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RESUMO

SANTOS, D. B. Perfil transcricional do cancer de mama em cadelas por sequenciamento
de nova geracdo. 2022. X p. Dissertacdo (Mestrado em Pesquisa e Desenvolvimento —
Biotecnologia Médica) — Faculdade de Medicina de Botucatu, Universidade Estadual Paulista,
Botucatu, 2022.

As neoplasias mamarias sdo frequentes em cadelas ndo castradas, representando até 46% dos
casos de cancer nesses animais no Brasil. Caes podem ser um 6timo modelo de estudos sobre
canceres de mama ja que estes animais e humanos compartilham caracteristicas fisioldgicas,
histologicas e gendmicas, além de apresentarem semelhancas quanto ao desenvolvimento,
comportamento clinico e vias moleculares da doenca. Anélises comparativas do transcriptoma
de tecidos tumorais e normais podem identificar genes e vias moleculares desreguladas,
permitindo, a medio prazo, o desenvolvimento de ensaios laboratoriais para uso no diagndstico,
ou, a longo prazo, indicar potenciais alvos terapéuticos para medicina humana e canina. Nesse
contexto, o objetivo principal do presente estudo foi, a partir do sequenciamento de nova
geracdo (NGS), determinar o perfil transcricional de amostras de carcinomas ductais mamarios
em cadelas, buscando esclarecer a relevancia dos transcritos desregulados nas vias moleculares
envolvidas na doenca. Para tanto, utilizou-se amostras de carcinoma ductal mamario e do tecido
mamario ndo tumoral adjacente, provenientes da mastectomia radical de seis (6) cadelas, de
diferentes racas e idades, atendidas pelo servico de Cirurgia de Pequenos Animais do Hospital
Veterinario da FMVVZ-UNESP em Botucatu. O RNA total de cada amostra foi extraido,
quantificado e submetido a analise de qualidade. Posteriormente, essas amostras foram reunidas
em pools correspondendo a quatro grupos (dois tumorais e dois normais). Utilizou-se cada pool
para a construcdo de uma biblioteca de cDNA, que, entdo foi sequenciada na plataforma
NextSeq 500 System (lllumina, EUA). O resultado do sequenciamento foi encaminhado para
analises de qualidade, limpeza e alinhamento ao genoma de referéncia, assim, identificando-se
os transcritos diferencialmente expressos. Foram encontrados 11.278 genes dentre os,
aproximadamente, 36.930 genes do genoma de referéncia de cachorro. Ao serem comparadas
as amostras tumorais e o tecido normal adjacente, foram encontrados 1.206 genes
diferencialmente expressos, sendo 633 regulados negativamente (downregulados) e 573
regulados positivamente (upregulados), os quais foram capazes de diferenciar os grupos pela
PCA (Principal Component Analysis). A partir da analise de ontologia genética foram
identificadas vias inflamatorias, de diferenciacdo e adesao celular e manutencao da matriz como
as principalmente desreguladas nessa casuistica. A maioria dos genes upregulados mais
destacados estdo envolvidos na organizacdo da matriz extracelular, através da deposicdo de
colageno, vasculogénese mimeética e da capacidade de invasdo das células por meio da transicédo
epitélio-mesenquimal. Ainda, os principais genes diferencialmente expressos observados no
presente estudo, indicam maior agressividade da doenca e pior progndstico, destacando-se 0s
dez genes mais upregulados. Finalmente, o estudo do transcriptoma canino parece indicar ser
este um 6timo modelo para gerar informacGes relevantes a oncologia nas duas espécies.

Palavras-chave: Cadelas. Carcinoma ductal mamario. Transcriptoma.



ABSTRACT

Breast neoplasms are frequent in spayed female dogs, representing up to 46% of cancer cases
in these animals in Brazil. Thus, dogs can be an excellent model for studies of breast cancer,
because these animals and humans share physiological, histological, and genomic
characteristics; in addition to having similarities in the development, clinical behavior, and
molecular pathways of the disease. Therefore, comparative analyzes of the transcriptome of
tumor and normal tissues can identify dysregulated genes and molecular pathways, allowing,
in the medium term, the development of laboratory assays for use in the diagnosis, or, in the
long term, indicate potential therapeutic targets for human and canine medicine. In this context,
the main objective of this study was, from next-generation sequencing (NGS), to determine the
transcriptional profile of samples of mammary ductal carcinomas in female dogs, seeking to
clarify the relevance of deregulated transcripts in the molecular pathways involved in the
disease. For this purpose, samples of tumor tissue from mammary ductal carcinoma and
adjacent non-tumor breast tissue were used, from the radical mastectomy of 6 female dogs of
different breeds and ages, attended by the Small Animal Surgery Service of the Veterinary
Hospital of FMVZ- UNESP in Botucatu. The total RNA of each sample was extracted,
quantified, and submitted to quality analysis. Subsequently, these samples were pooled
corresponding to four groups (two tumoral and two normal). Each pool was used to build a
cDNA library, which was then sequenced on the NextSeq 500 System platform (lllumina,
USA). The sequencing result was sent for quality analysis, cleaning, and alignment with the
reference genome, thus identifying the differentially expressed transcripts. 11,278 genes were
found among approximately 36,930 genes in the reference dog genome. When comparing tumor
and normal tissue samples, 1,206 genes were found to be differentially expressed, with 633
downregulated and 573 upregulated, which were able to differentiate the groups by PCA
(Principal Component Analysis). From the analysis of gene ontology, inflammatory pathways,
cell differentiation and adhesion, and matrix maintenance were identified to be mainly
deregulated in this sample. Most of the most prominent upregulated genes are involved in the
organization of the extracellular matrix, through collagen deposition, mimetic vasculogenic,
and the invasiveness of cells through the epithelial-mesenchymal transition. Furthermore, the
main differentially expressed genes observed in the present study indicate greater disease
aggressiveness and a worse prognosis, highlighting the ten most upregulated genes. Finally, the
study of the canine transcriptome seems to indicate that this is an excellent model to generate
information relevant to oncology in both species.

Keywords: Female dogs. Ductal mammary cancer. Transcriptome.

Vi



LISTA DE TABELAS

Tabela 1 — Classificacdo Histologica de Tumores Desenvolvida por Goldschmidt et al. ....... 16
Tabela 2 - Métodos de estadiamento do cancer de mama para animais domesticos................ 19

Tabela 3 — Lista dos 10 genes menos e mais expressos entre 0s grupos controle e carcinoma
MAMAITO CANINO. ©.eiuveitieiteeite e steeste et e s et e et e s e e teeseesaeesbeasseate e seassesseeseeseeaseesseaneesseesseaneesseeneens 41

Tabela 4 — Lista dos 10 genes codificantes de proteinas secretadas no sangue mais e menos
expressos entre 0s grupos controle e carcinoma mamario CaniNo..........ccccevveverererieseseenanes 42

vii



LISTA DE FIGURAS
CAPITULO 1

Figura 1 - Representacdo esquematizada das mamas de cadela. As mamas na regido do torax
sdo denominadas toracicas, enquanto as localizadas no abdémen, sdo as abdominais. Sendo que
as mamas voltadas a cabeca sdo chamadas craniais e aquelas voltadas para o rabo séo as caudais
(baseado em PARDINI, 2015)....cc.ciiiiieiieie ettt esne e 18

CAPITULO 2

Figura 1 — Transcriptional analysis of mammary carcinoma samples from female dogs showed
a differential gene expression profile. (A) Principal Component Analysis of the expression of
the control (pink) and mammary carcinoma(green) genes showed a high percentage variance
between the control and breast carcinoma groups (PC1=92.8%) but low within each group
(PC2=4.9%). (B) Heatmap with the 1206 genes differentially expressed between the two
groups: control (pink) and mammary carcinoma (green). (C) Graph of log2fold change
distribution of upregulated (red) and (D) downregulated (blue) genes.. ... 32

Figura 2 — Genes and cell pathways associated with mammary carcinoma in female dogs. (A)
MA plot is a scatter plot that indicates the mean count abundance (TPM - Transcripts Per
Million) and the degree of regulation (log2fold change). Genes with log2fold change>1 are
overexpressed and genes with log2fold change<l are underexpressed in the mammary
carcinoma group when compared to normal tissue. The genes that showed greater abundance
and a higher degree of positive regulation are highlighted in red. In blue the abundant genes
with a high degree of negative regulation are highlighted. (B) Analysis of differentially gene
enrichment in breast carcinoma, highlighting the main pathways affected. The colored bars
indicate the percentage of upregulated (red) and downregulated (blue) genes among the total
genes Of €aCH PAtNWAY.. .......ooiiiiii s 33

Figura 3 — Regulation pathways of differentially expressed transcription factors. (A)
Enrichment analysis of target genes of the transcription factors that upregulate genes in
mammary carcinoma. (B) Enrichment analysis of target genes of the transcription factors that
downregulate genes in breast carcinoma. The main affected pathways of the main transcription
factors and the number of targets is highlighted. The colored bars indicate the percentage of
upregulated genes (red) and downregulated (blue) among the total genes of each pathway and
on the right, the transcription factors that regulate the number of targets associated with the
enriched pathways are highlighted. ...........covoiiiiii i e 34

Figura 4 — Transcriptional analysis of mammary carcinoma samples from female dogs showed
differentially expressed transcription factor genes. (A) Venn diagram discriminates the
differentially expressed genes found by the analyzes performed and all the genes that encode
transcription factors according to The Human Protein Atlas database. (B) Heatmap with the 29
genes of upregulated transcription factors in canine mammary carcinoma; control (in pink) and

viii


file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590737
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590737
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590737
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590737
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590737
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590737
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590737
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590738
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590739
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590740
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590740
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590740
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590740
file:///C:/Users/dribs/OneDrive/Mestrado%20em%20Biotecnologia%20Médica/Projeto%20Câncer%20de%20Mama/Dissertação/dissertação.driéle.docx%23_Toc88590740

mammary carcinoma (in green). (C) Heatmap with the 37 transcription factor genes. Analysis
of target genes, within the set, of the five main transcription factors that regulate upregulated
genes and dOWNIegUIATEA gENES. .....eieiiieiieie et ettt ene e 35

Figura 5 — Highlighting genes encoding secreted proteins and cellular pathways associated
with mammary carcinoma in female dogs as potential biomarkers. (A) Venn diagram that
discriminates the differentially expressed genes found by the analyzes performed, all the genes
that encode secreted proteins, and all the genes that encode proteins specifically secreted in the
blood according to The Human Protein Atlas database. (B) MA plot of the 140 genes that
encode proteins secreted in the blood, with those genes with a higher degree of positive
regulation being highlighted in red, and those genes with a high degree of negative regulation
in blue. (C) Analysis of enrichment of genes encoding secreted blood proteins found
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CAPITULO 1

1. INTRODUGCAO

Humanos e cdes compartilham aspectos fisioldgicos e genémicos. Assim, € comum que
algumas doencas que acometem as duas espécies também apresentem semelhangas quanto a
etiologia, desenvolvimento e comportamento clinico. Este é o caso de alguns canceres
mamarios caninos e humanos, que partilham semelhancas biologicas e, muito provavelmente,
vias moleculares. Por isso, caes podem atuar como um étimo modelo de estudos desta doenca.

O cancer é uma das principais causa de mortes de humanos e animais de companhial-2,
Em 2020, o cancer de mama foi o segundo maior responsavel pelas mortes por cancer no mundo
(contabilizando aproximadamente 685 mil mortes) e foi 0 mais incidente dentre os canceres
humanos (mais de 2,2 milhdes de novos casos em 2020). Isso também é observado em animais
de companhia, especialmente cées, visto que até 70% dos canceres em cadelas ndo castradas
sS40 mamarios, em sua maioria, malignos®.

Devido a sua relevancia, muitos estudos tém como foco os tumores mamarios,
principalmente os humanos, mas tém se expandindo para a espécie canina. Contudo, existem
lacunas em nosso conhecimento sobre as vias moleculares envolvidas com a doenca,
dificultando o desenvolvimento de terapias mais eficazes e até mesmo a identificacdo de novos
biomarcadores para diagndstico precoce e/ou prognostico. Nesse cenario, com o avango das
analises moleculares de alto rendimento, como o sequenciamento de nova geracao (NGS), tem
se tornado possivel a caracterizacdo do perfil da expressdo génica (transcricional) de tumores,
guando comparado a sua contrapartida de tecido normal, por exemplo. Essas informac6es tém
se mostrado valiosas para a compreensao das vias moleculares e redes regulatorias envolvidas
nos mecanismos tumorais. Além disso, tais estudos permitem a identificacdo de moléculas
biomarcadoras com potencial de uso em diagndstico, progndstico e até mesmo, como alvos
terapéuticos em canceres caninos e humanos.

Nesse contexto, o objetivo principal do presente estudo foi, a partir do sequenciamento
de nova geragéo (NGS), determinar o perfil transcricional de amostras de carcinomas ductais
mamarios em cadelas, buscando esclarecer a relevancia dos transcritos desregulados nas vias
moleculares envolvidas na doenca ao compara-los com dados de oncologia em humanos, ja
gue ainda ha lacunas no estudo transcriptdmico do carcinoma mamario canino.

Este trabalho foi aprovado pela Comisséo de Etica em Experimentacio Animal (CEUA)

como um subprojeto do estudo principal intitulado “Analise da ocorréncia de metastase
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intraocular e pulmonar em cadelas portadoras de carcinoma mamario e correlagdo com
mutacdo e expressdo de e-caderina”, aprovado pela CEUA da Faculdade de Medicina
Veterinaria e Zootecnia — UNESP de Botucatu, sob protocolo nimero 49/2011.

O trabalho sera apresentado em duas se¢des: i) uma breve revisao introdutdria ao assunto
e, ii) um artigo cientifico, ja formatado segundo as normas do periddico escolhido para
submisséo (Scientific Reports; ISSN 2045-2322).
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2. REVISAO DE LITERATURA

Dentre os tipos de cancer que acometem cées ndo-castrados, 0 mais comum é o0 mamario®.
Estudos epidemiologicos no Brasil mostraram que, entre 2004 e 2015, 0s canceres mamarios
representavam de 32,6 a 44,58%° das neoplasias que acometem cées, variando conforme a
regido do pais. Além disso, a maioria dos casos sdo tumores malignos, totalizando,
aproximadamente 70%°%. Assim, os canceres de mama sdo uma das principais causas de
mortalidade de animais de estimag&o?. Esse alto risco de 6bito esté relacionado, principalmente,
as metastases secundarias, que acometem, especialmente, pulmdes e linfonodos?®.

As fémeas adultas ou idosas sdo as mais afetadas pela doenca, isto €, com idade entre sete
e onze anos, variando conforme a regido do pais®>’°. Essa idade é equivalente a idade média
em que mulheres desenvolvem céncer de mama (entre 40 e 60 anos) pela escala de Lebeau'®.
Além da idade, outro fator de risco importante é a exposicao hormonal*®. Isso porque mudancas
hormonais, como o ciclo estral e 0 uso de anticoncepcionais, estimulam o crescimento, assim
como mudangas estruturais e funcionais das células da glandula mamaria, como danos ao DNA
e estimulo a mutagénese, angiogénese e proliferacdo dessas células, as quais podem ser
iniciadas, prosseguindo a carcinogénese*23, Nesse cenario, observa-se que a incidéncia é
reduzida em regiBes que realizam ovariohisterectomia das cadelas antes do primeiro ou segundo
cio e, que a castracdo tardia, ou seja, apos o0 segundo cio, ndo apresenta evidéncias de protecédo
efetiva conta o cancer de mama*®. O risco de desenvolvimento da doenga em cadelas
ovariohisterectomizadas antes do primeiro ciclo estral é de 0,5%°. Por outro lado, o uso de
contraceptivos hormonais, baseados em progesterona, estrogenos ou combinados, aumenta o
risco de desenvolvimento do cancer®.

Além disso, outros fatores podem aumentar os riscos como obesidade, dieta e raca*®.
Apesar de ndo ser determinante, estudos indicam que em cadelas castradas com massa corporal
adequada até o primeiro ano de vida ha reducdo do risco de desenvolvimento do cancer de
mama em 99%, enquanto que em cadelas ndo castradas ha reducio de apenas 40%4. Ainda que
o peso elevado n&o seja fator de risco isolado de desenvolver a doencal?, esse perfil corporal
esta relacionado ao desenvolvimento de canceres mamarios mais agressivos®. Isso também
pode ser observado no cancer mamario humano, onde a ingestdo de uma dieta mais calorica
que o recomendado durante a puberdade pode levar a formacdo de lesdes pré-neoplésicas, as
quais podem se tornar malignas com estimulo hormonal®. Em humanos, a obesidade é um fator
de risco para cancer mamario p6s-menopausa, principalmente os tipos mais agressivos como o
triplo negativo'®Y’. A obesidade afeta os niveis de adipocinas, hormdnios esteroides, insulina e
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fator de crescimento tipo insulina (IGF), além de alterar o microbioma e estimular processos
inflamatorios™2,

No Brasil, as cadelas sem raca definida, poodles e pinschers séo, respectivamente, as mais
acometidas por cancer de mama>"8, Ainda assim, também pode haver influéncia da populagéo
de cées do pais, ja que estas sdo as racas mais comuns no Brasil.

Os tumores mamarios caninos sdao muito heterogéneos quanto a morfologia e
comportamento bioldgico'® e varios sistemas de classificacio ja foram propostos. A
Organizacdo Mundial de Saiude (OMS) publicou, em 1974, a primeira Classificacao
Internacional Histoldgica de Tumores dos Animais Domésticos, que foi atualizada em 1999,
Recentemente, Cassali et al. (2011) e Goldschmidt et al. (2011) propuseram novas
classificacOes para tumores mamarios caninos, incluindo novos subtipos histolégicos. A Tabela
1 apresenta a classificacdo histologica proposta por Goldschmidt et al. (2011), amplamente

utilizada atualmente.

15



Tabela 1 — Classificacdo Histoldgica de Tumores Desenvolvida por Goldschmidt et al.

NEOPLASIAS EPITELIAIS
MALIGNAS

Carcinoma in situ

Carcinoma simples

Carcinoma micropapilar invasivo

Tubular

Tubulopapilar

Papilar cistico

Cribriforme

Carcinoma s6lido

Comedocarcinoma

Carcinoma anaplésico

Carcinoma com desenvolvimento de adenoma
complexo ou tumor misto

E detectavel uma parte benigna na secgio

Carcinoma complexo

O componente epitelial é maligno e o mioepitelial é
benigno

Carcinoma misto

O componente epitelial ¢ maligno, o componente
mioepitelial mesenquimal é benigno e o componente
mesenquimal ¢ cartilaginoso ou 6sseo.

Carcinoma ductal maligno homélogo ao adenoma
ductal

Carcinoma papilar intraductal maligno homoélogo
ao adenoma papilar intraductal

NEOPLASIAS EPITELIAIS
MALIGNAS ESPECIAIS

Carcinoma de células escamosas

Carcinoma adenoescamoso

Carcinoma mucinoso

Carcinoma rico em lipideos

Carcinoma de células fusiformes

Mioepitelioma maligno

Carcinoma de células fusiformes variantes de células
escamosas

Carcinoma inflamatorio

NEOPLASIAS EPITELIAIS
MALIGNAS SARCOMAS

Osteosarcoma

Chondrosarcoma

Fibrosarcoma

Hemangiosarcoma

Outros

CARCINOSARCOMA

NEOPLASIAS BENIGNAS

Adenoma simples

Adenoma papilar intraducatal

Adenoma ductal

Fibroadenoma

Mioepitelioma

Adenoma complexo

Tumor misto benigno

HIPERPLASIA E
DISPLASIA

Ectasia ductal

Hiperplasia lobular

Regular

Com atividade secretora

Com fibrose interlobular

Com atipia

Epiteliose

Papilomatose

Alteragdo fibroadenomatosa

Ginecomastia

NEOPLASIAS DO MAMILO

Adenoma

Carcinoma

Carcinoma com infiltracdo epidermal

HIPERPLASIA E
DISPLASIA DO MAMILO

Melanose da pele do mamilo

HIPERPLASIA E
DISPLASIA

Ectasia ductal

Hiperplasia lobular

Regular
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Contudo, € inequivoco que a complexidade tumoral exige analises celulares e moleculares
mais aprofundadas, como a classificagdo molecular disponivel para os carcinomas mamarios
humanos. Nesse caso, resumidamente, a classificacdo molecular se da conforme os seus perfis
de expressdo génica e marcadores imunohistoquimicos, como o receptor-2 do fator de
crescimento epidérmico humano (HER2), receptor de estrogénios (RE) e receptor de
progesterona (RP). Os subtipos propostos sdo luminal A (HER2", ER* e RP™), luminal B (HER2
I*, ER" e PR"), HER2 (HER2", ER" e PR e triplo negativo (HER2", ER" e PR)%.

Os tumores do tipo luminal A apresentam maior expressao de genes epiteliais luminais e
baixa expressdo de Ki-67. Estes sdo de menor grau e, geralmente, tem bom progndstico e
respondem bem ao tratamento hormonal. J& os tumores do tipo luminal B sdo mais
proliferativos, em razdo da maior expressdo do marcador Ki-67, e tém progndstico
intermediario, porém, pior que o do luminal A, principalmente quando positivo para HER2. Os
tumores luminais sdo assim nomeados por possuirem a expressao semelhante as células
luminais do epitélio da mama. O tipo HER2 apresenta prognéstico ruim associado a elevado
indice proliferativo, no entanto o HER2 é um étimo alvo para tratamento. Os tumores do tipo
triplo negativo, na maioria das vezes, apresentam pior progndstico e ainda ndo sdo conhecidas
moléculas alvo para terapia efetiva?,

Ha tentativas de usar esta classificacdo para os canceres de mama caninos, visto que a
imuno-histoquimica destes marcadores teria valor diagndstico, progndstico e no tratamento, de
forma mais acessivel na medicina veterinaria, sendo associada a outros métodos de avaliagio?.
Dentre os perfis moleculares, 0 mais comum em tumores de mama benignos caninos é o
RE*/RP*, enquanto em tumores malignos é o RE/RP™, visto que tumores mais agressivos
tendem a ser independentes de horménios, por isso o triplo negativo € aquele com pior
prognostico??. Além disso, tenta-se associar a classificagdo histopatoldgica aos subtipos
moleculares em cdes. O subtipo molecular HER2 foi correlacionado a todos os trés tipos
histologicos de cancer. Os subtipos RE*/HER2" e triplo negativo mostraram correlagdo com
carcinoma ductal. J& o subtipo RE" teve correlagdo com os subtipos histolégicos simples e
complexo?,

Diagnostico e estadiamento do cancer sdo essenciais para definir o tipo de tratamento que
0 paciente deve ser submetido e qual o prognostico do animal, por exemplo a detec¢do de
metastase a distancia esta associada a um progndstico desfavoravel?,

Para o diagnostico, é preciso fazer o exame clinico do animal por meio da avaliacdo da

presenca, tamanho e consisténcia de ndédulos bem delimitados, formados a partir da proliferacéo
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das células neoplasicas, avaliacdo dos linfonodos auxiliar e inguinal e percepcao de ulceraco
na pele e inflamacéo local. E importante verificar se apenas uma mama esté afetada, ou se ha
maultiplos tumores nas mamas, sendo que as mais afetadas sdo as mamas caudais abdominais e
as inguinais®* (Figura 1). Também, realiza-se a coleta de informagdes com o tutor, como
historico médico, ciclo reprodutivo, data de aparecimento da lesdo e histérico de tumores
anteriores. Além disso, a radiografia € uma técnica padrdo, principalmente para verificar se ha
metastase pulmonar, por tratar-se do principal 6rgao distante invadido. Contudo, s6 € possivel
detectar lesdes maiores que 6 mm, para lesdes menores € utilizada a tomografia
computadorizada®®. Finalmente, o diagnéstico definitivo e o estadiamento do tumor sera
baseado no exame histopatoldgico?.

O estadiamento é feito a partir do método TNM da OMS?®, que considera o tamanho do
tumor (T), se afeta os linfonodos (N) e se existem metastases a distancia (M), como descrito na
Erro! Fonte de referéncia ndo encontrada.2. Entretanto, este método foi modificado em 1966, o
nde o estadiamento depende unicamente do tamanho do tumor (por exemplo, T1 seria
correspondente ao estagio | e consecutivamente), se ndo ha invasdo do linfonodo. Caso 0s
linfonodos estejam envolvidos, o estagio é 1V e, se apresenta metastase a distancia, o estagio é

V, independentemente do tamanho do tumor®*®.

=
1
@ @ 1. Cranial toréacica
- 2. Caudal toréacica
sl® 2 @)k
2 m | 3. cranial abdominal
3 W
o a
g @ 3 @ g 4. Caudal abdominal
o
@ 4 @ 5. Inguinal
®5®
0 0
/"\ fﬂ.\

Figura 1 - Representacdo esquematizada das mamas de cadela. As mamas na regido do torax
sdo denominadas toracicas, enquanto as localizadas no abdémen, sdo as abdominais. Sendo que
as mamas voltadas a cabeca sdo chamadas craniais e aquelas voltadas para o rabo séo as caudais
(adaptado de PARDINI, 2015).
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Tabela 2 - Métodos de estadiamento do cancer de mama para animais domesticos.

METODO DESENVOLVIDO PELA OMS

Tamanho do Tumor  Linfonodo Afetado Metéastase Estagio
T1 No Mo I
T1 N1 Mo I
T2 No Mo
T3 No Mo Il

T120u3 Noou1 M1 v
T1 No Mo |
T2 No Mo |
T3 No Mo 11

T120u3 N1 Mo v

T1,2 ou3 NO oul Ml V

T1<3cm. T23 a5 cm. T3> 5 cm. No: linfonodo néo afetado. N1: linfonodo
afetado. Mo: sem metastase. M1: com metéastase. Adaptado de SORENMO et al.
(2019).

O diagnostico precoce é fundamental na redugdo da mortalidade por cancer. Atualmente,
as técnicas utilizadas para o diagnostico sdo por imagem (radiografia e ultrassonografia), exame
histopatoldgico de bidpsia do tecido afetado e testes de marcadores moleculares, principalmente
imunohistoquimicos e bioquimicos.

Além do diagndstico, o monitoramento do paciente durante e ap6s o tratamento fornece
informac@es relevantes para estimativas de prognostico e possiveis intervencdes terapéuticas
em caso de recidivas da doenca. Os avancos em biotecnologia tém proporcionado o
desenvolvimento de métodos diagndsticos mais precoces e formas de monitoramento mais
sensiveis e menos invasivas e, consequentemente, melhorando o prognéstico dos pacientes.
Desse modo, andlises do perfil de expressdo génica e mutacgdes, especialmente dos oncogenes
e supressores tumorais, podem discriminar os subtipos tumorais, assim como, indicar as vias
mais promissoras para as terapias-alvo. Essa abordagem é mais comumente aplicada nos
tumores mamarios humanos, mas apresenta grande potencial também na medicina veterinaria.
Como por exemplo, determinar o perfil de expressdo do oncogene HER2, pode predizer a
progressdo do cancer, indicar a melhor abordagem terapéutica e a provavel resposta a ela®®; e
ainda, os perfis dos supressores tumorais BRCA1, E-caderina e p53, podem indicar o grau de
agressividade do tumor, capacidade metastatica, entre outras informagtes?6:2%20,
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Buscando compreender as semelhancas entre as doencas nas duas espécies, alguns dos
marcadores classicos de cancer mamario humano jé& foram estudados em cées. BRCA1/2 séo
genes com multiplas funcdes, incluindo o controle do ciclo celular e o reparo de quebras de
fita dupla do DNA por meio de recombinacdo homdloga. Assim, mutacGes nesses genes
predispdem seus portadores ao desenvolvimento de cancer, como o0 mamario??. As proteinas
BRCAZ2 humanas e caninas apresentam 68% de homologia e, assim como em cénceres de
mama humano, este gene é pouco transcrito no desenvolvimento de tumores de mama??3!,
enquanto é altamente expresso no tecido mamario normal®?. J4 BRCAL apresenta expressio
reduzida e deslocada de compartimentos celulares em carcinomas mamarios. Foi observado
que sua expressao no nucleo, onde exerce sua atividade, é reduzida e no citoplasma é
aumentada em cancer de mama canino devido a muta¢fes do gene, sendo que essa alteracédo
pode estar relacionada a malignidade do tumor3®. O gene p53 também €é importante para a
regulacdo do ciclo celular, assim, mutagdes nesse gene causam proliferacdo desregulada,
levando a formac&o e progressdo do tumor. Isso é bem documentado em tumores de mama em
humanos?. Ja em cies, identificou-se a alta expressdo de p53, mutante ou n&o, como um
marcador de progndstico ruim e menor sobrevida®**®,

Dessa forma, estudos baseados em anélise do transcriptoma global de amostras tumorais
podem revelar genes que possam ser utilizados como biomarcadores de risco ou prognéstico
em cancer, sendo altamente especificos e, por vezes faceis de detectar no proprio tecido e,
muitas vezes circulantes no organismo, como no sangue e saliva®3’. Além disso, tais
informagdes podem indicar vias moleculares desreguladas para o desenvolvimento de
terapias alvo.

Em raz&o do alto grau de homologia entre 0 genoma canino e humano, as similaridades
histopatolégicas, bioldgicas e clinicas de alguns tumores nas duas espécies, a ocorréncia natural
do tumor nestes animais, mesmo com o sistema imune intacto, os cées sdo os melhores modelos
comparativos para estudos sobre o cancer, sendo muito superiores & utilizagdo de modelos
animais com modificacGes induzidas ou cultura celular?>®%, Qutras caracteristicas comuns de
cancer de mama humano que podem ser observadas espontaneamente em cadelas sé@o
heterogeneidade dentro do tumor, desenvolvimento de resisténcia ao tratamento e presenca de
metéstases a distancia®.

Vale reforcar que tais estudos representam beneficios as duas espécies, ja que 0S
resultados, quando ponderados adequadamente, podem ser extrapolados do modelo canino para

0 humano, em uma abordagem de oncologia comparativa. Ainda, 0os métodos diagndsticos,
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prognosticos e terapéuticos que resultarem do conhecimento gerado por esse tipo de estudo

podera contribuir para avancos na medicina veterinéria e humana.
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3. OBJETIVOS

Definir o perfil transcricional do carcinoma ductal mamario em cadelas, buscando
esclarecer a fungao e influéncia das moléculas desreguladas nas vias moleculares envolvidas na
doenga.

Objetivos Especificos

v/ Sequenciar, por sequenciamento de nova geracdo (NGS), o transcriptoma global de

amostras de carcinomas ductais mamarios caninos e de tecido mamario ndo tumoral;

v Identificar os transcritos com expressdo diferencial em amostras de carcinomas ductais

mamarios caninos quando comparados ao tecido normal;

v Caracterizar os transcritos mais relevantes e avaliar o seu potencial como biomarcadores

de diagndstico ou prognostico utilizando bancos de dados humanos.
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Abstract

Dogs can be excellent models for spontaneous studies about breast cancers because presenting similarities in
clinical behavior and molecular pathways of the disease. Thus, analyses of the canine transcriptome can
identify genes and pathways deregulated, contributing to the identification of biomarkers e new therapeutic
targets, benefiting humans and animals. In this context, the aim of the present study was to determine the
transcriptional profile of canine mammary ductal carcinoma and contribute to the clarification of the
importance of deregulated molecules in the molecular pathways involved in the disease. To this end, we used
mammary ductal carcinoma tissue samples and non-tumor mammary tissue from radical mastectomy of six
female dogs. Sequencing was performed on the NextSeq-500 System platform. When comparing carcinoma
tissue and normal tissue were found 633 down and 573 upregulated genes, which were able to differentiate the
groups by PCA. Gene ontology analysis indicated that inflammatory, cell differentiation and adhesion, and
extracellular matrix maintenance pathways were mainly deregulated in this series. The main differentially
expressed genes observed in this research indicate greater disease aggressiveness and worse prognosis. Finally,
the study of the canine transcriptome appoint that this is an excellent model to generate information relevant
to oncology in both species.

Keywords: dogs, mammary ductal carcinoma, transcriptome
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1. Introduction

Cancer is the leading cause of death in humans and their domestic companions [1,2]. Breast carcinoma
was the second most incident (2.2 million new cases) and caused 685,000 human deaths in 2020 [2]. Something
similar can be observed among companion animals, especially dogs, since most tumors in uncastrated female
dogs are mammary [3,4], with 50 to 75% being malignant [4].

Canine and human mammary cancers share several biological characteristics, such as histology,
pathophysiology, clinical behavior, and molecular pathways [5,6]. Genomic analyses in canine tumors have
revealed similarities between the two species, allowing new insight into the tumor's genetic basis [7].
Interestingly, several genes linked to increased risk of human cancers have also been observed in canines, such
as mutations in BRCA1/2 [8-10] that predispose to breast and ovarian cancer in humans. This scenario
presented above, combined with the shared home environment, makes modern dogs a suitable model for
comparative oncogenetics studies.

Despite the relevance of the disease and the available studies, there are still gaps to be filled in the
molecular mechanisms involved in canine mammary carcinoma. Thus, global transcriptomic research based
on next-generation sequencing may contribute to a better understanding of the origins and progression of the
tumor, besides contributing to the identification of biomarkers with potential use in the diagnosis, prognosis,
and even as new therapeutic targets in cancer, benefiting humans and animals.

In this context, the aim of the present study was, based on next-generation sequencing, to determine the
transcriptional profile of canine mammary ductal carcinoma samples and contribute to the clarification of the

importance of deregulated molecules in the molecular pathways involved in the disease.

2. Casuistry and Methodology

2.1 Casuistry

We used mammary ductal carcinoma tissue samples and adjacent non-tumoral mammary tissue from radical
mastectomy of 6 female dogs to build the sequencing libraries. The female dogs are non-castrated, of different
breeds, aged 5 to 14 years, collected in Veterinary Surgery and Anesthesiology Service, Sdo Paulo State
University (UNESP), Botucatu, SP, Brazil.

2.2 Ethical Premises
This study was approved by the Animal Ethics Committee of FMVZ, UNESP, Botucatu, SP, Brazil
(protocol 49/2011-CEUA).

2.3 Methodology

Sequencing: The tissue was preserved in RNAlater at -70°C until processing. 50 mg sample of the tissue was
triturated using Precellys homogenizer® 24-Dual (Bertin Technologies, Rockville, Washington DC, USA). W
extracted Total RNA of the samples using TRIzol (Thermo Scientific, USA). Then, RNA was quantified using
Qubit RNA Assay Kit on Qubit 2.0 Fluorometer (Thermo Scientific, USA) and integrity (RIN > 8) was

confirmed on Agilent 2100 Bioanalyzer (Agilent Technologies, Germany). Subsequently, this material was
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pooled, each with three samples, forming four groups (two tumoral and two normal). We used each pool to
build the four sequencing libraries. The cDNA libraries were built with TruSeq™ Stranded Total RNA Sample
Preparation Kit v2 (lllumina), and sequencing occurred on the NextSeq 500 System platform (Illumina, USA)
using the NextSeq 500/550 High Output v2 150 cycles (Illumina) Sequencing Kit, according to the

manufacturer's instructions.

Statistical Analysis: First, the data obtained from sequencing were subjected to quality and cleanliness
analysis. The minimum Phred score was 32 per position in the alignment. Then, we mapped the paired-end
reads to the dog reference genome using TopHat2 with the parameters: mate-inner-dist 200; mate-std-dev 100;
no-novel-juncs; min-intron-length 40. The number of counts was obtained using HTSeq with default settings
and normalized by DESEQ?2 (version 1.26). Significantly differentially expressed genes were considered those
with p<0.05 and |log2 fold change| > 1. The abundance of MRNA transcripts was determined by converting
transcripts per one million base pairs of mapped reads (TPM - Transcripts Per Million).

Gene Ontology Enrichment (GO): Performed in the Enrichr (https://maayanlab.cloud/Enrichr/) [11]
platform, based on the hypergeometric test with Benjamini-Hochberg correction. We considered those
enriched processes with p<0.05.

Identification of Transcription Factors: Using the X2K Web platform (https://maayanlab.cloud/X2K/) [12]
was possible to identify the upstream regulation network of upregulated and down-regulated genes separately,
thus indicating the transcription factors that regulate such sets of genes. In addition, we distinguished which
differentially expressed genes are encoding transcription factors by comparing them to The Human Protein

Atlas transcription factor database (www.proteinatlas.org) [13].

Identification of the Secretome: From The Human Protein Atlas database of secreted proteins, it was possible
to identify which differentially expressed genes encode blood secreted proteins, which could be potential non-

invasive biomarkers.

3. Results and discussion

We obtained four sequencing libraries, two tumoral libraries (T1 and T2) from tissues histologically
classified as ductal breast carcinoma [14], and two control libraries (C1 and C2) from adjacent non-tumor
tissue. All libraries were composed of a pool of samples from three patients with early-stage disease
(TINOMO). The mean age of the animals in the first sequencing was 10.0 years, and in the second sequencing
was 7.7 years, with an overall mean of 8.9 years. This result agrees with epidemiological studies, which
indicate that age is one of the main risk factors for the development of breast cancer [3]. From 8.0 years of
age, this risk starts to be significant and increases with age [15].

Through global transcriptome analysis, we identified 11,278 genes among the 36,930 genes in the dog's

reference genome (RefSeq) [16]. Comparing breast carcinoma and non-tumoral tissue samples, 1,206
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differentially expressed genes (DEgenes) were found with statistical significance (p<0.05 and -1> log2 fold
change <I), wherein 633 were negatively regulated (down-regulated) and 573 were positively regulated
(upregulated) (Figure LA-D). This transcriptional profile could distinguish each group by Principal Component
Analysis (PCA) (Figure 1A), as in the heatmap (Figure 1B).

From the MA plot, which comprises the expression change level (log2 fold change) on the y-axis and
the mean abundance (TPM - Transcripts Per Million) on the x-axis (Figure 2A), it was possible to identify
abundant genes and genes with a high degree of deregulation (positive and negative). The most abundant genes
showed lower levels of expression change, such as the upregulated gene CLU, which encodes a chaperone;
SLPI, which encodes a protease inhibitor; and the downregulated TXNIP, a tumor suppressor that encodes a
protein that protects the cell from oxidative stress. Most abundant genes (TPM=>1000) with a high degree of
expression change (-5> log2 fold change >5) are down-regulated. The most upregulated genes, on the other
hand, are less abundant (TPM<100), such as SERPINI2, which encodes a protease inhibitor protein; CDH12,
despite its role in cell adhesion and proliferation, is not commonly studied in breast cancer; and WDR [17], a
gene still little known. This MA plot profile is typical in cancers since the cell undergoes major changes, so
highly upregulated genes are not common in that cell type, resulting in highly expressed genes that are not
very abundant, the opposite being true, as shown in Figure 2A.

Also, in the MA plot, we highlighted the 10.0 most and 10.0 least expressed genes among those
differentially expressed in the comparative analysis between the groups Mammary Carcinoma and Control.
We observe that the down-regulated genes had log2 fold change <-7, in contrast to the upregulated genes had
log2 fold change >5. Most of the upregulated genes are related to tissue organization, by encoding extracellular
matrix component proteins (ACAN, VMO1, COL2A1, and COL8AL) and cell-cell (CDH12) and cell-
extracellular matrix (CLEC3A) adhesion proteins. Also, some genes are involved in cell protection against
oxidative stress (SERPINI2 and GPX2) and cell differentiation via the Wnt signaling pathway (SFRP2).

Most downregulated genes participate in muscle contraction by encoding skeletal and cardiac muscle
components (TTN, MYLPF, TNNT3, MYL2, and MYL3) and the protein responsible for oxygen transport in
these tissues (MB). In addition, some other down-regulated genes are associated with the expression of genes
involved in lipid metabolism (FABD?9), encoding the major milk protein (CSN1S1), and encoding an enzyme
participating in mRNA editing (APOBEC?2).

In the gene ontology (Figure 2B), 28 relevant pathways were identified, which act for tissue maintenance
and cell cycle, being classified between cell support, migration, differentiation, proliferation, immune
response, and ion regulation. In each pathway of the ontology was analyzed the percentage of up and down-
regulated genes, differentiated by color, wherein red is the percentage of upregulated genes and blue is the
percentage of down-regulated genes. Thus, we observed that the cell differentiation pathways have the most
down-regulated genes, while the embryonic development pathway has the most upregulated genes.
Furthermore, the most enriched pathways are related to cell adhesion, regulation of growth factor signaling,

angiotensin signaling, and lactation.
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The cell chemotaxis pathway was included in the immune response set because it represents other
pathways for inducing positive chemotaxis of leukocytes, monocytes, and mast cells, which participate in the
inflammatory response.

From the query of the DEgenes in X2K Web, the regulation network for the up and downregulated genes
was defined separately. In this way, 98 transcription factors were found that regulate the set of upregulated
genes and 95 that regulate the down-regulated genes. Next, the ten transcription factors that most regulate each
group (up and downregulated genes) and their targets were highlighted, and the ontology of these targets was
done (Figure 3). The ontology of the upregulated targets (Figure 3A) pointed out mainly immune, tissue
organization, and hormonal pathways. Highlighting the negative regulation of IL-5 and IL-13 production, the
response to IL-4, the response to chronic inflammation, and the differentiation of immune system cells
(granulocytes and TCD4 and TCD8 lymphocytes). The tissue organization comprises the pathways of negative
regulation of plasminogen activation, positive regulation of fibroblast migration, integrin-mediated regulation
and cell adhesion, assembly of the B-catenin-TCF complex, and regulation of the epithelial-mesenchymal
transition (EMT). The hormonal pathways are the most enriched. Among these, we observe the regulation of
the metabolic process of hormones, prostaglandin transport, and cellular response to testosterone stimulation,
in addition to the regulation of the IGF receptor signaling pathway.

In the ontology of down-regulated targets, we observe mainly pathways: tissue organization and cell
adhesion, processes that participate in the cell cycle, immune pathways, and muscle cell activity. The
regulation of the integrin biosynthesis process and integrin-mediated cell adhesion are the most enriched
pathways and most associated with the transcription factors that regulate DEgenes.

Itis also important to consider among the pathways of tissue organization the formation of the basement
membrane, the negative regulation of cell leakage, and endothelial cell proliferation in the budding process of
angiogenesis. The cell cycle processes range from the pyrimidine metabolic process, and calcium ion sensing
to the IGF receptor signaling pathway. The immune pathways include negative regulation of T cell apoptosis,
positive regulation of lymphocyte activation, and response to macrophage colony-stimulating factor. The
pathways involved in muscle cell activity (actin-myosin filament sliding and sarcomere organization) are
specific to the transcription factor MYOD1.

Interestingly, most of the highlighted transcription factors regulate upregulated and downregulated
genes, such as SUZ12, NFE2L2, SMAD4, TP63, REST, and AR (which is part of the DESeq set). These
transcription factors regulate the same functions between the groups (up and down-regulated genes), although
through different targets and pathways.

Among the differentially expressed genes, we found 66 transcription factors (Figure 4A), of which 29
are upregulated (Figure 4B) and two were identified as regulators of the total set, and 37 are down-regulated
(Figure 4C), with six being regulators of the DEgenes set, which is the case of the AR gene.

Based on the data from The Human Protein Atlas, a Venn diagram was drawn with the set of DEgenes,
the total secreted protein genes and blood secreted protein genes data (Figure 5A). Thus, we identified 140
possible circulating protein genes that could be used as biomarkers. Among these genes, the ten most and ten

least expressed genes in the MA plot were highlighted (Figure 5B).
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From this set of genes that encode proteins secreted in the blood, the most expressed ones encode
collagen (COL11A2 and COL8A1) but also stand out as the genes MMP7, which encodes a metalloproteinase
responsible for the extracellular matrix breakdown for tissue remodeling; and LBP that encodes a protein that
binds to Gram-negative bacteria wall lipopolysaccharides and regulates the immune response. In addition,
some genes are not very abundant (TPM<Z10) but with high expressions, such as VSTM2A, which encodes a
protein whose function is to regulate preadipocyte differentiation; and CNTN4, which encodes an axon-
associated adhesion molecule.

On the other hand, the least expressed gene is ALB, which encodes albumin, already associated with a
worse prognosis in women with breast cancer [17]. Also noteworthy are the genes SPP2, which encodes a
protein of the cystatin superfamily; and CLEC3B, which encodes a lectin type C member 3 of family 3, which
is associated with metastasis and tumor invasion [18] in other cancers, such as hepatocellular carcinoma.
Moreover, there are very abundant genes (TPM>10000) but with low expression, as is the case of genes LUM,
which encodes the lumican protein, which regulates the collagen fibrils organization; and COL3A1, which
encodes the al chain of collagen type 3, found mainly in connective tissues of organs such as lung, uterus, and
vascular system.

Gene ontology of the set of 140 genes encoding proteins secreted in the blood was performed (Figure
5C). In this analysis, 26 relevant pathways were identified, which are associated with immune response,
extracellular matrix organization, angiogenesis, and cell cycle processes such as proliferation, migration, and
cell death. We observed the signaling and activation pathways of immune system cells and chemotaxis of these
cells as well as being enriched with only upregulated genes. The negative regulation pathway of plasminogen
activation also comprises only upregulated genes and is one of the most enriched pathways. Other more
enriched pathways are the response pathways to chronic inflammation and regulation of cytotoxicity of the
complement system. However, the angiogenesis-related pathways were the least enriched.

The set of extracellular matrix organization pathways are well enriched and common to all the ontologies
performed. It is possible to separate them into pathways related to cell adhesion, the organization of
extracellular matrix components, and their degradation, which allows cell invasion.

Many genes highlighted in the MA plot are related to a poor prognosis in human breast cancer and other
carcinomas, mainly by stimulating invasion capacity and metastasis at a distance and to lymph nodes. Those
are the case with the high expression of CLU and SLPI, upregulated genes in the tumor samples (Figure 2A),
which are correlated to cell migration and invasion capacity, favoring metastasis and thus resulting in more
severe disease [19-21]. CLU encodes the protein isoform sCLU, which has chaperone activity, so it is
overexpressed in stress situations to ensure the cell protection from apoptosis, through p53-dependent and p53-
independent pathways. In addition, it participates in the extracellular matrix organization and the ease of cells'
intravasation of blood and/or lymphatic vessels because it modulates the activity of MMP9 [22]. On the other
hand, SLPI can prevent tissue destruction and regulates the inflammatory response [23]. Also, SLPI protein
can induce vasculogenic mimicry [21], this is a type of angiogenesis characterized by the formation of
microvascular channels composed of tumor cells, which feed the tumor and allow the perfusion of cells through
the vessels [21,24].
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Another interesting transcript is SERPINI2, which is overexpressed although not very abundant (Figure
2A). This gene encodes a myoepithelial serine proteinase inhibitor (MEPI), which is indirectly involved in
reducing plasminogen activation. While negative regulation of plasminogen activation is very enriched. This
plasminogen protection occurs in cells with high expression of SERPINI2, as observed in our results. Studies
indicate that in breast tumors the expression of this gene is not observed, however with transfection of MEPI
cDNA into breast neoplastic cells, inhibition of invasion is observed [25].

Besides these, it draws attention to the WDR49 transcript, encoded by a gene that is not commonly
studied in breast cancer and with scarce information about its specific functions [26]. In addition, it participates
in a family of genes that encode proteins regulating various cellular functions such as cell division and cell
fate determination, ontology-enriched pathways, as well as transcription, transmembrane signaling, mRNA
modification, and vesicle fusion [27,28]. However, HAN et al (2020) in a GWAS study of patients with
hepatocellular carcinoma and chronic hepatitis B virus (HBV) infection reported low expression of WDR49
in these samples [29].

The proteolysis of the extracellular matrix, represented, for example, by the high expression of MMP7
(Figure 5B), is relevant for cell invasion and metastasis. However, excessive connective tissue formation is
characteristic of human mammary ductal carcinoma [30]. And the density and organization of collagen fibrils
can regulate the progression of mammary tumors in humans, mice, and dogs [31]. We observed high
expression of several collagen types (COL2A1, COL8A1, COL11A1, COL11A2). These collagens can be
used as myoepithelial markers and are involved in the progression of canine mammary ductal carcinoma in
situ to invasive, mainly by activating the TGFp signaling pathway, which is related to epithelial-mesenchymal
transition (EMT), invasion, and stem cell characteristics [32-34]. In addition to these, other overexpressed
genes in breast carcinoma samples related to EMT are SFRP2 [32-34], which modulates Wnt signaling -
pathway highly enriched in ontologies that act on EMT among other tumor development processes [34]; and
CDH12 [35,36], which encodes a type 2 N-cadherin from the family of proteins responsible for calcium-
mediated cell adhesion. This function is associated with gene ontology, since the cell adhesion, homeostasis,
and calcium transport pathways are highly enriched.

There is the involvement of transcription factors in EMT, such as the high expression of ZEB1 related
to the high expression of CDH12 [35]. ZEBL1 regulates upregulated genes in breast tumor tissue, however, this
transcription factor is downregulated in the present study [Figure 4C). MECOM is one of the more upregulated
genes encoding transcription factors. This transcription factor acts as a histone methyltransferase involved in
several cellular functions regulation, such as cell proliferation [37]. MECOM is a stem cell transcription factor
by regulates a set of cadherins [29]. Thus, high expression of MECOM is related to a higher risk of early death.
Moreover, the higher the expression more advanced the stage of the disease [38].

ACAN is also involved in extracellular matrix remodeling and showed the highest fold change in the
breast carcinoma samples. It encodes a proteoglycan specific to cartilaginous tissue, as does COL2AL,
discussed earlier. There is evidence that the presence of these markers indicates metaplasia with cartilaginous

characteristics [39,40]. In contrast, human mammary ductal carcinomas show no difference in ACAN
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expression [41], which is understandable since metaplasia is uncommon in human breast cancers [39] but is
frequent in benign tumors classified as mixed in dogs [42].

LUM encodes the lumican proteoglycan, a major component of the extracellular matrix, and plays an
important role in angiogenesis, regulation of collagen fibrogenesis, cell invasion, and growth, which are
important activities in tumor progression [33,40]. Its expression in breast cancer is controversial [40] but
studies show that down-expression of LUM in human breast cancers represents a worse prognosis [41]. Such
an expression profile can be observed in the results, where despite being abundant, LUM is downregulated.

Like LUM, the TXNIP is abundant but downregulated in the analyzed tumor samples. This gene encodes
the thioredoxin binding protein, which from the binding with thioredoxin inhibits its function, causing the
accumulation of reactive oxygen species, being then important for the control of oxidative stress of cells and,
consequently, in the induction of apoptosis and inhibition of cell proliferation [43,44]. Thus, it can be
considered a tumor suppressor, and its reduced expression is associated with several cancers, such as
hepatocellular carcinoma, lung cancer, and breast cancer in humans [44], mice, and dogs [45]. Knock-down
of the TXNIP gene in MCF-7 cells causes a reduction of the inhibitory effect on cell growth [45].

The most down-regulated genes are characteristic of muscle cells (MYL2, MYL3, MYLPF, TTN,
TNNTS3). In a transcriptional study of tissues from different types of canine mammary carcinoma, muscle-
related pathways such as cardiac muscle morphogenesis, skeletal muscle adaptation, and muscle adaptation
were enriched and associated with down-regulated genes in canine mammary ductal carcinoma tissues [46].
Similarly, several cell motility pathways and extracellular matrix organization were enriched and associated
with upregulated genes [46]. Furthermore, these genes and proteins are found to be significantly less expressed
in breast cancers [46,47] and other carcinomas, such as oral [48,49] and tongue squamous cell cancer [50], and
neck and head squamous cell cancer-associated or not with smoking [51,52].

On the other hand, high expression of TTN and MYL3 genes can be described as a biomarker of worse
prognosis in Ewing's sarcoma [53]. TTN was also more expressed in gastric adenocarcinoma [54]. TTN gene
and the protein encoded by it are large, then more susceptible to mutations, which are related to muscle
weakness, heart disease, muscular dystrophy, and breast cancer [55]. Single nucleotide polymorphisms (SNPs)
in the TNN3 gene are associated with higher mammographic density, which is a risk factor for developing
breast carcinoma [56]. The abundant but most down-regulated MB gene encodes the monomeric protein
myoglobin, which is responsible for the transport and storage of O2 in muscle tissues. However, it has been
shown that human breast epithelial cells also express this gene [57-60]. High expression of MB is observed in
40% of ductal carcinomas [59], however, there are significant cases of down-regulation of this gene in human
breast cancer cells [60]. This indicates that MB may be a tumor suppressor associated with a better prognosis
when upregulated, because the higher the expression, the less aggressive the disease [59]. High expression of
MB is associated with lower cell proliferation by affecting the dynamics of mitochondria, causing
mitochondrial hyperfusion, and preventing cell cycle progression from G1 to S phase [60]. Also, it indicates a
change in the cellular energy matrix since the inactivation of the gene in vivo and in vitro leads to: increased
02 uptake, energy substrate switch from fatty acids to glycolysis (which may be associated with the

downregulated FABP9 gene), therefore less O2 consumption, and increases the activity of mitochondrial
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enzymes [57,59]. Although the molecular mechanisms related to MB are not well elucidated yet, this gene is
commonly studied in breast and other hormone-dependent cancers such as prostate cancer because of its
relationship with ERs (estrogen receptors). Just as long-lasting hypoxia leads to overexpression of the gene,
the MB downregulation seems related to estrogen exposure [58,59]. One study evidenced that when breast
tumor cells expressing RE (RE+) are exposed to p-estradiol, they showed lower expression of MB, possibly
via regulation of RUNX1 [57], one of the transcription factors observed differentially expressed in the present
study and which regulates the set of genes.

The genes that encode proteins secreted into the blood and that were mostly down and upregulated are
ALB and LBP, respectively. Studies indicate that decreased serum albumin level, a protein encoded by the
ALB gene, is related to shorter survival in breast cancer patients [17,61,62], while high levels reduced the risk
of death by 45% [63]. This effect may be due to albumin's role in inhibiting estrogen-responsive tumor cell
proliferation [64]. On the other hand, LBP encodes a lipopolysaccharide-binding protein, so it plays a role in
the inflammatory response against bacteria by initiating the innate immune response. Therefore, it is related to
inflammatory processes in the breast that lead to stromal remodeling and the development and progression of
cancer in this tissue in humans [64] and mice [65]. Between these processes, the breast involution [65], which
resembles the wound healing process, and the amyloidosis have been studied, with LBP showing
amyloidogenic capacity [66].

This study pointed out the principal transcripts deregulated in canine mammary ductal carcinoma. As
previously discussed, many of these genes already have been related to greater aggressiveness and worse
prognosis in human and canine mammary carcinomas, mainly the ten most upregulated genes. Also, such
alterations allowed us to infer the main deregulated pathways, which will contribute to a better understanding
of the disease in dogs. Finally, the study of the canine transcriptome seems to indicate that this is an excellent

model to discover relevant information to oncology in both species.
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Figure 1 — Transcriptional analysis of mammary carcinoma samples from female dogs showed a differential gene
expression profile. (A) Principal Component Analysis of the expression of the control (pink) and mammary
carcinoma(green) genes showed a high percentage variance between the control and breast carcinoma groups
(PC1=92.8%) but low within each group (PC2=4.9%). (B) Heatmap with the 1206 genes differentially expressed between
the two groups: control (pink) and mammary carcinoma (green). (C) Graph of log2fold change distribution of upregulated
(red) and (D) downregulated (blue) genes.
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Figure 2 — Genes and cell pathways associated with mammary carcinoma in female dogs. (A) MA plot is a scatter plot
that indicates the mean count abundance (TPM - Transcripts Per Million) and the degree of regulation (log2fold change).
Genes with log2fold change>1 are overexpressed and genes with log2fold change<1 are underexpressed in the mammary
carcinoma group when compared to normal tissue. The genes that showed greater abundance and a higher degree of
positive regulation are highlighted in red. In blue the abundant genes with a high degree of negative regulation are
highlighted. (B) Analysis of differentially gene enrichment in breast carcinoma, highlighting the main pathways affected.
The colored bars indicate the percentage of upregulated (red) and downregulated (blue) genes among the total genes of
each pathway.
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Figure 3 — Regulation pathways of differentially expressed transcription factors. (A) Enrichment analysis of target genes
of the transcription factors that upregulate genes in mammary carcinoma. (B) Enrichment analysis of target genes of the
transcription factors that downregulate genes in breast carcinoma. The main affected pathways of the main transcription
factors and the number of targets is highlighted. The colored bars indicate the percentage of upregulated genes (red) and
downregulated (blue) among the total genes of each pathway and on the right, the transcription factors that regulate the
number of targets associated with the enriched pathways are highlighted.
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Figure 4 — Transcriptional analysis of mammary carcinoma samples from female dogs showed differentially expressed
transcription factor genes. (A) Venn diagram discriminates the differentially expressed genes found by the analyzes
performed and all the genes that encode transcription factors according to The Human Protein Atlas database. (B)
Heatmap with the 29 genes of upregulated transcription factors in canine mammary carcinoma; control (in pink) and
mammary carcinoma (in green). (C) Heatmap with the 37 transcription factor genes. Analysis of target genes, within the
set, of the five main transcription factors that regulate upregulated genes and downregulated genes.
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Figure 5 — Highlighting genes encoding secreted proteins and cellular pathways associated with mammary carcinoma in
female dogs as potential biomarkers. (A) Venn diagram that discriminates the differentially expressed genes found by the
analyzes performed, all the genes that encode secreted proteins, and all the genes that encode proteins specifically secreted
in the blood according to The Human Protein Atlas database. (B) MA plot of the 140 genes that encode proteins secreted
in the blood, with those genes with a higher degree of positive regulation being highlighted in red, and those genes with
a high degree of negative regulation in blue. (C) Analysis of enrichment of genes encoding secreted blood proteins found
differentially expressed in breast carcinoma, highlighting the main pathways affected. The colored bars indicate the
percentage of up-regulated (red) and down-regulated (blue) genes among the total genes of each pathway.

36



4. References

[1] Biller, B. et al. 2016 AAHA oncology guidelines for dogs and cats. J. Am. Anim. Hosp. Assoc. 52, 181—
204 (2016).

[2] Sung, H. et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 71, 209-249 (2021).

[3] Sorenmo, K. U., Rasotto, R., Zappulli, V. & Goldschmidt, M. H. Development, anatomy, histology,
lymphatic drainage, clinical features, and cell differentiation markers of canine mammary gland neoplasms.
Vet. Pathol. 48, 85-97 (2011).

[4] Vilhena, H. et al. Pets as Sentinels of human health in Pets as Sentinels, Forecasters and Promoters of
Human Health (Springer, 2019).

[5] Rivera, P. & von Euler, H. Molecular biological aspects on canine and human mammary tumors. Vet.
Pathol. 48, 132-146 (2011).

[6] Strandberg, J. D. & Goodman, D. G. Animal model: Canine mammary neoplasia. Am. J. Pathol. 75, 225-
228 (1974).

[7] Liu, D. et al. Molecular homology and difference between spontaneous canine mammary cancer and human
breast cancer. Cancer Res. 74, 5045-5056 (2014).

[8] Yoshikawa, Y. et al. Reduced canine BRCAZ2 expression levels in mammary gland tumors. BMC Vet. Res.
11, 159 (2015).

[9] Nieto, A. et al. BRCAL expression in canine mammary dysplasias and tumours: Relationship with
prognostic variables. J. Comp. Pathol. 128, 260-268 (2003).

[10] Gray, M. et al. Naturally-Occurring Canine Mammary Tumors as a Translational Model for Human Breast
Cancer. Front. Oncol. 10, 617 (2020).

[11] Chen, E. Y. et al. Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. BMC
Bioinformatics 14, 128; 10.1186/1471-2105-14-128 (2013).

[12] Clarke, D. J. B. et al. eXpression2Kinases (X2K) Web: linking expression signatures to upstream cell
signaling networks. Nucleic Acids Res. 46, W171-W179 (2018).

[13] Uhlén, M. et al. Tissue-based map of the human proteome. Science 347, 10.1126/science.1260419 (2015).
[14] Goldschmidt, M. H., Pefia, L., Rasotto, R. & Zappulli, V. Classification and grading of canine mammary
tumors. Vet. Pathol. 48, 117-131 (2011).

[15] Taylor, G. N. et al. Mammary neoplasia in a closed beagle colony. Cancer Res. 36, 2740-2743 (1976).
[16] NCBI. NCBI Canis lupus familiaris annotation release 105. National Library of Medicine
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Canis_lupus_familiaris/105/ (2017).

[17] Lis, C. G., Grutsch, J. F., Vashi, P. G. & Lammersfeld, C. A. Is serum albumin an independent predictor
of survival in patients with breast cancer? J. Parenter. Enter. Nutr. 27, 10-15 (2003).

[18] Xie, X.-W., Jiang, S.-S. & Li, X. CLEC3B as a Potential Prognostic Biomarker in Hepatocellular
Carcinoma. Front. Mol. Biosci. 7, 614034 (2021).

[19] Zhang, S. et al. Clusterin expression and univariate analysis of overall survival in human breast cancer.
Technol. Cancer Res. Treat. 5, 573-578 (2006).

[20] Sayers, K. T., Brooks, A. D., Sayers, T. J. & Chertov, O. Increased Secretory Leukocyte Protease Inhibitor
(SLPI) production by highly metastatic mouse breast cancer cells. PLoS One 9, e1l04223;
10.1371/journal.pone.0104223 (2014).

[21] Wagenblast, E. et al. A model of breast cancer heterogeneity reveals vascular mimicry as a driver of
metastasis. Nature 520, 358-362 (2015).

[22] Koltai, T. Clusterin: A key player in cancer chemoresistance and its inhibition. Onco. Targets. Ther. 7,
447456 (2014).

[23] Nugteren, S. & Samsom, J. N. Secretory Leukocyte Protease Inhibitor (SLPI) in mucosal tissues: Protects
against inflammation, but promotes cancer. Cytokine Growth Factor Rev. 59, 22-35 (2021).

[24] Wei, X. et al. Mechanisms of vasculogenic mimicry in hypoxic tumor microenvironments. Mol. Cancer
20, 7 (2021).

37



[25] Xiao, G. et al. Suppression of breast cancer growth and metastasis by a serpin myoepithelium-derived
serine proteinase inhibitor expressed in the mammary myoepithelial cells. Proc. Natl. Acad. Sci. U. S. A. 96,
3700-3705 (1999).

[26] Scimone, C. Possible related functions of the non-homologous co-regulated gene pair PDCD10 and
serpinil. EuroMediterranean Biomed. J. 12, 41-46 (2017).

[27] Neer, E. J., Schmidt, C. J., Nambudripad, R. & Smith, T. F. The ancient regulatory-protein family of WD-
repeat proteins. Nature 371, 297-300 (1994).

[28] Li, D. & Roberts, R. WD-repeat proteins: Structure characteristics, biological function, and their
involvement in human diseases. Cell. Mol. Life Sci. 58, 2085-2097 (2001).

[29] Han, C. et al. Genome-wide association study of the TP53 R249S mutation in hepatocellular carcinoma
with aflatoxin B1 exposure and infection with hepatitis B virus. J. Gastrointest. Oncol. 11, 1333-1349 (2020).
[30] Kauppila, S., Stenbéck, F., Risteli, J., Jukkola, A. & Risteli, L. Aberrant type | and type I1I collagen gene
expression in human breast cancer in vivo. J. Pathol. 186, 262-268 (1998).

[31] Case, A. et al. Identification of prognostic collagen signatures and potential therapeutic stromal targets in
canine mammary gland carcinoma. PLoS One 12, e0180448; 10.1371/journal.pone.0180448 (2017).

[32] Hussain, S. et al. Gene expression profiling of spontaneously occurring canine mammary tumours: Insight
into gene networks and pathways linked to cancer pathogenesis. PLoS One 13, e0208656;
10.1371/journal.pone.0208656 (2018).

[33] Amini, P., Nassiri, S., Ettlin, J., Malbon, A. & Markkanen, E. Next-generation RNA sequencing of FFPE
subsections reveals highly conserved stromal reprogramming between canine and human mammary
carcinoma. DMM Dis. Model. Mech. 12, dmm040444 (2019).

[34] Mohammed, S. I. et al. Ductal carcinoma in situ progression in dog model of breast cancer. Cancers
(Basel). 12, (2020).

[35] Al Saleh, S., Al Mulla, F. & Lugmani, Y. A. Estrogen receptor silencing induces epithelial to
mesenchymal transition in human breast cancer cells. PLoS One 6, €20610; 10.1371/journal.pone.0020610
(2011).

[36] Ma, J. et al. Cadherin-12 enhances proliferation in colorectal cancer cells and increases progression by
promoting EMT. Tumor Biol. 37, 9077-9088 (2016).

[37] Cui, J. Y., Fu, Z. D. & Dempsey, J. The Role of Histone Methylation and Methyltransferases in Gene
Regulation in Toxicoepigenetics (orgs. McCullough, S. D. & Dolinoy, D. C.) 31-84 (Elsevier, 2018).

[38] Ye, M. et al. Identification and validation of a novel zinc finger protein-related gene-based prognostic
model for breast cancer. PeerJ 9, e12276; 10.7717/peerj.12276 (2021).

[39] Kusafuka, K. et al. Cartilaginous features in matrix-producing carcinoma of the breast: Four cases report
with histochemical and immunohistochemical analysis of matrix molecules. Mod. Pathol. 21, 1282-1292
(2008).

[40] Shawky, M. S. et al. Proteoglycans: Potential Agents in Mammographic Density and the Associated
Breast Cancer Risk. J. Mammary Gland Biol. Neoplasia 20, 121-131 (2015).

[41] Eshchenko, T. Y., Rykova, V. I., Chernakov, A. E., Sidorov, S. V. & Grigorieva, E. V. Expression of
different proteoglycans in human breast tumors. Biochem. 72, 1016-1020 (2007).

[42] Misdorp, H., Else, R. & Hellman, E. Histologic classification of mammary tumors of the dog and cat in
World Health Organization international histological classification of tumors of domestic animals (Armed
Forces Institute of Pathology, 1999).

[43] Cadenas, C. et al. Role of thioredoxin reductase 1 and thioredoxin interacting protein in prognosis of
breast cancer. Breast Cancer Res. 12, R44; 10.1186/bcr2599 (2010).

[44] Chen, Y. et al. Research Progress of TXNIP as a Tumor Suppressor Gene Participating in the Metabolic
Reprogramming and Oxidative Stress of Cancer Cells in Various Cancers. Front. Oncol. 10, 568574;
10.3389/fonc.2020.568574 (2020).

38



[45] Park, J. W., Lee, S. H., Woo, G. H., Kwon, H. J. & Kim, D. Y. Downregulation of TXNIP leads to high
proliferative activity and estrogen-dependent cell growth in breast cancer. Biochem. Biophys. Res. Commun.
498, 566-572 (2018).

[46] Lee, K. H., Park, H. M., Son, K. H., Shin, T.J. & Cho, J. Y. Transcriptome signatures of canine mammary
gland tumors and its comparison to human breast cancers. Cancers (Basel). 10, 1-19 (2018).

[47] Poschel, A. et al. Identification of disease-promoting stromal components by comparative proteomic and
transcriptomic profiling of canine mammary tumors using laser-capture microdissected FFPE tissue. Neoplasia
(United States) 23, 400-412 (2021).

[48] Bhat, F. A. et al. Proteomic Alterations Associated with Oral Cancer Patients with Tobacco Using Habits.
Omi. A J. Integr. Biol. 25, 255-268 (2021).

[49] Kengkarn, S. et al. Identification of Novel Candidate Biomarkers for Oral Squamous Cell Carcinoma
Based on Whole Gene Expression Profiling. Pathol. Oncol. Res. 26, 2315-2325 (2020).

[50] Zhang, H. X. et al. Genome-wide gene expression profiling of tongue squamous cell carcinoma by RNA-
seg. Clin. Oral Investig. 22, 209-216 (2018).

[51] Shaikh, 1. et al. Differential gene expression analysis of HNSCC tumors deciphered tobacco dependent
and independent molecular signatures. Oncotarget 10, 6168-6183 (2019).

[52] Yang, K. etal. Identification of SERPINE1, PLAU and ACTAL as biomarkers of head and neck squamous
cell carcinoma based on integrated bioinformatics analysis. Int. J. Clin. Oncol. 24, 1030-1041 (2019).

[53] Deng, Y. et al. Slow skeletal muscle troponin T, titin and myosin light chain 3 are candidate prognostic
biomarkers for Ewing’s sarcoma. Oncol. Lett. 18, 6431-6442 (2019).

[54] Bizama, C. et al. The low-abundance transcriptome reveals novel biomarkers, specific intracellular
pathways and targetable genes associated with advanced gastric cancer. Int. J. Cancer 134, 755-764 (2014).
[55] Midha, M. K. et al. Comprehensive cohort analysis of mutational spectrum in early onset breast cancer
patients. Cancers (Basel). 12, 1-17 (2020).

[56] Lian, J. & Li, K. A Review of Breast Density Implications and Breast Cancer Screening. Clin. Breast
Cancer 20, 283-290 (2020).

[57] Kristiansen, G. et al. Endogenous myoglobin in breast cancer is hypoxia-inducible by alternative
transcription and functions to impair mitochondrial activity: A role in tumor suppression? J. Biol. Chem. 286,
43417-43428 (2011).

[58] Bicker, A. et al. The distinct gene regulatory network of myoglobin in prostate and breast cancer. PL0S
One 10, e0142662; 10.1371/journal.pone.0142662 (2015).

[59] Kristiansen, G. et al. Endogenous myoglobin in human breast cancer is a hallmark of luminal cancer
phenotype. Br. J. Cancer 102, 1736-1745 (2010).

[60] Braganza, A. et al. Myoglobin induces mitochondrial fusion, thereby inhibiting breast cancer cell
proliferation. J. Biol. Chem. 294, 7269-7282 (2019).

[61] Laursen, |, Briand, P. & Lykkesfeldt, A. E. Serum albumin as a modulator on growth of the human breast
cancer cell line, MCF-7. Anticancer Res. 10, 343-51 (1990).

[62] Hwang, K.-T. et al. Prognostic Influence of Preoperative Fibrinogen to Albumin Ratio for Breast Cancer.
J. Breast Cancer 20, 254-263 (2017).

[63] Liu, X. et al. Prognostic significance of pretreatment serum levels of albumin, LDH and total bilirubin in
patients with nonmetastatic breast cancer. Carcinogenesis 36, 243-248 (2014).

[64] Rocken, C., Kronsbein, H., Sletten, K., Roessner, A. & Béssler, R. Amyloidosis of the breast. Virchows
Arch. 440, 527-535 (2002).

[65] Stein, T., Salomonis, N., Nuyten, D. S. A., Vijver, M. J. & Gusterson, B. A. A mouse mammary gland
involution mMRNA signature identifies biological pathways potentially associated with breast cancer metastasis.
J. Mammary Gland Biol. Neoplasia 14, 99-116 (2009).

[66] Murakami, T. et al. Needle-shaped amyloid deposition in rat mammary gland: evidence of a novel amyloid
fibril protein. Amyloid 27, 25-35 (2020).

39



CONSIDERACOES FINAIS

O presente estudo evidenciou a importancia de analises transcriptdmicas no modelo
canino. Muitos dos genes diferencialmente expressos e vias moleculares identificadas tiveram
0 seu papel descrito através da abordagem de comparacdo com os dados ja disponiveis para a
espécie humana, destacando a relevancia dos estudos comparativos entre espécies. Os
resultados indicaram genes com potencial uso no prognostico e alteracbes moleculares
associadas ao carcinoma mamario ductal canino que sdo pouco exploradas como alvos

terapéuticos e que merecem mais estudos.

Ademais, foram identificadas diversas relagdes de assinaturas de subtipos do carcinoma
mamario (como marcadores mioepiteliais, marcadores de cartilagem, relacdo de regulacdo
hormonal dos genes), e assim, a proxima etapa desse trabalho é verificar o quanto esse tipo de

tumor poderia ser comparavel a algum subtipo de carcinoma mamario humano.

Independente disso, o perfil transcricional do cancer de mama em cadelas em estagio
inicial revelou varias alteracfes moleculares que levam a transformacéo celular, progresséo e
metastase, assim, indicando possiveis biomarcadores e alvos terapéuticos para essa doenga em

cadelas e mulheres.

Finalmente, o estudo do transcriptoma canino parece indicar ser este um 6timo modelo

para gerar informac6es relevantes a oncologia nas duas espécies.
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ANEXO

[MATERIAL SUPLEMENTAR]

Tabela 3 — Lista dos 10 genes menos e mais expressos entre 0s grupos controle e carcinoma

mamario canino.

GENES MAIS EXPRESSOS

Gene log2FoldChange p-value Funcao
Codifica um membro da familia de
ACAN 7.3279 3,9981E-147 proteogllcanos ag_recanos/verswanos, 0 qual
compde a matriz extracelular do tecido
cartilagionoso.
VMOL1 5.0623 6,9011E-08 Codifica a proteina 1 da 9anjada externa da
membrana vitelina
Codifica uma proteina inibidora de proteases
SERPINI2 5.0477 1.9701E-06 de serina, que partlc_lp_a qa _regulagao de varios
processos fisioldgicos, como
desenvolvimento, malignidade e inflamacao.
Codifica a proteina glutationa peroxidase 2,
GPX2 5,7979 1,4090E-49 responsavel por proteger as ce!ulas Qe_danos
de estresse oxidativo ao reduzir peroxido de
hidrogénio.
Codifica um membro da familia de repeticéo
WDR49 5,1457 1,4390E-29 WDA40, que é responsavel pela regulagéo do
controle do ciclo celular e apoptose.
Codifica a protéina col&geno tipo 2 de cadeia
COL2A1 5,0561 1,6920E-38 al, que ¢é encontrado em cartilagem e no
humor vitreo.
CDH12 5,0018 3,3303E-25 Codifica c~ader|na 12, responséavel por medlar
a adesdo celular dependente de célcio.
SERP? 4,9071 9,3678E-107 Codifica uma proteina da fam_llla_SFR~P, sendo
responsavel por modular a sinalizagdo Wnt.
CLEC3A 4,8685 6,1953E-12 Codifica a proteina Iect,lrja tipo C membro A
da familia 3.
Codifica a protéina colageno tipo 8 de cadeia
COLS8A1 4,8230 5,0763E-173 al, que ¢ encontrado na membrana basal do
endotélio corneo.
GENES MENOS EXPRESSOS
Gene log2FoldChange p-value Funcéo
Codifica a proteina titina, que atua na adeséo
TN 7.0702 2. 6755E-158 dg proteinas gue compGem os sarcomeros das
células do musculo estriado e regulam o com
0 comprimento deste.
Codifica a subunidade 2 da enzima catalitica
e O LS de edigdo de mRNA apolipoproteian B
Codifica a proteina 9 de ligacao de acidos
FABP9 -7,2249 8,3929E-27 graxos, que participa das vias de metabolismo
de lipoproteinas.
Codifica a miosina de cadeia leve 2 (isoforma
MYLPF -7,3219 2,4256E-29 do musculo esquelético), responsavel por ligar
em ions de calcio que inicia a contracéo.
ENSCAFG00000032415 -7,4008 1,7872E-10 Néo foi encontrado
CSN1S1 -8.1279 4.3095E-115 Codifica a proteina caseina o1, componente
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Codifica a proteina troponina 3, que compde o
TNNT3 -9,1710 6,4862E-20 complexo trimérico de toponina, o qual inicia
a contragdo muscular.

Codifica a miosina de cadeia leve 2 (isoforma
do musculo cardiaco), responsavel pela

MYL2 -9,1776 8,7293E-32 L ; L =
ligacdo em ions de célcio que inicia a
contragdo.
MYL3 -0.4833 4,3921E-10 Codifica a miosina de,cadela leve 2, (_|soforma
do musculo cardiaco e esquelético)
MB 10,8947 2.1924E-17 Codifica uma mioglobina, muito encontrada

no musculo cardiaco e esquelético.

Tabela 4 — Lista dos 10 genes codificantes de proteinas secretadas no sangue mais e menos
expressos entre 0s grupos controle e carcinoma mamario canino.

GENES MAIS EXPRESSOS SECRETADOS NO SANGUE

Gene log2FoldChange p-value Funcéo
Codifica a cadeia al do colageno tipo 8,
COLB8Al 4,8230 5,0763E-173 que é encontrado na membrana basal do

endotélio corneo.
Codifica a proteina metaloproteinase de
matriz 7, responsavel pela quebra da

MM7 4,5682 1,8633E-23 matriz extracelular em situacoes
fisiol6gicas como, remodelamento do
tecido e desenvolvimento embrionério.

45222 4,7112E-12 Codifica a cadeia a2 do colageno tipo 11,

que é responsavel pelo controle do
crescimento de fibrilas de colageno na
fibrinogénese.

LBP 4,4808 5,4152E-53 Codifica a proteina de ligacéo a
lipopolisacarideo, que a partir dessa
ligacdo com o componente da parede de
bactérias gram-negativas regula a
resposta imunoldgica aguda.

COL11A2

TCN1 4,4181 1,2372E-05 Codifica uma proteina de ligagdo a
vitamina B12, facilitando sua entrada nas
células.
COL11A1 4,1254 7,6300E-147 Codifica a cadeia ol do colageno tipo 11,

que é responsavel pelo controle do
crescimento de fibrilas de colégeno na
fibrinogénese.

LRP2 3,8797 4,1508E-46 Codifica a proteina relacionada a
lipoproteina de baixa densidade 2
(megalin), reponsavel pela ligacdo a
diversas macromoléculas, como
albumina, lipoproteinas, vitaminas e
hormdnios, assim, também atuando na
sinalizac&o celular.
VSTM2A 3,8143 0,0032 Codifica a V-Set And Transmembrane
Domain-Containing Protein, responsavel
por regular a diferenciacdo de pré-
adipdcitos em branco ou marrom.

42



PENK

IGFBPS

3,7208

3,6086

7,7418E-26

9,7333E-35

Codifica uma préproteina que ao ser

quebrada resulta em peptideos opioides

que modulam a percepcéo de dor.

Codifica a proteina de ligagdo do fator de
crescimento tipo insulina 5, regulando o

efeito promotor de crescimento.

GENES MENOS EXPRESSOS SECRETADOS NO SANGUE

Gene

TTN

APOBEC2

FABP9

MYLPF

ENSCAFG00000032415
CSN1Ss1

TNNT3

MYL2

MYL3

MB

log2FoldChange

-7,0702

-7,0771

-7,2249

-7,3219

-7,4008
-8,1279

-9,1710

-9,1776

-9,4833

-9,8947

p-value

2,6755E-158

1,0662E-08

8,3929E-27

2,4256E-29

1,7872E-10
4,3095E-115

6,4862E-20

8,7293E-32

4,3921E-10

2,1924E-17
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Funcéo
Codifica a proteina titina, que atua na
adesdo de proteinas que compdem os
sarcomeros das células do musculo

estriado e regulam o0 com o comprimento

deste.

Codifica a subunidade 2 da enzima
catalitica de edicdo de mMRNA
apolipoproteian B
Codifica a proteina 9 de ligacdo de
cidos graxos, que participa das vias de
metabolismo de lipoproteinas.
Codifica a miosina de cadeia leve 2
(isoforma do musculo esquelético),
responsavel por ligar em ions de calcio
que inicia a contracéo.

Né&o foi encontrado
Codifica a proteina caseina al,
componente do leite.
Codifica a proteina troponina 3, que
compde o complexo trimérico de
toponina, o qual inicia a contragéo
muscular.

Codifica a miosina de cadeia leve 2
(isoforma do musculo cardiaco),
responsavel pela ligagdo em ions de
calcio que inicia a contracao.
Codifica a miosina de cadeia leve 2
(isoforma do musculo cardiaco e
esquelético)

Codifica uma mioglobina, muito
encontrada no musculo cardiaco e
esquelético.
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