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RESUMO

LAINETTI, P.F. ESTUDO MOLECULAR PARA IDENTIFICAGAO DE NOVOS
FATORES PREDITIVOS EM CELULAS MAMARIAS HUMANAS E CANINAS
QUIMIORRESISTENTES. Botucatu — SP. 2024. 114p. Defesa (Doutorado) —
Faculdade de Medicina Veterinaria e Zootecnia, Campus Botucatu, Universidade

Estadual Paulista.

As afecgcdes mamarias em cadelas ocorrem de maneira muito frequente em
animais nao castrados e com idade mais avancada. A maioria desses tumores é
classificado como maligno e a ocorréncia de metastases em linfonodos e 6rgaos
distantes pode chegar a 30%. Os tumores mamarios em cadelas compartilham
semelhangcas com os tumores em mulheres, incluindo sua ocorréncia
espontdnea e maior incidéncia em individuos mais velhos, além de
caracteristicas clinicas e moleculares similares. Genes envolvidos no
desenvolvimento do cancer atuam de maneira semelhante em ambas as
espécies. Embora a remocéo cirurgica seja o tratamento padrao, a quimioterapia
€ discutida como opcao complementar. No entanto, a resisténcia ao tratamento
€ um desafio, podendo estar relacionada a mecanismos genéticos adquiridos ou
pré-existentes nos tumores. As mutagdes genéticas, como a presenca de SNPs
and CNVs no DNA, podem explicar a falha terapéutica. Este estudo tem como
objetivo identificar alteragbes genéticas associadas a resisténcia a quimioterapia
em células de carcinomas mamarios de cadelas, avaliar a presenca de SNPs
nessas amostras, além de relacionar a expressao dos miR-29b, miR-146b, miR-
191 e miR-375 com 36 amostras independentes de tumores mamarios em bloco
de parafina. Durante a pesquisa, foram estabelecidas culturas celulares de duas
amostras, UNESP-CM70 e UNESP-CMR1, que foram aplicadas em
camundongos para avaliar sua capacidade tumorigénica. Outras 3 culturas
celulares, previamente caracterizadas, também foram utilizadas para os
experimentos, as células UNESP-CM1, UNESP-CM4 e UNESP-CM5. A
expressao dos genes MDR1, BCRP, MRP1 e MRP3, relacionados a resisténcia
a quimioterapia, foi avaliada nas células pela técnica de RT-gPCR. O teste de
metabolismo celular (MTT) foi realizado com a doxorrubicina para definir a

concentracgao inibitéria minima (ICso) antes e depois da indugéo a resisténcia
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terapéutica com a doxorrubicina. O DNA das células, apds o tratamento, foi
avaliado pela técnica de SNP array. A avaliagdo dos miRNAs (miR-29b, miR-
146b, miR-191, miR-375) foi realizada por RT-qPCR em 36 amostras, divididas
em 3 grupos, grau |, grau Il e grau Ill. Apenas a células UNESP-CM70 foi capaz
de induzir o crescimento in vivo. A 1Cs foi determinada para cada tipo de célula,
no grupo controle e no grupo tratado. As ICso foram UNESP-CM1 CTRL (7.8 uM),
UNESP-CM1 DOX (0.21 uM), UNESP-CM4 CTRL (12.54 uM), UNESP-CM1
DOX (2.9 pyM), UNESP-CM5 CTRL (0.04 uM), UNESP-CM5 DOX (0.57 puM),
UNESP-CM70 CTRL (1.67 uM), UNESP-CM70 DOX (6.3 uM), UNESP-CMR1
CTRL (0.5 yM) e UNESP-CMR1 DOX (0.63 uM). Os resultados da RT-gPCR
identificaram que célula UNESP-CMR1 apresentou maior expressao dos genes
avaliados em comparagao com a outras células. Foram encontrados dois genes
relacionados as mutagdes de SNPs, os genes ALK e o0 RALGAPA2, que estao
associados a progressao, invasao tumoral e metastase. Os miR-29b, miR-146b
e miR-375 foram encontradas menos expressos no grupo grau lll quando
comparado com os grupos grau | e grau Il. Os miRNAs podem estar relacionados
com genes responsaveis por vias de sinalizagdo PI3K-AKT, de adeséao focal e

na interacido com a matriz extra celular.

Palavras-chave: cao, carcinoma mamario, SNP, resisténcia quimioterapica,

cultivo celular



ABSTRACT

LAINETTI, P.F. NEW PREDICTIVE FACTORS IDENTIFIED BY MOLECULAR
STUDY IN CHEMORESISTANT HUMAN AND CANINE MAMMARY
CARCINOMA CELLS. Botucatu — SP. 2024. 114p. Defesa (Doutorado) —
Faculdade de Medicina Veterinaria e Zootecnia, Campus Botucatu, Universidade

Estadual Paulista.

Mammary disorders in dogs occur very frequently in non-neutered and older
animals. The majority of these tumors are classified as malignant and the
occurrence of metastases in lymph nodes and distant organs can reach 30% of
all cases. Canine mammary tumors (CMTs) share similarities with women’s
Breast Cancer (BC), including their spontaneous occurrence and higher
incidence in older individuals, in addition to similar clinical and molecular
characteristics. Although surgical removal is the standard treatment,
chemotherapy is discussed as an adjuvant treatment. However, resistance to
treatment is a challenge and may be related to acquired or pre-existing genetic
mechanisms in tumors. Genetic mutations, such as the presence of SNPs and
CNVs in DNA and miRNAs dysregulation can be involved in CMTs and BC
resistance. In human BC, several studies have investigated the genetic and
epigenic mechanism of chemoresistance. However, little is known about this
mechanism in CMTs development and progression. Therefore, this study aimed
to identify genetic changes and miRNA dysregulation associated with resistance
to chemotherapy in mammary carcinoma cells from dogs and model to human
BC. In the first step of this research, five cell lines were used and MDR1, BCRP,
MRP1, MRP2 and MRP3 gene expression were assessed to evaluate the
baseline expression of these multiple drug resistance genes. Then, these cells
were subjected to an induced chemoresistance protocol using doxorubicin. The
cell DNA was collected prior and after inducing treatment and subjected to a SNP
microarray platform. In this step, we established a standard protocol for inducing
MCTs cancer cell lines chemoresistance and identified several SNPs related to
chemoresistance in vitro. Only UNESP-CM70 cells were able to induce growth in
vivo. The ICso was determined for each cell type, in the control group and in the
treated group. The ICsos were UNESP-CM1 (CTRL = 7.8 uM; DOX = 0.21 yM),



UNESP-CM4 (CTRL = 12.54 uM; DOX = 2.9 uyM), UNESP-CM5 (CTRL = 0.04
puM; DOX = 0.57 uM), UNESP-CM70 (CTRL = 1.67 uM; DOX = 6.3 yM), UNESP-
CMR1 (CTRL = 0.5 uM; DOX = 0.63 pM). Two genes related to the SNP
mutations were found, ALK and RALGAPAZ2, which are associated with tumor
progression, invasion, and metastasis. Then, we evaluated miRNAs (miR-29b,
miR-146b, miR-191, miR-375) RT-gPCR in 36 CMTs tissue samples. The miR-
29b, miR-146b and miR-375 were found to be downregulated in group grade IlI
when compared to the others groups. These miRNAs may be related to genes
responsible for PISK-AKT signaling pathways, focal adhesion and interaction with
the extra-cellular matrix. It was possible to conclude that SNP mutations in ALK
and RALGAPAZ2 genes were identified during CMT chemoresistance induction

and miRNA downregulation was associated with high grande CMTs.

Keywords: dog, mammary carcinoma, SNP, chemotherapy resistance, cell

culture



LIST OF FIGURES AND TABLES

Chapter 1
Figure 1. Representation of tumor response and cellular
DERNAVIO. ...
Table 1. TNM system classifications (Adapted from Owen 1980 and
CASSALI et al., 2020).....ccieiiiiiiiieee et e e nrree e e e
Table 2. Stages of the TNM system (Adapted from OWEN 1980; CASSALI
et al., 2020).......cci i

Chapter 2
Figure 1. Experimental design of performed experiments.......................
Figure 2. Nude mouse (BALB/c nude, C.Cg-Foxn1nu lineage) with tumor
in the left flank region, after 2 months of inoculation with the UNESP-CM70

Figure 3. RT-gPCR results of the MRP1 (A), MDR1 (B), BCRP (C) and
MRP3 (D) genes from UNESP-CMR1, UNESP-CM70 and UNESP-CM4

Figure 4. Minimum inhibitory concentration (ICso) at doses of 0.1; 1; 5; 10;
15 and 20 uM/well in different cells cultured in vitro.......................... ..
Figure 5. Cell viability after exposure to doses of 0.1; 1; 5; 10; 15 and 20

pM/well of doxorubicin in the different cells cultured in vitro in the control

Figure 6. Cell viability after exposure to doses of 0.1; 1; 5; 10; 15 and 20
MM/well of doxorubicin in the different cells cultured in vitro in the group
that was induced chemoresistance with doxorubicin (DOX).........................
Figure 7. Result shown in the PCA graph, it is not possible to observe a
clustering of the treated groups and the control group...........cccceeeeeeiieeenenn.
Figure 8. PCA analysis of different cell types in groups with the respective
treated CellS.......o o i
Table 1. Oligonucleotide sequence of the genes used for RT-qPCR..........
Table 2. Clinical data of samples used for cell culture (CM: mammary
[oz= T (ox 1 o] 1 4 F- ) ISP

Table 3. Summary of gene expression and doxorubicin ICso dose............

Xi

45

o4

56

58

59

60

61

62
47



Table 4. Clinical data of samples used for cell culture (CM: mammary
(oz= T (od 1 o] 1 4 F- ) TR
Chapter 3

Figure 1. Expression of miRNAs in canine mammary gland tumors..........
Figure 2. Number of genes found in the miRWalk database....................

Figure 3. Venn diagram showing the number of genes that are potential
targets of differentially expressed miRNAs in Grade 1, Grade 2 and Grade
B e | o 11 ] 1= PP

Figure 4. Gene ontology of the biological process (A), cellular component
(B) and molecular function (C) of the predicted target genes by miRNAs,
evaluated by the DAVID software............cccooiiiiiiiiii e

Figure 5. Analysis performed on the ShinyGO database to evaluate the
pathways most affected by mRNAs that are potential targets of the

EVaAlUAIEd MIRN A S ...

Figure 6. Altered ECM-receptor interaction pathway evaluation in the
KEGG platform. Proteins in red are altered and are related to the evaluated

BArgEt GBNES . .. i s

Figure 7. STRING Protein-protein-interaction (PPI) network of predicted
MRNA GArget. ...

Table 1. Patients information regarding breed, age, tumor localization,
histopathological diagnosis and grading...........c.cccoooiiiiiiiiiiiiiien,

Table 2. Sequence of selected miRNAs and the gene to which they

xii

62

92

93

94

95

96

96

97

83



xiii

LIST OF ABBREVIATIONS, ACRONYMS and SYMBOLS

ABC: ATP-binding cassette

BCRP: Breast cancer resistant protein

BCRP: Gene encoding breast cancer resistance protein
cDNA: Complementary DNA

CNV: Copy number variation

DMEM: Dulbecco's Modified Eagle Medium

DMSO: Dimethylsulfoxide or Dimethyl Sulfoxide
DNA: Deoxyribonucleic acid

ER: Estrogen receptor

HER2: Epidermal growth factor receptor 2

MDR1: P-glycoprotein

MDR1: Gene encoding P-glycoprotein

MRP1: Multidrug resistance protein 1

MRP1: Gene encoding multidrug resistance protein 1
MRP2: Multidrug resistance protein 2

MRP2: Gene encoding multidrug resistance protein 2
MRP3: Multidrug resistance protein 3

MRP3: Gene encoding multidrug resistance protein 3
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide ou ensaio de
avaliagao da atividade metabdlica celular

PARP: Poly (ADP-ribose) polymerase

PBS: Phosphate-bufferid saline

PCR: Polymerase Chain Reaction

PET: Positron emission tomography

PR: Progesterone receptor

RNA: Ribonucleic Acid

RT-qPCR: Real Time quantitative PCR

FBS: Fetal Bovine Serum

SNP: Small nucleotide polymorphism



SYMBOLS

°C: Degrees Celsius

h: Time

%: Percent

MM: Micromolar (10-6 mol/L)
ML: Microliter

min: Minutes

mL: Milliliter

L: Liter

s: Second

nmol: Nanomole

Xiv



XV

SUMARY
L0 2l N ] e 1
1. INTRODUCTION AND JUSTIFICATIVE.........oo i ssssnnes 2
2. LITERATURE REVIEW........cooiiieiirriinissssn s nnsssssss s ssssssss s s s s ssssssssns e 4
2.1. Mammary gland NeoplasmsS..........ccoooviiiiiiiiiiiiicie e 4
2.2. Histopathological classification and grading of mammary tumors........... 5
2.3. Clinical signs and diagnoSiS..........cccoviiiiiiiiiiiiiiicieee e 5
2.4, Metasta@ses ........cooiiiiiiiiii e 7
2.5. Staging and prognostic factors ... 7
2.6. Treatment ..o 9
2.7. Experimental MOdEl ..........oouuieiiiiiiiie e 11
2.8. TherapeutiC reSiStancCe .........ccoouuiiiiiiiii i 12
2.9. DOXOTUDICIN ...ceiiiiiiieeee ettt 14
2.10. SNPs/CNVs and chemotherapy resistance..........cccccccceeiiiiiiiiieeniinnnn, 16
2.11. In vitro chemoreSiStanCe .........cccuuuiuiiiiiiiiiii e 18
212 MIRNA Lt 19
3. CONSIDERATIONS ...t sssssr s s sssss s s s s sssss s s s s sssssssnnnnnns 20
4. HYPOTHESIS AND OBJECTIVES.........cooiiimerrrrsninnssssssssssnssssssssssn s s ssssssnes 21
4.1, HYPOLNESIS ...t 21
N C 1T o 1T = =T o S PEUPRPRRPPPRR 21
4.3. SPECITIC @IMS.....coiieiiiiiiieee et e e e 22
5. REFERENCES. ... s s 23
L0 o Ll N ] 32
1B T T = o 1o 0 P 40
ADSEFACT ... —————— 41
1. INtrodUCION... ...t ———————— 42
700 =1 4 T L 43
O B (=T o 1= o £ SRR 43
2.2. EtRICAl @SPECIS.......cceueeeeeeeeeee e 43
2.3. Experimental deSign ................uoiiiiiiiiiiiiie e 44
2.4. Acquisition of mammary carcinoma Samples ..............cccceeeeeieiiiiieeaaannnn. 45
2.5. Clll CUIUIE ... 45
2.6. Cell CEItIfICALION ... 45

2.7. Assessment Of tUMOFGENICILY .............eeeeieeeiieieeeieeeeeeeee e 45



XVi

2.8. RT-QPCR ...t a e e e 46
2.9. Doxorubicin treatment and evaluation of cellular metabolic activity ...... 48
2.10. Chemoresistance INAUCTION ..................coouiiiiiiiiiiiieeeeeee e 49
2.11. DNA Extraction and SNP/CNV Analysis — Genotyping Array.............. 49
2.12. Identification Of SNPS/CINVS ..........cccouiiiiiiiiiiiiicieeeeeeee e 50
2.13. Statistical @NalySIS .............cooeeeuuuuueiieie e 50
B R S L 51
BT Clll CUIUIE ...t 51
3.2. TUMOrIQeNniCily @SSESSIMENT ..........ccuuuiiiiiiiiiiie e 54
B B B g e | O o PP 54
3.4. Doxorubicin treatment and evaluation of cellular metabolic activity ...... 57
3.5. DNA Extraction and SNP/CNV Analysis — Genotyping Array and
identification Of SNPS/CINVS ...ttt 59
4. DISCUSSION .....ooiiiiiiiiiinsnnnnrssiissssssssns s ssssss s s s s sssssss s s s sssssssssnnnsnssnssssssnnnnnns 64
5. CONCLUSION ...t s asn s nn e e e e a s mmnnnn e e e 67
REFERENCES. ... s s ammn s s s s s 69
L0 o Ll N ] 32
1B T T L= o 1o 0 1 PPt 78
ADSEFACT ... —————— 79
1. INrodUCtioN ... ——————————— 80
W2 {11 d 3 To o (o] Lo Yo |V 82
2.17. Samples SEIECHON .......ccoeiiiiiiii i 82

2.2. miRNA extraction from formalin-fixed paraffin-embedded (FFPE)

samples 86

2.3. Reverse transcription and real time quantitative-PCR (QPCR)........... 86
3. Statistical analysis ........ccvveviiiiiiiii s —————— 89
L =T 1] | 89
4.1. Patients survey and tumor Ristology ...............ccccveeeeeeeiiiiiiieeiiiiieeiiiiin, 89
4.2.  MIRNAS ©XPIreSSION .......c.ccovueeeeeiieeeeeie e eaaas 89
4.3. Forecasting miRNA targets and analyzing pathway enrichment........ 93
5T B L1 o2 =17 e o 98
S 0o 4 T ¥ =3 T o 100
REfEreNCEeS ......coiiiirrr e ———————— 101
L0 o Ll N ] 108

1. FINAL CONSIDERATIONS ..ot sssss s sssssnnas 109



XVii

2. ACTIVITIES DURING PR.D. ... oeoeeeeeieeccemcerme s e smssm s snsssnssenssamssenssenssanssennsensren 110
2.7 COUISES ...t 110
2.2, Transferable SKIllS...........o e 110

2.3. Published papers during PR.D. ................ccccoveeeeieiiiiciiieeee e 112



CHAPTER 1



O 0 3 N »n B~ W NN =

W W W W W N N N N N N N N N N e e e e e e e e
A W N =) O O 0 N O N Pk WD = O OV 0NN R W N~ O

1. INTRODUCTION

Mammary neoplasms represent approximately 50% of tumors identified
in female dogs, the majority of which are malignant (SORENMO et al., 2003;
SLEECKX et al., 2011). Tumors in female dogs have similarities to tumors in
women, including their spontaneous occurrence and increased incidence with
age (SALAS et al., 2015). Furthermore, features such as disease course, clinical
stages, lymph node invasion, and important molecular markers in carcinogenesis
are similar in both species (PENA et al., 2014; ABDELMEGEED; MOHAMMED,
2018; NGUYEN et al., 2018).

Genes involved in cancer development act similarly in human and canine
mammary neoplasms (SHEARIN et al., 2010; KASZAK et al., 2018). In addition,
both species are exposed to similar carcinogens due to their shared environment
which results in similar risk factors and molecular alterations. Several types of
neoplasia are also found in both humans and dogs including lymphoma, lung
carcinoma, and osteosarcoma (YU; CHEAH, 2017).

Chemotherapy as an adjuvant treatment for mammary tumors in dogs is
still a subject of debate since surgical removal of the tumors is considered the
standard treatment (CASSALI et al., 2020; HORNFELDT et al., 2023). Although
there are different chemotherapy protocols for dogs with mammary tumors, there
is no standard protocol with proven efficacy in tumor remission, adjuvant therapy,
and increased survival, making the use of chemotherapy for these tumors up for
debate (TRAN, MOORE, FRIMBERGER, 2016; TURNA et al., 2023).

Lack of response to treatment can occur due to several factors including
acquired or pre-existing mechanisms. Acquired mechanisms are usually a result
of exposure to chemotherapy drugs, whereas pre-existing mechanisms refer to
tumor characteristics that can be altered by the tumor microenvironment (LOVITT
et al., 2018; BUKOWSKI et al., 2020). In women, approximately 15% of patients
with breast cancer develop metastases within three years after diagnosis of the
primary tumor, and metastases are the leading cause of death in these cases
(WEIGELT et al., 2005). Although there is an initial response to chemotherapy in
women and dogs some mammary tumors develop resistance to the most
commonly used drugs highlighting the need for new therapeutic options (KLEIN
et al., 2019).

Understanding the mechanisms of resistance to chemotherapy is crucial
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to determine when and how to apply antineoplastic therapy. However, knowledge
on this topic in dogs is limited. Chemotherapy is recommended for animals with
more aggressive tumors, metastases or tumor recurrences, but its efficacy is still
uncertain since many patients have recurrences after treatment (SIMON et al.,
2006; LEVI et al., 2016).

Morphological, behavioral, and clinical similarities between mammary
tumors in dogs and women in addition to the high genomic homology between
the species make these tumors a good model for the study of mammary
carcinoma in women. Furthermore, with the discovery of new drugs, it is possible
to initially test them in dogs which serve as preclinical models for women.
Therefore, both groups benefit from comparative studies. Women also face
challenges related to chemotherapy resistance and adjuvant therapies currently
target molecular targets. However, even with a focused therapy for these targets
some tumors still develop resistance and become metastatic. For that reason, the
discovery of new molecular targets is important to provide more treatment options
(HERNANDEZ; GONZALEZ, 2013; GU et al., 2016).

On that account, this study aimed to identify and validate genetic
alterations associated with resistance to chemotherapy in mammary carcinoma
cells from dogs. After validating these alterations, we will investigate the potential
of different therapeutic targets in cultures of mammary carcinoma from dogs, to
identify drugs that can be associated with the treatment of chemotherapy-
resistant tumors. It is worth mentioning that there is a lack of information on
chemotherapy resistance in canine mammary tumors except for an article
published by Zambrano-Estrada et al. (2018) which relates the use of doxorubicin
in combination with molecular iodine (I12) to increased survival in dogs with
mammary tumors. In our searches in national and international databases, we
found no other articles that describe comparative data on chemotherapy

resistance between human and canine mammary tumors.
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