which, therefore, have an important role in the
signaling net-work, attracting great interest on the part of researchers in exploring therapeutic measures for this
target. Thus, studiesare seeking inhibitory or antagonist molecules of CXCR4 and CXCL12 that can be used in
the treatment of various types of tumors, including CRC [16, 47].

The first therapy targeted at CXCR4 was AMD3100 (Plerixafor), which acts as an antagonist by binding
to the CXCR4 receptor, preventing the conformational changenecessary to activate intracellular kinases [48]. In
addition, its mechanism of action may be related to the mobilization of CD34+hematopoietic progenitor cells
(HPCs), an increase in circulating neutrophils, lymphocytes and monocytes, a reduction in myeloid-derived
suppressor cells and increased infiltration of cytotoxic T cells into tumors [47]. Because of these functions, its use
was cleared by the Foodand Drug Administration (FDA) in 2008 to mobilize HPCscells for autologous

transplantation in patients with non- Hodgkin lymphoma and multiple myeloma [49].

EMT
Metastasis
t Survival
+ NF-kB HYPOXIA | === HIF-1 == + CXCR4 =—p g
LPS o0
t @ CXCL12
- r— Proliferation
EXTERNAL :
B — —_— -m —  JAK/STAT3 =——p Invasion
FACTORS Mitastasia
1 CXCR4

ACTIVATION OF SIGNAL

Vinfastin
e l l o

+ NF«B Proliferation, Survival
TRANSDUCTION PI3K/AKT
1 PATHWAYS
MAPK/ERK INFkB ——p 1BCl-2 =
EMT
Metastasis 1
. es Transcriptional Adhesion
AralSChptoN fctots activation of ICAM-1 Metastasis

Fig. 2 CXCL12/CXCR4 signaling pathway. Bcl-2 - anti-apoptotic gene; EMT — Epithelial-to-mesenchymal
transition;, MAPK — mitogen-activated protein kinase; ERK — extracellular signal-regulated kinase; PI3K —
phosphatidylinositol-3-kinase; AKT - serine-threoninekinase; JAK/STAT - Janus kinase /signal transducer and
activator of transcription; IL-6 — interleukin 6; ICAM-1- Intercellular Adhesion Molecule 1; NF-kB — nuclear
factor kappa B; LPS - Lipopolysaccharide; HIF-1 — hypoxia-inducible factor 1.

Recent studies have shown that AMD3100 can inhibit tumor growth and metastasis, in addition to acting as
a potent immunomodulator to enhance antitumor immune responsesand prevent the development of a multifaceted
immunosuppressive intratumoral microenvironment [ 50]. Fearon, Janowitz [51] showed that infusion of AMD3100
in patientswith CRC for only 1 week induced intratumoral immune responses that involved multiple mediators
and cells ofboth innate and adaptive immune responses. According to the authors, inhibition of CXCR4 by
AMD?3100 in patients with CRC allowed their pre-existing anticancer immune responses to overcome intratumoral
immunosuppression mediated by CXCL12, through increased expression of genes whose products mediate

cytotoxicity by CD8+T cells, that correlate with decreased expression of genes characteristic of tumor cells. Biasci
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et al. [52] also demonstrate that continuous administration of AMD3100 promotes an integrated immune response
in metastatic lesions of patients with CRC.

Another drug under clinical study is LY2510924, which also acts as a potent and selective antagonist of
CXCR4 [53]. LY2510924 showed dose-dependent inhibition of tumor growth in human xenograft models
developed with non-Hodgkin’s lymphoma, renal cell carcinoma, lung cancer cells and CRC expressing functional
CXCRA4. Further- more, its mechanism of action involves the inhibition of theCXCL12/CXCR4 interaction, with
consequent blocking of signaling [54]. In addition, several clinical studies show thatthe administration of
LY2510924 was associated with a significant increase in CD34+HSCs and leukocytes in circulation [55, 56].

The CXCL12 chemokine has also been studied as apossible therapeutic target in different types of tumors,
including CRC. CXCL12 acts as a communication bridge between tumor cells and their environment and may
confer resistance to checkpoint inhibitors by excluding T cells in preclinical models. Studies show that the use of
molecules that interfere with the mechanisms of failure of cytotoxic Tcells to physically reach tumor cells can
support combined cancer immunotherapy treatments [57, 58].

Evidence indicates that inactivation of CXCL12 by Olaptesed Pegol (NOX-A12) induces alterations in the
tumor microenvironment of patients with CRC and pancreatic cancer, making tumors more susceptible to immuno-
oncological approaches, such as checkpoint inhibition by anti-PD-1.NOX-A12 is an L-configured aptamer
(Spiegelmer) that binds to CXCL12 with high affinity and specificity, blocking the CXCL12/CXCR4 axis. Thus,
inhibition of CXCL12leads to an increase in the infiltration of T cells and natural killer (NK) cells into the tumor
[58, 59].

A phase I/II clinical trial (NCT03168139) evaluated the effects of a combination treatment with NOX-
A12 and anti-PD-1 in patients with later-line CRC and pancreatic ductal adenocarcinoma [60]. According to the
authors, the new approach of specifically inhibiting CXCL12 through a spiegelmer showed activity alone and in
combination with anti-PD-1 in these patients, where the mechanisms of NOX-A12-mediated transformation of the
tumor immune micro- environment included the migration of T and NK cells into the tumor.

New molecules targeting the CXCL12/CXCR4 axis havebeen proposed as possible therapies for CRC.
D’Alterio et al. [61] demonstrated in a preclinical trial that the newly developed CXCR4 antagonist, Peptide R
(Pep R) is able to improve the efficacy of standard CRC therapy targeting cellgrowth and mesenchymal transition,
through inactivation of CXCR4.

Therapeutic strategies have focused on the potential of CXCR4 antagonists to enhance the cytotoxic
effect of chemotherapy and immunotherapy. Furthermore, future therapies may also involve genome editing
technologies to remove harmful “driver mutations” and insert “preventive mutations” on the CXCL12/CXCR4

axis [16].

Conclusion

The CXCLI12/CXCR4 plays an important role in the development of several types of malignant
neoplasms. Activationof this axis results in the induction of signal transduction pathways, with effects on
chemotaxis, cell migration and gene expression. In CRC, increased expression of this axis leads to tumor

progression and the development of metastases, with unfavorable disease progression and poor patient survival.
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Preclinical and clinical studies have been carried outin order to study several drugs that can inhibit
CXCL12/CXCR4 and used in combination with chemotherapy or immunotherapy for the treatment of CRC. In
addition, the development of new research involving genome editing technologies may also represent a future

strategy, allowing a more effective therapeutic targeting against the disease.
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e Artigo 2:

ETIOPATHOGENESIS AND TREATMENT OF COLORECTAL CANCER

ABSTRACT:

Human colorectal cancer (CRC) encompasses tumors affecting a segment of the large intestine
(colon) and rectum, and is the third most commonly diagnosed malignancy and the second
leading cause of cancer deaths worldwide. It is a multifactorial disease, whose carcinogenesis
process involves genetic and epigenetic alterations in oncogenes and tumor suppressor genes,
including genes related to DNA repair. The pathogenic mechanisms are described based on the
pathways of chromosomal instability, microsatellite instability, and CpG island methylator
phenotype. When detected early, colorectal cancer is potentially curable, and its treatment is
based on the pathological characteristics of the tumor and factors related to the patient, as well
as on drug efficacy and toxicity studies. Therefore, the objective of this review is to discuss
epidemiological patterns of colorectal cancer, highlight the main risk factors, explain the
pathogenesis and molecular subtypes, and describe the main targets of disease-directed therapy
used in patients who are refractory to current treatments.

Keywords: colorectal neoplasms; carcinogenesis; mutations.

INTRODUCTION

Human colorectal cancer (CRC) encompasses tumors that affect a segment of the large
intestine (the colon) and the rectum (INCA, 2020). The most recent global estimate shows
around 1.066 million new cases of CRC in men, being the third most common tumor among all
cancers, with an estimated risk of 23.4/100 thousand. For women, there were around 865
thousand new cases, being the second most common tumor, with an incidence rate of 16.2/100
thousand (IARC, 2020).

The main risk factors associated with the development of the disease include: a family
history of CRC, age, sedentary lifestyle habits, obesity, and the presence of some inflammatory
bowel diseases, such as Crohn's disease and chronic ulcerative colitis; and hereditary intestinal
diseases, such as familial adenomatous polyposis (FAP) and hereditary non-polyposis

colorectal cancer (HNPCC) (MARMOL et al., 2017).
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CRC carcinogenesis occurs through genetic and epigenetic alterations in oncogenes and
tumor suppressor genes, including genes related to DNA repair mechanisms (DEKKER et al.,
2019; FEARON and VOGELSTEIN, 1990). The pathogenic mechanisms involve chromosomal
instability (CIN), microsatellite instability (MSI), and CpG island methylator phenotype
(CIMP) (KEUM et al.,, 2019) and, depending on the origin of the mutation, colorectal
carcinomas can be classified as sporadic, hereditary, and family (MARMOL etal., 2017).

CRC is treatable and, in most cases, is curable when detected early (INCA, 2020).
Assessment of the anatomical extent of the disease through clinicopathological staging is an
important prognostic factor for defining CRC treatment, which involves surgical resection for
initial tumors, radiotherapy, and chemotherapy (BENSON et al., 2021). Furthermore, new
therapies have been introduced, such as the use of monoclonal antibodies and immunotherapy,
aiming at a more targeted treatment, with an improvement in the prognosis and overall survival
of patients with CRC (SANTOS et al., 2018). Therefore, the objective of the current review
was to discuss epidemiological patterns of CRC, highlight the main risk factors, explain the

pathogenesis and molecular subtypes, and describe the main treatments used in the disease.

1.1 Incidence and Mortality

According to the International Agency for Research on Cancer (IARC), for the year
2020, approximately 1.9 million new cases of CRC and 935 thousand deaths from the disease
were estimated, making it the third most commonly diagnosed malignancy and the second
leading cause of cancer deaths worldwide (IARC, 2020).

Geographic variations in incidence are wide: continents such as North America (26.2
per 100,000), Europe (30.4 per 100,000), and Oceania (29.8 per 100,000) have high incidence
rates, while Africa ( 8.4 per 100,000), Latin America and the Caribbean (16.6 per 100,000), and
Asia (17.6 per 100,000) have the lowest incidence rates. This variation is due to multiple
factors, such as life expectancy, the genetics of each population, lifestyle habits, and quality of
disease registry data (IARC, 2020).

According to Arnold and collaborators (2017), it is possible to identify three distinct
global temporal patterns linked to the development of CRC. The first is related to the increase
in incidence and mortality in the most recent decade, mainly in the Baltic countries, Russia,
China, and Brazil. In the second pattern, an increase in the incidence is observed but with a

decrease in mortality, in Canada, the United Kingdom, Denmark, and Singapore. In the third
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pattern, there is a decrease in both the incidence and mortality in the United States, Japan, and
France.

The increase in incidence in some countries is due to the process of economic growth
and westernization, which may result in a sedentary lifestyle and an increase in obesity in the
population, important risk factors for CRC (WCRF, 2017). The decrease in mortality in
developed countries is mainly due to improvements in diagnosis, with an increase in early

detection, and advances in the treatment of the disease (ARNOLD et al., 2017).

1.2 Risk Factors

Family and hereditary factors:

The risk of developing CRC increases by more than twice in individuals who have a
first-degree relative (e.g., parents and siblings) with the disease and, when two or more first-
degree relatives have CRC, this risk almost doubles, rising to four times, becoming even more
alarming when relatives are diagnosed with CRC before age 50 (AHMAD et al., 2021;
BUTTERWORTH et al., 2006). This occurs when the germ cells of the progenitors present
mutations  shortly after fertilization, leading to hereditary cancer syndrome
(GOODENBERGER et al., 2016).

Among hereditary CRC, HNPCC is the most common syndrome, representing
approximately 3% of all cases of the disease. Its main characteristic is high microsatellite
instability (MSI-h), caused by genetic mutations in germ cells that affect some DNA mismatch
repair (MMR) genes, such as the mut-L homolog (MLH1), mut-S homolog 2 (MSH?2), human
mut-S homolog 6 (MSH6), and human postmeiotic segregation gene 2 (PSM2) (KEUM and
GIOVANNUCKCI, 2019).

Age:

Around 90% of global cases and deaths from CRC occur in patients over 50 years of
age, meaning it is considered a disease of aging (IARC, 2020). However, it has been observed
that, in recent years, there has been a global increase in the incidence of individuals under the
age of 50 years affected by the disease (LOW et al., 2020). The reasons for this increase are
still unknown, but it is believed that they may be related to factors such as: obesity, lack of
physical exercise, alcohol consumption, processed foods, in addition to the urbanization

process, and environmental pollution (VUIK et al., 2019).
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CRC in young adults is also due to hereditary factors and family history, however, the
vast majority of cases appear sporadically in individuals who present an average risk. It is a
tumor characterized by a more advanced stage at diagnosis and less cellular differentiation
(MAURI et al., 2019). Due to the increased incidence in young adults, the American Cancer
Association recommends that screening of adults with a family history of CRC should be

performed, starting at age 45 (KEUM and GIOVANNUCCI, 2019).

Active lifestyle and nutritional factors:

Regarding quality of life, it has been shown that practicing at least 150 minutes/week of
moderate-intensity physical exercise (MIPE) and eating a balanced diet, rich in unprocessed
foods, such as fruits and cereals, provide greater protection against the development of CRC
(HULTCRANTZ et al., 2021; SONG et al., 2019).

The protective role of MIPE in preventing the emergence of CRC has not yet been fully
elucidated. However, it has been shown that the practice increases metabolic rates and intestinal
motility, conditions directly related to the lower incidence of this cancer (ROBERTSON, 2012).
Therefore, a sedentary lifestyle is an important risk factor for the emergence of CRC (DE
REZENDE et al., 2018).

Excessive intake of ultra-processed foods, rich in fat, also predisposes to the
development of CRC. This is because visceral fat causes inflammation in the colorectal region,
stimulated by pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a) and
interleukin 6 (IL-6), released by adipocytes. In this context, an inadequate diet can increase the

chances of developing CRC by up to 70% (WILLETT, 2005).

Alcohol:

Daily intake of alcoholic beverages, even in low quantities, leads to an increased risk of
developing the disease when compared to people who do not drink alcohol or those who drink
it sporadically (CHOI et al., 2018).

Acetaldehyde represents the main carcinogenic metabolite derived from alcohol
(MARMOL et al., 2017). In the intestine, acetaldehyde causes damage to the mucosa and it
accumulates in this region due to the low capacity of intestinal cells to metabolize this
metabolite. Thus, acetaldehyde destroys folic acid, which is important for adequate DNA
synthesis and methylation, contributing to the development of CRC (ZHANG et al., 2021).
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Cigarettes:

Cigarettes are composed of components that are harmful to the body (e.g., aromatic
polycyclic hydrocarbons and nicotine). Data from the literature indicate that smoking leads to
a 2 to 3 times greater risk of developing CRC compared to non-smokers. Furthermore, the risk
increases with the dose and duration of exposure (SAWICKI et al., 2021; SONG et al., 2019).

This greater predisposition to developing CRC in smokers can be better understood by
the fact that cigarette components, inhaled in the smoke, easily reach various organs, including
the colorectal mucosa via the circulatory system. In contact with colorectal cells, toxic
substances can induce genetic and epigenetic alterations (GIOVANNUCCI and MARTINEZ,
1996). According to Amitay and colleagues (2020), smokers are at an increased risk of
developing CRC with the following molecular characteristics: the presence of MSI, a high level
of CpG island methylator phenotype (CIMP-h), and mutations in the v-raf murine sarcoma viral

oncogene homolog B1 gene (BRAF).

1.3 Etiology

The etiology of CRC depends on the origin of the mutation and can be classified into
sporadic, hereditary, and familial carcinomas (DEKKER et al., 2019). Approximately 70% of
CRC are sporadic, that is, they occur in individuals without a family history of the disease or
hereditary genetic mutations (KEUM and GIOVANNUCCI, 2019). The molecular
pathogenesis of these cancers is heterogeneous, as they arise from somatic genetic mutations
and epigenetic alterations, largely attributable to potentially modifiable risk factors
(JASPERSON et al., 2010). Sporadic CRC is common among older adults, likely as a result of
greater temporal exposure to environmental, dietary, and aging factors (ARVELO et al., 2015).

Hereditary tumors are responsible for around 5% of CRC, originating from an inherited
mutated allele. For the caecinoma to be triggered, a point mutation in the other allele is
necessary (MARMOL et al., 2017). These tumors are classified by the presence or absence of
associated polyposis. CRC with polyposis mainly involves FAP, characterized by the formation
of multiple potentially malignant polyps in the colon (LYNCH; DE LA CHAPELLE, 2003). It
is an autosomal dominant disease caused by a mutation in the tumor suppressor gene
adenomatous polyposis coli (APC), located on the short arm 21 of chromosome 5. Mutations
in this gene lead to loss of function of the APC protein, resulting in hyperactivation of the
Wnt/B-catenin signaling pathway, with a consequent increase in cell growth, differentiation,

dissemination, and adhesion of colorectal cells (NOJADEH et al., 2018).
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Regarding HNPCC, the main cause is Lynch syndrome, which occurs due to mutations
in the germline in one of several MMR genes (MSH2, MLHI, MSH6, and PSM2) (LYNCH et
al., 2009; UMAR, 2004). Inactivation of these genes hinders DNA repair, causing a change in
the DNA's tandem repetitive sequences or microsatellites, resulting in the development of a
phenotype known as MSI (NOJADEH et al., 2018). Importantly, this instability is not specific
to Lynch syndrome and approximately 12% of sporadic CRC cases also present with MSI
(DEKKER et al., 2019).

The third form is known as familial CRC, representing around 20-30% of all cases of
the disease. The etiology of this form of CRC is heterogeneous, as multiple genes can contribute
to the development of the disease. This is believed to be related to alterations in a series of less
penetrant susceptibility genes different from those associated with well-defined hereditary

syndromes (JASPERSON et al., 2010).

1.4 Pathophysiology of CRC

The process of colorectal carcinogenesis begins in stem cells present in colonic crypts.
Through the progressive accumulation of genetic and epigenetic alterations that inactivate
tumor suppressor genes and activate oncogenes, these stem cells become cancerous. As a result,
an aberrant crypt forms, evolving into a neoplastic precursor lesion (defined as a polyp) and,
subsequently, progressing to carcinoma (MEDEMA, 2013; NASSAR e BLANPAIN, 2016).

There are two main precursor lesion pathways: the adenoma-carcinoma sequence (also
known as the classical pathway or chromosomal instability pathway) leading to 70-90% of
colorectal cancers and the serrated neoplasia pathway, representing 10-20% of cases of the
disease (DEKKER et al., 2019).

The adenoma-carcinoma sequence was initially described by Fearon and Volgestein in
1990 (Figure 1). In this pathway, the adenoma acts as a precursor to CRC, where the initial
adenomatous polyp (<lcm in size, with tubular or tubulovillous histology) slowly progresses
to an advanced adenoma (>1cm in size and/or with villous histology) until the appearance of
cancer, as a result of the gradual accumulation of genetic and epigenetic alterations (FEARON

and VOLGESTEIN, 1990; MARMOL et al., 2017).



38

Dysplasia i Adenoma ; Carcinoma Invasive colon cancer
/V’. H
- ‘ 2 ‘
oy ‘ e
('ul A."J : :g.\? K
» s ‘ e
57N | s W
\ 10 ;7‘1 : P ,’!‘ ‘ -~ ‘.v' ..‘
J ; o* i s o
 Loss of function © Gain of function in { 18qLOH | Inactivationof o gy
¢ inthe APC gene . the KRAS oncogene : DCC, SMAD2 e SMAD4 . the TP53 gene
PRE-CANCER PRE-CANCER | CANCER CANCER
Adenoma-carcinoma T t j / \ : ; T
progression WNT Signaling | MAPK Signaling \ : PI3K TGFp | ! p53 Signaling }
; Signaling Signaling g

Figure 1: Adenoma-carcinoma progression model in CRC. In the adenoma-carcinoma sequence, an initial
adenomatous polyp slowly progresses to advanced adenoma and subsequent cancer through genetic and epigenetic
alterations, such as loss of function of the APC gene, with changes in the Wnt signaling pathway; gain-of-function
in the oncogene KRAS, through activation of the MAPK pathway; loss of heterozygosity on chromosome 18q in
tumor suppressor genes, such as DCC, SMAD?2, and SMAD4, activating the PIK3 and TGFp signaling pathways;
Furthermore, inactivation of the 7P53 tumor suppressor gene may also occur. Alterations in the aforementioned
signaling pathways contribute to uncontrolled proliferation and survival of cancer cells, culminating in the
development of CRC. APC - adenomatous polyposis coli; KRAS - Kirsten rat sarcoma; MAPK — Mitogen-activated
protein kinase; LOH — loss of heterozygosity; DCC - netrin-1 receptor; PIK3 - Phosphatidylinositol 3-kinase;
TGFp - Transforming growth factor-beta; TP53 - gene that encodes the tumor protein p53. Source: author’s own
work (Created with_BioRender.com).

The etiology of this pathway is heterogeneous, as multiple genes contribute to the
development of the disease, including loss-of-function of the 4APC tumor suppressor gene, gain-
of-function of the Kirsten rat sarcoma oncogene (KRAS), in addition to loss-of-function of
tumor suppressor genes encoding the netrin-1 receptor (DCC), and the tumor protein p53
(TP53), assisting in the transition from advanced adenoma to adenocarcinoma (FEARON and
VOLGESTEIN, 1990; MORAN et al., 2010).

In addition to the development of CRC via the adenoma-carcinoma sequence,
approximately 10-20% of colon and rectal tumors may arise via the serrated pathway
(MULLER et al., 2016). Serrated polyps form a heterogeneous group of colorectal lesions that
include hyperplastic polyps (HPs), sessile serrated adenomas/polyps (SSA/P), traditional
serrated adenomas (TSA), and a combination of two or more features, previously classified as
mixed polyps (MP) (MAKINEN et al., 2001).

Serrated CRC can occur via two different molecular pathways: the sessile serrated
pathway and the traditional serrated pathway (Figure 2). The sessile serrated pathway occurs
most frequently in the proximal colon and begins with a BRAF gene mutation (KAMBARA et
al., 2004; O’BRIEN et al., 2006). This mutation leads to constitutive activation of the mitogen-

activated protein kinase (MAPK) pathway and uncontrolled cell division. As a result, normal
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mucosa is transformed into HPs which, after hypermethylation of the p/6 tumor suppressor
gene and the gene encoding insulin-like growth factor binding protein 7 (IGFBP7), evolve into
SSA/P (KRIEGL et al., 2011; WAJAPEYEE et al., 2010).

’ SESSILE SERRATED PATHWAY

BRAF p16, IGFB7 Gene promoter
mutations methylation methylation
_— E— —_— —_—

SERRATED
ADENOCARCINOMA

NORMAL MUCOSA HP SSA/P SSAD

TRADITIONAL SERRATED PATHWAY

BRAF, KRAS Gene promoter
mutations methylation SERRATED
< : > ~— " ADENOCARCINOMA
NORMAL MUCOSA TSA TSA HGD

Figure 2: CRC serrated pathway. Transformation of normal colon mucosa to serrated adenocarcinoma by two
different molecular pathways: the sessile serrated pathway and the traditional serrated pathway. BRAF - v-raf
murine sarcoma viral oncogene homolog B1 gene; KRAS - Kirsten rat sarcoma; pl6 - tumor suppressor gene p16;
IGFB7 - insulin-like growth factor-binding protein 7; HPs - hyperplastic polyps; SSA/P - sessile serrated
adenoma/polyp; SSAD - sessile serrated adenoma with high-grade dysplasia; TSA - traditional serrated adenoma;
TSA HGD - traditional serrated adenoma with high-grade dysplasia. Source: author’s own work.

Transformation into sessile serrated adenoma with high-grade dysplasia (SSAD) occurs
mainly due to epigenetic alterations in the MLH1 gene, with consequent amplification of MSI
or, less frequently, due to hypermethylation in other genes, such as O(6)-Methylguanine-DNA
Methyltransferase (MGMT), with a stable number of microsatellites (MSE). When MLHI
methylation occurs, the tumor presents the following phenotype: mutations in the BRAF gene,
CIMP-h, and MSI-h. When methylation occurs in other gene promoters, the tumor is
characterized by mutations in BRAF, CIMP-h, and MSE (DE PALMA et al., 2019).

The traditional serrated pathway frequently occurs in the distal colon and rectum. The
carcinogenic mechanism driving malignant transformation are mutations in the KRAS or BRAF
genes in the normal colon that, together with MGMT or other genetic methylation alterations,
progress malignantly to TSA, high-grade dysplasia, and serrated adenocarcinoma (NGUYEN
et al., 2020).

In addition to the adenoma-carcinoma sequence and the serration pathway, some authors
propose an alternative pathway to explain MSI (DEKKER et al., 2019). According to Raskov
et al. (2020), this pathway occurs through germline mutations in the DNA repair genes MLH1,
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MSH2, MSH6, and PMS2, epigenetic silencing, mainly through hypermethylation of the MLH1

gene, and somatic mutations in the BRAF gene.

1.5 CRC Molecular Pathways

The process of colorectal carcinogenesis involves genetic alterations, described through
the CIN and MSI pathways, and epigenetic alterations, such as the CIMP pathway
(HULTCRANTZ et al., 2021). Initially, these pathways were described as independent

mechanisms, however, recent evidence indicates a crosstalk between them (HONG, 2018).

1.5.1 Chromosomal Instability (CIN)

The CIN pathway is characterized by changes in the number of chromosome copies,
resulting in the activation of growth-promoting pathways and/or decreased activity of apoptotic
pathways (JUNG et al., 2020). This imbalance favors the emergence of tumors with aneuploidy
(abnormal number of chromosomes) and loss of heterozygosity (LOH) (AALTONEN et al.,
1994). The mechanisms of this pathway include chromosomal segregation, telomere
dysfunction, and changes in the response to DNA damage, which can disrupt tumor suppressor
genes and activate oncogenes (HONG, 2018).

Mutations can occur that inactivate the APC tumor suppressor gene, resulting in
hyperactivation of the Wnt/B-catenin signaling pathway. This, in turn, plays a fundamental role
in the differentiation of stem cells and cell growth. Therefore, alterations in this pathway can
lead to unregulated cell proliferation and tumor development (ZHAO et al., 2022). Another
mutation occurs in the KRAS oncogene. This gene encodes small proteins (21 kDa) that bind
guanosine triphosphate (GTP) (JIMENO et al., 2009; LIEVRE et al., 2008) and, when in the
mutated state, result in its constitutive activation, leading to disordered cell growth (AHMAD
et al., 2021).

LOH at chromosome 18q is found in more than 70% of advanced stage colorectal
tumors. This change occurs mainly in the DCC gene and in genes that encode proteins present
in the transforming growth factor-beta (TGF-P) pathway, such as SMAD2/4. Normally, TGF-
B signaling inhibits the cell cycle, acting on processes such as growth, differentiation, and
apoptosis. Therefore, the loss or inactivation of these genes may allow uncontrolled cell growth

and evasion of apoptosis (JUNG et al., 2017).
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Furthermore, inactivation of the tumor suppressor gene 7P53 may also occur, which
contributes to the progression of CRC (ARMAGHANY et al., 2012). This gene is located on
the short arm of chromosome 17 (17p13.1) and encodes a 53 kDa phosphoprotein, which plays
an important role in cell cycle control, inducing DNA repair or apoptosis (HAINAUT and
HOLLSTEIN, 2000; LANE and LEVINE, 2010). Mutations in this gene make DNA repair
impossible, allowing the proliferation of tumor cells and the accumulation of other mutations
(MALKI et al., 2020).

Clinically, colorectal tumors with CIN are associated with distal location and have a
worse prognosis (LIPKIN et al., 2001; LYNCH and DE LA CHAPELLE, 2003; RASKOV et
al., 2014). CIN-positive CRC is predominantly associated with the adenoma-carcinoma
sequence, but it is unclear whether this instability is behind the accumulation of mutations in

critical tumor suppressor genes and oncogenes, or vice versa (PINO and CHUNG, 2010).

1.5.2 Microsatellite Instability (MSI)

The process of CRC carcinogenesis involves the DNA repair system. This system acts
during replication, being responsible for replacing nucleotides that present incorrect pairing
(VASEN, 2000). Its inactivation can lead to the erroneous accumulation of paired nucleotides
and a predisposition to carcinogenesis. Mutations in MMR genes cause a deficiency in this
system, producing MSI (AFRASANIE et al., 2019).

Microsatellites are short sequences (1 to 6 base pairs) repeated throughout the genome.
Any inconsistency in the number of microsatellite nucleotide repeats, when compared to normal
tissue, is referred to as MSI, resulting from a failure of the mismatch repair mechanism to
correct DNA base errors (RASKOV et al., 2020).

MSI is detected in approximately 15% of patients with CRC, with 3% of cases
associated with Lynch syndrome, the most common form of hereditary CRC. Lynch syndrome
is an autosomal dominant condition with incomplete but high penetrance, caused by germline
mutations in the genes MLHI, MSH2, MSH6, and PMS2 (GELSOMINO et al., 2016). The other
12% of patients have sporadic CRC with MSI, characterized by mutations in the BRAF gene
and hypermethylation of the MLHI gene, through association with CIMP (AFRASANIE et al.,
2019; COLLE et al., 2017).

The National Cancer Institute (INCA) recommends, for the assessment of MSI status in
CRCs, the use of a panel containing 5 markers, analyzed by polymerase chain reaction (PCR),

where 3 are dinucleotide repeat markers (D2S123, D5S346, and D17S250) and 2 are
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mononucleotide repeat markers (BAT 26 and BAT 25) (BOLAND et al., 1998). Based on this
assessment, the MSI status of CRCs can be classified as MSI-high, when there is the presence
of instability of at least two markers; MSI-low in cases of instability in a marker, and
microsatellite stable (MSE), when there is no marker present (HONG, 2018).

Studies have revealed that the MSE/MSI-1 and MSI-h groups present distinct genomic
profiles, in addition to different phenotypes and prognoses, where the MSI-h group
demonstrates, from a clinical point of view, a predominance of the proximal colon, little
histological differentiation and /or mucin production, and an increase in tumor-infiltrating
lymphocytes (RYAN et al., 2017). Furthermore, MSI-h tumors diagnosed at a younger age,
often originate from sessile serrated adenoma, and are diagnosed at an earlier stage compared

to MSE CRCs, most commonly in stage I[I (POLOM et al., 2018; VILA et al., 2023).

1.5.3 CpG Island Methylation Phenotype (CIMP)

Epigenetic instability, responsible for CIMP, is also found in CRC. This pathway is
characterized by epigenetic molecular changes that lead to alterations in gene expression or
function (VAN ENGELAND et al., 2011). The process of DNA methylation is one of the most
common modifications, involving the addition of a methyl group (CH3) to the CS5 position of
the cytosine ring by DNA methyltransferases (DNMTs), resulting in 5-methylcytosine. This
modification occurs in CpG dinucleotides, which are regions of DNA where cytosine residues
are followed by guanine residues and linked by a phosphodiester bond (JUNG et al., 2020).

DNA hypermethylation usually occurs in CpG islands present in gene promoters.
Therefore, this promoter CpG hypermethylation is associated with transcriptional suppression
of tumor suppressor genes in cancer cells. In the case of CRC, this event was identified in the
promoter regions of important tumor suppressor genes, including APC and MLH1 (KEUM and
GIOVANNUCKCI, 2019).

CIMP is found in approximately 35% of colorectal tumors and is frequently associated
with a proximal location, the female sex, advanced age, mucinous histological features, and an
advanced stage (JUNG et al., 2020). Furthermore, it is highly associated with the serrated
pathway of colorectal carcinogenesis and with mutations in the BRAF gene (GALLOIS et al.,
2018). The mutation of this oncogene is considered an initial event for the formation of
hyperplastic polyps, as it induces uncontrolled cell proliferation through the constitutive
activation of the MAPK pathway. After hyperplastic polyp formation, CIMP promotes

progression to sessile serrated adenoma and subsequent cancer (LI et al., 2021).
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1.6 Molecular classification of CRC subtypes

CRC is a heterogeneous disease, therefore, stratifying patients based on gene
expression profiles aids in clinical accuracy and understanding of the disease (KOMOR et al.,
2018). With this in mind, the International CRC Subtyping Consortium analyzed 4,151 patients
with the disease and, after applying grouping techniques, 4 consensus molecular subtypes

(CMS) were classified, as shown in table 1 (GUINNEY et al., 2015).

Table 1: Consensus molecular subtypes of CRC.

CMS1 CMS2 CMS3 CMS4
(MSI-immune) (Canonic) (Metabolic) (Mesenchymal)
- Mesenchymal
- MSI and CIMP-h - WNT and MYC - Mixed MSI, CIMP-1 activation
- Mutated BRAF and pathways - Mutated KRAS - Stromal infiltration,
Genetic Alterations TGFBR?2 -1 ANCS - | ANCS EMT activation
- Immune infiltration and - Negative CIMP, MSE - Epithelial signature and - CIMP-1, MSE, or
activation or MSI-1 metabolic dysregulation MSI-1
- Angiogenesis
. . - 14% of CRC
Characteristics - Female, advanced age, -37% of CRC 13% of CRC -23% of CRC

. - Left colon and rectum - Stages III and IV
right colon.

Worse overall and
relapse-free survival
compared with other

. . Better survival rate Better survival rate after
Prognostic Very low survival rate
after relapse compared  relapse compared to other

fter rel
altet relapse to other subtypes subtypes

subtypes

Legend: 1 - increase; | - decrease; CNAS — Somatic Copy Number Alterations; EMT - Epithelial-mesenchymal transition.
Source: author’s own work.

In addition to the 4 subtypes, there are samples with mixed characteristics (13%) that
possibly represent a transitional phenotype or intratumoral heterogeneity (GUINNEY et al.,
2015). It is important to highlight that although CMS classification aids understanding of the
complexity of the molecular characteristics of CRC, it does not suggest a therapeutic

stratification (HONG et al., 2018; KOMOR et al., 2018).

1.7 Treatment

CRC treatment is based on factors related to the pathological characteristics of the

tumor, such as disease staging, the presence of markers such as MSI, KRAS, and BRAF', as well
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as factors related to the patient (age and presence of comorbidities) and the efficacy and toxicity
profiles of the medications. All of these factors help in decision-making regarding the use of
adjuvant therapy for these patients (KIM et al., 2015).

Non-metastatic CRC is initially treated with surgery and, depending on the stage of the
disease, adjuvant chemotherapy is recommended (MARMOL et al., 2017). The treatment of
high-risk stage II and III patients, i.e., patients with T4 tumors, poorly differentiated histology,
lymphovascular and/or perineural invasion, the presence of intestinal obstruction or perforation,
positive or indeterminate margins, and inadequate lymph node sampling (< 12 dissected lymph
nodes) is performed with combined regimens of 5-fluorouracil (5-FU), capecitabine, leucovorin
(LV), oxaliplatin and irinotecan, such as the FOLFOX (LV + 5-FU + oxaplatin) and XELOX
regimens (capecitabine + oxaplatin) (Protasio, 2010).

Approximately 50 to 60% of patients diagnosed with CRC develop metastases (VAN
CUTSEM, et al., 2006). Treatment of metastatic disease involves the administration of single
or combined drugs, considering the goals of therapy, the type and timing of previous therapy,
the mutational profile of the tumor, and the different toxicity profiles of the drugs. Based on
these aspects, the first line of treatment for patients with metastatic CRC able to receive
intensive therapy involves the use of chemotherapy regimens, such as FOLFOX, XELOX, or
FOLFIRI (LV + 5-FU + irinotecan), associated with the anti-VEGF bevacizumab (BENSON
etal., 2021).

When the tumor is located on the left side of the colon, and has wild-type KRAS, NRAS,
and BRAF genes and MSE, FOLFOX and FOLFIRI can be combined with anti-EGFR
monoclonal antibodies (cetuximab and panitumumab). For tumors with the
mutation BRAF V°%°F previously treated with chemotherapy, the combination of encorafenib
with cetuximab is indicated. In cases of MSI tumors, pembrolizumab or nivolumab, alone or in
combination with ipilimumab, should be offered as first-line therapy due to longer progression-
free survival compared to chemotherapy with or without bevacizumab or cetuximab (MORRIS
etal., 2023).

As can be seen, in addition to classical therapeutic regimens, immunotherapy and
targeted therapy regimens are becoming an increasingly important part of the metastatic CRC
treatment landscape, helping to increase the overall survival of these patients (BENSON et al.,

2021; POTOCKI et al., 2023).
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1.8 Key molecular targets for CRC targeted therapy

1.8.1 RAS/MAPK/MEK Signaling

e FEGFR and KRAS:

The epidermal growth factor receptor (EGFR), originally isolated and sequenced by S.
Cohen (1980), is a transmembrane receptor with tyrosine kinase (RTK) activity belonging to
the ErB family. It is located on the short arm of chromosome 7 and has 28 exons (RIELY et al.,
2006). EGFR is comprised of an N-terminal extracellular binding domain, a lipophilic
transmembrane domain, and a C-terminal intracellular tyrosine kinase domain (SEGATTO et
al., 2011). Specific bindings to the extracellular domain lead to the formation of homo- or
heterodimers. This dimerization causes a change in the receptor conformation and promotes the
activation of the tyrosine kinase domain, resulting in the transphosphorylation of tyrosine
residues in the C-terminal domain (MITSUDOMI and YASUSHI, 2010).

The Ras/MAPK, PI3K/Akt, and JAK/STAT signaling pathways are activated, initiating
the signal transmission cascade, with consequent cell growth and proliferation. These key
signaling molecules can be affected by genetic mutations, altering the process of carcinogenesis
and leading to uncontrolled proliferation, angiogenesis, inhibition of apoptosis, invasion, and
metastasis (JORISSEN et al., 2003; NORMANNO et al., 2006; SEGATTO et al., 2011).

The most common somatic mutations in the EGFR gene are deletions in exon 19
(dels746-750) or a substitution of leucine for arginine in codon 858 of exon 21 (L858R). These
two types of mutations exist in the ATP-binding domain of tyrosine kinase and are considered
EGFR-activating mutations. Such alterations often occur concomitantly with increased
production of EGFR ligands due to autocrine or paracrine loops. Furthermore, mutations in
EGFR determine abnormal receptor trafficking, which contributes to increased signaling and
tumor development (JURISIC el al., 2018; SIGISMUND et al., 2018).

In recent years, antineoplastic drugs that act on receptors and oncogenic signaling
pathways have been developed and demonstrated efficacy in the treatment of CRC. Therapy
can be carried out through the use of monoclonal antibodies directed against the external portion
of EGFR, such as panitumumab or cetuximab (JIANG et al., 2013; VAN CUTSEM et al.,
2007).

Cetuximab is a chimeric IgG1 monoclonal antibody that binds to the extracellular
portion of EGFR. This binding inhibits phosphorylation of the receptor and the consequent

cascade of biochemical events that would result in stimulation of cell proliferation (BASELGA,
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2001). In metastatic CRC refractory to previous treatments and irinotecan, the addition of
cetuximab appears to reverse resistance to this chemotherapeutic drug (CUNNINGHAM et al.,
2004; VAN CUTSEM etal., 2007). Panitumumab is a humanized antibody that also recognizes
EGFR and can be used in patients with metastatic CRC refractory to chemotherapy (VAN
CUTSEM et al., 2007). It has been demonstrated that these drugs are effective for the treatment
of patients with CRC who do not have a mutation in the KRAS gene (BOKEMEYER et al.,
2011; MAUGHAN et al., 2011; TVEIT et al., 2012).

The KRAS gene was initially described by Scolnick et al. as a cancer-causing virus,
known as Kirsten Sarcoma virus (MALUMBRES and BARBACID, 2003) and in the 1980s, it
was identified as an oncogene involved in the pathogenesis of many cancers (BAINES et al.,
2011). KRAS belongs to the superfamily of Ras proteins, and, together with the genes
Neuroblastoma rat sarcoma viral oncogene homolog (NRAS) and Harvey rat sarcoma viral
oncogene homolog (HRAS), acts downstream of tyrosine kinase receptors, for example EGFR,
controlling processes, such as cell proliferation, cell differentiation, cell adhesion, apoptosis
and cell migration (AFRASANIE et al., 2019).

Ras proteins have intrinsic GTPase activity, that is, their activation and regulation
mechanism depends on GTP binding and hydrolysis. Under normal conditions, in which the
KRAS gene encodes the protein in its so-called wild-type state, the binding of a growth factor
to its membrane receptor (EGFR) activates the Ras protein, providing enzymatic events that
culminate in the activation of genes for the maintenance of the neoplastic phenotype (PORRU
et al., 2018). KRAS is deactivated when the GTP molecule is converted into a guanosine
diphosphate (GDP) molecule (MCCORMICK, 2015). However, in the presence of somatic
mutations in this gene, protein activation occurs independently of the presence of the growth
factor, leading to the constitutive activation of downstream pathways, including the RAF-MEK-
ERK and PI3K pathways, in addition to corroborating disordered cell growth (HARDIMAN,
2018; HUANG et al., 2018).

Mutations in the KRAS gene occur in approximately 30% to 40% of CRC patients
(HAIGIS, 2017), being most frequently observed in codons 12 and 13 of the gene. The main
mutations that occur in codon 12 include the change in the amino acid glycine at this position
to aspartic acid (p.G12D), and in glycine to valine (p.G12V) or to cysteine (p.G12C). In codon
13, the most frequent mutation is ¢.38G>C, resulting in the change in the amino acid glycine to
aspartic acid (p.G13D) (KAMPMAN et al., 2000; LIEVRE et al. 2010; SAMEER et al. 2009).

The glycine to cysteine mutation at position 12 resides close to a pocket called switch-

IT (S-IIP) and favors the active form of the KRAS protein, resulting in an oncoprotein
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predominantly linked to GTP, with greater proliferation and survival in tumor cells. The
discovery of this allosteric site allowed the development of the first inhibitor specifically
targeting KRAS p.G12C approved by the Food and Drug Administration (FDA) in 2021, called
sotorasib. The drug specifically and irreversibly binds to cysteine 12 (Cysl12) in the S-IIP
pocket, locking the KRAS protein p.G12C in an inactive state (HUANG at al., 2021; ZHU et
al., 2022).

According to studies, the use of sotorasib produces considerable clinical benefits and
lower gastrointestinal and hepatic adverse effects. Furthermore, the majority of CRC patients
presented disease control, with a median duration of stable disease of 5.4 months and a median
progression-free survival of 4 months, with conventional therapies having a median

progression-free survival rate of 1.9 to 2.1 months (HONG et al. 2020).

o BRAF:

The BRAF gene encodes a cytoplasmic serine-threonine kinase (B-raf) protein, playing
a role in activating the MAPK pathway, through downstream action on the Ras protein
(GARCIA-CARBONERO et al., 2020). Activation of this signaling cascade contributes to cell
growth, proliferation, differentiation, migration, survival, and angiogenesis (AFRASANIE et
al., 2019).

More than 40 missense mutations in BRAF, involving 24 different codons, have been
identified in human cancer (XING, 2005). Approximately 90% of cases of BRAF mutation
occur due to the exchange of thymine for an adenosine at nucleotide T1799A in exon 15,
resulting in a substitution of valine for glutamate at codon 600, called V6OOE (WAN et al.,
2004). This mutation leads to constitutive activation of the pro-proliferative MAPK pathway
(CAPUTO et al., 2019).

Around 10% of all patients suffering from CRC present a mutation in the BRAF gene
(COHEN et al.,, 2017) and studies show that several clinicopathological parameters in
metastatic CRC are associated with this. Colorectal tumors mutated in this gene most commonly
arise from serrated adenomas, located mainly in the right colon, with a higher incidence in
women over 60 years of age. Furthermore, these tumors are histologically of the mucinous type
and poorly differentiated (YAEGER et al., 2019).

In recent years, CRC with the BRAFVS%E mutation has emerged as a distinct biological
entity, typically refractory to standard chemotherapy regimens approved for the treatment of

metastatic CRC and associated with a worse prognosis (URSEM et al., 2018), presenting
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reduced overall survival and shorter progression-free survival compared with patients with
BRAF wild-type CRC (BYLSMA et al., 2019).

Therefore, therapies directed against the mutation in the BRAF gene have been
proposed, such as vemurafenib, dabrafenib, and encorafenib. However, preclinical models of
CRC with the BRAFVE mutation showed that BRAF inhibition causes rapid feedback
activation through EGFR; therefore, treatment with BRAF inhibitors alone does not sufficiently
inhibit signaling of the pathway, which explains the lack of clinical efficacy of BRAF inhibition
in this type of tumor (CIOMBOR et al., 2022; YEH et al., 2021).

In order to avoid this paradoxical activation, the addition of an EGFR inhibitor
(cetuximab, panitumumab) together with a MEK inhibitor (binimetinib, trametinib) has been
proposed (GROTHEY et al., 2021). According to the BEACON study, a combination of
encorafenib, cetuximab, and binimetinib resulted in significantly longer overall survival and a
higher response rate than standard therapy in patients with metastatic CRC with the BRAF"600E
mutation (TABERNERO et al., 2021; VAN CUTSEM et al., 2019). Figure 4 represents the

RAS/MAPK/ERK signaling pathway, with their respective targets for CRC-directed therapy.

Cetuximab
Panitumumab

Dabrafenib
Encorafenib
Vemurafenib

N Trametinib
Binimetinib

Figure 4: RAS/MAPK/ERK signaling pathway. Comprehensive overview of FDA-approved targeted drugs for
mCRC. EGFR - epidermal growth factor receptor; GDP - guanosine diphosphate; GTP - guanosine triphosphate;
RAS - Rat sarcoma virus; RAF - viral murine sarcoma; MEK - mitogen-activated protein kinase; ERK -
extracellular signal-regulated kinase. Source: author’s own work (Created with_BioRender.com).

1.8.2 MSI

Approximately 15% of CRC present MSI, a molecular indicator of defective DNA

mismatch repair. The high tumor mutational burden and neoantigen load in MSI tumors favor
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the infiltration of immune effector cells, such as CD8+ tumor-infiltrating lymphocytes, CD4+
T helper 1 cells, and macrophages, resulting in antitumor immune responses. In order to
promote immune escape, MSI tumor cells upregulate T cell inhibitory ligands, such as PD-L1
and CTLA-4 (BATTAGLIN et al., 2018; FAN et al., 2021; FRANK et al., 2021; ZHANG et
al., 2022).

The presence of immune cells in MSI CRC supports the notion that a treatment based
on immunotherapies should provide clinical benefits for this group of patients. Thus, the use of
immunomodulatory monoclonal antibodies targeting immune control points has been studied
and, in recent years, programmed cell death protein 1 (PD-1) inhibitors, such as pembrolizumab
or nivolumab, associated or not with a cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)
inhibitor, such as ipilimumab were approved by the FDA for the treatment of patients with
refractory or metastatic CRC with MSI, increasing progression-free survival and overall

survival (MARTIANOV et al., 2023; PICARD et al., 2020).

CONCLUSION

CRC results from uncontrolled inspection of cells due to factors, whether environmental
or genetic, which can culminate in tissue invasion close to the primary tumor or even the
development of several metastases. Therefore, the research and review of the genetic and
immunological aspects of molecules involved in this disease contribute to better understanding
of the pathogenesis and evolution of CRC, providing clinically relevant data that could be of
great value in evaluating the prognosis and in designing therapy for patients. Although research
related to CRC has advanced, there remain significant gaps that need to be addressed in order
to understand the etiology of the disease, improve treatment responses, and prolong patient

survival while preserving their quality of life.
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A terceira producéao cientifica intitulada: “Avaliagdo molecular dos
genes KRAS E EGFR, perfil MSI E expressao do receptor CXCR4 no cancer
colorretal em uma populagao brasileira” sera submetida ao periodico cientifico

Gene (Fator de Impacto: 3,5).

e Artigo 3:

AVALIAGAO MOLECULAR DOS GENES KRAS E EGFR, PERFIL MSI E
EXPRESSAO DO RECEPTOR CXCR4 NO CANCER COLORRETAL EM UMA
POPULAGAO BRASILEIRA

RESUMO:

O cancer colorretal (CCR) é caracterizado por alteragdes genéticas e epigenéticas em
vias de sinalizacdo e mutagdes em genes relacionados a mecanismos de reparo de
DNA. Além disso, quimiocinas e seus receptores, como o eixo CXCL12/CXCR4,
também vém ganhando destaque na participagao da carcinogénese colorretal. Desse
modo, 0s avancos na pesquisa molecular do CCR aumentaram a busca por novos
biomarcadores relacionados ao entendimento da fisiopatologia e progndstico,
fornecendo informag¢des clinicamente relevantes sobre o curso da doenga e
direcionamento terapéutico dos pacientes. Portanto, o objetivo do presente estudo foi
avaliar o impacto clinico das mutag¢des nos genes KRAS e EGFR, a instabilidade de
microssatélite (MSI) e a expressao do receptor CXCR4 no CCR. Tratou-se de um
estudo transversal, no qual foram avaliados 66 pacientes do Hospital do Cancer de
Londrina (HCL), de ambos os sexos. A analise das mutagdes nos genes KRAS e
EGFR foi realizada por meio de reagdo em cadeia da polimerase, seguida de restrigao
enzimatica (PCR-RFLP) e a expressdao de CXCR4 foi realizada através de imuno-
histoquimica (IHQ). A instabilidade de microssatélites e os demais parametros foram
obtidos a partir dos prontuarios dos pacientes. A mediana da idade dos pacientes foi
de 64 anos, com intervalo interquartil de 57,5 - 69,5 anos e 51,5% eram do sexo
feminino. As frequéncias de mutagdes nos genes foram as seguintes: 40,9% no cédon
12 de KRAS, 31,8% no cédon 13 de KRAS e 1,5% no coédon 21 do EGFR. Nenhum
paciente apresentou mutagcao no cédon 19 do EGFR. No presente estudo, a mutagao
no cédon 13 de KRAS correlacionou-se com um maior estadiamento da doencga (Tau
= 0,259; p = 0,031), numero de linfonodos regionais acometidos (Tau = 0,267; p =
0,040) e com a expressao de MSH6 (Tau = 0,174; p = 0,04). J& a mutagao no codon
12 de KRAS, correlacionou-se com a idade avangada (Tau = 0,358; p = 0,006). Com
relacdo a MSI, a maioria dos pacientes expressavam as proteinas de reparo de
incompatibilidade do DNA, indicando uma estabilidade de microssatélites. Além disso,
a expressao de MSH6 correlacionou-se com menor idade e a expressao de MLH1 e
PSM2 correlacionou-se com um menor tamanho tumoral. Quanto ao perfil de
imunomarcacao do receptor CXCR4, ndo foram encontradas correlagdes significativas
com os parametros clinicopatoldgicos e nem com as mutagdes nos genes KRAS e
EGFR. Porém, a expressao do receptor CXCR4 no tecido tumoral foi encontrada, em
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sua maioria, em pacientes positivos para o acometimento de linfonodos, com tamanho
tumoral T3, estadiamento lll, positivos para as proteinas de reparo de DNA e negativos
para mutagcao nos codons 12 e 13 de KRAS. As mutagdes em genes associados com
0 processo de carcinogénese colorretal encontradas no presente estudo, estdo
diretamente relacionadas com condigdes clinicopatologicos mais avangadas da
doenca. Portanto, a utilizagdo de biomarcadores na pratica clinica faz-se importante
para as decisbes prognoésticas do CCR, além de constituir a base da medicina
personalizada.

Palavras-chave: Neoplasia colorretal; oncogenes; biomarcadores tumorais.

INTRODUGAO

O carcinoma colorretal (CCR) é o terceiro tumor mais frequentemente
diagnosticado em homens e mulheres, com mais de 1,9 milhdes de novos casos em
todo o mundo em 2020 (IARC, 2020). As taxas de sobrevivéncia em 5 anos séo de
90% para tumores localizados, 71% para tumores regionais e de 14% em casos de
metastases a distancia (Picard et al., 2020). A evolugao clinica dos pacientes esta
intimamente relacionada as caracteristicas do tumor e ao estadiamento, embora
ocorram discrepancias em termos de progndéstico entre pacientes com o mesmo
estagio da doenca e associadas a diferentes mutagdes genéticas, destacando a
heterogeneidade molecular do CCR (Zhu et al., 2021).

O CCR é considerado uma doenga multifacetada devido a sua biologia tumoral
dindmica, caracterizada por alteracbes genéticas e epigenéticas em oncogenes,
genes supressores de tumor e genes relacionados ao reparo de DNA (Sullivan;
Noujaim; Roper, 2022). Mutagbes somaticas em oncogenes pertencentes a via de
sinalizacao do receptor do fator de crescimento epidérmico (EGFR), como por
exemplo nos genes KRAS, BRAF e EGFR desempenham um papel crucial no
processo de carcinogénese colorretal, contribuindo com o crescimento celular
desordenado (Brinzan et al., 2022).

Pacientes com KRAS mutado normalmente estdo associados a um estado
avancado da doenga, ma diferenciacdo tumoral, metastases a distancia e baixa
sobrevida (Zhu et al., 2021). Somado a isso, tais mutagdes tém sido diretamente
relacionadas a resisténcia aos anticorpos monoclonais anti-EGFR (panitumumabe e
cetuximabe), devido a ativagdo constitutiva da via de sinalizagdo a jusante
independente de EGFR (Huang et al., 2018).
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A instabilidade de microssatélites (MSI) também participa do processo de
carcinogénese colorretal, servindo como um indicador molecular de reparo defeituoso
de incompatibilidade de DNA. A utilizacdo de técnicas que identificam a MSI auxilia
na tomada de deciséo frente ao regime terapéutico, uma vez que os pacientes que
apresentam esse tipo de tumor, sdo beneficiados com uso de anticorpos monoclonais
imunomoduladores, como os inibidores de checkpoint anti-PD1 pembrolizumabe ou
nivolumabe, associado ou n&o ao inibidor do antigeno 4 associado a linfécitos T
citotoxicos (CTLA-4), como o ipilimumabe (Picard et al., 2020; Martianov et al., 2023).

Além das principais vias de carcinogénese do CCR, a ligagao da quimiocina 12
da familia C-X-C (CXCL12) com o receptor 4 da familia C-X-C (CXCR4) tem recebido
atencao consideravel no CCR primario e principalmente no processo metastatico. A
expressao aberrante do CXCR4 foi encontrada durante a malignidade do CCR,
participando dos processos de proliferagao, angiogénese e disseminacao metastatica
(Khare; Bissonnette; Khare, 2021). Além disso, a superexpressdo desse receptor
reflete a progressdo do CCR e, portanto, esta associada a agressividade do tumor,
diminuicdo da sobrevida e mau progndstico (Shi; Riese; Shen, 2020).

Explorar associacbes entre marcadores moleculares e parametros
clinicopatoldgicos contribui para refinar as avaliagdes progndsticas e a capacidade de
resposta ao tratamento, avancando, em ultima analise, a medicina de precisdo no
tratamento do CCR (Alizadeh-Sedigh et al., 2022). Sendo assim, o objetivo do
presente estudo foi avaliar o impacto clinico das mutag¢des nos genes KRAS e EGFR,

o perfil MSI e a expressao do receptor CXCR4 no CCR.

MATERIAL E METODOS

Selecao e Caracterizagdao das Amostras

O presente estudo foi aprovado pelo Comité de Etica em Pesquisa com Seres
Humanos da Universidade Estadual de Londrina (Registro Plataforma Brasil No.
CAAE 73557317.0.0000.5231) e todos os pacientes assinaram o termo de
consentimento livre e esclarecido antes da coleta.

Tratou-se de um estudo transversal, no qual foram selecionadas 66 amostras
de pacientes de ambos os sexos, diagnosticados com CCR e atendidos no Hospital
do Céncer de Londrina (HCL).
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Considerou-se elegivel para a pesquisa os pacientes com neoplasia de célon
direito, esquerdo e reto, independentemente do recebimento ou néo de quimioterapia,
uso de anticorpos monoclonais ou radioterapia prévia. As amostras incluidas em
parafina cuja extracdo de DNA ndo suscitou quantidade suficiente de material
genético, foram excluidas do estudo.

A expressao das proteinas de reparo de incompatibilidade do DNA (MSHS6,
MSH2, MLH1 e PSMZ2) foi realizada no HCL por meio de técnica imuno-histoquimica.
Os resultados foram obtidos a partir de consulta aos prontuarios dos pacientes. Os
dados clinicos e anatomopatolégicos como idade, sexo, acometimento de linfonodos,
tamanho tumoral e estadiamento Tumor-Noédulo-Metastase (TNM) (NCCN, 2018),

também foram obtidos a partir dos prontuarios dos pacientes atendidos no HCL.

Extracao de DNA

O DNA gendmico das amostras foi extraido a partir de tecido tumoral incluido
em parafina utilizando o kit de extragdo Q/Aamp® DNA FFPE Tissue, seguindo
instrucbes do fabricante. As amostras de DNA foram quantificadas por
espectrofotometria em  aparelho  NanoDrop  2000c®  Spectrophotometer
(ThermoScientific, Wilmington, Delaware, EUA) nos comprimentos de onda
260/280nm.

Analise das mutagdes nos cédons 12 e 13 do gene KRAS

A anadlise das mutagdes somaticas nos codons 12 e 13 de foi realizada por
reacao em cadeia da polimerase (PCR), seguida de analise de polimorfismo de
comprimento de restricdo (RFLP), de acordo com o protocolo descrito por Nollau et al.
(1996). Os oligonucleotideos iniciadores utilizados para ambas as mutacdes, estao
descritos na tabela 1.

Na etapa de amplificacao por PCR para a analise de ambas as mutacdes foram
utilizadas as seguintes concentragdes de reagentes: 1x PCR buffer, 1,5 mM de MgClz,
0,2 mM de dNTP, 0,3 uM de cada primer, 0,04 U/uL de Tag DNA polimerase (todos
adquiridos da Invitrogen®, Carlsbad, CA, EUA), 5 ng/uL de DNA alvo e agua ultrapura
para completar 15 pyL de volume final. As condicbes de PCR foram as seguintes: 5
minutos a 95 °C seguidos de 40 ciclos de 1 minuto a 95 °C, 1 minuto a 50 °C e 2
minutos a 72 °C seguidos de 10 minutos de extensao final a 72 °C.

Para a etapa de restricdo enzimatica, foram seguidos os protocolos dos
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fabricantes das enzimas de restricdo (Invitrogen®), BstNI (sitio de restrigdo: 5'-
CCWGG-3’) para o cdédon 12 de KRAS e a Bgll (sitio de restricdo: 5-GCCN5GGC-3’),
para o cédon 13 de KRAS (Tabela 1). Os fragmentos amplificados por PCR e clivados
com enzimas foram visualizados por eletroforese em géis de poliacrilamida (10%),

corados por nitrato de prata (AgNO3).

Analise das mutagdes nos cédons 19 e 21 do gene EGFR

A analise da mutacdo do EGFR nos codons 19 (dels746-750) e 21 (L858R)
foram realizadas por PCR de acordo com o protocolo descrito por Pam et al. (2005).
Para a mutagédo no cédon 21, foi realizada técnica de RFLP apds a amplificagao. Ja
para a mutagao no codon 19, por tratar-se de uma delegao, nao foi realizada etapa de
restricdo enzimatica. Os oligonucleotideos iniciadores utilizados para ambas as
mutacdes estdo descritos na tabela 1.

As concentracbes de reagentes utilizadas para a etapa de amplificagao por
PCR seguiram o mesmo protocolo das mutagdes nos codons 12 e 13 de KRAS. As
condigdes de PCR para o cdédon 19 foram as seguintes: 10 minutos a 95 °C seguidos
de 40 ciclos de 30 segundos a 95 °C, 1 minuto a 60 °C e 1 minuto a 72 °C seguidos
de 10 minutos de extensao final a 72 °C. Ja as condi¢cdes de PCR para o cédon 21
foram: 10 minutos a 95 °C seguidos de 40 ciclos de 30 segundos a 95 °C, 1 minuto a
65 °C e 1 minuto a 72 °C seguidos de 10 minutos de extensao final a 72 °C.

Para a etapa de restricdo enzimatica do codon 21, foram seguidos os
protocolos de recomendagdes dos fabricantes da enzima de restricao Sau96l
(G'GNC’C) (Invitrogen®) (Tabela 1). Os fragmentos amplificados por PCR e clivados
com enzimas foram visualizados por eletroforese em géis de poliacrilamida (10%),

corados por nitrato de prata (AgNO3).



Tabela 1: Sequéncia de primers para as mutagdes em KRAS e EGFR.

65

FRAGMENTOS DOS GENOTIPOS (pb?)

G Sequanci b Enzima
ene equéncia
q P de Restrigio Selvagem Mutado Mutado
Heterozigoto Homozigoto
F: 5-ACTGAATATAAACTTGTGGTAGTTGGACCT-3’
KRAS 12 194 BstNI 163 194, 163 194
R: 5-ACTCATGAAAATGGTCAGAGAAACCTTTAT-3’
F: 5-ACTGAATATAAACTTGTGGTAGTTGGCCCTGGT-3
KRAS 13 194 Bgll 163 194, 163 194
R: 5-ACTCATGAAAATGGTCAGAGAAACCTTTAT-3’
F: 5-GCACCATCTCACAATTGCCAGTTA-3’ 207,198, 195, 198, 195, 192,
EGFR 19 207 - 207
R: F5-AAAAGGTGGGCCTGAGGTTCA-3’ 192, 189 189
F: 5- CCTCACAGCAGGGTCTTCTCTGT -3
EGFR 21 222 Sau96l 173, 49 173, 87, 86, 49 87, 86, 49

R: 5-TCAGGAAAATGCTGGCTGACCTA-3’

Legenda: F — Forward; R — Reverse; pb — pares de base apds reagdo em cadeia da polimerase; pb2 — pares de base apds etapa de restricdo enzimatica.
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Sequenciamento

Os produtos de PCR para os cédons 12 e 13 de KRAS e codons 19 e 21 de
EGFR foram purificados utilizando PureLink™ PCR Purification Kit (Invitrogen®),
seguindo as instru¢gdes do fabricante. A reacdo de sequenciamento foi realizada
utilizando o kit BigDye® Terminator v3.1 (Applied Biosystems, Foster City, Califérnia,
EUA), 50ng de template e 5pM de primer em um volume final de 10ul. Os fragmentos
amplificados foram sequenciados em Genetic Analyzer 3500XL 24 capilares (Applied

Biosystems, Foster City, California, EUA) para validagdo do método de PCR-RFLP.

Analise da Expressdao de CXCR4

A andlise da expressdo de CXCR4 foi realizada por meio de imuno-
histoquimica, na qual foram utilizados cortes histoldégicos de S5um de tecido tumoral,
embebidos em blocos de parafina. As secgbdes de tecidos foram desparafinadas,
hidratadas e tratadas termicamente em tampado EDTA 1 mM para recuperagao
antigénica em panela de pressao a 95, 8 °C durante 20 minutos.

As seccdes foram incubadas durante a noite a temperatura ambiente
com anticorpo monoclonal primario-IgG de coelho anti-CXCR4 (R&D System,
Minneapolis, MN, cat. MAB172, 1:100), seguido de incubagdo com anticorpo
secundario apropriado (ImmunoDetector HRP/DAB, BioSB, Santa Barbara, CA, EUA).
Os cortes foram lavados, corados com cromoégeno 3,3'-Diaminobenzidine (DAB)
(Sigma Chemical Co., St. Louis, MO, EUA) e contra corados com hematoxilina (Sigma-
Aldrich). Um controle negativo passou pela primeira etapa do procedimento por
incubagao com o diluente em vez do anticorpo primario.

As laminas histolégicas foram analisadas ao microscépio éptico por
um patologista experiente. Para cada amostra, trés areas tumorais com maior
intensidade de imunomarcagéao CXCR4 foram fotografadas (800 x 600 pixels) a partir
de campos de ampliagdo de 400X usando uma camera Amscope (FMA050) adaptada
no microscoépio.

As imagens adquiridas digitalmente foram entdo analisadas usando o
software ImagedJ 1.53 para Windows (software de imagem Java de dominio publico:
/lrsb.info.nih.gov/ij/), usando a ferramenta de limite com selegéo baseada em cores
para coloragado positiva. Rotinas para analise de imagens foram definidas na
linguagem macro ImagedJ e realizadas em imagens RGB sem tratamento adicional. O

numero de pixels na faixa de cores selecionada foi dividido pelo numero total de pixels
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em cada campo. Os resultados foram expressos pela relagao entre a fracéo de area

positiva por fragdo de area total como a porcentagem (%) de coloragédo com CXCR4.

Analise Estatistica

As analises foram realizadas por meio do programa SPSS versdo 22 (IBM®,
Armonk, Nova York, NY, EUA), com indice de significancia minimo de p < 0,05.

Inicialmente, os dados patologicos foram demonstrados em uma tabela
descritiva, onde o numero de linfonodos regionais e o tamanho tumoral foram
classificados de acordo com o estadiamento TNM. Ja as proteinas de reparo do DNA
foram consideradas positivas em casos de expressdao das mesmas por meio de
técnica de imuno-histoquimica e negativas em casos de deficiéncia no sistema de
reparo de incompatibilidade do DNA.

Os dados referentes a idade dos pacientes foram submetidos ao teste de
normalidade Kolmogorov-Smirnov. Por ndao serem paramétricos, os mesmos foram
apresentados como mediana e intervalo interquartil. Para as analises de correlagao
entre as mutagdes nos genes KRAS e EGFR, a expresséao do receptor CXCR4, perfil
MSI e os parametros clinicopatolégicos, foi utilizado o coeficiente Tau de Kendall. Os
resultados da expressdo de CXCR4 obtidos a partir de tecido tumoral foram divididos
em dois grupos: CXCR4_S e CXCR4_I. O grupo CXCR4_S representou a analise de
intensidade de marcacgao realizada ao microscopio éptico por patologista experiente.
Ja as imagens adquiridas digitalmente e analisadas pelo software Imaged,

compuseram o grupo CXCR4 _|.

RESULTADOS

A mediana da idade dos pacientes foi de 64 anos, com intervalo interquartil de
57,5 - 69,5 anos e 51,5% eram do sexo feminino. As caracteristicas clinicopatolégicos
dos pacientes com CCR estao apresentadas na Tabela 2. A frequéncia de pacientes
com mutagdes nos codons 12 e 13 do gene KRAS foram de 40,9% e 31,8%,
respectivamente. Ja para a mutagdo em EGFR cédon 21, a frequéncia foi de 1,5%.
Nenhum paciente apresentou mutacdo no cédon 19 do gene EGFR.

O coeficiente de Kendall indicou uma tendéncia inversamente proporcional
entre as mutagdes nos cédons 12 e 13 do gene KRAS (Tau = -0,238; p = 0,055). O

presente resultado pode sugerir que as mutagdes em KRAS 12 e KRAS 13 podem ser
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mutuamente exclusivas, ou seja, o paciente tende a ter uma ou outra, mas raramente
as duas.

Os pacientes portadores da mutagdo no codon 12 do gene KRAS estavam
classificados, em sua maioria, nos estagios Il e Il (43,5% em ambos), eram negativos
para o acometimento de linfonodos (56,5%) e apresentavam tamanho tumoral T3
(69,6%). Com relacao ao perfil de imunomarcacgéo para a expressao das proteinas
pertencentes ao sistema de reparo de mal pareamento do DNA, os pacientes com
mutagdes no cdédon 12 do gene KRAS foram em sua maioria positivos para MSHG,
MSH2, MLH1 e PSM2 (Tabela 2).

Tabela 2: Caracteristicas clinicopatolégicos e mutagdes no gene KRAS.

PARAMETROS n (%) KRAS 12 KRAS 13
Selvagem Mutado Selvagem Mutado
n (%) n (%) n (%) n (%)
n_LN
Negativo 29 (49,2) 16 (44,4) 13 (56,5) 22 (56,4) 7 (35,0)
N1 16 (27,1) 10 (27,8) 6 (26,1) 11 (28,2) 5(25,5)
N2 14 (23,7) 10 (27,8) 4 (17,4) 6 (15,4) 8 (40,0)
Tamanho tumoral
T1 3(5,1) 2 (5,6) 1(4,3) 2(5,1) 1(5,0)
T2 9 (15,3) 5(13,9) 4(17,4) 8 (20,5) 1(5,0)
T3 44 (74,6) 28 (77,8) 16 (69,6) 26 (66,7) 18 (90,0)
T4 3(5,1) 1(2,8) 2(8,7) 3(7,7) 0 (0)
Estadiamento
I 10 (16,9) 7 (19,4) 3(13,0) 9(23,1) 1(5,0)
Il 19 (32,2) 9 (25,0) 10 (43,5) 13 (33,3) 6 (30,0)
I 29 (49,2) 19 (52,8) 10 (43,5) 17 (43,6) 12 (60,0)
v 1(1,7) 1(2,8) 0 (0) 0(0) 1(5,0)
MSH6
Negativo 4(6,1) 2(5,1) 2(7,4) 4 (8,9) 0(0)
Positivo 62 (93,9) 37 (94,9) 25 (92,6) 41 (91,1) 21 (100,0)
MSH2
Negativo 0 (0) 0(0) 0 (0) 0(0) 0 (0)
Positivo 66 (100) 39 (100.0) 27 (100.0) 45 (100.0) 21 (100.0)
MLH1
Negativo 2 (3,0) 2(5,1) 0 (0) 2(4,4) 0 (0)
Positivo 64 (97,0) 37 (94,9) 27 (100,0) 43 (95,6) 21 (100,0)
PSM2
Negativo 2(4,9) 2(8,3) 0 (0) 2(7,7) 0 (0)
Positivo 39 (95,1) 22 (91,7) 17 (100,0) 24 (92,3) 15 (100,0)

Legenda: %: porcentagem; n: nimero; n_LN: numero de linfonodos regionais acometidos segundo
o estadiamento TNM; MLH1: Mut-L homologue; MSH2: Mut-S homologue 2; MSH6: Human mut-S
homologue 6; PSM2: Human postmeiotic segregation 2.
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Os pacientes com CCR portadores da mutagdo no cédon 13 do gene KRAS
apresentaram expressao positiva para as proteinas de reparo do DNA (MSH6, MSH2,
MLH1 e PSM2), indicando estabilidade de microssatélites. Além disso, a maioria foi
classificada no estagio Ill (60,0%), com tamanho tumoral T3 (90,0%) e positivos para
o acometimento de linfonodos, principalmente N2 (40,0%) (Tabela 2).

Em relagdo a analise de correlagao entre as caracteristicas clinicopatologicos
e as mutagdes no cdédon 12 de KRAS, o coeficiente de Kendall apontou uma
correlagao positiva entre esse gene e a idade (Tau = 0,358; p = 0,006), sugerindo que
a mutacdo em KRAS 12 pode ser uma caracteristica de pacientes com idade mais
avancada (Tabela 3).

No presente estudo, foi identificada uma correlacédo positiva entre a mutacao
no codon 13 do gene KRAS e estadiamento (Tau = 0,259; p = 0,031) e 0 numero de
linfonodos regionais acometidos (Tau = 0,267; p = 0,040). Também foi encontrada
uma correlagao positiva entre o codon 13 de KRAS e a proteina MSH6 (Tau = 0,174;
p = 0,04). Portanto, a mutacdo no cdédon 13 do gene KRAS pode indicar maior
estadiamento da doencga e associagdo com a expressao da proteina MSH6 (Tabela
3).

Tabela 3: Correlagao entre parametros clinicopatolégicos e a presenca
de mutagdes nos coddons 12 e 13 de KRAS.

Parametros Correlagao com caracteristicas clinicopatolégicas [Tau (p)]
KRAS 12 KRAS 13
Idade 0,358 (0,006)* 0,071 (0,487)

n_LN

Tamanho tumoral

Estadiamento

-0,126 (0,311)
0,031 (0,807)
-0,071 (0,571)

0,267 (0,040)
0,083 (0,515)
0,259 (0,031)*

MSH6 -0,047 (0,705) 0,174 (0,040)*
MSH2 - -

MLH1 0,147 (0,236) 0,121 (0,330)
PSM2 0,191 (0,746) 0,172 (0,277)
CXCR4_S -0,017 (0,923) 0,179 (0,306)
CXCR4_| -0,103 (0,520) 0,164 (0,304)

Legenda: n_LN: numero de linfonodos regionais acometidos segundo o estadiamento
TNM; MLH1: Mut-L homologue; MSH2: Mut-S homologue 2; MSH6: Human mut-S
homologue 6; PSM2: Human postmeiotic segregation 2; *: p < 0.05.

O coeficiente de Kendall indicou uma correlagao negativa entre o tamanho
tumoral e a expressao das proteinas MLH1 e PSM2; e uma correlagéo negativa entre
MSH®6, idade e numero de linfonodos regionais acometidos. Além disso, MSH6

correlacionou-se positivamente com MLH1 e PSM2, uma vez que essas proteinas
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atuam de forma conjunta a fim de corrigir o mal pareamento do DNA no processo de

replicagédo (Tabela 4).

Tabela 4: Correlagdo entre parametros clinicopatologicos e a
expressao das proteinas de reparo do DNA.

Parametros Proteinas de Reparo do DNA [Tau (p)]
MSH6 MLH1 PSM2

Idade -0,173 (0,048)*  -0,154 (0,069) -0,162 (0,113)
n_LN -0,245 (0,049) -0,179 (0,151)  -0,244 (0,119)
Tamanho tumoral -0,212 (0,094) -0,273 (0,031)* -0,324 (0,040)*
Estadiamento -0,196 (0,115)  -0,111(0,371)  -0,144 (0,352)
MSH6 1,000 0,696 (<0,001)* 0,806 (<0,001)*
MSH2 - - -
MLH1 0,696 (<0,001)* 1,000 1,000**
PSM2 0,806 (<0,001)* 1,000** 1,000
CXCR4_S 0,208 (0,234) 0,208 (0,234) 0,248 (0,240)
CXCR4_I 0,200 (0,208) 0,200 (0,208) 0,220 (0,258)

Legenda: n_LN: numero de linfonodos regionais acometidos segundo o
estadiamento TNM; *: p < 0.05; **: A correlagao é significativa no nivel 0,01.

Com relagao ao perfil de imunomarcacéao para a expressao do receptor CXCR4,
ndao foram encontradas correlagdes significativas com os parametros
clinicopatologicos e nem com as mutagdes em KRAS (12 e 13) e EGFR (19 e 21), p
> 0,05. Porém, a expressao do receptor CXCR4 no tecido tumoral foi encontrada, em
sua maioria, em pacientes do sexo feminino (57,9%), positivos para o acometimento
de linfonodos (57,9%), com tamanho tumoral T3 (88,9%), estadiamento Il (55,5%),
positivos para as proteinas de reparo de DNA (100,0%) e negativos para mutagao nos
codons 12 (68,4%) e 13 (63,2%) de KRAS.

DISCUSSAO

Nos ultimos anos, a integragcdo de conhecimentos moleculares envolvidos na
patogénese do CCR tem proporcionado crescente aumento no numero de pesquisas,
introduzindo novas terapias no combate a doenca, como o uso de anticorpos
monoclonais e imunoterapias, além de auxiliar no desenvolvimento de testes
moleculares que identificam mutagbes genéticas especificas relacionadas ao CCR
(Santos et al., 2018; Zhu et al., 2021).
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O presente estudo avaliou as frequéncias de mutagdo somatica nos genes
KRAS e EGFR em pacientes com CCR, que foram de 40,9% para o codon 12 do gene
KRAS, 31,8% para codon 13 do gene KRAS e 1,5% para o codon 21 do gene EGFR.
Dados da literatura apontam uma frequéncia de mutacdes em KRAS de 30-50% dos
casos de CCR, afetando principalmente os cédons 12 e 13 (Lavacchi et al., 2022; Tran
et al., 2022; Minh Cuong et al., 2023). Tal mutagao tem sido associada a resisténcia
ao tratamento com anticorpos monoclonais anti-EGFR em pacientes com CCR
metastatico (CCRm), uma vez que ocorre ativagao da proteina independente do status
de ativagaol/inibicao do receptor (Abbasabadi et al., 2023).

Além disso, a falta de resposta aos anticorpos anti-EGFR em pacientes com
CCRm com KRAS do tipo selvagem, pode indicar que mutagdes adicionais também
resultam em ineficacia de tais drogas (Brinzan et al., 2022). Alguns estudos sugerem
que podem ocorrer mutagdes secundarias no proprio receptor do fator de crescimento
epidérmico (Mancini; Yarden, 2016; Sigismund; Avanzato; Lanzetti, 2017), alterando
a sua sinalizagao em varios tipos de tumores humanos através de mecanismos como
a amplificacdo do gene EGFR, superexpressao de proteinas, mutagdes ou deleg¢des
in-frame (Roskoski, 2014),

O CCR é considerado uma doenga do envelhecimento, pois cerca de 90% dos
casos globais e mortes ocorrem em pacientes com mais de 50 anos (IARC, 2020). No
presente estudo, os pacientes apresentaram mediana da idade de 64 anos, com
intervalo interquartil de 57,5 - 69,5 anos, na qual, 88% dos pacientes estavam acima
dos 50 anos. Dados da literatura também corroboram com os resultados encontrados
no estudo (Wang; Pan, 2022; Alkader et al., 2023; Potocki, et al., 2023).

Além disso, uma correlagao positiva entre a idade e a mutagao no cdédon 12
KRAS foi observada, sugerindo que esta pode ser uma caracteristica de pacientes
com idade mais avancada. Tal fato pode estar associado, pois a patogénese do CCR
decorre de um processo cumulativo e progressivo de alteracbes genéticas e
epigenéticas, atribuiveis a fatores de risco potencialmente modificaveis, como fatores
ambientais, dietéticos e do proprio envelhecimento (Nassar; Blanpain, 2016; Keum;
Giovannucci, 2019).

No presente estudo, além da idade mais avangada, os pacientes mutados para
0 gene KRAS apresentaram, em sua maioria, tamanho tumoral pT3 e estagio II-lll.
Abbasabadi et al. (2023), demonstraram que os pacientes com CCR mutados para

KRAS também apresentaram maior tamanho tumoral, acometendo principalmente a
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regiao do colon proximal. Somado a isso, os tumores se encontravam em estagios lll
e IV, estando relacionados a um pior progndstico.

Segundo Brinzan et al. (2023), as mutagdes no cédon 13 de KRAS séo
caracterizadas por agressividade do tumor e aumento do potencial metastatico,
corroborando com os resultados encontrados no presente estudo, no qual foi
observado uma correlagdo positiva entre a mutagdo no gene KRAS 13, o
acometimento de linfonodos regionais e o estadiamento tumoral.

Tal correlagcdo deve-se ao fato de que mutagdes somaticas no gene KRAS
resultam na ativacado das vias de sinalizagao a jusante, como a via RAF/MEK/ERK
pré-proliferativa, corroborando com o crescimento celular desordenado (Wan et al.,
2019). Além disso, a literatura demonstra uma associagdo entre a mutagdo KRAS,
pior desfecho de sobrevida e maior risco de recorréncia do CCR nos pacientes
(Andreyev et al., 2001; Goffredo et al., 2019; Ozer et al., 2021).

O processo de carcinogénese do CCR também envolve genes de reparo de
incompatibilidade de DNA, que codificam 4 proteinas: MLH1, MSH2, MSH6 e PMS2.
Desse modo, mutagdes ou perda de fungdo desses genes, resultam na perda de
expressao das proteinas e, consequentemente, a deficiéncia do processo de reparo
do DNA, causando instabilidade de microssatélites (MSI) (Raskov et al., 2020). O
presente estudo apontou uma correlagcédo positiva entre a mutagdo no cédon 13 de
KRAS e a expressao da proteina MSHG6, indicando que os pacientes CCR mutados
para o KRAS 13 mantiveram o sistema de reparo do DNA estavel. Tal resultado esta
de acordo com dados da literatura, onde a frequéncia de mutagcao no gene KRAS é
maior em pacientes com microssatélites estaveis (MSE) (Lin; Zhang; Luo, 2020; Fan
et al., 2021).

Além disso, o presente estudo também encontrou uma correlagdo negativa
entre a expressao de MLH1-PSM2 e o tamanho tumoral; e uma correlacdo negativa
entre MSHG6 e a idade. O perfil gendmico entre os grupos MSE e MSI sao distintos.
Os tumores MSE se localizam na regido do colon distal e reto, afetam mais o sexo
masculino e apresentam mutagdes que envolvem a via CIN (Polom et al., 2028; Vila
et al., 2023). J& os tumores MSI sdo predominantemente encontrados no cdlon
proximal, apresentam pouca diferenciacao histolégica e aumento de linfécitos
infiltrantes de tumor (Ryan et al., 2017). Além disso, sdo diagnosticados em uma idade
mais jovem e em um estagio anterior em comparagao com os CCR MSE (Raut; Pawlik;
Rodriguez-Bigas, 2004; Lochhead et al., 2013).
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Com relagdo ao eixo CXCL12/CXCR4, o presente estudo ndo encontrou
nenhuma correlagdo estatisticamente significativa entre a expressdo do receptor
CXCR4, os parametros clinicopatologicos e as mutagdes em KRAS, EGFR e MSI.
Porém, a expressao do receptor CXCR4 no tecido tumoral foi encontrada, em sua
maioria, em pacientes positivos para o acometimento de linfonodos, com tamanho
tumoral T3, estadiamento lll, positivos para as proteinas de reparo de DNA e negativos
para mutagao nos codons 12 e 13 de KRAS. Evidéncias demonstram que a expressao
de CXCR4 em pacientes com CCR esta correlacionada com um estagio avangado do
tumor, um risco aumentado de recorréncia e metastases a distdncia e uma baixa
sobrevida global (Yoshuantari et al., 2018; Ottaiano et al., 2020; Braoudaki et al., 2022;
Zou et al., 2022).

Como limitagdes, o tamanho relativamente pequeno da amostra pode nao
fornecer dados estatisticamente significativos para explorar o status mutacional dos
pacientes com CCR e a expressao do receptor CXCR4. Somado a isso, tratou-se de
um estudo retrospectivo e unicéntrico, no qual foram avaliados dados dos prontuarios
dos pacientes que estavam incompletos e ndo incluiam informag¢des como tratamento,
sobrevida, recaida e 6bito devido o proprio tumor. Apesar das limitagdes, o estudo
conseguiu comprovar que as frequéncias das mutacdées nos genes KRAS e EGFR

estio de acordo com os dados encontrados na literatura.

CONCLUSAO

Os dados encontrados no presente estudo forneceram uma melhor
compreensao entre as caracteristicas clinicopatologicos e o status mutacional do
CCR. Os pacientes portadores das mutacdes nos codons 12 e 13 de KRAS
apresentam condi¢cdes tumorais mais avancadas, como acometimento de linfonodos,
tamanho tumoral e estadiamento. Tais alteragbes genéticas estdo intimamente
relacionadas ao prognostico, resultando em pior desfecho de sobrevida e maior risco
de recorréncia do CCR nos pacientes.

A identificacdo de biomarcadores relacionados com o processo de
carcinogénese da doencga faz-se necessario, uma vez que sao de grande valia na
avaliagao do progndstico e no delineamento terapéutico dos pacientes. Portanto, um

desafio para o futuro é o desenvolvimento e utilizagédo de biomarcadores associados
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ao CCR no contexto clinico, com protocolos padronizados, de implementagao simples

e acessivel, como foi demonstrado no presente estudo.
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CONCLUSAO

¢ A frequéncia de pacientes com mutagdes no cédon 12 e 13 de KRAS foram de
40,9% e 31,8%, respectivamente;

e Para a mutagdo no codon 21 de EGFR, a frequéncia foi de 1,5% e nenhum
paciente apresentou mutagcédo no cédon 19 do EGFR,;

¢ No presente estudo, foi identificada uma correlagcédo positiva entre a mutagao
no codon 13 de KRAS e estadiamento TNM, além de uma correlagao positiva
entre o KRAS 13 e MSHG6;

e Em relagdo as mutagbes no codon 12 de KRAS, o coeficiente de Kendall
apontou uma correlagao positiva entre esse gene e a idade;

e Houve uma correlagdo negativa entre o tamanho tumoral e a expressao de

MLH1 e PSM2 e uma correlagao negativa entre idade e MSHG.
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6 CONSIDERAGOES FINAIS

O CCR decorre da proliferagao descontrolada das células devido a
varios fatores, sejam eles ambientais ou genéticos, que podem culminar com invasao
tecidual proxima ao tumor primario ou até mesmo o desenvolvimento de metastases.
Sabe-se que o grau de heterogeneidade molecular e celular no cancer e o grande
numero de eventos moleculares envolvidos no controle do crescimento celular,
diferenciagao, proliferacdo e metastases dependem da interagao tumor-hospedeiro.

Embora as pesquisas dos aspectos genéticos e imunoldgicos de moléculas
envolvidas no desenvolvimento do CCR tenham avangado, continuam a existir
lacunas significativas que precisam ser respondidas a fim de compreender a etiologia
da doencga, melhorar as respostas ao tratamento e prolongar a sobrevida dos
pacientes, preservando sua qualidade de vida.

Os dados encontrados no presente estudo forneceram uma melhor
compreensao entre as caracteristicas clinicopatolégicas e o status mutacional do
CCR. Os pacientes portadores das mutacbes nos codons 12 e 13 de KRAS
apresentam condigdes tumorais mais avangadas, como acometimento de linfonodos,
tamanho tumoral e estadiamento. Tais alteragbes genéticas estdo intimamente
relacionadas ao progndstico, resultando em pior desfecho de sobrevida e maior risco
de recorréncia do CCR nos pacientes.

Portanto, a identificacdo de biomarcadores relacionados com o processo de
carcinogénese da doencga faz-se necessario, uma vez que sao de grande valia nas
avaliagbes prognosticas e na medicina de precisdo no tratamento do CCR. Nesse
sentido, um desafio para o futuro é o desenvolvimento e utilizacdo de biomarcadores
associados ao CCR no contexto clinico, com protocolos padronizados, de

implementacgao simples e acessivel, como foi demonstrado no presente estudo.
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pesquisadora o cancer ocorre decorrente da proliferagdo descontrolada das células devido a varios
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primario ou até mesmo o desenvolvimento de metastases. Trata-se de uma doenca complexa, heterogénea,
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citocinas, dos genes JAK2, ROR e p53, e também das enzimas de metabolizagdo foram os temas
escolhidos para serem abordados neste projeto, uma vez que todos estes parametros podem ter relevancia
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300 Amostras de tecido normal e tumoral de pacientes diagnosticadas com cancer de mama, cancer de
laringe, cancer colorretal, meduloblastoma, neuroblastoma e tumor adrenocortical. A realizagdo do ensaio de
imuno-histoquimica. Essas anadlises serdo realizadas no Laboratério de Polimorfismos DNA e Imunologia da
UEL. - 200 Amostras de tecido tumoral e saudavel a fresco, de pacientes diagnosticados com cancer de
mama, laringe e colorretal, provenientes de cirurgia para excisdo do tumor do mesmo hospital para extragao
de DNA, RNA e sobrenadante. - 300 Amostras de sangue de pacientes diagnosticadas com cancer de
mama, cancer de laringe e cancer colorretal e tumores pediatricos, que serdo coletadas para obtencdo de
DNA, RNA e plasma para estudos de polimorfismos genéticos, expressdo génica e proteica. - 50 Amostras
de medula de pacientes pediatricos diagnosticados com leucemias agudas (linféide e mieldide) para
extracdo de RNA e plasma. - 300 Amostras de sangue periférico e/ou saliva de controles saudaveis, sem
histérico de neoplasia, para extragdo de DNA, RNA e plasma. Seréo realizados analise de PCR-RFLP para
estudo das variantes alélicas polimérficas, analise de imunohistoquimica, analise da expressao génica por
PCR quantitativo, analise da Expressao Proteica por ELISA. Os participantes da pesquisa serdo convidados
a participar do estudo durante o atendimento clinico no Servigo de Oncologia do Hospital do Cancer de
Londrina. No grupo caso seréo incluidas todos os pacientes que tiverem diagnoéstico para cancer de mama,
cancer laringe e cancer colorretal e tumores pediatricos. E no grupo controle serdo incluidos individuos
saudaveis sem histérico de neoplasias, doencas autoimunes e infec¢des. Serdo excluidos pacientes com
doencas infecciosas ou autoimunes.

Objetivo da Pesquisa:

Objetivo Primario:

- Avaliar a presenca dos polimorfismos genéticos, expressdo génica e expressdo proteica do fator de
transcricdo FOXP3, das citocinas TGFB1, IL10, IL12A, IL35 IL1B, TNFa e INFg, das quimiocinas CXCL12 e
CCL5, das proteinas SMAD, IGF1, CTLA4, dos receptores de quimiocinas CXCR4, CXCR7 e CCR5 e
receptores de citocinas TRII, TRIIl, GIPR, IL1RN e IL7R, dos genes JAK2, ROR e p53, e também das
enzimas de metabolizacdo NQOI, GSTT1 e GSTM1, no tecido tumoral e normal, e no sangue periférico dos
pacientes com cancer de mama, laringe e colorretal e nos tumores pediatricos.

Objetivos Secundarios:

« Detectar a presenca dos polimorfismos genéticos do FOXP3, TGF, IL10, IL12A, IL35 IL1B, TNFa e
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INF gama, das quimiocinas CXCL12 e CCL5 dos receptores de quimiocinas CXCR4, CXCR7 e CCR5 e
receptores de citocinas TRII, TRIIl, GIPR, IL1RN e IL7R, dos genes JAK2, ROR e p53, e também das
enzimas de metabolizacdo NQOI, GSTT1 e GSTM1 nos DNAs extraidos do cancer de mama, cancer de
célon, tumores de laringe e cancer colorretal e para os tumores pediatricos (tumor de Wilms,
meduloblastoma, neuroblastoma, leucemias agudas, linfomas e tumor adrenocortical).

« Avaliar a expressao génica dos genes acima citados por PCR quantitativo.

. Realizar imunohistoquimica para FOXP3, TGFb1, IL10, IL12A, IL35 IL1B, CXCL12 CCLS5,
SMAD,CXCR4,CCRS5, p53 nos tecidos tumoral e saudavel fixados em formalina tamponada e embebido em
parafina, para avaliar a expressao proteica.

« Avaliar a expressao proteica por ELISA dos genes CXCL12, TGF-, FOXP3, CCL5 e INF gama.

« Avaliar a influéncia dos polimorfismos genéticos na expressao génica e proteica desses genes.

« Comparar a frequéncia alélica dos polimorfismos dos genes supracitados e compara-los com os dados
clinicopatolégicos dos pacientes com os diferentes tipos de cancer.

Avaliacao dos Riscos e Beneficios:

Segundo a pesquisadora o risco que os participantes da pesquisa podem ter neste projeto é quanto ao
desconforto na hora da coleta de sangue periférico, porém a coleta sera efetuada por profissional habilitado
seguindo-se todas as normas de biosseguranga, e caso ocorra algum tipo de desconforto o participante sera
prontamente atendido e amparado pelos coletores responsaveis. O estudo nao trara beneficios diretos aos
participantes, mas pretende-se obter marcadores que possam fornecer subsidios adicionais de auxilio
prognéstico e delineamento terapéutico de pacientes com cancer de mama, cancer laringe e cancer
colorretal e tumores pediatricos. Espera-se também obter uma integragcdo maior entre as instituicées
colaboradoras, Universidade Estadual de Londrina e Hospital do Cancer de Londrina. O envolvimento de
pesquisadores colaboradores permitira a formacao de profissionais qualificados para atuarem nas areas de
Imunologia e Genética do cancer, disseminando o conhecimento. Pretende-se contribuir com um maior
conhecimento dos mecanismos envolvidos com a patogénese das doengas acima referidas e futuramente
com a melhoria na qualidade de vida dos pacientes, através da inclusdo de marcadores que, de alguma
forma, possam ser aplicados futuramente na pratica clinica.

Comentarios e Consideragoes sobre a Pesquisa:
A pesquisa é relevante.
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Consideragoes sobre os Termos de apresentagao obrigatoria:

A pesquisadora apresentou folha de rosto devidamente assinada pelo Coordenador do Programa de Pés
Graduagao em Patologia Experimental, cronograma adequado e orgamento detalhado. Apresentou 04
modelos de TCLE adequados em forma de convite (adultos e criangas caso e adulto e criangas controle
saudaveis). Apresentou ainda termo de autorizagdo do hospital e declaragdo de 02 bioquimicas
responsaveis pelas coletas das amostras.

Conclusodes ou Pendéncias e Lista de Inadequagoes:

Trata se de emenda de projeto ja aprovado. Justificativa da Emenda: Inclusdo de metodologia. Sera
realizado analise de mutagées dos genes KRAS e EGFR nas amostras dos pacientes e participantes
saudaveis do projeto intitulado “Implicagées Progndsticas e Terapéuticas de Marcadores Genéticos e
Imunolégicos Cancer". Para as amostras de DNA ja extraidas sera também realizada a andlise da mutagéo
somatica no gene KRAS (v-Ki-ras2 Kirsten rat sarcoma 2 viral oncogene homolog) no exon 12 e 13 e
analise da mutagdo somatica no gene EGFR (epidermal growth factor receptor) no exon 19.

Consideragoes Finais a critério do CEP:
Prezada pesquisador a emenda apresentada esta aprovada.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipo Documento Arquivo Postagem Autor Situacao
Informagdes Basicas|PB_INFORMACOES_BASICAS_128820 23/01/2019 Aceito
do Projeto 0 _E5.pdf 15:25:47
Qutros Adendo_KRAS_EGFR.pdf 23/01/2019 |Maria Angelica Ehara| Aceito

15:22:12 [ Watanabe
TCLE / Termos de  [2_TCLE_controles_saudaveis_criancas.| 25/04/2018 |Maria Angelica Ehara| Aceito
Assentimento / pdf 10:45:28 |Watanabe
Justificativa de
Auséncia
TCLE / Termos de |3_TCLE_criancas.pdf 25/04/2018 |Maria Angelica Ehara| Aceito
Assentimento / 10:44:43 |Watanabe
Justificativa de
Auséncia
TCLE / Termos de |4_TCLE_pacientes_adultos.pdf 25/04/2018 |Maria Angelica Ehara| Aceito
Assentimento / 10:43:35 |Watanabe
Justificativa de
Auséncia
TCLE / Termos de [1_TCLE_controles_saudaveis_adultos.p| 25/04/2018 |Maria Angelica Ehara| Aceito
Assentimento / df 10:42:37 [ Watanabe
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Justificativa de 1_TCLE_controles_saudaveis_adultos.p| 25/04/2018 |Maria Angelica Ehara| Aceito

Auséncia df 10:42:37 | Watanabe

Outros adendo_anamnese.doc 09/04/2018 | Maria Angelica Ehara| Aceito
14:04:18 | Watanabe

Outros anamnese.doc 09/04/2018 | Maria Angelica Ehara| Aceito
14:00:50 | Watanabe

Qutros adendo_APOBEC.pdf 08/03/2018 |Maria Angelica Ehara| Aceito
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