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Resumo 

 

Os tumores da mama são uma doença complexa que põe em perigo a vida de muitas 

pessoas em todo o mundo. Tal como outros tipos de cancro, o cancro da mama necessita de um 

modelo adequado que permita, não só, que se perceba melhor a origem e os mecanismos 

envolvidos na tumorigénese, mas também um modelo que permita a realização de testagem de 

novas terapias. Neste sentido, o Felis catus tem surgido ao longo dos anos como um modelo 

importante para o estudo do cancro da mama humano uma vez que esta espécie é afetada, 

espontaneamente, com grande frequência por tumores mamários, que são em muitos aspetos, 

nomeadamente histológica e clinicopatologicamente muito semelhantes aos tumores da mama 

da mulher. Além disso, o estilo de vida mais humanizado do gato, fruto da grande convivência 

entre as duas espécies implica que partilhem dos mesmos fatores de risco ambientais. 

Com este trabalho pretendemos estudar molecularmente os carcinomas mamários 

felinos e descobrir potenciais candidatos a biomarcadores. Para tal, avaliámos, através de 

quantificação absoluta por PCR em tempo real, algumas sequências: HER2, TP53, TOP2α, 

Cyclin D1, FUS, YBX1, PTBP1, c-Myc, PKM2 e FA-SAT, algumas delas tanto a nível do DNA 

como do RNA e outras apenas ao nível do RNA, numa coleção de carcinomas mamários felinos 

e numa linha celular tumoral de gata, a linha FkMTp. Na análise dos tumores os resultados da 

expressão foram correlacionados com parâmetros clinicopatológicos como por exemplo o 

tamanho do tumor, a classificação molecular ou tumores múltiplos, entre outros.  

Os nossos resultados nos tumores mamários felinos mostram padrões de expressão 

muito semelhantes àqueles que são reportados na mulher acentuando as similaridades nas vias 

moleculares envolvidas em ambas as doenças, aumentando assim as evidências que apontam o 

gato doméstico como um bom modelo para o estudo do cancro da mama em humano. 

Relativamente à linha celular concluímos que pode ser uma linha celular de interesse no 

estudo de tumores classificados como HER2 positivos sem amplificação génica. 

 

 

Palavras-chave: Cancro da mama; Carcinomas mamários felinos; PCR em tempo real; HER2 
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Abstract 

 

Breast tumours are a complex disease endangering the lives of many people around the 

world. As other cancers, breast cancer needs suitable models in order to uncover the 

mechanisms underlying tumorigenesis and that allow the performance of clinical tests of new 

therapies. In this sense, Felis catus has been over the years emerging as a valuable model to 

study breast cancer once it is greatly affected by spontaneous mammary tumours which are, in 

many aspects such as clinicopathologically and histologically, similar to human breast tumours. 

Moreover, the humanized lifestyle of the domestic cat makes it share the same environmental 

risk factors as humans. 

With this work we intended to study molecularly Feline mammary carcinomas and 

potentially uncover some potential biomarker candidate. To do so, we evaluated, through 

absolute quantification by Real Time qPCR, a few sequences: HER2, TP53, TOP2α, Cyclin D1, 

FUS, YBX1, PTBP1, c-Myc, PKM2 and FA-SAT, some of them at both DNA and RNA levels 

and others only at the RNA level in a collection of feline mammary carcinomas and in the 

FkMTp feline cell line. In the tumour analysis, we correlated the expression data with 

clinicopathological parameters, such as tumour size, molecular classification, multiple tumours, 

among others.  

Our results in the feline mammary tumours show expression patterns very similar to 

what is already reported in women, highlighting the similarity in the molecular pathways 

involved in both diseases, increasing the evidences supporting Felis catus as a good human 

breast cancer model. 

Regarding the feline cell line it was observed that it could be a cell line of interest in the 

study of HER2 positive tumours that are negative for gene amplification. 

 

 

 

Keywords: Breast cancer; Feline Mammary Carcinomas; Real Time qPCR; HER2  



xvi 

 

  



xvii 

 

Index 

 

Agradecimentos ............................................................................................................. ix 

Resumo ........................................................................................................................ xiii 

Abstract......................................................................................................................... xv 

Index ........................................................................................................................... xvii 

Index of figures............................................................................................................ xxi 

Index of tables ........................................................................................................... xxiii 

List of Abbreviations and Symbols ............................................................................ xxv 

1. Introduction ................................................................................................................ 1 

1.1. Felis catus as a model for breast cancer .............................................................. 2 

1.1.1. Felis catus as a model organism to study human breast cancer ................... 3 

1.1.2. Felis catus cell lines ..................................................................................... 4 

1.2. Cancer Biomarkers: one of the main goals of cancer research ........................... 5 

1.2.1. Human epidermal growth factor 2 ............................................................... 7 

1.2.2. TP53 ............................................................................................................. 8 

1.2.3. Topoisomerase II alpha ................................................................................ 8 

1.2.4. Cyclin D1 ...................................................................................................... 9 

1.2.5. Fused in Sarcoma (FUS) ............................................................................ 10 

1.2.6. Y-box binding protein 1 .............................................................................. 11 

1.2.7. Polypyrimidine tract-binding protein 1 ...................................................... 11 

1.2.8. c-Myc .......................................................................................................... 12 

1.2.9. Pyruvate kinase M2 .................................................................................... 13 

1.3. Satellite DNA and its Transcripts as cancer biomarkers ................................... 14 

1.3.1 FA-SAT: the major cat satellite sequence .................................................... 15 

2. Objectives ................................................................................................................. 17 

3. Materials and Methods ............................................................................................. 19 

3.1. Biological material ............................................................................................ 19 

3.2. Primer design ..................................................................................................... 19 



xviii 

 

3.3. Sequence Isolation by Real Time RT-PCR from Felis catus RNA using specific 

primers .................................................................................................................................. 21 

3.4. Agarose gel electrophoresis ............................................................................... 23 

3.5. Excision and purification of DNA fragments from an agarose gel ................... 24 

3.6. Cloning of isolated sequences using vector pUC19DNA/SmaI ........................ 24 

3.7. Plasmid DNA isolation ...................................................................................... 29 

3.8. DNA Sequencing by Sanger methodology ........................................................ 29 

3.9. RNA sample purification ................................................................................... 30 

3.10. Absolute quantification of the transcription levels by Real Time reverse 

transcriptase quantitative PCR (RT-qPCR) and copy number assessment. ......................... 31 

3.11. Statistical Analysis .......................................................................................... 35 

4. Results ...................................................................................................................... 37 

4.1. Isolation and cloning of the sequences in study ................................................ 37 

4.2. Evaluation of DNA/RNA levels in a collection of feline mammary carcinomas 

and correlation with clinicopathological variables ............................................................... 38 

4.2.1. Standard curves for nucleic acid absolute quantification ........................... 38 

4.2.2. Copy number assessment in a collection of feline mammary carcinomas . 41 

4.2.3. Evaluation of RNA levels in a collection of feline mammary carcinomas 44 

4.2.4. Correlogram and correlation between expression data and 

clinicopathological features .............................................................................................. 50 

4.3. Evaluation of DNA/RNA levels in FkMTp cell line ......................................... 55 

5. Discussion................................................................................................................. 61 

5.1. Analysis on the expression levels of the sequences at study in the collection of 

feline mammary carcinomas and correlation with clinicopathological features. ................. 61 

5.1.1. Analysis of the DNA/RNA levels in tumour fresh samples ....................... 61 

5.1.2. Correlogram and correlation between the expression data with 

clinicopathological parameters ......................................................................................... 64 

5.2. Analysis on the expression of the sequences at study in the FkMTp cell line .. 66 

6.Conclusions and Future Perspectives ........................................................................ 69 

7. References ................................................................................................................ 71 

Appendix ...................................................................................................................... 79 



xix 

 

Appendix A .............................................................................................................. 79 

Appendix B ............................................................................................................... 80 

Appendix C ............................................................................................................... 82 

Appendix D .............................................................................................................. 89 

Appendix E ............................................................................................................... 99 

 

  



xx 

 

  



xxi 

 

Index of figures 

 

Figure 1. Gel electrophoresis for the isolation of the gene sequences to be cloned. .... 37 

Figure 2. Standard curves for DNA quantification ...................................................... 39 

Figure 3. Standard curves for RNA quantification. ...................................................... 41 

Figure 4. Comparison between tumour samples and disease-free samples extracted from 

the same individual for HER2, TOP2α and FA-SAT copy number evaluation.. ...................... 43 

Figure 5. Comparison between tumour and disease-free samples, extracted from the 

same individual of the sequences expression levels ................................................................. 49 

Figure 6. Correlogram of the expression data from all the sequences at study. ........... 51 

Figure 7. Box plot graphical representation of the relation between YBX1 and Tumour 

size. ........................................................................................................................................... 52 

Figure 8. Relation between clinicopathological variable oral contraceptive with some of 

the sequences at study .............................................................................................................. 53 

Figure 9. Box plot graphical representation of the relation between c-Myc and Lymph 

node with metastasis ................................................................................................................. 54 

Figure 10. Relation between clinicopathological variable lymphovascular invasion with 

some of the sequences at study ................................................................................................ 54 

Figure 11. Relation between FA-SAT RNA and some clinicopathological variables. . 55 

Figure 12. DNA/RNA evaluation of the sequences at study in the FkMTp cell line. .. 59 

Supplementary Figure 1. Electrophoretic run in a 1,5% agarose gel for some of the 

performed standard curves ....................................................................................................... 80 

Supplementary Figure 2. FUS RNA Real Time RT-qPCR electrophoresis ................. 86 

Supplementary Figure 3. FkMTp Real Time RT-qPCR product electrophoresis ........ 99  

file:///C:/Users/Bárbara%20Martins/Documents/Bárbara/Escola/GMCT/Dissertação/Bárbara_Dissertação%20GMCT_versão%2014.docx%23_Toc495521007


xxii 

 

  



xxiii 

 

Index of tables 

 

Table 1. Primers sequences used for isolation of the sequences at study..................... 20 

Table 2. Predicted sizes of the amplicons generated for each gene ............................. 20 

Table 3. Reaction Mix for sequence isolation by Real Time RT-PCR ........................ 22 

Table 4. PCR program used for the isolation reaction by Real Time RT-PCR............ 22 

Table 5. Fast DNA End Repair reaction mix. .............................................................. 27 

Table 6. Reaction mix for the ligation of DNA insert into vector pUC19DNA/SmaI . 27 

Table 7. Reaction mix with M13 primers for PCR screening of recombinant bacteria 28 

Table 8. Cycle program for PCR screening of recombinant bacteria ........................... 28 

Table 9. Reaction mix for RNA purification ................................................................ 30 

Table 10. Reaction mix for RNA absolute quantification by Real Time qPCR........... 32 

Table 11. Reaction mix for copy number evaluation ................................................... 32 

Table 12. PCR program used for the RNA quantification reaction by Real Time qPCR

 .................................................................................................................................................. 33 

Table 13. PCR program used for the DNA copy number evaluation ........................... 33 

Table 14. Reaction mix for Real-time reverse transcriptase quantitative PCR ............ 34 

Table 15. Cycle program for Real-time reverse transcriptase quantitative PCR ......... 34 

Table 16. Reaction mix for DNA copy number evaluation .......................................... 35 

Table 17. PCR program used for the DNA copy number evaluation ........................... 35 

Supplementary Table 1. Sequencing results and similarity of the sequences obtained 

with the gene sequence  ............................................................................................................ 79 

Supplementary Table 2. Details regarding the elaborate standard curves for DNA/RNA 

evaluation ................................................................................................................................. 81 

Supplementary Table 3. HER2 DNA and RNA intra and extracellular quantification of 

each tumour sample using the disease-free tissue of the same individual as a reference ........ 82 

Supplementary Table 4. TOP2α DNA and RNA quantification of each tumour sample 

using the disease-free tissue of the same individual as a reference ......................................... 83 

Supplementary Table 5. FA-SAT DNA and RNA quantification of each tumour sample 

using the disease-free tissue of the same individual as a reference ......................................... 84 

Supplementary Table 6. TP53 RNA quantification of each tumour sample using the 

disease-free tissue of the same individual as a reference ......................................................... 85 



xxiv 

 

Supplementary Table 7. Cyclin D1 RNA quantification of each tumour sample using the 

disease-free tissue of the same individual as a reference ......................................................... 85 

Supplementary Table 8. FUS RNA quantification of each tumour sample using the 

disease-free tissue of the same individual as a reference ......................................................... 86 

Supplementary Table 9. YBX1 RNA quantification of each tumour sample using the 

disease-free tissue of the same individual as a reference ......................................................... 87 

Supplementary Table 10. PTBP1 RNA quantification of each tumour sample using the 

disease-free tissue of the same individual as a reference ......................................................... 87 

Supplementary Table 11. c-Myc RNA quantification of each tumour sample using the 

disease-free tissue of the same individual as a reference ......................................................... 88 

Supplementary Table 12. PKM2 RNA quantification of each tumour sample using the 

disease-free tissue of the same individual as a reference ......................................................... 88 

Supplementary Table 13. TP53 RNA relation with clinicopathological parameters.    89 

Supplementary Table 14. YBX1 RNA relation with clinicopathological parameters.   

 .................................................................................................................................................. 90 

Supplementary Table 15. c-Myc RNA relation with clinicopathological parameters .. 91 

Supplementary Table 16. TOP2α DNA and RNA relation with clinicopathological 

parameters. ............................................................................................................................... 92 

Supplementary Table 17. Cyclin D1 RNA relation with clinicopathological parameters.

 .................................................................................................................................................. 93 

Supplementary Table 18. FUS RNA relation with clinicopathological parameters .... 94 

Supplementary Table 19. PTBP1 RNA relation with clinicopathological parameters. 

 .................................................................................................................................................. 95 

Supplementary Table 20. HER2 DNA and RNA intracellular and extracellular domains 

relation with clinicopathological parameters ........................................................................... 96 

Supplementary Table 21. PKM2 RNA relation with clinicopathological parameters . 97 

Supplementary Table 22. FA-SAT DNA and RNA relation with clinicopathological 

parameters ................................................................................................................................ 98 

Supplementary Table 23. Quantification of cell line FkMTp passages 15, 50, and 80 

using passage 5 as a reference, for every sequence at study. ................................................... 99 

 

 

  



xxv 

 

List of Abbreviations and Symbols 

 

In this list are included the abbreviations used throughout the text in order to facilitate 

its reading. It does not include chemical formulas or symbols matching chemicals or physical 

quantities that are included in the IUPAC (International Union of Pure and Applied Chemistry) 

system or in the SI (International System of Units) system, once there are international 

publications of recognized value that can be consulted. 

 

4xT – Detergent Wash Solution – 4xSSC and 0.05% Tween 20 

ALS – Amyotrophic Lateral Sclerosis 

BAC – Bacterial Artificial Chromosome 

Ct – Cycle threshold  

DAPI –  4’,6- diamino-2-phenylindole 

DEPC – Diethyl pyrocarbonate 

ER – Estrogen receptor 

EMT – Epithelial-mesenchymal transition 

FMC – Feline Mammary Carcinoma 

HBC – Human Breast Cancer 

HBSS – Hank's Balanced Salt Solution 

HER2 – Human Epidermal Growth Factor 2 

LB – Luria Bertani Medium 

NCBI – National Center for Biotechnology Information 

PCR – Polimerase Chain Reaction 

PR – Progesterone receptor 

RT-PCR – Reverse Transcriptase Polimerase Chain Reaction 

RT-qPCR – Reverse Transcriptase quantitative Polimerase Chain Reaction 

satncRNA – Satellite noncoding Ribonucleic Acid 

  



xxvi 

 

  



1 

 

1. Introduction 

 

Cancer is a group of diseases which include more than 100 different types, affecting a 

large part of worldwide population. Cancer cells are characterized by an unregulated growth 

and by the ability to invade and metastasize other tissues1-3.  

The process that leads to the formation of cancer, also known as carcinogenesis, is 

thought to be a multi-step procedure of acquired somatic mutations, even though specific 

germline mutations account for some hereditary cancers types4-6. Those somatic mutations that 

allow cancer cells to proliferate and survive more efficiently than other cells, include base 

substitutions, copy number alterations, DNA rearrangements, insertions or deletions of DNA 

and can be caused by many factors like exposure to chemicals or radiation6,7. Not all kind of 

mutations are relevant in carcinogenesis and so it was established the distinction between 

passenger mutations and driver mutations. The first, are mutations that don’t confer any clonal 

growth advantage, not contributing to the cancer progression and many of them happen as cells 

undergo cell division. In contrast, the latter confer growth advantage to the cells that carry them 

allowing those cells to expand at a higher rate than others6,7. Despite somatic mutations occur 

quite randomly in the genome, driver mutations tend to accumulate in the so called “cancer 

genes” interfering with multiple cellular processes such as cell division and death or cell 

differentiation resulting in malfunctions in the cell cycle regulation6,8. An important outcome 

from these driver mutations is that the identification of the altered proteins produced by those 

genes may provide an extremely interesting target for therapy6.  

Breast cancer is the most common malignant tumour among women and it has been the 

predominant cause of death by cancer in this gender9,10 with a gradually increasing incidence3. 

Breast cancer is a complex and heterogeneous disease with significant variations at molecular, 

physiological and morphological characteristics, along with distinct histological patterns, 

clinical outcomes and treatment responses10-12. Given all these variations it is important to 

divide all breast cancer types into specific groups to improve patients life quality by predicting 

more accurately the prognosis and the treatment choice for their disease9. However, this is a 

complex subject with several different classifications and with more and more potential 

markers, which are still being discovered12. Breast cancer can be categorized according to 

immunohistochemical markers, clinopathological variables (such as tumour size, tumour grade, 

nodal involvement or histologic type) and gene/genome analyses12,13.  
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In 2000, Hanahan and Weinberg described a set of physiological changes that they 

believed being shared by the majority, if not all types of human cancers, that granted them the 

capability to proliferate almost limitless, despite the defences present at the organism. These 

features included “self-sufficiency in growth signals”, “evading apoptosis”, “insensitivity to 

anti-growth signals”, “sustained angiogenesis”, “limitless replicative potential” and “tissue 

invasion and metastasis” and were called “The Hallmarks of Cancer”14.  In 2011, the same 

authors16 updated this list by adding two emergent hallmarks “deregulating cellular energetics” 

and “avoiding immune destruction” and two enabling characteristics which assist the 

acquisition of such features, “genome instability and mutation” and “tumour-promoting 

inflammation”. These competences can be acquired in different type of tumours from different 

molecular mechanisms and occur in different times of the process creating a complex 

intracellular signalling network with some key players being common to distinct pathways15. 

Targeting cancer hallmarks through molecules known to be involved in the mechanism 

that empower that characteristic could be an interesting form of treatment because if it is a 

feature that allows cancer progression, shutting it down should at least slow the cancer 

development. However, targeting a single hallmark may not be efficient as it can cause a shift 

in the hallmark dependence to another one, once some of the molecular players are associated 

with more than one hallmark. For instance, PKM2 is known to be involved in metabolism 

reprograming given its role in glycolysis but it is also associated with uncontrolled cell division 

through its part in promoting the transcription of proliferating genes. Thus, a studied treatment 

strategy involving multiple hallmarks should be considered as soon as the mechanisms leading 

to them in the different types of tumours are clarified15. 

 

1.1. Felis catus as a model for breast cancer  

 

Model organisms are a helpful tool that have been allowing us to understand the biology 

and mechanisms behind numerous biological processes, including diseases. In order to study 

cancer, given the ethical concerns regarding humans, in vitro and in vivo models are required 

to help understand its origin, progression and to assist in the development of novel therapies16.   

Since breast cancer and cancer in general are known to be complex and heterogeneous 

diseases no model will mimic all its features, requiring the use of multiple models to allow the 

understanding of every aspect of the disease. Ideally, an in vivo model would have similar 

histopathological classification, similar behaviour in terms of origin, progression and pathways 
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involved, aside from being easily handled in laboratory without expensive costs17.  Rodents are 

a breast cancer model frequently used. However, pets are arising as good models once they 

have a high incidence of naturally occurring tumours, share the same environment as humans, 

being subjected to the same environmental risks factors, have a more similar body size 

facilitating sample collection and drug tests. Also, genetically, there is more resemblance in 

cancer related genes between human and pets than rodents18,19. 

Another important part of cancer research are the in vitro models, cell lines, frequently 

used because they are easy to handle, have an almost unlimited replicative potential and possess 

a superior degree of homogeneity. However, some aspects should be taken into account when 

it comes to their use as the fact that they may genetically and phenotypically drift if continually 

used and the fact that many commercial lines might be cross contaminated with HeLa cells20. 

Also, another issue relates to the tissue from where the cell lines are established as many of 

them are obtained from metastasis, thus representing a far more aggressive tumour. So, it is 

more desirable to establish cell lines from primary tumours in order to study its origin and 

progression and it would be more accurate to test new drugs in those cells once most of therapies 

target those tumour in initial phases16. 

 

1.1.1. Felis catus as a model organism to study human breast cancer 

 

Domestic cat, Felis catus, has been considered a great model to study breast cancer. Its 

karyotype consists of 38 chromosomes which were properly represented in an extended 

ideogram performed by Cho and collaborators in 199721. 

Feline mammary carcinoma (FMC) is a very common neoplasia reported in cats with 

most of them being malignant and having a high metastatic potential22. Cats’ lifestyle is 

becoming more and more humanized which ultimately may be related to the increasing 

incidence of this disease, as it’s happening with human breast cancer (HBC)23. Given the 

emotional link between the pet and its caregiver there is a constant search for better health 

treatments, so the research about origin, mechanisms of progression and possible treatments 

benefits both species18.  

There has been an increasing number of papers focused on this topic which helps to 

understand the similarities between cat and women’s mammary tumours. Some studies 

highlight that some cat breeds are more prone to develop FMC than others and indicate that the 

average age of occurrence is between ten to twelve years24. Unfortunately, cats with this disease 
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usually die from six to twelve months after diagnosis, revealing its high lethality24. As said, 

FMC are malignant and aggressive tumours which frequently metastasize and the most affected 

organs are lungs, regional lymph nodes and liver, similarly to what’s reported in humans22,24. 

In order to develop therapies, there is the need to know the mechanism underlying the 

origin of the disease and to understand the role of certain molecular players, so that targeting-

therapy can be a reality. Few studies assessed the protein expression in feline mammary 

carcinomas in search for new biomarkers23. However, this is gradually changing with the 

increasing number of genes studied in this context, with many of them having an altered 

expression in both human breast cancer and FMC, namely Human Epidermal Growth Factor 2 

(HER2)19,24.  Another aspect to take into consideration is that a significant part of FMCs are 

classified as triple-negative, meaning that they are negative for HER2, ER and PR receptors. In 

HBC, the triple-negative subtype is particularly aggressive and has no specific therapy19. Cat 

has also been considered a natural model for human breast cancer due to an overexpression of 

HER2 receptor as it happens in a similar extent in the human counterpart23,25. Once tumours 

overexpressing HER2 are very prone to metastasize, leading to a poorer prognosis, it is 

important to have a model like cat assisting in the development and testing of new therapies26. 

Soares and collaborators, in 2016, performed a clinicopathological classification in a 

population of cats with FMC that met the results described for women with breast cancer, which 

is one more proof, adding to an increasing amount of evidences, that feline mammary 

carcinomas are, indeed, a suitable model to study human breast cancer27. 

 

1.1.2. Felis catus cell lines 

 

Human cell lines take a huge role in breast cancer research16. However, as cat is 

emerging as such a good model, being the subject of many research studies, cat cell lines should 

become more used to support the validation in animal testing and to be the first choice when it 

comes to drug tests, given the ethical concerns regarding the use of animals19.  

Choosing a cell line is a crucial task, once it should be appropriate in the context of the 

performed research, so it must be perfectly characterized to enable the process28,29. 

Unfortunately, there aren’t as many cell lines derived from feline mammary tumour as it would 

be desirable, which compromises our ability to thoroughly study complex mechanisms of the 

disease including origin, progression and invasion steps; all of them involving numerous 

biomolecules interacting in intricate networks19,30. 
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Reports attempting the establishment of feline mammary carcinomas cell lines date from 

1984, with a few successful cases reported in literature since then, such as Norval et al. (1985), 

Muleya et al. (1998) and Uyama et al. (2005)30-32. Despite the difficulty of the task, recently, 

Borges and collaborators were able to establish a cell line from a 7-years-old cat with mammary 

carcinoma, which they named FkMTp. This well characterized cell line spontaneously 

immortalized and grew for one hundred and sixty passages, with the advantage of being 

cryopreserved approximately every six passages. This allows to virtually access specific 

moments of the development, making it an incredible in vitro tumour progression model28. 

 

1.2. Cancer Biomarkers: one of the main goals of cancer research  

 

Breast cancer is a lethal disease affecting women all around the world. In order to 

overcome this condition an early detection and an adequate treatment are necessary. Nowadays, 

imaging techniques, as mammography and echography, are the main procedures at the time of 

breast cancer detection. Also significant is the search for new and precise biomarkers that can 

give us not only information at the time of diagnosis, but most important valuable indications 

about the treatment to follow. Both these aspects influence the choice of a model organism, 

thus its importance33-35. 

A biomarker is a characteristic objectively measured, through the analysis of 

macromolecules, as DNA, RNA, proteins or lipids, cells or processes, as an indicator of normal 

or abnormal biological condition in an organism36-38. More specifically and according to Füzéry 

and collaborators a cancer biomarker is a molecule produced by the tumour or by the host 

tissues in response to cancer, that is measured and assessed as a specific indicator of 

tumorigenesis process39. 

Cancer biomarkers can be distinguished into four categories:  

- Diagnostic marker: used to identify if the patient carries a specific disease 

enabling an accurate diagnose33, 

- Prognostic marker: these markers are important at the time of diagnose because 

they provide information about the outcome of the disease (including risk of 

recurrence or disease progression), allowing physicians to adjust the course of 

treatment according to the situation whether it is a good outcome tumour or a 

poor outcome tumour33,40. 
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- Predictive biomarker: used to predict if a patient will benefit from a particular 

therapeutic by giving information about the tumour response to that treatment. 

These are very helpful markers because by predicting if a certain patient will or 

will not respond to a certain treatment, the patient won’t be exposed to 

unnecessary procedures and, consequently, to its side effects. One example is 

the HER2 receptor activation in breast cancer that predicts response to 

trastuzumab treatment33,40. 

- Pharmacodynamic marker: these markers elucidate about the effects of a drug in 

the patient’s body, in the aimed target, the mechanism of action and the effects 

of the body on the drug, meaning, how is it processed, how is it absorbed and 

distributed throughout the body, metabolized and excreted. This way, 

pharmacodynamic markers allow the dosage optimization in order for the drug 

to have maximum efficacy40.  

Cancer biomarkers should be sensitive and precise, with minimum false-positives and 

ideally would be detected through non or minimally-invasive techniques39,40. 

Despite the huge effort to discover new biomarkers few are available for clinical practice 

once the validation process is very complex and involves several phases that can take up to a 

decade39,40. 

As mentioned, biomarkers can be DNA sequences that shifted from a normal to an 

abnormal state, mainly through the accumulation of mutations. These mutations tend to happen 

in cancer critical genes, as tumour suppressor genes or oncogenes, which play an important role 

in crucial cellular processes as proliferation, death or differentiation5,41. 

An oncogene is an activated version of a proto-oncogene and promotes uncontrolled 

division. A single mutated allele is sufficient to convert a proto-oncogene in a oncogene and it 

may occur through a mutation in the nucleotide sequence, through gene amplification or 

through gene translocation to a new location where it is controlled by another promoter or fuses 

with another gene creating a new fusion oncogenic protein2,5. On the other hand, tumour 

suppressor genes are responsible for inhibiting cell proliferation and survival and contrarily to 

oncogenes both alleles need to be mutated to lose their function2,5. 

The combination between oncogenes activation, and tumour suppressor genes’ loss of 

function, results in tumour initiation42. 

Next, will be explored a few sequences, being one of them considered to be cancer a 

biomarker, Human Epidermal Growth factor 2 and some others that are potential candidate 
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sequences TP53, Cyclin D1, Fused in Sarcoma, Y-box binding protein 1, Polypyrimidine tract-

binding protein 1, c-Myc, Pyruvate kinase M2 and Topoisomerase II alpha. 

 

1.2.1. Human epidermal growth factor 2  

 

Human epidermal growth factor 2 is a 185 kDa transmembrane glycoprotein expressed 

in various tissues, a member of the type I receptor tyrosine kinase family, whose gene is located 

in the long arm of the human chromosome 1711,43. In this protein, three domains can be 

distinguished: an extracellular domain which can be shed from the cell surface into the 

bloodstream due to protease activity; a short transmembrane region; and an intracellular domain 

with tyrosine kinase activity44,45.  

Human epidermal growth factor 2 is considered a key oncogene given its role in disease 

origin and progression and its overexpression is one of the most common biomarkers, 

highlighting the importance of research about this proto-oncogene11,25. 

Around 15-20% of human breast cancers are classified as HER2 positive by 

overexpressing this receptor in the cytoplasmic membrane or by demonstrating HER2 gene 

amplification. This subtype is associated with a poor prognosis and with a high metastatic 

potential and benefits from therapies that specifically target HER2, such as trastuzumab. 

Despite the improvement in the overall survival caused by these therapies, there has been an 

increasing number of patients demonstrating resistance to these drugs11,45,46. 

The dimerization of HER2 receptor, caused by ligand binding, results in the activation 

of different pathways including mitogen-activated protein kinase (MAP kinase), PI3k/AKT and 

STAT3, which ultimately promotes tumorigenesis by potentiating cell division, survival and 

migration11,43,47. Moreover, HER2 has also shown to have nuclear functions as a transcription 

regulator, along with other transcription factors, to regulate biological responses in breast 

cancer, namely, metastasis and is thought to affect the expression of numerous genes11,48. 

Regarding the feline homologue of HER2, located at chromosome E1, it is 

overexpressed in 20-40% of FMC either with or without gene amplification and is associated 

with shorter overall survival as it happens in human breast cancer23,25,44. Santos and 

collaborators, in 2013, analysed the expression of two domains of HER2 protein, intracellular 

and extracellular in cat mammary lesions and reported a positive correlation between the 

expression of the intracellular domain of the protein and the RNA levels matching the 

intracellular domain42. 
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1.2.2. TP53 

 

TP53 is a tumour suppressor gene, located at chromosome 17, that is mutated in 

approximately 42% of all human cancers which makes it an important prognostic 

biomarker13,41. Its product, protein p53 is a key player in cell cycle regulation and DNA damage 

response once it promotes the transcription of cell cycle inhibitors, allowing the cell machinery 

to repair the damaged DNA. In cases when the damage is unrepairable, p53, acting once more 

as a transcription factor, induces the expression of pro-apoptosis genes, leading to cell death. 

Additionally, apoptosis can also be triggered by p53 through alternative pathways transcription-

independent. Either way, p53’s numerous actions prevent the accumulation of DNA errors in 

the cells which is the reason for being one of the most mutated genes in cancer and one of the 

most common causes for cancer development8,41,49.  

Loss of p53 results in uncontrolled proliferation of damaged cells, disseminating 

mutations at a high rate. Moreover, mutated versions of p53 also contribute to cancer 

progression, aggressiveness and metastasis as they act as oncogenic p53 mutated proteins49,50. 

In normal cells p53 is found in low levels. Nevertheless, in transformed cells it is found 

upregulated and contributes to malignancy51. P53 was found overexpressed in 23.3% of human 

breast tumours and associated with large tumour size, HER2 overexpression, recurrence and 

death indicating that p53 overexpression is a sign of poor prognosis52,53. 

TP53, which locates in cat chromosome E1, was also analysed in feline mammary 

carcinomas and a few mutations were reported although there is a lower mutation frequency in 

feline TP53 than it would be expected19,54. P53 was found to be overexpressed in 35 to 45% of 

feline mammary carcinomas25.  

 

1.2.3. Topoisomerase II alpha  

 

Topoisomerase II alfa (TOP2α)  is a 170 kDa enzyme responsible for catalysing the 

breakage and reunion of double stranded DNA, preventing the double strand from supercoiling 

and ensuring that biological processes as DNA replication, transcription or recombination occur 

correctly13. Its gene is located in the human chromosome 17, juxtaposed to HER2 gene and they 

are co-expressed55. 

TOP2α is associated to cell proliferation and its overexpression or gene amplification is 

indicative of a poor prognosis55,56. Moreover, TOP2α disrupted expression is frequently found 
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in HER2 positive breast cancers and has been proposed as a potential biomarker since these 

patients benefit from adjuvant anthracycline-based chemotherapy. Contrarily, patients with 

TOP2α deletions demonstrate resistance to such therapies13,43,56. 

 In human breast cancer, copy number alterations of the HER2/TOP2α locus have also 

been suggested as a biomarker for the degree of chromosomal instability and also benefit from 

the above mentioned treatments with patients demonstrating a decrease in both relapse and 

death risk43. TOP2α is involved in chromosome instability possibly through its role in the 

regulation of the decatenation checkpoint and its expression is regulated by p5357. Regarding, 

TOP2α expression it was overexpressed in around 60% of human breast tumours and correlated 

with ER receptor status, ki-67 index and with HER2, while no correlation was found with 

prognostic55. 

In Felis catus, this gene can be found in chromosome E1 and, to our knowledge, no 

study regarding this subject was performed in feline mammary carcinomas.  

 

1.2.4. Cyclin D1 

 

Cyclin D1 is a protein encoded by gene CCDN1 located in human chromosome 11, that 

regulates cell cycle progression once it binds to Cdk 4 or Cdk 6 and inactivates Retinoblastoma 

protein, which results in the expression of proliferation genes, inducing G1/S transition. It can 

also regulate cell cycle progression by interacting or modulating transcription factors activity, 

regulating the expression of target genes, or by sequestering Cdks inhibitors and is an 

independent activator of estrogen receptor (ER) downstream signalling pathways58-60. This 

oncoprotein is directly related to cancer onset and progression because it is responsible for 

shortening G1 phase, for reducing cell volume and for lowering the dependence on mitogens 

which leads to an uncontrolled cell proliferation61. Moreover, Cyclin D1 is known to interact 

with more than one hundred different proteins, involved in important cellular processes, and its 

deregulation may affect, for example, transcription, DNA repair, RNA metabolism or protein 

folding62. 

Overexpression of Cyclin D1 is found in approximately 50% of human breast cancers 

and its role is still controversial, with some authors associating it with a poor prognosis and 

others considering it an indication for good prognosis60,61. High levels of this oncoprotein often 

lead to resistance in endocrine therapy and may relate to metastasis60,63,64. Multiple pathways 

including MAP kinase and PI3k are able to regulate Cyclin D1 levels increasing the number of 
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potential upstream regulators for this protein62. Furthermore, many oncogenes regulate Cyclin 

D1´s promoter or expression, including HER263. Interestingly, Cyclin D1’s protein and mRNA 

levels demonstrated a high correlation64,65. 

The reports of correlations between Cyclin D1 levels and clinicopathological variables 

are very inconsistent, being only consensual the association between Cyclin D1 an ER 

expression levels58,61. Cyclin D1 levels can be used to identify breast cancer in early stages 

indicating that this protein can be an important diagnostic marker61.  

In cat, CCND1 gene is found in chromosome D1. In 2000, Murakami and collaborators 

evaluated the expression of protein Cyclin D1 in feline mammary lesions but found no positive 

cases66. 

 

1.2.5. Fused in Sarcoma (FUS) 

 

Fused in Sarcoma, also known as translocated in liposarcoma (TLS) is an RNA/DNA 

binding protein, whose gene, in humans, is located in chromosome 16. Although this protein is 

mostly known for its role in the development of familial amyotrophic lateral sclerosis and other 

neurodegenerative disorders, it also revealed to be an important player in alternative splicing, 

transcription, DNA damage repair and stress response, by targeting genes involved in these 

processes. However, little is known about its contribute to cancer onset and progression67-69. 

In response to damaged DNA, FUS inhibits the expression of cyclin D1 and interacts 

with cell cycle genes68. A decrease in FUS expression diminishes cell proliferation and 

progression through mitosis and also induces cell death68,69. The interaction between FUS and 

the long noncoding RNA NEAT1 promotes the survival of breast cancer cells69. 

 FUS is known for being part of some oncogenic fusion proteins that are linked to 

specific cancers but it is possible that expression changes in certain genes, caused by FUS, may 

also be a mechanism through which FUS promotes tumorigenesis70. In fact, changes in FUS 

expression levels, both over and underexpression, affected the expression levels of some target 

genes71. However, Brooke and collaborators (2011), hypothesized that FUS might be a tumour 

suppressor gene for its relation with cyclin D1 but also because they found that FUS 

overexpression was associated with decreased tumour growth, with longer survival rates and 

with less probability to develop bone metastasis, in prostate cancer72.  

This gene, which in cat’s genome can be found in chromosome E3, hasn’t been studied 

in feline mammary tumours, so far. 
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1.2.6. Y-box binding protein 1  

 

 Y-box binding protein 1 (YBX1) is an oncoprotein which recognizes and binds to Y-

box sequence of gene promoters reported to act as a main factor in several human malignant 

tumours, being linked to many cancer hallmarks46,73. This protein acts both at the cytoplasm 

and nucleus level and is involved in transcription, splicing, translation, DNA repair, stress 

response and cell proliferation. Interestingly, it can also be secreted and its binding to cell 

receptors induces intracellular signalling pathways46,74. 

 This oncoprotein is overexpressed in human breast cancer, particularly in triple negative 

subtype and its overexpression has been related to more aggressive tumours, poor prognosis, 

relapse and resistance to drugs, indicating its potential as a prognostic biomarker10,73. YBX1 

promotes breast cancer progression and metastasis through epithelial-mesenchymal transition 

(EMT) regulation, a process promoted by oncogenic transcription factors, that leads cells to 

acquire mesenchymal characteristics as mobility or invasiveness allowing cells to move to new 

locations in the organism and form distant metastasis10,73. YBX1 mediates this process through 

its association with proinflammatory cytokines that result in the activation of JAK/STAT3, 

PI3K/AKT/mTOR and MAP kinase pathways73.  

 In the nucleus, this oncoprotein promotes the expression of many genes including 

Multidrug resistance 1 (MDR1) gene, causing drug resistance10,75. YBX1 has also been linked 

to HER2 and c-Myc expression and to modulating p53 activity, protecting cancer cells from 

apoptosis74,76,77. Moreover, YBX1 knockdown results in a decreased amount of Cyclin D174.   

 The involvement of this protein in so many biological processes interacting with so 

many molecular players that take part in distinct molecular pathways makes YBX1 an 

extraordinarily important target for research and possibly therapies and highlights its potential 

importance as a biomarker74. 

 YBX1 is located in human chromosome 1 and in cat chromosome C1. To our knowledge 

no study was performed about this gene in FMC. 

 

1.2.7. Polypyrimidine tract-binding protein 1  

 

Polypyrimidine tract-binding protein 1 (PTBP1), also known as heterogeneous nuclear 

ribonucleoprotein 1, is an RNA-binding protein with functions in mRNA stability, pre-mRNA 

polyadenylation, mRNA exportation from the nucleus, in the control of cap-independent 
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translation and acts as a regulator of alternative splicing where it causes exon skipping in 

alternatively spliced RNA78,79. There is also evidence that PTBP1 might be involved in the 

regulation of cell-cell adhesion. The gene encoding this protein locates in human chromosome 

19 and cat chromosome A280.  

 This protein is widely expressed in many cells and tissues and is reported to be 

overexpressed in various cancers, including breast cancer, where it promotes metastasis and 

cell proliferation80,81. Contrarily, PTBP1 downregulation impairs cell proliferation, its 

malignancy and leads to an increased ratio PKM1/PKM2 suggesting that its overexpression is 

needed in tumorigenesis at least due to its involvement in metabolism reprogramming80,81.  

In human colorectal cancer, PTBP1 mRNA overexpression was found in nearly 65% of 

samples and is associated with protein expression, poor prognosis, metastasis and c-Myc 

expression levels79.  

PTBP1 is also a subject for regulation with some of its upstream regulators being 

microRNAs, c-Myc, N-Myc or E2f180. 

As a regulator of expression and alternative splicing, it is possible that PTBP1’s 

contribution to tumorigenesis, besides its part in metabolism reprogramming, goes through 

these mechanisms by regulating genes involved in crucial cellular processes81. In fact, PTBP1 

is reported to be a splicing factor for genes involved in proliferation, invasion, motility, 

apoptosis and multidrug resistance and promotes the translation of genes involved in 

proliferation, angiogenesis and apoptosis82. 

The function of this gene in feline mammary carcinomas has not yet been established. 

 

1.2.8. c-Myc 

 

c-Myc is a DNA-binding transcription factor, encoded by a gene in human chromosome 

8 and in cat chromosome F2, responsible for the regulation of numerous genes involved in 

critical biological processes as cell proliferation, growth, apoptosis, metabolism and 

differentiation83,84. Thus, c-Myc’s expression levels must be tightly regulated, which happens 

through multiple mechanisms at the transcription, translation and post-translation levels85. 

This oncoprotein is upregulated in many human cancers where is associated, not only 

with tumour aggression and poor clinical outcome, but also with changes in chromatin structure, 

metabolic pathways and apoptosis. Moreover, tumour cells that overexpress c-Myc revealed to 

be independent from growth factor stimulation86,87. 
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High c-Myc levels have been associated with genomic instability and this oncoprotein 

is able to induce tumorigenesis by enhancing cell proliferation but also, by interfering with 

tumour suppressor pathways, which normally would lead to apoptosis but due to genetic 

instability, fail to succeed88. Recently, it was uncovered that at least part of the c-Myc high 

levels are the result from a cross-talk between ER and HER289. 

Curiously, it has been reported that c-Myc is involved in promoting apoptosis by 

mediating mechanisms dependent or independent from p53, for example, in the absence of 

survival factors8,89. It also binds to PTBP1’s promoter to induce its expression90. However, 

despite the information at our disposal c-Myc’s mechanisms of action are still poorly 

understood89. 

In human breast cancer c-Myc RNA expression is increased in 22 to 35% of tumours 

and protein expression is reported to be increased in up to 70% of cases88,89. No reports on c-

Myc expression levels were found in FMC. 

 

1.2.9. Pyruvate kinase M2  

 

Pyruvate kinase M2 (PKM2) is a glycolytic enzyme that catalyses the final step of 

glycolysis91,92. It is produced by an alternative mRNA splicing of the PKM gene, located in 

human chromosome 19, which results in PKM1, if it includes exon 9, or PKM2, if it includes 

exon 10, in a process regulated by PTBP1 along with other splicing factors92,93. 

There are two sets of configurations for PKM2 that influence its function. It can present 

itself in a tetrameric form, with glycolytic activity or in a dimeric form, with protein kinase 

activity, regulating transcription of target genes91,92. The conversion between the two 

configurations is regulated allosterically and by posttranslational modifications89,90. 

PKM2 is expressed in normal proliferating cells and in tumour cells89,90. Part of its 

significance in cancer relates to metabolism reprogramming, a cancer hallmark. Cancer cells 

have a different metabolism when compared to normal cells. They rely mostly on glycolysis, a 

far less efficient pathway instead of using mitochondrial oxidative phosphorylation. This 

phenomenon is known as the Warburg effect and has PKM2 as the key metabolic enzyme91,93.  

c-Myc promotes the transcription of heterogeneous nuclear ribonucleoproteins that 

favour the expression of PKM2 by inhibiting PKM1 splicing91,93. This pathway can be triggered 

by Mammalian target of rapamycin (mTOR) but others also have the same outcome, as the 

EGFR or PI3k pathways90. 
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PKM2 role in cancer is not limited to its involvement in metabolism reprogramming. In 

fact, it has a less understood role in the nucleus where it acts as a coactivator for the expression 

of several genes as cyclin D1, c-Myc and also creates a positive feedback loop for its own 

expression91-93. PKM2 non-canonical actions in the nucleus affect, as well, mitosis and 

cytokinesis resulting in uncontrolled cell proliferation contributing to cancer progression93. 

As mentioned, PKM2 was found upregulated in many human cancers including breast 

cancer94. Its overexpression was found at both protein and mRNA levels, reaching up to 87% 

and is associated with poor prognosis and poor overall survival and is involved in 

chemosensitivity to certain drugs95,96. 

In several human cancers, PKM2 has been reported to be released into bloodstream to 

facilitate tumour growth by influencing angiogenesis demonstrating PKM2 potential to be used 

as a diagnostic biomarker91,97.  

Moreover, given the functions attributed to this glycolytic enzyme and its association 

with multiple proteins, crossing several pathways, makes it a great target for specific therapies 

but the complexity of the task demands for further research91,93. 

  In Felis catus, this gene is found in chromosome B3 and no correlation was found 

between PKM2 and FMC. 

 

1.3. Satellite DNA and its Transcripts as cancer biomarkers 

 

 For many years, satellite DNA was considered “junk DNA” once is primarily located in 

heterochromatin regions known to be highly compacted and where transcription was never 

thought to occur, leading to the assumption that these sequences had no function, other than 

being a constituent for mainly centromeric, pericentromeric and telomeric regions. In recent 

years, our knowledge about those sequences has been increasing with the surprising discovery 

that they are also transcribed originating satellite non-coding RNAs (satncRNA), which are 

starting to be seen as a participant in many cellular processes in a vast number of genomes98. 

Satellite DNA sequences are composed of a basic repeating unit, the satellite DNA 

monomer, displayed in tandem and organized in arrays variable in size and may constitute more 

than 50% of some genomes, contributing greatly to its size difference between species 99,100. 

These sequences differ from one another in; nucleotide sequence, monomer length, complexity 

and copy number. They are known to play a role in the centromere structure, the chromosome 
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organization and pairing and the kinetochore assembly. Satellite DNAs have a high 

evolutionary mutation rate which leads to the existence of species-specific sequences100-102.  

The simplicity of satellite DNA sequences with the absence of significant open reading 

frames alongside with its location in areas typically condensed during the entire cell cycle led 

to the assumption that these sequences were not transcribed. However, numbered works 

revealed the presence of satellite RNAs in a vast number of species including vertebrates, 

invertebrates and plants indicating that this phenomenon might be transversal to all 

genomes102,103.  

The size of satellite transcripts is variable, being possible to classify them as small 

noncoding RNA or as long noncoding RNAs. The transcription of these sequences is mediated 

mainly by RNA polymerase II and it is highly regulated during the cell cycle and can be linked 

to different developmental stages, stress conditions, specific tissues or certain cellular types 

98,101,103. 

Once these transcripts are present in many organisms they should have important 

functions. In fact, several studies have been performed reporting these transcripts as players in 

different cellular processes including organization and maintenance of centromeric and 

pericentromeric regions, RNA interference machinery, apoptosis and involved in the regulation 

of nearby genes, among others98 (for a review see Ferreira et al., 2015).  

Given the widespread functions attributed to satellite transcripts it is reasonable to think 

that if their expression pattern is disrupted some diseases may arise, including cancer. In fact, 

many non-coding RNAs (ncRNA) are already reported to be associated with different human 

cancers, lacking, in some cases, the knowledge about the mechanism through which they act104. 

SatncRNAs are no exception and different authors reported an increase in the expression of 

these sequences in cancer cells105,106, reinforcing their potential as biomarkers and its utility in 

diagnose and prognosis prediction98,107.  

Despite the increasing knowledge about this subject, further studies are still required to 

understand if the functions of satellite RNAs and their expression patterns are conserved among 

species, to confirm its part in tumorigenesis and its value as a biomarker98. 

 

1.3.1 FA-SAT: the major cat satellite sequence 

 

Repetitive sequences, including satellite DNA, constitute a significant part of the 

genomes. In 1987, Fanning identified a major satellite sequence in the domestic cat genome 
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which was named FA-SAT108. Fanning, reported that this monomer had 483 bp in size, 64% of 

GC content, represented approximately 1 to 2% of the cat genome and displayed numbered 

CpG dinucleotides108. 

FA-SAT was localized by Modi and collaborators (1988) primarily at the telomeres and 

centromeres of six felids species mainly in chromosomes belonging to the groups D, E and F109. 

Santos et al. (2004)111 assessed the precise localization of this sequence in cat chromosomes 

through fluorescent in situ hybridization and its co-localization with constitutive 

heterochromatin using C-banding techniques. They demonstrated that FA-SAT sequences co-

localize with the C-bands and with telomeric regions as previously reported by other authors, 

with the observation that FA-SAT is not the only component of constitutive heterochromatin. 

Regarding the hybridization signals, they found signals at the telomeric region of one or both 

chromosome arms, in both centromeric and telomeric regions, only in pericentromeric regions 

and even in an interstitial block. Interestingly, no signals were, apparently, ever detected in cat 

chromosomes A1, A2, B1, B4, C1, C2 and D3 and different polymorphisms were identified110. 

FA-SAT sequence has shown to be amplified in marker chromosomes obtained from 

Felis catus tumours, a phenomenon possibly associated with chromosomal instability110. 

 Recently, Chaves et al. (2017) confirmed the previously reported FA-SAT location 

through sequencing and found out that this sequence is present and transcribed in Bilateria 

species, including human, which proves the validity of extrapolation from animal models 

experiments to humans111. Moreover, it was uncovered that FA-SAT interacts with PKM2 to 

make the cross-talk between mitogenic and apoptotic pathways, both involved in cancer 

hallmarks112. 
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2. Objectives  

 

In this work, we intended to molecularly characterize, mostly at the expression level, 

some cancer critical genes, HER2, TP53, TOP2α, Cyclin D1, FUS, YBX1, PTBP1, c-Myc, 

PKM2 and the satellite DNA, FA-SAT, in a collection of feline mammary carcinomas and in a 

feline tumour cell line. The main goal of this work was to find clinical associations between 

clinicopathological parameters and the sequences in study, in order that in a near future these 

sequences could be used as biomarkers not only for cat but also for women.  

To achieve such goal, we performed the following: 

• Cloning and sequencing the sequences belonging to the genes at study, isolated 

from Felis catus genome; 

• Analysis of copy number of HER2, TOP2α and FA-SAT in a collection of feline 

mammary carcinomas; 

• Analysis of copy number of HER2, TOP2α and FA-SAT in the FkMTp cell line; 

• Absolute quantification of the transcripts corresponding to the selected genes 

and FA-SAT in a collection of feline mammary carcinomas; 

• Absolute quantification of the transcripts corresponding to the selected genes 

and FA-SAT in the FkMTp cell line. 
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3. Materials and Methods 

3.1. Biological material 

 

The biological material used in this work consisted in 27 mammary tumours that were 

collected from female cats at the Teaching Hospital of the Faculty of Veterinary Medicine, 

University of Lisbon. The cat’s owners gave permission to collect samples and to use the 

clinical data. The tumour samples were collected in accordance with the EU Directive 

2010/63/EU and research was approved by the Ethics Committee of the FVM-ULisbon. 

Some clinicopathological parameters were evaluated such as age, breed, reproductive 

status (intact or spayed), previous administration of progestogens, number and size of tumour 

lesions, treatment performed (none, surgery), extension of the surgery (lumpectomy, unilateral 

mastectomy or bilateral mastectomy), stage of the disease (TNM system), disease free survival 

and overall survival. Histologically the tumours were classified according to the World Health 

Organization criteria and malignancy grade was scored using the Elston & Ellis scoring system. 

For the molecular classification of the FMC the St. Gallen International Expert Consensus panel 

was applied, using five biomarkers: ER, PR, HER2, Ki-67 and CK 5/6.  

Some of the sequences weren’t analysed in the 27 carcinomas due to the lack of sample 

availability.  

Regarding FkMTp cell line, it was established from a 7-years-old cat with mammary 

carcinoma and grew for 160 passages. In our study, four passages were analysed, passage 5 

(p5), passage 15 (p15), passage 50 (p50) and passage 80 (p80).  

 

3.2. Primer design 

 

In order, to isolate our gene sequences there was the need to design primers for the 

following genes: TOP2α, Tp53, Cyclin D1, c-Myc, YBX1, FUS and PTBP1. The corresponding 

mRNA sequences for both Homo sapiens and Felis catus were downloaded from NCBI 

database (https://www.ncbi.nlm.nih.gov/). The primers were designed so that they could be 

used for both species, using NCBI’s “Pick Primer” tool. Then the primers were tested using 

two different tools, “PrimerAnalyser” from Primer Digital 

(http://primerdigital.com/tools/PrimerAnalyser.html) and “OligoAnalyzer 3.1” from Integrated 

DNA Technologies (https://eu.idtdna.com/calc/analyzer). The obtained primers are represented 

https://www.ncbi.nlm.nih.gov/
http://primerdigital.com/tools/PrimerAnalyser.html
https://eu.idtdna.com/calc/analyzer
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in Table 1 and the amplicons size obtained with the corresponding primers are described in 

Table 2. Primers for HER2, FA-SAT and PKM2 were already available at the lab. 

 

Table 1. Primers sequences used for isolation of the sequences at study 

Gene Primer Forward Sequence Primer Reverse Sequence 

TOP2α ACAGGTGGTCGAAATGGCTA ATTCTCTACTGGCTGTTTCC 

p53 TTCACCCTTCAGATCCGTGG CTTCAGGTGGCTGGAGTGAG 

Cyclin D1 GAACTACCTGGACCGCTTCC TAGATGCACAGCTTCTCGGC 

c-Myc AGCAAACCTCCTCACAGCCC ACTGTCCAACTTGACCCTCT 

YBX1 TGCAGCAGACCGTAACCATT ACTCTCCGATCCCTCGTTCT 

FUS AGCAGTGGTGGCTATGAACC ATGACGTGATCCTTGGTCCC 

PTBP1 CTTCCAGAAGGACCGCAAGA CCCTAGATGGTGGACTTGGA 

FA-SAT AGCTAAGGCTCTCCCCTCATG TCAGCCTGCACCGCTTCT 

PKM2 TAAGACCCTGTTCGGGTGAG GCTTCCAGTCCTGCAAACTC 

HER2 DNA GAGTGCGGTAAGACAGGGAG GTCTGCACAAGTCCGAGAT 

HER2 Intracellular GGTGTTCTCGGACATGGTCT CTCCCAAAGCCAACAAAGAA 

HER2 Extracellular AGGAATGCCGAGTATTGCAG GGTCCTTGTAGTGGGCACAG 

 

 

Table 2. Predicted sizes of the amplicons generated for each gene 

Sequence Size (bp) 

TOP2α 82 

p53 129 

Cyclin D1 135 

c-Myc 126 

YBX1 115 

FUS 123 

PTBP1 141 

FA-SAT 83 

PKM2 199 

HER2 DNA 103 

HER2 Intracellular 162 

HER2 Extracellular 153 
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3.3. Sequence Isolation by Real Time RT-PCR from Felis catus RNA using 

specific primers 

 

Real Time Polymerase Chain Reaction (Real Time PCR) is a technique based on the use 

of fluorescence to detect and measure the products generated during each cycle of the PCR 

process113. The conventional technique can be divided into three steps, denaturation, annealing 

and extension accomplishing the accumulation of thousands of copies of a PCR product that 

are analysed by gel electrophoresis. Real Time PCR, aside from being an automated process, 

combines the amplification and detection steps into one single procedure obviating the need for 

further processing. One of the improvements made to this technique was the possibility to 

include a reverse transcription step making Real-Time reverse transcriptase quantitative PCR 

the method of choice to detect and quantify mRNA113,114. 

In order to detect the increase of the amplicon copy number several chemistries are 

available that can be categorized into two groups: sequence specific fluorescent detection 

chemistries which detect the presence of the target sequence only; or non-specific double-

stranded DNA binding dye chemistries which allow the detection of any dsDNA114,115. 

In this work, the used chemistry was SYBR Green I (Thermo Fisher Scientific), a dye 

which fluoresces after binding to the double stranded DNA. The overall fluorescence increases 

in direct proportion to the total dsDNA present in the reaction. This is a simple and cheap 

detection method that can be used with any primer set for any target. However, as it is a non-

specific dye it can bind to any dsDNA present in the reaction as primer dimers and to surpass 

that inconvenient there is the need to generate a melting curve that allows the distinction of the 

amplicon from other double stranded sequences through the melting temperature. The increase 

of temperature, used in the melting curve, causes the DNA to denature releasing the dye which 

causes a decrease in fluorescence. Smaller sequences, such as primer-dimers, get denatured at 

lower temperatures that makes the distinction possible114,115. 

As previously mentioned, the fluorescence increases proportionally to the amount of 

DNA present in the sample, and instead of analysing the accumulated product at the end of the 

final cycle as is done in the conventional technique, Real Time PCR allows the determination 

of the cycle where fluorescence above a certain limit is first detected, named Threshold Cycle, 

Ct. So, samples with a smaller Ct have more initial copy number of the target than samples with 

a higher Ct enabling relative and absolute quantification113-115. 
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Protocol 1. Sequence Isolation by Real time RT-PCR from Felis catus RNA using 

specific primers. 

 

1. This methodology was used to amplify and isolate the corresponding transcripts of 

the sequences at study using an RNA sample from Felis catus. The reaction mix was prepared, 

in ice, as indicated in Table 3. All the reactions were performed in duplicate in a “StepOne 

Real-Time PCR System” equipment from Applied Biosystems (Invitrogen Life Technologies) 

with “StepOne Software v2.2.2” using the temperature program represented in Table 4. 

Table 3. Reaction Mix for sequence isolation by Real Time RT-PCR 

Reagent Volume (µL) 

Verso Enzyme Mix (Thermo Fisher Scientific) 0.25 

2x 1-Step qPCR SYBR ROX Mix (Thermo Fisher Scientific) 12.5 

RT Enhancer (Thermo Fisher Scientific) 1.25 

Forward Primer (5 μM) 1.5 

Reverse Primer (5 μM) 1.5 

RNA (10 ng/µL) 8 

Total volume 25 

 

 

 

Table 4. PCR program used for the isolation reaction by Real Time RT-PCR 

Phase Step Temperature (ºC) Time Ramp rate (%) 

Holding 

cDNA Synthesis 50 15 min 100 

Thermo-Start 

activation 
95 15 min 100 

Cycling 

(40 cycles) 

Denaturation 95 15 s 100 

Annealing/Extension 60 1 min 100 

Melt Curve 

Denaturation 95 15 s 100 

Annealing 60 1 min 100 

Denaturation 95 15 s 
0.3 ºC 

 step and hold 

 

2. After Real Time RT-PCR the PCR products were analysed by electrophoresis on a 

1.5% agarose gel in order to assess the results of the amplification reaction.  
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3.4. Agarose gel electrophoresis  

 

Gel electrophoresis is a technique developed in the 1970s that enables the separation of 

nucleic acids with different sizes, by using differences in electrical charges. DNA has negative 

charge, near neutral pH, and when it’s subjected to an electric field moves in the direction of 

the positive pole116,117. 

There are various types of gels to perform electrophoresis including agarose gels. 

Agarose is a compound extracted from seaweed that after processed and solidified forms a gel 

with a network of pores through which the molecules pass. The pores can form different sizes 

depending on the agarose percentage and because smaller molecules pass through the pores in 

an easier and faster way, this technique allows the molecules to separate by size116-118. 

In order to visualize the DNA molecules there is the need to stain the gel with something 

that makes them visible. That can be achieved with ethidium bromide, a fluorescent dye which 

binds to DNA by intercalating between the base pairs causing the DNA bands to appear brighter 

than other regions under ultraviolet light117,118. 

 

 

Protocol 2. Agarose gel electrophoresis  

 

1. The first step was to prepare a suitable gel tank and inserting the comb. 

2. The adequate concentration of agarose solution was prepared by weighing the agarose 

powder (Invitrogen Life Technologies) and dissolving it in SGTB 1x buffer. The solution was 

microwaved until boiling and no suspension particulate was seen. 

3. The solution was poured into the gel tank after adding of ethidium bromide, 0.7 

mg/mL, and left to solidify. 

4. After a complete solidification the comb was removed and the agarose gel placed 

inside the electrophoresis tank filled with SGTB 1x buffer. 

5. The samples were mixed with the loading dye and along with the marker were loaded 

into the gel wells. 

6. After the electrophoretic run the gel was visualized in an image acquisition system 

(Gel Doc™ XR +, BIO-RAD). 
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3.5. Excision and purification of DNA fragments from an agarose gel 

 

Protocol 3. Excision and purification of DNA fragments from an agarose gel 

 

1. After the evaluation, using a transilluminator, of presence/absence of a corresponding 

band with the size of interest, the DNA-bands were excised with a scalpel. 

2. The bands were then placed in Cut&Spin Gel Extraction spin columns (GRiSP, 

Research Solutions) and centrifuged at 6200 g for 10 minutes at room temperature.  

3. The eluate containing the DNA was purified using QIAquick PCR Purification kit 

(Qiagen). 

4. In an 1.5 mL eppendorf it was added 5 volumes of Buffer PBI to 1 volume of the 

PCR product and mixed.  

5. The solution was then transferred to a QIAquick spin column in a 2 mL collection 

tube and centrifuged at 13 000 rpm for 1 minute. The flow-through was discarded and the 

column placed in the same collection tube. 

6. To wash it, 750 µL of Buffer PE were added to the spin column and it was centrifuged. 

The flow-through was discarded and the column placed in the same collection tube. 

7. The column was centrifuged once more to remove residual wash buffer and then 

placed in a new 1.5 mL collection tube. 

8. To elute the DNA it were added 50 µL of Buffer EB at the centre of QIAquick 

membrane and centrifuged at 13 000 rpm for 1 minute. 

9. The purified DNA was analysed by electrophoresis on a 1% agarose gel and then 

stored at -20ºC until used.  

 

3.6. Cloning of isolated sequences using vector pUC19DNA/SmaI 

 

To be able to study a particular gene sometimes it is necessary to obtain large amounts 

of that individual sequence and one way to accomplish that is through DNA cloning, performing 

a variety of techniques designated recombinant DNA technology118. In our work the plasmids 

with the DNA fragment of the gene in study will be also used for the generation of the standard 

curves for absolute quantification (explained in detailed in Protocol 7). 
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DNA cloning is a quite straightforward technology but involves several different 

techniques and basically consists in introducing our DNA sequence of interest, obtained from 

PCR, for example, into one vector and into competent bacteria that divide and partition the 

vector through the daughter cells. After that, the sequence can be isolated and used for our 

desired purpose116-118. 

Different vectors can be used as a vehicle to introduce our DNA into the host cell, such 

as plasmids or bacteriophage chromosomes, being the plasmids the one used in this work. 

Plasmids are circular dsDNA molecules that naturally exist in bacteria, but the ones used in this 

procedure are modified versions of those that might include, among others, antibiotic resistance 

genes that enable the selection of the host cell with the plasmid. A suitable cloning plasmid 

should be able to replicate inside the host cell and should also be of appropriate size, ideally 

under 10 kb. The sequence of interest and the vector are joined together by an enzyme called 

DNA ligase116-118.  

After having the plasmid with the insert, the next phase is to insert it into a host cell, 

usually a competent modified strain of E. coli. Some bacterial strains are naturally able to 

uptake DNA molecules from the medium but the efficiency rate may not be the desired. So, to 

enhance the efficiency of that process some strains are modified, becoming competent, and are 

capable of uptake a suitable vector, such as a plasmid, after being subjected to a heat shock for 

brief seconds116-118.  

Even though all the process is optimized its efficacy is not 100% and some bacteria are 

transformed with a plasmid that does not contain the insert or contains a wrong one and so, the 

desired bacterial colonies must be selected. To accomplish that, the antibiotic resistance genes 

inserted in the plasmid are used along with a system that involves lacZ’ gene. LacZ’ is a gene 

that codes of β-galactosidase, an enzyme involved in the breakdown from lactose to galactose 

and glucose. The competent bacteria used for cloning have a modified lacZ’ gene that lacks a 

portion which is present and is synthesized by the plasmid allowing those bacteria to have a 

fully functional enzyme. However, our sequence of interest when joined to the plasmid causes 

the disruption of that portion and the recombinant bacteria don’t produce a functional enzyme. 

To assess the function of β-galactosidase are added to the medium where transformed bacteria 

will grow two compounds: IPTG, an enzyme inducer and X-gal, a lactose analog which is 

broken down originating a blue product. Thus, blue colonies are non-recombinant and the white 

ones are the recombinant and are then screened to confirm the presence of the desired 

sequence116,117. 
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Protocol 4. Cloning of isolated sequences using vector pUC19DNA/SmaI 

 

Preparation of solid and liquid mediums  

1. The solid medium was prepared at the concentration of 25 g/L of LB medium and 15 

g/L of agar, dissolved in distilled water. 

2. The mixture was autoclaved at 121 ºC for 15 minutes. 

3. The medium was placed in a bath at 50 ºC to cool down slowly, in order to keep itself 

liquid. 

4. In a vertical laminar flow chamber it was added to the medium ampicillin at 100 

µg/mL, IPTG at 0.5 mM and X-GAL at 80 µg/mL. 

5. The medium was homogenized and poured into petri plates where it solidified. 

6. The plates where then sealed and stored inverted at 4 ºC. 

7. The liquid medium was prepared at the concentration of 25 g/L of LB medium and 

dissolved in distilled water. 

8. Then, it was equally autoclaved at 121 ºC for 15 minutes and cooled down to room 

temperature. 

9. In a vertical laminar flow chamber it was added to the medium ampicillin at 100 

µg/mL. 

10. The medium was homogenized, sealed and stored at 4ºC until use. 

 

Fast End DNA Repair  

1. The reaction mix, described in Table 5, was prepared in ice and incubated in a 

thermocycler at 20ºC for 12 minutes, according to the recommendations of Fast DNA End 

Repair Kit (Thermo Scientific). 

2. The reaction product was then purified following the protocol described in Protocol 

3.  
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Table 5. Fast DNA End Repair reaction mix. 

Reagent Volume (µL) 

DNA fragments 40 

10x End Repair Reaction Mix 5 

End Repair Enzyme Mix  2.5 

Water, nuclease free 2.5 

Total volume 50 

 

 

DNA insert ligation reaction into vector pUC19DNA/SmaI 

 

1. This reaction mix was prepared in ice, as described in Table 6. 

Table 6. Reaction mix for the ligation of DNA insert into vector pUC19DNA/SmaI 

Reagent Volume (µL) 

PCR product 14 

Water, nuclease free -  

10x T4 DNA ligase buffer 2 

50% PEG 4000 Solution  2 

T4 DNA Ligase 1 

Vector pUC19 (Fermentas, Thermo Scientific) 1 (50 ng) 

Total volume 20 

 

 2. The samples were incubated in a thermocycler at 20ºC, for 1 hour. 

 3. At the end of the incubation, the samples were left at room temperature. 

 

Transformation of competent bacterial cells with the ligation product   

 

 1. In ice, 3 µL of the ligation product was added to 50 µL of bacterial cells. 

 2. The mixture was incubated in ice for 30 minutes. 

 3. Then, a the thermal shock was performed by placing the mixture in a bath at 42ºC for 

20 seconds and after that the mixture was immediately placed in ice for 2 minutes. 

 4. 950 µL of SOC medium was added and incubated for an hour at 37ºC with agitation 

at 225 rpm. 

 5. Next, 200 µL of the transformation were plated in the previously prepared plates with 

LB solid medium and incubated at 37ºC overnight. 
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 6. In the next day, the selected white bacteria colonies were inoculated in 10 mL of LB 

liquid medium and incubated at 37ºC with agitation at 225 rpm.  

 

PCR screening of recombinant bacteria 

 

1. For this procedure the reaction mix was prepared as described in Table 7. 

Table 7. Reaction mix with M13 primers for PCR screening of recombinant bacteria 

Reagent Volume (µL) 

Bacterial suspension 1.6 

PCR buffer 10x [with (NH4)2SO4] (MBI, Fermentas, Thermo Scientific) 2 

dNTP’s mixture (2.5 mM) (Invitrogen, Life Technologies) 1 

MgCL2 (25 mM) (MBI, Fermentas, Thermo Scientific) 1.2 

Primer M13 forward (1 μg/μL) (Invitrogen, Life Technologies) 0.2 

Primer M13 reverse (1 μg/μL)  (Invitrogen, Life Technologies) 0.2 

Water, nuclease free (Gibco, Invitrogen, Life Technologies) 13.4 

Taq DNA polymerase (5 u/μL) (MBI, Fermentas, Thermo Scientific) 0.4 

Final volume 20 

 

2. Then, the following program was used in a thermocycler (Table 8). 

 

Table 8. Cycle program for PCR screening of recombinant bacteria 

Temperature (ºC) Time Phase 

94 5 min Initial Denaturation 

94 30 secs Denaturation 

54  30 secs 30 cycles Annealing 

72 90 secs Extension 

72 5 min Final Extension 

4 ∞ Pause 

 

 3. The PCR product was analysed by electrophoresis on a 1% agarose gel and the bands 

were identified by their molecular weight (approximately 200-240 bp). 

 4. Being identified the positive bacteria clones, stocks were prepared from the 

corresponding bacterial suspension and stored at -80ºC. 

As the main purpose of this protocol was to obtain the nucleotide sequence of the DNA 

inserts, the plasmid DNA isolation of the selected positive clones was performed 
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3.7. Plasmid DNA isolation 

 

Protocol 5. Isolation and purification of plasmid DNA using GeneJET Plasmid 

Miniprep Kit (Thermo Scientific) 

 

1. To grow the bacteria cultures it were inoculated 150 µL of cellular suspension in 15 

mL of LB liquid medium and incubated at 37ºC overnight with agitation at 225 rpm. 

2. The bacterial culture was harvested by centrifugation at 6800 g for 5 minutes. 

3. The supernatant was decanted and all the remaining medium was removed. 

4. To the pelleted cells 250 µL of Resuspension Solution were added and vortexed. 

5. The solution was transferred to 2 mL Eppendorf and 250 µL of Lysis Solution added. 

The tube was inverted 4-6 times. 

6. The next step was to add 350 µL of Neutralization Solution and immediately invert 

the tube 4-6 times.  

7. The mixture was centrifuged at 13 000 rpm for 5 minutes. The supernatant was 

transferred to the supplied GeneJET spin column and was centrifuged at 13 000 rpm for 1 

minute. The flow-through was discarded. 

8. 500 µL of Wash solution were added to the column, centrifuged at 13 000 rpm for 1 

minute and the flow-through was discarded. 

9. The previous step was repeated. 

10. The empty column was centrifuged at 13 000 rpm for 1 minute. 

11. The column was transferred to a new 1.5 mL Eppendorf 50 µL of water nuclease 

free were added (70ºC) at the centre of the membrane and incubated for 15 minutes at room 

temperature. 

12. Centrifuged as 14 000 rpm for 2 minutes. 

13. The plasmid DNA was quantified by NanoDrop ND-1000 (NanoDrop 

Technologies) and stored at -20ºC until use.  

 

3.8. DNA Sequencing by Sanger methodology 

 

The recombinant plasmids DNA obtained from the selected clones were sent to 

STABVIDA for sequencing. The sequences were analysed to eliminate the plasmid sequence. 
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Then the different clones were compared to assess which one was more similar to the original 

sequence and selected to continue the experiments. 

 

3.9. RNA sample purification 

 

The purpose of this protocol is to remove contaminating DNA from RNA samples in 

order to increase Real Time RT-qPCR efficiency. 

 

Protocol 6. RNA sample purification using “TURBO DNA-free kit” from Ambion 

(Invitrogen Life Technologies)  

 

1. To execute this protocol the reaction mix was prepared as described in Table 9. 
 

Table 9. Reaction mix for RNA purification 

Reagents Volume (µL) 

RNA Volume to [5 ng] 

10x Turbo DNA buffer 5  

TURBO DNase (2 Units/μL) 1.5 

Water, nuclease-free To 50 µL 

Final Volume 50 

  

2. The mixture was incubated for 1 hour at 37ºC in a thermocycler. 

3. After that period of time, it was added to the mix another 1.5 µL of TURBO DNase 

and incubated for two more hours at the same temperature. 

4. Then, 10 µL of DNase Inactivating Reagent were added and incubated for 5 minutes 

at room temperature. 

5. The tube was centrifuged at 10 000 g for 1 minute and the supernatant removed to 

another tube. 

6. The purified RNA was then quantified by NanoDrop ND-1000 and stored at -20ºC 

until use. 
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3.10. Absolute quantification of the transcription levels by Real Time reverse 

transcriptase quantitative PCR (RT-qPCR) and copy number assessment. 

 

As already mentioned  Real Time PCR is a fast, sensitive and affordable technology 

with several applications114,119,120. 

To proceed to the absolute quantification of transcripts an external calibration curve, 

named standard-curve, is needed to calculate the number of transcripts in the samples. The 

quantification is achieved by measuring the Ct in the samples to be tested and then using the 

standard curve to determine the amount of copies. The curve is obtained from a serial dilution 

of a starting known amount and is usually used plasmid DNA for the sequence of interest as the 

known sample115,121. 

For assessing the DNA copy number of HER2, TOP2α and FA-SAT a similar process 

was followed except for the used chemistry, which was MeltDoctor HRM Master Mix (Applied 

Biosystems, Invitrogen Life Technologies). This chemistry includes all the components, except 

the sample to test and the set of primers, necessary to perform this analysis. 

Both procedures, absolute quantification of transcripts levels and DNA copy number 

evaluation were performed in RNA/DNA from a collection of feline mammary tumours and 

from a feline cell line (p5, p15, p50 and p80), FkMTp, previously established in this laboratory 

and described in (Borges et al., 2016), which didn’t undergo more than four subcultures.  

Absolute quantification of transcripts levels was performed for all the sequences at study 

while copy number assessment was only performed for HER2, TOP2α and FA-SAT.  

  

Protocol 7. Absolute quantification of the transcription levels by Real Time reverse 

transcriptase quantitative PCR and copy number assessment – Standard Curve 

 

 1. To obtain the standard curve to allow absolute quantification of the desired sequence 

were needed 5 points consisting of 1:10 dilutions of the copy number of the plasmid DNA 

corresponding to the sequence of interest, ranging from 109 to 105.  

 2. The exact copy number of each sequence was assessed by the following formula: 

 

Copy number= [6.023x1023 (number of copies/mol) x Plasmid DNA Concentration (g/µL)] 

/ [Plasmid DNA size (bp) x 660 (g/mol/bp)] 
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Where 6.023x1023 is Avogadro’s number and 660 (g/mol/bp) represents the average 

molecular weight of a double-stranded DNA molecule. The plasmid DNA size is calculated by 

adding the size of the plasmid vector which corresponds to 2686 bp to the size of the sequence 

at study. The DNA concentration was quantified by NanoDrop ND-1000.  

2. After the dilutions are ready, the reaction mix was prepared in ice as described in 

Table 10 or Table 11.  

Table 10. Reaction mix for RNA absolute quantification by Real Time qPCR 

Reagent Volume (µL) 

2x 1-Step qPCR SYBR ROX Mix (Thermo Fisher Scientific) 12.5 

Forward Primer (5 μM) 1.5 

Reverse Primer (5 μM) 1.5 

Water, nuclease free 4.5 

DNA  5 

Final Volume 25 

  

Table 11. Reaction mix for copy number evaluation 

Reagent Volume (µL) 

MeltDoctor HRM Master Mix (Applied Biosystems, Invitrogen 

Life Technologies) 
10 

Forward Primer (5 μM) 1.2 

Reverse Primer (5 μM) 1.2 

Water, nuclease free 2.6 

DNA  5 

Final Volume 20 

 

3. The reactions were performed in triplicate in a “StepOne Real-Time PCR System” 

equipment from Applied Biosystems (Invitrogen Life Technologies) using the cycling program 

represented in Table 12 or Table 13. 
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Table 12. PCR program used for the RNA quantification reaction by Real Time qPCR 

Phase Step 
Temperature 

(ºC) 
Time Ramp rate (%) 

Holding Thermo-Start activation 95 15 min 100 

Cycling 

(40 cycles) 

Denaturation 95 15 s 100 

Annealing/Extension 60 1 min 100 

 

 

Melt Curve 

Denaturation 95 15 s 100 

Annealing 60 1 min 100 

Denaturation 95 15 s 
0.3 ºC 

 step and hold 

 

Table 13. PCR program used for the DNA copy number evaluation 

Phase Step 
Temperature 

(ºC) 
Time Ramp rate (%) 

Holding Thermo-Start activation 95 10 min 100 

Cycling 

(40 cycles) 

Denaturation 95 15 s 100 

Annealing/Extension 60 1 min 100 

Melt Curve 

Denaturation 95 15 s 100 

Extension 60 1 min 100 

Denaturation 95 15 s 
0.3 ºC 

 continuous 

 

 4. The equipment software “StepOne Software v2.2.2” designed the standard curve. 

 

 Protocol 8. Absolute quantification of the transcription levels by Real-Time reverse 

transcriptase quantitative PCR  

 

 1. The purified RNA samples to be tested were quantified by NanoDrop ND-1000 and 

a 10 ng/µL stock was prepared by diluting the original sample with DEPC water. 

 2. The reaction mix was prepared, in ice, according to Table 14 and submitted to the 

program presented in Table 15. 
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Table 14. Reaction mix for Real-time reverse transcriptase quantitative PCR 

Reagent Volume (µL) 

Verso Enzyme Mix (Thermo Fisher Scientific) 0.25 

2x 1-Step qPCR SYBR ROX Mix (Thermo Fisher Scientific) 12.5 

RT Enhancer (Thermo Fisher Scientific) 1.25 

Forward Primer (5 μM) 1.5 

Reverse Primer (5 μM) 1.5 

RNA (10 ng/µL) 8 

Total volume 25 

 

Table 15. Cycle program for Real-time reverse transcriptase quantitative PCR 

Phase Step Temperature (ºC) Time Ramp rate (%) 

Holding 

cDNA Synthesis 50 15 min 100 

Thermo-Start 

activation 
95 15 min 100 

Cycling 

(40 cycles) 

Denaturation 95 15 secs 100 

Annealing/Extension 60 1 min 100 

Melt Curve 

Denaturation 95 15 secs 100 

Annealing 60 1 min 100 

Denaturation 95 15 secs 
0.3 ºC 

 step and hold 

 

 3. The results were then analysed, using the previously obtained standard curve allowing 

the determination of the exact number of transcripts in each sample. 

 

 

Protocol 9. Copy number assessment by HRM-PCR  

 

 1. DNA samples previously extracted and quantified by NanoDrop ND-1000 were 

diluted to a 2 ng/μL concentration with nuclease free water. 

 2. The reaction mix was prepared, in ice, according to Table 16 and submitted to the 

program presented in Table 17 
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Table 16. Reaction mix for DNA copy number evaluation 

Reagent Volume (µL) 

MeltDoctor HRM Master Mix (Applied Biosystems, Invitrogen 

Life Technologies) 

10 

Forward Primer (5 μM) 1.2 

Reverse Primer (5 μM) 1.2 

Water, nuclease free 2.6 

DNA  5 

Final Volume 20 

 

Table 17. PCR program used for the DNA copy number evaluation 

Phase Step 
Temperature 

(ºC) 
Time Ramp rate (%) 

Holding Thermo-Start activation 95 10 min 100 

Cycling 

(40 cycles) 

Denaturation 95 15 secs 100 

Annealing/Extension 60 1 min 100 

Melt Curve 

Denaturation 95 15 secs 100 

Annealing 60 1 min 100 

Denaturation 95 15 secs 
0.3 ºC 

 continuous 

 

3. The results were then analysed, using the previously obtained standard curve allowing 

the determination of the exact copy number of the sequence in the tested samples. 

 

3.11. Statistical Analysis 

 

In this work we used different programs to perform the statistical analysis of our results. 

The expression data were analysed in GraphPad Prism Version 6.01 using “Multiple t 

test” for the analysis of tumours expression data and “one-way ANOVA” for FkMTp analysis. 

The expression results were analysed for associations with clinicopathological 

parameters using one-way ANOVA test from IBM SPSS Statistics Version 21 (IBM, Armonk, 

NY, USA), p-value was considered significant if ≤ 0.05. 

To build the correlogram the values from expression data were transformed using the 

function f(y)=log(y) in order to turn our data into a normal distribution. Then the correlogram 

was obtained using R software version 3.3.2 but as many of the sequences analysed presented 
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a different number of samples the analysis was simultaneously performed in GraphPad software 

and the data for those sequences were confirmed and replaced by the GraphPad data.  
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4. Results 

4.1. Isolation and cloning of the sequences in study 

 

In order to perform the absolute quantification of the transcripts in our samples, first, 

we had to isolate the sequences from Felis catus genome. Thus, after primer design a Real Time 

RT-PCR using a Felis catus total RNA samples was performed and the final PCR product was 

separated on an agarose gel electrophoresis (Figure 1) not only to confirm the size of the 

amplicon but also to allow the isolation of the band. TP53 revealed the presence of two bands 

and because the one matching the expected size was less intense than the other one, we had to 

repeat the isolation step to increase the chances of cloning the correct sequence. 

 

All the sequences, including HER2, PKM2 and FA-SAT, were cloned successfully and 

some of the positive clones of each sequence were sent for sequencing by Sanger methodology. 

After bioinformatic analysis, the sequences of the different clones were compared with the gene 

sequence reference at NCBI database which indicated a percentage of similarity over 98%, in 

every case. The most appropriate clone was selected to proceed with the experiments and used 

to obtain the standard curve for each gene in the following experiments of Real Time qPCR. 

The selected clones and respective sequence are presented in Appendix A, Supplementary 

Table 1. 

Figure 1. Gel electrophoresis for the isolation of the gene sequences to be cloned. Wells 2 and 3 

correspond to TOP2α sequence with an expected size of 82bp. Wells 5 and 6 and 22 to 25 correspond to TP53 

sequence with an expected size of 129 bp. Wells 8 and 9 correspond to Cyclin D1 sequence with an expected size 

of 135 bp. Wells 11 and 12 correspond to c-Myc sequence with an expected size of 126 bp. Wells 16 and 17 

correspond to YBX1 sequence with an expected size of 115 bp. Wells 18 and 19 correspond to FUS sequence with 

an expected size of 123 bp. Wells 20 and 21 correspond to PTBP1 sequence with an expected size of 141 bp. Wells 

1, 13,15 and 26 correspond to the DNA Ladder, in which is indicated the band corresponding to 100 bp. Wells 4, 

7, 10 and 14 are empty. bp - base pair 
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4.2. Evaluation of DNA/RNA levels in a collection of feline mammary 

carcinomas and correlation with clinicopathological variables 

 

In this work, we evaluated RNA transcript levels for all sequences at study and DNA 

copy number variation for three of them (i.e. HER2, TOP2α and FA-SAT). This analysis was 

performed in DNA/RNA samples previously extracted from twenty-seven tumour tissues and 

the respective disease-free tissue (of the same individual), which were obtained and properly 

characterized at clinicopathological, histological and immunohistochemical levels by other 

researchers of our group. The obtained results will be presented in the following sections.  

The analysis of the experiments was performed considering the cut-off value for 

biological significance of 2, meaning that a fold change under 0.5 or over 2 are considered 

biologically significant and a decrease or increase, respectively, compared to the disease-free 

tissue condition. 

 

4.2.1. Standard curves for nucleic acid absolute quantification  

 

To precisely evaluate DNA/RNA levels by Real Time RT-qPCR or by Real Time qPCR 

there is the need to design a standard curve that will allow the samples quantification. The 

standard curve is obtained through Real Time PCR using a known concentration of the 

recombinant plasmid DNA with the respective gene sequence, which will be subjected to a 

serial dilutions. Each gene (DNA or its expression, RNA) in study requires a standard curve 

and the ones designed in this work are showed in Figure 2 and Figure 3. This method was 

chosen over others because it allows us to save sample and because the expression of some 

endogenous genes used as control are found altered in cancer cell lines. The absolute 

quantification was transformed to obtain a fold change to facilitate the analysis of the results. 

For HER2, three different standard curves were obtained, using three different sets of 

primers, one for assessing DNA copy number and two for RNA quantification, once we 

evaluated the expression of two different domains, the intracellular and the extracellular 

domains. The standard curves used for DNA quantification are presented in Figure 2 and 

correspond to the sequences HER2 (Figure 2 a), TOP2α (Figure 2 b) and FA-SAT (Figure 2 c).  

 



39 

 

 

Figure 2. Standard curves for DNA quantification. a. Standard curve to assess copy number variation of 

HER2 sequence. b. Standard curve to assess copy number variation of TOP2α sequence. c. Standard curve to assess 

copy number variation of FA-SAT sequence. Blue spots match the serial dilutions of known concentration used to 

build the curve. 

 

The standard curves required for RNA quantification are represented in Figure 3 with 

the standard curve for HER2 intracellular (Figure 3 a), HER2 extracellular (Figure 3 b), TP53 

(Figure 3 c), TOP2α (Figure 3 d), Cyclin D1 (Figure 3 e) FUS (Figure 3 f), YBX1 (Figure 3 g), 

PTBP1 (Figure 3 h), c-MYC (Figure 3 i), PKM2 (Figure 3 j) and FA-SAT, (Figure 3 k). 

As an example, for the genes TOP2α, Cyclin D1 and FUS we present in Appendix B, 

Supplementary Figure 1 the results obtained from the agarose gel electrophoresis of the PCR 

products used to elaborate the corresponding standard curves. Moreover, in Appendix B, 

Supplementary Table 2 are presented specific details on the obtained standard curves. 
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Figure 3. Standard curves for RNA quantification. a. Standard curve to assess transcript level of HER2 

Intracellular sequence. b. Standard curve to assess transcript level of HER2 extracellular sequence. c. Standard 

curve to assess TP53 RNA expression levels. d. Standard curve to assess transcript level of TOP2α sequence. e. 

Standard curve to assess Cyclin D1 RNA expression levels. f. Standard curve to assess FUS RNA expression 

levels. g. Standard curve to assess YBX1 RNA expression levels. h. Standard curve to assess PTBP1 RNA 

expression levels. i. Standard curve to assess c-Myc RNA expression levels. j. Standard curve to assess PKM2 

RNA expression levels. k. Standard curve to assess RNA level of FA-SAT sequence. Blue spots match the serial 

dilutions of known concentration used to build the curve. 

 

4.2.2. Copy number assessment in a collection of feline mammary carcinomas 

 

The analysis for copy number evaluation was performed only for three sequences, 

HER2, TOP2α and FA-SAT once we wanted to evaluate and see the relation between HER2 and 

TOP2α and to characterize the major cat satellite, FA-SAT, in fresh mammary tumours samples.  

Regarding copy number assessment for HER2 sequence (Figure 4 a), the tumours 

presented a variation from 0.09 to 13.71 (Appendix C, Supplementary Table 3) when compared 

with the disease-free tissue extracted from the same individual. In an overall analysis, 72% of 

the tumours had no significant differences between tumour and disease-free tissues copy 

number of HER2 sequence, 20% had a decrease and only 8% had an increase in copy number. 

Real Time PCR results for TOP2α copy number determination (Figure 4 b) disclosed a 

fold change variation from 0.10 to 8.83 (Appendix C, Supplementary Table 4). Summarily, 8% 

of tumours revealed an increase in copy number, 23% registered a decrease whereas most of 

i j 

k 
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them, 69%, showed no significant difference when compared to the disease-free sample from 

the same individual. 

Data from copy number evaluation for Felis catus’s major satellite sequence, FA-SAT, 

obtained after performing a Real Time qPCR indicate that 8% had an increase in DNA copy 

number, 46% had a decrease and other 46% of tumours had no alteration in DNA copy number, 

when compared to the disease-free tissue (Figure 4 c). Fold change in these 26 cases varied 

between 0.05 and 8.33 (Appendix C, Supplementary Table 5).  
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Figure 4. Comparison between tumour samples and disease-free samples extracted from the same 

individual for HER2, TOP2α and FA-SAT copy number evaluation. a. HER2 copy number. 8% of tumours had an 

increase in copy number, 20% had a decrease and 72% had no significant differences between disease-free and 

a 

b 

c 
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tumour samples. b. TOP2α copy number. 8% of tumours had an increase in copy number, 23% had a decrease and 

69% had no significant differences between disease-free and tumour samples. c. FA-SAT copy number. 8% of 

tumours had an increase in copy number, 46% had a decrease and 46% had no significant differences between 

disease-free and tumour samples.  * indicates P≤0.05, ** indicates P≤0.01, *** indicates P≤0.001 and **** 

indicates P≤0.0001.  

 

4.2.3. Evaluation of RNA levels in a collection of feline mammary carcinomas 

 

RNA levels were evaluated through Real Time RT-qPCR for every sequence at study.  

As previously mentioned, two primers sets were used to study expression of both HER2 

extracellular and intracellular domains. The results for HER2 intracellular domain RNA 

expression are presented in Figure 5 a and vary from a fold change of 0.012 to a fold change of 

130.82. Overall, 44% of tumours presented an increase in expression levels, 26% a decrease 

and 30% maintained their levels of expression.  

The results from HER2 extracellular domain RNA expression (Figure 5 b, Appendix C, 

Supplementary Table 3) demonstrated a fold change variation between 0.010 and 153.84. 

Similarly, 44% of tumours showed an increase in expression levels, 30% a decrease and 26% 

maintained their expression levels.  

For TP53 the fold change variation ranges from 0.30 to 6.76 and most cases, 63%, 

showed no significant differences in TP53 transcript level between disease-free and tumour 

samples, while 4% demonstrated a decrease and 33% an increase in expression (Figure 5 c, 

Appendix C, Supplementary Table 6).  

As far as TOP2α’s RNA expression (Figure 5 d, Appendix C, Supplementary Table 4) 

concerns, the fold change ranged from 0.06 to 260.11. In an overall analysis, and considering, 

as mentioned, a cut-off value of 2, 60% of tumours demonstrated an increase in TOP2α 

transcripts’ expression, while 12% registered a decrease and 28% maintained the expression 

levels, when compared to the disease-free tissue.  

The results for Cyclin D1’s expression in our fresh tumour samples (Figure 5 e, 

Appendix C, Supplementary Table 7) revealed that, 12% of tumours had a decrease in Cyclin 

D1 transcripts’ expression, 36% maintained their level of expression and 52% demonstrated to 

have an increase in expression, in a fold change that ranged from 0.14 to 157.15.  

The results from FUS’ absolute quantification through Real Time RT-qPCR indicate 

that 33% of tumours had an increase in FUS transcripts, 46% maintained the same expression 

level as the disease-free samples and 21% had a decrease in the expression (Figure 5 f). The 
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fold change ranged from 0.06 to 21.43. In Appendix C, Supplementary Table 8 and 

Supplementary Figure 2 are represented the quantification data and the result of an agarose gel 

electrophoresis with PCR product from the expression analysis, respectively. 

The expression analysis of YBX1 sequence determined that only 16% of tumours had a 

decrease in this sequence’s expression, 40% had an increase and 44% had no changes compared 

to the disease-free state (Figure 5 g). The fold change variation was between 0.09 and 12.30 

(Appendix C, Supplementary Table 9). 

Concerning PTBP1, 24 cases were studied, each with a tumour and disease-free sample 

obtained from the same individual and the results indicate an increase in PTBP1 expression in 

46% of tumours, a decrease in 21% of them and 33% showed no difference between disease-

free and tumour sample (Figure 5 h). The fold change varied between 0.04 and 12.31 (Appendix 

C, Supplementary Table 10). 

c-Myc’s expression analysis revealed a tumour fold change variation between 0.05 to 

12.01 (Appendix C, Supplementary Table 11) and in a global analysis indicated that 27% 

overexpressed c-Myc’s transcripts, 11.5% had a decreased expression of the same transcripts 

and most of the tumours, 61.5% showed no alteration in the expression pattern in comparison 

to the disease-free sample (Figure 5 i). 

Real Time quantification results highlight an overexpression of PKM2’s transcripts in 

67% of tumours while only 4% had a decrease in expression and 29% had no changes compared 

to disease-free samples (Figure 5 j). The fold change varied between 0.27 and 99.04 (Appendix 

C, Supplementary Table 12). 

Finally, concerning FA-SAT RNA levels, the fold change was found between 0.03 and 

92.29 (Appendix C, Supplementary Table 5). In these 27 cases, 22% of tumours revealed an 

increase in FA-SAT expression, 41% registered a decrease and 37% had no difference in the 

expression pattern (Figure 5 k).  
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Figure 5. Comparison between tumour and disease-free samples, extracted from the same individual of 

the sequences expression levels. a. HER2 Intracellular RNA expression levels. 44% of tumours had an increase in 

their expression levels, 26% had a decrease and 30% had no significant differences between disease-free and 

tumour samples. b. HER2 Extracellular RNA expression levels. 44% of tumours had an increase in their expression 

levels, 30% had a decrease and 26% had no significant differences between disease-free and tumour samples. c. 

TP53 RNA quantification results. 33% of tumours had an increase in their expression levels, 4% had a decrease 

and 63% had no significant differences between disease-free and tumour samples. d. TOP2α RNA expression 

levels. 60% of tumours had an increase in their expression levels, 12% had a decrease and 28% had no significant 

differences between disease-free and tumour samples. e. Cyclin D1 RNA expression levels. 52% of tumours had 

an increase in their expression levels, 12% had a decrease and 36% had no significant differences between disease-

free and tumour samples. f. FUS RNA quantification results. 33% of tumours had an increase in their expression 

levels, 21% had a decrease and 46% had no significant differences between disease-free and tumour samples. g. 

YBX1 RNA quantification results. 40% of tumours had an increase in their expression levels, 16% had a decrease 

and 44% had no significant differences between disease-free and tumour samples. h. PTBP1 RNA quantification 

results. 46% of tumours had an increase in their expression levels, 21% had a decrease and 33% had no significant 

differences between disease-free and tumour samples. i. c-Myc RNA quantification results. 27% of tumours had 

an increase in their expression levels, 11.5% had a decrease and 61.5% had no significant differences between 

disease-free and tumour samples.   j. PKM2 RNA quantification results. 67% of tumours had an increase in their 

expression levels, 4% had a decrease and 29% had no significant differences between disease-free and tumour 

j 
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samples. k. FA-SAT RNA expression levels. 22% of tumours had an increase in their expression levels, 41% had 

a decrease and 37% had no significant differences between disease-free and tumour samples. * indicates P≤0.05, 

** indicates P≤0.01, *** indicates P≤0.001 and **** indicates P≤0.0001. 

 

4.2.4. Correlogram and correlation between expression data and 

clinicopathological features 

 

Given all the expression analysis performed and some evidences found in literature the 

correlation between all the DNA copy number and RNA expression analysis were analysed and 

are presented in a correlogram (Figure 6). By simply analysing the correlogram it is possible to 

see a very significant number of positive strong correlations like the correlation between HER2 

DNA and TOP2α DNA (r=0.87, p=1.77x10-8, n=25). Another interesting correlation is the one 

between the two analysed regions of HER2 (r=0.97, p=2.28x10-17, n=27). These results seem 

to indicate that FA-SAT DNA is associated with HER2 DNA (r=0.90, p= 1.17x10-9, n=25) and 

with TOP2α (r=0.87, p= 5.10x10-9, n=26). FA-SAT RNA, in turn, correlated with almost every 

RNA sequence (except for PKM2 and TP53) being the strongest ones with HER2 RNA 

intracellular (r=0.60, p=8.40x10-4, n=27), with HER2 RNA extracellular (r=0.63, p=3.81x10-4, 

n=27) and with c-Myc (r=0.66, p=2.62x10-4, n=26). 

The data obtained from all the experiments were correlated with clinicopathological 

features, studied from the individuals whose tumours are being analysed, using SPSS’ one-way 

ANOVA and in the situations where a statistically significant result is obtained is presented a 

box plot graph only for those whose parameters have over 5 cases. 

The variable corresponding to tumour size was associated with the expression of TP53 

(p=0.041, n=24) (Appendix D, Supplementary Table 13) and YBX1 (p=0.012, n=25) (Figure 7, 

Appendix D, Supplementary Table 14). 
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Figure 6. Correlogram of the expression data from all the sequences at study. This correlogram was 

obtained by R software. As many of the sequences analysed presented a different number of samples the analysis 

was simultaneously performed in GraphPad software. 

 

The next variable that achieved a positive result was skin ulceration presence that was 

associated with c-Myc’s expression (p<0.001, n=26) (Appendix D, Supplementary Table 15). 

This variable was only analysed in 7 out of 10 sequences because the samples whose individuals 

presented this feature were no longer available. 
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Figure 7. Box plot graphical representation of the relation between YBX1 and Tumour size. The data are 

presented as a box plot graphic that represents the median, quartiles and extreme values within a category. The p-

value was obtained by one-way ANOVA (Tukey Post Hoc Multiple Comparisons). 

 

The clinicopathological parameter that had more correlations was oral contraceptive, 

associated with TP53 (p=0.015, n=19) (Figure 8 a, Appendix D, Supplementary Table 13), 

TOP2α RNA (p=0,020, n=19) (Figure 8 b, Appendix D, Supplementary Table 16), Cyclin D1 

(p=0.013, n=19) (Figure 8 c, Appendix D, Supplementary Table 17), FUS (p=0.020, n=19) 

(Figure 8 d, Appendix D, Supplementary Table 18), YBX1 (p=0.020, n=19) (Figure 8 e, 

Appendix D, Supplementary Table 14) and with PTBP1 (p=0.010, n=19) (Figure 8 f, Appendix 

D, Supplementary Table 19).  

The presence of lymph node with metastasis was associated with c-Myc’s expression 

(p=0.027, n=25) (Figure 9, Appendix D, Supplementary Table 15).  

Next, malignancy grade parameter was correlated with both HER2 RNA intracellular 

and extracellular, both with a significance of 0.001 in 27 analysed cases (Appendix D, 

Supplementary Table 20), with PKM2 (p=0.008, n=27) (Appendix D, Supplementary Table 

21) and also with FA-SAT RNA (p <0.001, n=27) (Appendix D, Supplementary Table 22). In 

this parameter, the two categories had fewer than 5 cases so, no box plot graph are presented. 
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Figure 8. Relation between clinicopathological variable oral contraceptive with some of the sequences at 

study.  Box plot graphical representation of the relation between TP53 (a), TOP2α (b), Cyclin D1 (c), FUS (d), 

YBX1 (e) and PTBP1 (f) and oral contraceptive. The data are presented as a box plot graphic that represents the 

median, quartiles and extreme values within a category. 

 

 

 

a b 

c d 

e f



54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Box plot graphical representation of the relation between c-Myc and Lymph node with 

metastasis. The data are presented as a box plot graphic that represents the median, quartiles and extreme values 

within a category 

 

Regarding the variable that assessed lymphovascular invasion, the ANOVA analysis 

uncovered a correlation with TOP2α DNA (p=0.024, n=26) (Figure 10 a, Appendix D, 

Supplementary Table 16) and with FA-SAT DNA (p=0.017, n=26) (Figure 10 b, Appendix D, 

Supplementary Table 22).   

 

 

Figure 10. Relation between clinicopathological variable lymphovascular invasion with some of the 

sequences at study. Box plot graphical representation of the relation between TOP2α DNA (a) and FA-SAT DNA 

(b) with lymphovascular invasion. The data are presented as a box plot graphic that represents the median, quartiles 

and extreme values within a category. 

 

a b 
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Ki67 and ER status were associated with the expression of FA-SAT RNA, respectively 

the low category from ki67 index (Figure 11 a) (p=0.034, n=27) and the positive category from 

ER status (p=0.045, n=27) (Figure 11 b, Appendix D, Supplementary Table 22).  

 

 

Figure 11. Relation between FA-SAT RNA and some clinicopathological variables. Box plot graphical 

representation of the relation between FA-SAT RNA and ki67 index (a) and between FA-SAT RNA and ER status 

(b). The data are presented as a box plot graphic that represents the median, quartiles and extreme values within a 

category. 

 

Finally, the parameter that assessed the molecular classification of the tumours analysed 

in this study, that were divided into six different classifications, was associated with the 

expression pattern of both HER2 RNA intracellular and extracellular both with a p-value of 

<0.001 in 27 analyses tumours (Appendix D, Supplementary Table 20), with PKM2 (p <0.001, 

n=27) (Appendix D, Supplementary Table 21) and with FA-SAT RNA (p=<0.001, n=27) 

(Appendix D, Supplementary Table 22). Some of the groups in this variable had fewer than five 

cases so no box plot graph are presented. In fact, for most of the sequences were only evaluated 

regarding five molecular classifications since the sample that had the Luminal A classification 

was no longer available.  

 

4.3. Evaluation of DNA/RNA levels in FkMTp cell line  

 

After studying the behaviour of DNA and RNA molecules for the sequences at study in 

feline mammary carcinomas, we decided to do the same study in a tumoral cell line, FkMtp cell 

line, previously established and thoroughly characterized by our group (Borges et al., 2016). 

a b 
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The experimental design used was exactly the same, Real Time qPCR for copy number 

assessment and Real Time RT-qPCR for evaluating transcript levels. For the absolute 

quantification, the required standard curves were the same presented in the previous sections. 

In this cell line, the experiments were performed in four passages that allow us to study the 

tumour in vitro progression, passage 5, passage 15, passage 50 and passage 80. Passage 5 was 

considered the reference sample (control) and the analysis was achieved by comparing the other 

passages to this initial one. The cut off value was, once again, considered to be 2, thus, a fold 

change under 0.5 is considered a decrease in expression and a fold change over 2 is considered 

an increase in expression.  

HER2, as happened for the collection of feline mammary carcinomas, was evaluated at 

DNA and RNA level. However, unlike happened for FMC, only the RNA corresponding to the 

intracellular domain was studied in this cell line, given the strong correlation found between 

both domains, intracellular and extracellular, in the previous experiments. Results from copy 

number evaluation (Figure 12 a) indicate that passages p50 (mean= 2.77) and p80 (mean=2.47) 

had an increase in copy number while p15 (mean= 1.10) had no changes comparing to the 

control. Regarding RNA levels (Figure 12 b), there weren’t any biologically significant 

differences in expression between the control and the passages studied (p15 mean=1.56, p50 

mean=1.49 and p80 mean=1.74). 

TP53 RNA expression results (Figure 12 c) indicate that all the passages at study present 

a decrease (p15 mean= 0.499987, p50 mean= 0.46 and p80 mean= 0.21) in this sequence 

expression. 

TOP2α was evaluated at both DNA and RNA level. Real Time qPCR results for DNA 

evaluation (Figure 12 d) indicate that p50 (mean=3.18) and p80 (mean=2.37) had an increase 

while p15 (mean=1.40) had no alteration in TOP2α copy number. Regarding RNA levels 

(Figure 12 e), the differences found weren´t biologically significant, so, no alterations in the 

expression status of this sequence were considered (p15 mean=0.87, p50 mean= 1.51 and p80 

mean=1.17).  

Cyclin D1’s results (Figure 12 f) show no difference between any of the passages (p15 

mean= 1.29, p50 mean= 1.50 and p80 mean= 1.10) and the control. Likewise, RNA expression 

for FUS sequence (Figure 12 g) had no biologically significant difference between the passages 

at study (p15 mean= 0.65, p50 mean= 1.39 and p80 mean=0.87). The same results were 

obtained through Real Time RT- qPCR regarding YBX1 (Figure 12 h). For this sequence, in 

comparison with p5, p15 had a mean fold change of 0.85, p50 of 0.76 and p80 of 0.76. 
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The analysis for RNA expression of PTBP1 sequence (Figure 12 i) revealed an increase 

in expression, compared to p5, of p50 with a mean fold change of 2.90 while p15 (mean=0.91) 

and p80 (mean=1.42) had no biologically relevant differences in expression. 

Regarding c-Myc (Figure 12 j), this sequence is overexpressed in p50 (mean=2.33) and 

in p80 (mean=2.19) while p15 (mean= 1.56) had no change in the expression status. 

PKM2 RNA expression (Figure 12 k) in the analysed passages of FkMTp cell line had 

no differences when compared to the control, having p15 a mean fold change of 1.08, p50 of 

0.99 and p80 a mean fold change of 1.04. 

The repetitive sequence FA-SAT was analysed at DNA and RNA level. FA-SAT copy 

number assessment (Figure 12 l) revealed an increase for p50 (mean=3.89) and p80 

(mean=3.02) and no alteration for p15 (mean=1.39). Concerning RNA levels (Figure 12 m), 

every passage revealed to have increased levels of FA-SAT RNA when compared to the control, 

p5 (p15 mean=8.96, p50 mean= 2.90 and p80 mean= 2.54).  

Supplementary Table 23 in Appendix E presents further details on every sequence’s 

expression results and Supplementary Figure 3, also in Appendix E, illustrates the result from 

the electrophoretic gel of the Real Time RT-qPCR products for sequences TOP2α RNA, Cyclin 

D1, FUS and YBX1 as an example. 
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Figure 12. DNA/RNA evaluation of the sequences at study in the FkMTp cell line. a. HER2 copy number 

assessment. Compared to p5, p15 shows no difference in copy number, while p50 and p80 show an increase. b.  

HER2 RNA expression. None of the passages indicate an alteration biologically significant in HER2 expression 

when compared to p5. c. TP53 RNA expression. All the passages at study indicate a decrease in TP53 expression 

when compared to p5. d. TOP2α copy number assessment. Compared to p5, p15 shows no difference in copy 

number, while p50 and p80 show an increase. e. TOP2α RNA expression. None of the passages indicate an 

alteration biologically significant in TOP2α expression when compared to p5. f. Cyclin D1 RNA expression. None 

of the passages indicate an alteration biologically significant in this sequence RNA expression.  g. FUS RNA 

expression. None of the passages indicate an alteration biologically significant in this sequence RNA expression. 

h. YBX1 RNA expression. None of the passages indicate an alteration biologically significant in this sequence 

RNA expression. i. PTBP1 RNA expression. Compared to p5, p15 and p80 show no difference in RNA expression, 

while p50 indicate an increase. j. c-Myc RNA expression. Compared to p5, p15 shows no difference in RNA 
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expression, while p50 and p80 indicate an increase. k. PKM2 RNA expression. None of the passages indicate an 

alteration biologically significant in PKM2 expression when compared to p5. l. FA-SAT copy number assessment. 

Compared to p5, p15 shows no difference in copy number, while p50 and p80 show an increase. m. FA-SAT RNA 

expression. Every passage indicates an overexpression of FA-SAT RNA when compared to p5. * indicates P≤0,05, 

** indicates P≤0.01, *** indicates P≤0.001 and **** indicates P≤0.0001. 
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5. Discussion 

5.1. Analysis on the expression levels of the sequences at study in the 

collection of feline mammary carcinomas and correlation with 

clinicopathological features. 

 

5.1.1. Analysis of the DNA/RNA levels in tumour fresh samples 

 

In this section, we are going to discuss the data obtained for the analysis of copy number 

and transcript levels of the sequences at study in the tumour fresh samples belonging to the 

collection of feline mammary carcinomas. 

Human Epidermal Growth Factor 2 is a glycoprotein belonging to type I receptor 

tyrosine kinase family who is widely associated with cancer11. In this study, we examined HER2 

at DNA and RNA level in a collection of feline mammary carcinomas. The analysis performed 

in HER2 gene copy number in the FMC collection determined little changes in the DNA level 

(Figure 4 a) with only two of the twenty-five tumour samples exhibiting an increase in copy 

number and five samples exhibiting a decrease. At the RNA level, in the collection of FMC, 

two regions, corresponding to the intracellular and extracellular domains, were analysed, 

providing very similar results (Figure 5 a and b). In both cases an increase of 44% of RNA 

expression was registered which is in accordance with previous studies of HER2 expression in 

FMC23. The importance of analysing both domains relates to the existence of truncated proteins 

which could jeopardize the success of targeted-therapies towards HER2. Even though most 

studies analyse protein expression and this analysis has been performed at the RNA level, 

Santos et al., (2013) reported a positive correlation between mRNA and protein levels for 

HER2, allowing us to compare both results. The discrepancy between DNA and RNA levels 

for HER2 sequence indicate that the increase in the levels of transcripts is not due to the increase 

in DNA copy number, unlike what happens in humans23,122, suggesting other regulatory 

mechanisms regarding this sequence expression, such as epigenetic mechanisms or mechanisms 

involving transcription factors. This supports the utilization of FMC as a model for human 

breast cancer HER2 positive without gene amplification already suggested by other 

authors23,122.  

The tumour suppressor gene, TP53, has an extremely important role when it comes to 

halt cell proliferation, preventing the onset, in many situations, of a tumour41. The analysis 
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performed in this study (Figure 5 c) revealed an increase in 33% of the analysed feline 

mammary carcinoma which is close to the values found for human breast cancer52 and matches 

previous studies also performed in feline mammary carcinomas25. As reported in literature, p53 

is found in low levels in normal cells but overexpressed in tumour cells51 which is consistent 

with the results we obtained since only 4% of tumours registered a decrease in TP53 RNA 

expression. A protein analysis would be the next step to more precisely evaluate the relation 

between our data and data from previous studies, since most of them evaluate protein expression 

instead of RNA. Aside from that, this protein analysis will demonstrate the relation between 

RNA and protein expression. 

Topoisomerase II alpha, an enzyme involved on DNA replication13, was analysed at 

DNA and RNA level. Concerning copy number results (Figure 4 b), the majority of tumours 

presented no alterations, with only 8% registering an increase in copy number; interestingly, 

the same tumours that had an increase in HER2 copy number. On the other side, RNA results 

indicate that most tumours, 60%, had an increase in TOP2α’s expression (Figure 5 d) a number 

that is similar to what has been reported for human breast cancer55 highlighting the similarity 

between molecular pathways in both human breast cancer and feline mammary carcinomas. 

Once again, the high transcript levels don’t match the gene amplification observed in these 

tumours indicating the existing of other regulatory mechanisms involved in the expression of 

TOP2α. Such high overexpression may be related to its functions in cellular processes as DNA 

replication and transcription, allowing cancer cells to proliferate at a higher rate56. 

The cell cycle regulator, Cyclin D1, is crucial to maintain the cell activity in a 

proliferative condition58. The quantification of Cyclin D1’s transcripts in a collection of feline 

mammary carcinomas revealed an increase of those transcripts in 52% of the analysed tumours 

(Figure 5 e) which is in agreement with other authors that report an overexpression of Cyclin 

D1 in around 50% of human breast cancer60. Despite our analysis concerns RNA molecules 

instead of protein it has been demonstrated that Cyclin D1’s RNA and proteins levels are 

correlated65. 

Little is known about protein FUS involvement in breast cancer, being this one of the 

reasons why we decided to analyse this sequence in our study. FUS is a multifunctional protein 

mainly known for its involvement in amyotrophic lateral sclerosis (ALS)68. In this study, we 

analysed RNA expression for this sequence in feline mammary tumour samples and observed 

an increase in 33% of the tumours while 46% had no alteration in the expression pattern (Figure 

5 f).  
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Y-box binding protein 1 is a multifunctional protein that owes its name to the fact that 

it recognizes and binds to the Y-box sequence in gene promoters73. This protein is 

overexpressed in many cancers, including human breast cancer in around 40-50% of cases10,75. 

In our study, we found an overexpression in 40% of the feline mammary carcinomas analysed 

which is consistent with the data found for human breast cancer (Figure 5 g). Arena and 

collaborators (2016)77 and Mylona and collaborators (2014)75 report that an increase in YBX1’s 

expression might be involved in the intensification of tumour aggressiveness. 

RNA-binding protein, PTBP1, is able to influence many important genes and this way 

deregulate important biological processes contributing to tumorigenesis80. In our analysis, most 

part of the tumours, 46%, had no change in PTBP1’s expression, while 33% of tumours revealed 

an overexpression of this sequence (Figure 5 h).  

c-Myc is a well-known oncoprotein involved in the onset and progression of many 

cancers and is an indicator for a bad prognosis87. In our analysis, we found c-Myc’s 

overexpression in 27% of the feline mammary tumours (Figure 5 i), a result that is consistent 

with reports of a 22-35% overexpression of the same RNA in human breast cancer89. 

Metabolism reprogramming is one of the cancer hallmarks and one of the many 

processes in which Pyruvate kinase M2 is involved. However, its role in cancer goes far beyond 

this process, once PKM2 can act as a nuclear co-activator for the expression of several genes91. 

PKM2 is frequently found overexpressed in cancer in levels that can reach up to 87%95,96. In 

our RNA analysis of this sequence we found a significant part of the analysed tumours, 67%, 

that revealed PKM2’s overexpression (Figure 5 j), a number close to the levels reported for 

human breast cancer.  

Finally, FA-SAT is a major satellite sequence present in Felis catus genome whose role 

in cell cycle or in cancer is far from being understood. Nevertheless, we decided to incorporate 

this repetitive sequence in our study to see how it behaves in fresh tumour samples hoping it 

would give us some insights about its influence in tumorigenesis. This sequence was analysed 

at both DNA and RNA level. Regarding its copy number evaluation, we found that only two 

out of twenty-six tumour samples, 8%, had an increase in DNA level, the same two samples 

that registered an increase in both HER2 and TOP2α DNA level (Figure 4 c) and on the opposite 

side, 46% of tumours had a decrease in copy number levels for FA-SAT. When it comes to RNA 

levels 22% of tumours had an increase in expression while almost the double, 41%, registered 

a decrease in expression (Figure 5 k).  
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5.1.2. Correlogram and correlation between the expression data with 

clinicopathological parameters 

 

The central player in this work was Human epidermal growth factor 2, its pathway and 

the way it behaves in feline mammary carcinoma. To increase our knowledge about the 

molecular pathways influenced and connected to HER2 pathway we decided to add to our study 

some other genes known to interact with HER2 and with other molecular players of interest, 

namely FA-SAT, in order to have an insight in the type of network involved in this type of 

tumours. Moreover, most of these sequences trigger or are themselves activated by the same 

molecular pathways, including the PI3k pathway or MAP kinase pathway. 

It is already reported in the literature the connection between HER2 and p5352, TOP2α55, 

Cyclin D163, YBX177 and c-Myc89 and the connection of p53, a transcription factor, with 

TOP2α57, YBX174  and c-Myc89. Cyclin D1 is reported to interact with FUS 68, YBX174  and 

PKM291, while YBX1, aside from the associations already mentioned, is linked to c-Myc74, 

which also associated with PTBP1 as well as PKM280. This way, we see that all these genes are 

intimately connected, either directly or indirectly, which is consistent with the results obtained 

by our correlogram that show a great number of positive strong correlations between these 

sequences (Figure 6).  By the analysis of the graph we are able to see that the evaluated DNA 

sequences are connected to each other, being the relation between HER2 DNA and TOP2α 

DNA not that surprising considering that these two genes are located in the same chromosome, 

nearly at 700 kb apart, and considering that the amplification of TOP2α locus occurs together 

with HER2 amplification in 30-45% of HER2 positive cases, being this genetic phenomenon 

already proposed as a biomarker for chromosomal instability as well as an indicator of the 

beneficial effect of anthracycline-based therapy43. Intriguingly, FA-SAT RNA expression was 

correlated with almost every other RNA sequence in this study with the exception of PKM2 

and TP53, being the strongest associations with c-Myc and with both HER2 RNAs, sequences 

associated with aggressiveness and proliferation11,87. HER2 RNA intracellular and HER2 RNA 

extracellular have a very strong correlation and their association with the other sequences is 

also very similar. Some authors report that FUS inhibits protein Cyclin D1’s expression, in 

human68. According to our results, such relation is not verified at RNA level once there is a 

strong positive correlation between both sequences’ expression. However, it would be 

interesting to evaluate protein levels to see the relation between these proteins in feline 

mammary carcinomas. 
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The ANOVA analysis that assessed the relation between clinicopathological variables 

with expression data also provided interesting results. The parameter that assessed tumour size 

was significantly associated with the expression of YBX1 and TP53. P53 overexpression was 

already reported to be associated with tumour size by other authors52  as well for YBX1123. A 

box plot graph was not presented for TP53 association with tumour size despite a significant 

result from one-way ANOVA analysis because Post hoc Tests found no significant differences 

between size categories possibly because there weren’t enough individuals in each group, 

highlighting the need to increase the population at study.  

The presence of skin ulceration in the cats whose tumours are being analysed is 

associated with c-Myc’s expression. In humans c-Myc’s overexpression is already reported to 

be associated with an impaired healing in chronic ulcers124  suggesting a similar role for c-Myc 

in feline skin lesions. 

One of the parameters that had more associations with our sequences was the assessment 

on the use of oral contraceptive, which in our case corresponded to the non-utilization of oral 

contraceptive, that was associated with the overexpression of TP53, TOP2α RNA, Cyclin D1, 

FUS, YBX1 and with PTBP1. This is a very intriguing result since the administration of oral 

contraceptive to domestic animals have been associated with an increased risk in developing 

tumours, including mammary tumours125. Some authors defend that over the past forty years 

cats have received an excessive dosage of hormones to control their reproductive cycles and 

believe that the administration of lower doses of such compounds and the option for more recent 

ones would be potentially safer126. 

Continuing in the analysis of the association between clinicopathological parameters 

and our sequence’s expression, lymph node with metastasis was associated with c-Myc’s 

expression, a relation also reported in human breast cancer89, which contributes to increase the 

amount of evidences concerning the similarities between human breast cancer and feline 

mammary carcinomas and also suggesting c-Myc’s overexpression as an indicator of poor 

prognosis. 

Malignancy grade is a classification that has proven to be a helpful tool in human breast 

cancer and has been suggested as a prognostic biomarker in feline mammary carcinomas127. In 

our analysis a relation was found between this parameter and the expression of both HER2 RNA 

sequences, PKM2 and FA-SAT RNA, being the sample less malignant the one registering the 

highest expression levels, in all four cases. Regarding FA-SAT, as the malignancy grade level 

increases the FA-SAT expression decreases. However, two of the categories had very few 
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individuals so an increase in our population would be desirable including more individuals with 

different grading in order to increase the validity of our results.  

Lymphovascular invasion is an important clinicopathological variable that contributes 

to the identification of breast cancer patients that have a higher risk of to acquire lymph node 

or distant metastasis and associated with a poor prognosis128. In this analysis, this parameter 

was correlated with TOP2α DNA and with FA-SAT DNA indicating that the increase in DNA 

levels of this sequence might be associated with a poor prognosis. 

Overexpression of FA-SAT RNA sequence was associated with a decrease in ki67 index 

and also with positive status of ER receptor. Ki67 marker high expression is associated with a 

bad prognosis both in breast cancer and in feline mammary carcinomas129. Contrarily, ER 

positivity in tumours is associated with response to treatment and less aggressiveness being 

indicative of a good prognosis13. The combination of these two factors alongside the relation 

observed with malignancy grade may provide an indication that an overexpression of FA-SAT 

RNA is a sign of a better outcome. 

 The analysis performed in our study revealed a relation between the molecular 

classification of the tumours and the expression of both HER2 RNA sequences, PKM2 and FA-

SAT RNA. The tumours were divided into six molecular classifications, Luminal A, Luminal B 

HER2 negative, Luminal B HER2 positive, Triple negative basal-like and Triple negative 

normal-like27. Interestingly, an increase in FA-SAT RNA expression is noted in Luminal A 

subtype and a decrease in this sequence’s expression is registered in the Triple negative normal-

like subtype, which, respectively, are associated with a better and worse outcome27, suggesting, 

once again, that FA-SAT’s overexpression might be associated with a good prognosis. Even 

though positive correlations were achieved more samples from each group should be added to 

the analysis, once some of the present groups have very few samples, and Luminal A group, 

for some of the sequences, was not integrated in the analysis because the sample representative 

of that classification was no longer available.  

 

5.2. Analysis on the expression of the sequences at study in the FkMTp cell 

line 

 

The FkMTp expression results were analysed having as control the most initial passage, 

passage 5, because it has a higher resemblance to the tumour than the other passages and 
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because no normal control, meaning non-tumoral, was available for this cell line. Moreover, it 

made more sense to us to compare these results to a passage more similar to the original 

tumour130 than with a normal sample from a different individual, once this way we could study 

the progression of the cell line and the changes in the molecular expression of the sequences at 

study.   

In the cell line, where we can see the behaviour and the changes in expression patterns 

that cells undergo, we were able to report a biologically significant increase in the HER2 copy 

number in the two more advanced passages of the line, at study (Figure 12 a). Since the 

amplification of HER2 is a prognostic marker associated aggressiveness and poor prognosis11  

this result may indicate that the cell line is becoming more aggressive. At RNA level, only the 

intracellular portion was evaluated given the strong association seen above between the two 

domains. It was observed a gradual increase but not biologically significant, meaning that in 

comparison with the initial passage, the one that resembles the most the tumour, there was no 

difference in RNA expression for HER2 (Figure 12 b) indicating that the increase in the copy 

number verified for passages 50 and 80 doesn’t have any implications in the transcript levels. 

These results indicate that this cell line is not a suitable model for tumours who are positive for 

HER2 DNA copy number and RNA but instead, it would be adequate to study tumours which 

are HER2 positive without gene amplification.  

RNA expression levels for TP53, in the analysed cell line, indicate a gradual decrease 

for the three passages at study when compared to the initial passage used as control (Figure 12 

c). This shows us that as the cell line progresses it gradually shuts down TP53 DNA expression, 

the expected action considering it is a tumour suppressor gene, which leads to uncontrolled cell 

proliferation and contributes to an increasing aggressiveness with the dissemination of 

mutations.  

Regarding TOP2α, the copy number analysis (Figure 12 d) indicates very similar results 

to those obtained for HER2’s copy number with only the two more advanced passages, p50 and 

p80, revealing an increase in the DNA level. About the RNA results (Figure 12 e) for the 

FkMTp cell line, none of the passages at study had a biologically significant change in the 

TOP2α’s RNA expression pattern allowing us to infer that the transcript level is not a reflection 

of the DNA level, making this cell line a suitable model to study tumours with TOP2α RNA 

overexpression without gene amplification. 

The expression of Cyclin D1 (Figure 12 f), FUS (Figure 12 g) and YBX1’s (Figure 12 h) 

RNAs in the cell line had no biologically significant alteration in the passages at study. The 
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number of passages analysed should be increased in order to observe if this behaviour is 

maintained throughout the progression of the cell line. Despite it is not significant at a biological 

level there is a slight gradual decrease in YBX1’s transcript level. YBX1 is a promoter for 

metastasis through EMT regulation73 a process that according to Borges and collaborators 

(2016) occurs during the first passages of the FkMTp establishment which can explain this 

slight alteration in YBX1 expression. 

Regarding PTBP1(Figure 12 i), only passage 50 had a significant increase in the 

transcript levels for this sequence and it would be interesting to analyse more passages between 

p15 and p50 and between p50 and p80 to see if there is a gradual increase and decrease, 

respectively, or if this is just an abrupt change in the expression pattern, which would elucidate 

us about the biological reason behind it. 

Transcript level of c-Myc gradually increases being considered a biologically significant 

alteration in passages 50 and 80 (Figure 12 j). As known, c-Myc is a gene that encodes an 

oncoprotein and is associated with cell proliferation and also with promoting metastasis89, being 

indicative of a possible increase in aggressiveness, also supported by previous evidences.  

The expression of the gene encoding the glycolytic enzyme PKM2 is maintained 

throughout the analysed passages of the cell line (Figure 12 k). Given its role in the metabolism 

reprogramming of cancer cells its it likely that its expression has increased in the initial phases 

of cancer development and maintained its levels since then. 

The repetitive sequence FA-SAT was evaluated at both DNA and RNA level. As 

happened for the other two analysed DNA sequences, the copy number level for FA-SAT has 

increased significantly in passage 50 and 80, in a smaller extent in p80 when compared to p50 

(Figure 12 l). The RNA analysis revealed an increase in FA-SAT’s expression for all the 

analysed passages with a highlight on p15 that has more than an eight-time fold increase 

compared to p5 and more than the double when compared with the other two (Figure 12 m) a 

possible indication that cells are experiencing some process that requires FA-SAT which 

ultimately may lead us to its role in tumorigenesis.  
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6.Conclusions and Future Perspectives 

 

With this work we were able to see that many of the genes are directly connected with 

each other but may also, indirectly, influence many others creating a complex molecular 

network promoting cancer, since many of them trigger the same downstream pathways. This 

helps explain the obtained results regarding the correlation between the sequences at study and 

justifies further research in this subject.  

Our results highlight similarities between the molecular pathways of human and feline 

mammary tumours since the expression data for most of the sequences are coincident. 

Moreover, the association of expression data with clinicopathological parameters provided 

some interesting results that suggested, for example, the overexpression of cat’s major satellite, 

FA-SAT, as an indicator of a good prognosis. Despite existing other indications regarding a 

better or worse outcome, more associations are necessary in order to draw conclusions 

concerning other sequences.  

Regarding FkMTp cell line, it allowed us to follow the expression patterns as the line 

would progress. For now, we consider this cell line a suitable model to study mammary tumours 

HER2 positive without gene amplification 

In a future perspective and to strengthen the conclusions supported by these results a 

protein analysis of each gene should be performed to see the relation between RNA expression 

and protein. The number of analysed samples should be increased, either tumour samples, with 

the respective clinicopathological evaluation, or FkMTp cell line passages.  

The results we obtained highlighted the importance of the feline mammary carcinomas 

as a model for human breast cancer research, even though further research is still necessary. 
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Appendix 

Appendix A 

 

In this appendix will be presented data related to the isolation and cloning of the 

sequences at study in the present dissertation, presented in Results section 4.1.  

 

Supplementary Table 1. Sequencing results and similarity of the sequences obtained with the gene 

sequence. 

Gene Sequence 
Similarity 

(%) 

TP53 

GGCCCTTCCCTTCAGATCCGTGGGCGTGAACGCTTCGAGATGTTCCGAGAGCTGAA

TGAGGCCTTGGAGCTGAAGGATGCCCAGAGTGGAAAGGAGCCAGGCGGAAGCAG

GGCTCACTCCAGCCACC 

100 

TOP2α 
TTGGTCGAATGGCTATGGAGCCAAATTGTGTAACATATTCAGTACCAAAT

TTACTGTGGAAACAGCCAGTAGAGAAT 
99 

Cyclin D1 

CTGAATGCCCAGCTTCTCGGCCGTCAGGGGAATGGTCTCCTTCATCTTGG

AGGCCACGAACATGCAGGTGGCCCCCAGCAGCTGCAGGCGGCTCTTTTTC

ACGGGCTCCAGCGACAGGAAGCGGTCCAGGTAGTTC 

99 

FUS 

GGCCCTGACGTGATCCTTGGTCCGAGGGCCACCAAATTTATTGAAGCCAC

CACGGTCACTTCCGCCCATGCCGCCTCTGCCTCCACGGCCACCTCCACGA

CCTCTGGGTTCATAGCCACCACTGCT 

99 

YBX1 

GTCTCCGATCCCTCGTTCTTTTCCCCACTCTCACTATTCTGGTAGTTCTGCT

GGTAATTGCGTGGAGGACCCCTGCGACGTGGATAGCGTCTATAATGGTTA

CGGTCTGCTGCA 

100 

PTBP1 

CGGCAAAGATGGCCCTGATTCAGATGGGCTCGGTGGAGGAGGCCATCCA

GGCGCTCATTGACCTTCACAACCACGACCTGGGCGAGAACCACCACCTGC

GGGTGTCCTTCTCCAAGTCCACCATCTAGGG 

100 

c-Myc 

CTTCCTCACAGCCCGCTGGTCCTTAAGAGATGCCACGTGCCCACCCACCA

GCACAATTACGCAGCGCCCCCCTCCACTAGGAAGGACTACCCAGCCGCCA

AGAGGGTCAAGTTGGACAGT 

100 
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Appendix B 

 

In this appendix will be presented results related to the elaboration of the standard curves 

required for Real Time PCR absolute quantification, presented in Results section 4.2.1. 

 

 

 

Supplementary Figure 1. Electrophoretic run in a 1.5% agarose gel for some of the performed standard 

curves. a. TOP2α standard curve electrophoresis for RNA evaluation. Wells 2 to 4 correspond to the first dilution 

with 1x109 copies of the sequence, that has an expected size of 82 bp. Wells 5 to 7 correspond to the second 

dilution with 1x108 copies of the sequence. Wells 8 to 10 correspond to the third dilution with 1x107 copies of the 

sequence. Wells 11 to 13 correspond to the fourth dilution with 1x106 copies of the sequence. Finally, wells 16 to 

18 correspond to the fifth dilution with 1x105 copies of the sequence. Wells 1, 14 and 15 correspond to the DNA 

a 

b 

c 
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ladder, in which the 100 bp band is identified. b. Cyclin D1 standard curve electrophoresis for RNA evaluation. 

Wells 2 to 4 correspond to the first dilution with 1x109 copies of the sequence, that has an expected size of 135 

bp. Wells 5 to 7 correspond to the second dilution with 1x108 copies of the sequence. Wells 8 to 10 correspond to 

the third dilution with 1x107 copies of the sequence. Wells 11 to 13 correspond to the fourth dilution with 1x106 

copies of the sequence. Finally, wells 16 to 18 correspond to the fifth dilution with 1x105 copies of the sequence. 

Wells 1, 14 and 15 correspond to the DNA ladder, in which the 100 bp band is identified. c. FUS standard curve 

electrophoresis for RNA evaluation. Wells 2 to 4 correspond to the first dilution with 1x109 copies of the sequence, 

that has an expected size of 123 bp. Wells 5 to 7 correspond to the second dilution with 1x108 copies of the 

sequence. Wells 8 to 10 correspond to the third dilution with 1x107 copies of the sequence. Wells 11 to 13 

correspond to the fourth dilution with 1x106 copies of the sequence. Finally, wells 16 to 18 correspond to the fifth 

dilution with 1x105 copies of the sequence. Wells 1, 14 and 15 correspond to the DNA ladder, in which the 100 

bp band is identified.  bp – base pair 

 

 

Supplementary Table 2. Details regarding the elaborate standard curves for DNA/RNA evaluation. 

Sequence Dilution Equation r2 Efficiency (%) Slope Y-intersection 

HER2 DNA 3.125x107- 1.95x106 y = -3.371log(x) + 41.233 0.996 97.99 -3.371 41.233 

TOP2α DNA 1x109- 1x105 y = -3.305log(x) + 43.579 0.998 100.72 -3.305 43.579 

FA-SAT DNA 1x109- 1x105 y = -3.434log(x) + 40.721 0.999 95.53 -3.434 40.721 

HER2 RNA intra 1x108- 1x104 y = -3.368log(x) + 37.709 0.999 98.11 -3.368 37.709 

HER2 RNA extra 1x108- 1x104 y = -3.271log(x) + 38.999 0.998 102.17 -3.271 38.999 

TP53 DNA 1x109- 6.25x107 y = -3.218log(x) + 38.912 0.997 104.55 -3.218 38.912 

TOP2α RNA 1x109- 1x105 y = -3.404log(x) + 41.725 0.999 96.693 -3.404 41.725 

Cyclin D1 RNA 1x109- 1x105 y = -3.447log(x) + 41.399 0.999 95.02 -3.447 41.399 

FUS RNA 1x109- 1x105 y = -3.389log(x) + 42.446 0.998 97.26 -3.389 42.446 

YBX1 RNA 1x109- 1x105 y = -3.348log(x) + 40.388 0.999 98.92 -3.348 40.388 

PTBP1 RNA 1x109- 1x105 y = -3.364log(x) + 57.165 0.997 98.29 -3.364 57.165 

c-Myc RNA 1x109- 1x105 y = -3.386log(x) + 41.631 0.998 97.40 -3.386 41.631 

PKM2 RNA 1x109- 1x105 y = -3.474log(x) + 41.645 0.999 94.00 -3.474 41.645 

FA-SAT RNA 1x109- 1x105 y = -3.365log(x) + 38.163 0.998 98.23 -3.365 38.163 
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Appendix C 

 

In this Appendix will be presented Supplementary Tables containing further expression 

details on DNA and RNA experiments, presented in Results sections 4.2.2 and 4.2.3, like mean 

and standard deviation for each set of samples.  

 

Supplementary Table 3. HER2 DNA and RNA intra and extracellular quantification of each tumour 

sample using the disease-free tissue of the same individual as a reference. 

 HER2 DNA HER2 Intracellular RNA HER2 Extracellular RNA 
 

Disease-free Tumour Disease-free Tumour Disease-free Tumour 

1 1.00 (±0.04) 0.78 (±0.13) 1.00 (±0.10) 0.67 (±3.61x10-3) 1.00 (±0.02) 0.67 (±0.04) 

4 1.00 (±0.12) 13.71 (±0.99) 1.00 (±1.32x10-3) 0.57 (±0.03) 1.00 (±0.15) 0.49 (±0.04) 

5 1.00 (±0.03) 1.25 (±0.08) 1.00 (±4.01x10-3) 0.09 (±2.12x10-3) 1.00 (±0.20) 0.04 (±4.58x10-4) 

10 1.00 (±0.10) 1.06 (±0.08) 1.00 (±0.01) 2.31 (±0.03) 1.00 (±0.27) 3.46 (±0.29) 

12 1.00 (±0.02) 0.61 (±0.10) 1.00 (±0.05) 14.97 (±0.61) 1.00 (±0.01) 32.00 (±9.06) 

15 1.00 (±0.03) 0.80 (±0.03) 1.00 (±0.02) 2.98 (±0.42) 1.00 (±0.22) 4.13 (±1.00) 

19 1.00 (±0.03) 0.79 (±0.17) 1.00 (±0.02) 5.79 (±0.17) 1.00 (±0.10) 6.85 (±0.86) 

20 1.00 (±0.12) 0.59 (±0.05) 1.00 (±2.27x10-3) 0.11 (±4.90x10-3) 1.00 (±2.54x10-4) 0.29 (±0.04) 

27 1.00 (±0.04) 0.17 (±0.04) 1.00 (±0.09) 2.77 (±0.20) 1.00 (±3.70x10-3) 2.52 (±0.48) 

28   1.00 (±0.01) 0.36 (±4.41x10-4) 1.00 (±0.08) 0.32 (±0.03) 

29 1.00 (±0.12) 0.75 (±0.18) 1.00 (±0.01) 0.01 (±2.73x10-3) 1.00 (±0.05) 0.01 (±7.19x10-6) 

30 1.00 (±0.13) 0.70 (±0.02) 1.00 (±0.08) 0.48 (±0.06) 1.00 (±0.02) 0.46 (±0.04) 

39 1.00 (±0.06) 0.09 (±0.02) 1.00 (±0.14) 1.26 (±0.04) 1.00 (±0.05) 1.13 (±0.01) 

42 1.00 (±0.03) 1.00 (±0.03) 1.00 (±0.09) 2.53 (±0.49) 1.00 (±0.10) 3.62 (±0.07) 

43 1.00 (±0.03) 1.18 (±0.06) 1.00 (±0.03) 130.82 (±0.06) 1.00 (±0.17) 153.84 (±19.48) 

49 1.00 (±0.11) 0.75 (±0.05) 1.00 (±0.05) 2.33 (±0.12) 1.00 (±0.08) 2.54 (±0.03) 

50 1.00 (±0.11) 5.20 (±0.78) 1.00 (±0.19) 2.32 (±0.22) 1.00 (±0.18) 3.05 (±0.57) 

59 1.00 (±0.14) 1.19 (±0.31) 1.00 (±2.82x10-3) 7.62 (±0.47) 1.00 (±0.08) 10.86 (±0.63) 

61 1.00 (±0.09) 0.73 (±0.13) 1.00 (±0.09) 0.90 (±0.28) 1.00 (±0.02) 1.55 (±0.08) 

62 1.00 (±0.06) 0.73 (±0.13) 1.00 (±0.06) 4.60 (±0.06) 1.00 (±0.21) 3.59 (±0.25) 

69 
  

1.00 (±0.02) 0.82 (±0.01) 1.00 (±0.03) 0.67 (±3.48x10-3) 

71 1.00 (±0.18) 0.19 (±0.02) 1.00 (±0.16) 9.92 (±1.05) 1.00 (±0.18) 10.67 (±1.31) 

81 1.00 (±0.07) 0.10 (±2.60x10-3) 1.00 (±0.04) 0.23 (±8.06x10-3) 1.00 (±0.07) 0.32 (±0.01) 

83 1.00 (±0.08) 0.54 (±0.05) 1.00 (±0.05) 0.29 (±0.04) 1.00 (±0.05) 0.76 (±0.02) 

90 1.00 (±0.05) 1.79 (±0.49) 1.00 (±0.04) 0.87 (±0.05) 1.00 (±0.21) 1.30 (±0.43) 

91 1.00 (±0.09) 0.11 (±0.02) 1.00 (±0.05) 1.07 (±0.10) 1.00 (±6.48x10-4) 0.46 (±0.04) 

96 1.00(±0.08) 1.14 (±0.09) 1.00 (±0.01) 1.31 (±0.02) 1.00 (±0.03) 0.69 (±0.01) 
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Supplementary Table 4. TOP2α DNA and RNA quantification of each tumour sample using the disease-

free tissue of the same individual as a reference. 

 TOP2α DNA TOP2α RNA 
 

Disease-free Tumour Disease-free Tumour 

1 1.00 (±0.14) 0.85 (±0.07) 1.00 (±3.00x10-3) 0.44 (±0.04) 

4 1.00 (±0.08) 8.83 (±0.75) 1.00 (±0.09) 0.79 (±0.03) 

5 1.00 (±0.03) 1.34 (±0.12) 1.00 (±0.08) 0.53 (±0.07) 

10 1.00 (±0.11) 1.09 (±0.06) 1.00 (±0.04) 21.14 (±2.72) 

12 1.00 (±0.03) 0.31 (±0.04) 1.00 (±0.05) 54.14 (±1.21) 

15 1.00 (±0.06) 0.74 (±0.10) 1.00 (±0.08) 10.95 (±0.34) 

19 1.00 (±0.16) 0.81 (±0.07) 1.00 (±0.01) 59.95 (±3.45) 

20 1.00 (±0.08) 0.70 (±0.04) 1.00 (±7.50x10-5) 0.92 (±0.01) 

27 1.00 (±0.05) 0.22 (±0.02) 1.00 (±0.11) 15.13 (±1.77) 

28   1.00 (±0.17) 0.31 (±0.01) 

29 1.00 (±0.07) 0.65 (±0.04) 1.00 (±0.05) 0.06 (±3.01x10-3) 

30 1.00 (±0.07) 0.67 (±0.04) 1.00 (±0.04) 2.46 (±0.23) 

39 1.00 (±0.11) 0.53 (±0.03) 1.00 (±0.03) 15.28 (±1.42) 

42 1.00 (±0.07) 0.63 (±0.08) 1.00 (±0.08) 9.56 (±0.45) 

43 1.00 (±0.06) 0.84 (±0.17)   

49 1.00 (±0.15) 1.50 (±0.17) 1.00 (±0.01) 13.39 (±1.35) 

50 1.00 (±0.07) 2.89 (±0.13) 1.00 (±0.02) 11.05 (±1.77) 

59 1.00 (±0.06) 0.56 (±0.06) 1.00 (±0.01) 46.58 (±4.58) 

61 1.00 (±0.07) 0.67 (±3.00x10-3) 1.00 (±0.09) 7.88 (±0.93) 

62 1.00 (±0.13) 0.43 (±0.03) 1.00 (±0.11) 260.11 (±21.79) 

69 1.00 (±0.28) 0.68 (±0.03) 1.00 (±0.13) 1.58 (±0.06) 

71 1.00 (±0.05) 0.10 (±0.01)   

81 1.00 (±0.02) 0.10 (±0.02) 1.00 (±0.05) 0.51 (±0.01) 

83 1.00 (±0.17) 0.93 (±0.05) 1.00 (±0.06) 1.98 (±0.47) 

90 1.00 (±0.12) 0.76 (±0.04) 1.00 (±0.03) 15.38 (±1.57) 

91 1.00 (±0.01) 0.16 (±0.01) 1.00 (±0.01) 2.61 (±0.03) 

96 1.00(±0.10) 0.83 (±0.10) 1.00(±0.13) 1.45 (±0.31) 
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Supplementary Table 5. FA-SAT DNA and RNA quantification of each tumour sample using the disease-

free tissue of the same individual as a reference. 

 FA-SAT DNA FA-SAT RNA  
 

Disease-free Tumour Disease-free Tumour 

1 1.00 (±0.02) 0.64 (±0.04) 1.00 (±0.12) 0.06 (±0.00) 

4 1.00 (±0.13) 8.33 (±0.86) 1.00 (±0.15) 0.61 (±0.12) 

5 1.00 (±0.12) 1.21 (±0.04) 1.00 (±0.06) 0.04 (±0.00) 

10 1.00 (±0.05) 0.72 (±0.05) 1.00 (±0.16) 0.43 (±0.03) 

12 1.00 (±0.16) 0.31 (±0.04) 1.00 (±0.08) 3.37 (±0.03) 

15 1.00 (±0.17) 0.84 (±0.04) 1.00 (±0.10) 1.30 (±0.35) 

19 1.00 (±0.06) 0.41 (±0.05) 1.00 (±0.04) 6.65 (±1.28) 

20 1.00 (±0.06) 0.43 (±0.04) 1.00 (±0.10) 7.44 (±0.54) 

27 1.00 (±0.06) 0.22 (±0.03) 1.00 (±0.08) 0.42 (±0.05) 

28   1.00 (±0.06) 0.56 (±0.04) 

29 1.00 (±0.05) 0.55 (±0.03) 1.00 (±0.02) 0.03 (±0.01) 

30 1.00 (±0.03) 0.48 (±0.02) 1.00 (±0.09) 13.24 (±0.68) 

39 1.00 (±0.10) 0.05 (±5.77x10-3) 1.00 (±0.06) 0.10 (±0.00) 

42 1.00 (±0.07) 0.71 (±0.07) 1.00 (±0.04) 0.39 (±0.03) 

43 1.00 (±0.11) 0.38 (±0.06) 1.00 (±0.09) 92.29 (±3.61) 

49 1.00 (±0.11) 1.25 (±0.06) 1.00 (±0.03) 1.14 (±0.17) 

50 1.00 (±0.03) 2.09 (±0.07) 1.00 (±0.05) 1.69 (±0.04) 

59 1.00 (±0.06) 0.39 (±0.04) 1.00 (±0.03) 0.35 (±0.01) 

61 1.00 (±0.08) 0.75 (±0.01) 1.00 (±0.19) 0.52 (±0.07) 

62 1.00 (±0.06) 0.28 (±0.02) 1.00 (±0.22) 1.37 (±0.08) 

69 1.00 (±0.09) 0.37 (±0.01) 1.00 (±0.02) 1.80 (±0.11) 

71 1.00 (±0.06) 0.12 (±0.01) 1.00 (±0.13) 2.76 (±0.37) 

81 1.00 (±0.11) 0.03 (±5.77x10-3) 1.00 (±0.06) 0.43 (±0.04) 

83 1.00 (±0.16) 0.73 (±0.07) 1.00 (±0.03) 0.20 (±0.04) 

90 1.00 (±0.18) 0.66 (±0.06) 1.00 (±0.08) 0.77 (±0.10) 

91 1.00 (±0.11) 0.20(±0.02) 1.00 (±0.17) 0.24 (±0.01) 

96 1.00(±0.21) 1.00 (±0.04) 1.00 (±0.04) 1.14 (±0.16) 
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Supplementary Table 6.  TP53 RNA quantification of each tumour sample using the disease-free tissue 

of the same individual as a reference. 

 TP53 RNA  TP53 RNA 
 

Disease-free Tumour  Disease-free Tumour 

1 1.00 (±0.07) 1.63 (±0.12) 42 1.00 (±0.03) 2.70 (±0.11) 

4 1.00 (±0.02) 1.32 (±0.04) 49 1.00 (±0.01) 2.37 (±0.28) 

5 1.00 (±0.14) 1.50 (±3.36x10-3) 50 1.00 (±0.03) 2.81 (±0.03) 

10 1.00 (±0.06) 1.27 (±0.02) 59 1.00 (±0.02) 2.05 (±0.13) 

12 1.00 (±0.16) 5.41 (±0.10) 61 1.00 (±0.05) 1.57 (±0.07) 

15 1.00 (±0.33) 1.20 (±0.13) 62 1.00 (±0.06) 6.76 (±0.21) 

20 1.00 (±0.04) 0.51 (±0.13) 69 1.00 (±0.03) 0.50 (±0.01) 

27 1.00 (±0.01) 2.98 (±0.23) 81 1.00 (±0.04) 1.03 (±0.02) 

28 1.00 (±0.01) 1.11 (±0.04) 83 1.00 (±0.01) 4.49 (±4.77x10-3) 

29 1.00 (±0.02) 0.30 (±0.02) 90 1.00 (±0.07) 1.50 (±0.03) 

30 1.00 (±0.04) 1.11 (±1.57x10-3) 91 1.00 (±0.04) 1.96 (±0.07) 

39 1.00 (±0.03) 1.03 (±0.04) 96 1.00(±0.01) 1.24 (±0.05) 

 

 

Supplementary Table 7. Cyclin D1 RNA quantification of each tumour sample using the disease-free 

tissue of the same individual as a reference. 

 

 Cyclin D1 RNA  Cyclin D1 RNA 
 

Disease-free Tumour  Disease-free Tumour 

1 1.00 (±0.14) 1.69 (±0.04) 42 1.00 (±0.10) 12.94 (±0.12) 

4 1.00 (±0.15) 4.42 (±0.41) 49 1.00 (±0.13) 1.54 (±0.49) 

5 1.00 (±0.13) 0.20 (±0.01) 50 1.00 (±0.06) 2.43 (±0.49) 

10 1.00 (±1.00x10-3) 4.19 (±0.33) 59 1.00 (±4.00x10-3) 48.04 (±12.24) 

12 1.00 (±0.03) 48.02 (±2.81) 61 1.00 (±0.03) 4.14 (±0.21) 

15 1.00 (±0.10) 3.51 (±0.03) 62 1.00 (±0.15) 157.15 (±15.35) 

19 1.00 (±0.02) 11.95 (±2.76) 69 1.00 (±0.20) 0.89 (±0.03) 

20 1.00 (±0.12) 1.08 (±0.01) 81 1.00 (±0.07) 0.82 (±0.03) 

27 1.00 (±0.05) 6.82 (±1.08) 83 1.00 (±0.03) 0.73 (±0.09) 

28 1.00 (±0.12) 0.36 (±0.01) 90 1.00 (±0.01) 10.37 (±2.89) 

29 1.00 (±0.12) 0.14 (±2.74x10-3) 91 1.00 (±0.02) 0.71 (±0.05) 

30 1.00 (±0.09) 0.84 (±0.16) 96 1.00(±0.06) 2.71 (±0.15) 

39 1.00 (±0.30) 1.16 (±0.14)    
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Supplementary Table 8. FUS RNA quantification of each tumour sample using the disease-free tissue of 

the same individual as a reference. 

 

 FUS RNA  FUS RNA 
 

Disease-free Tumour  Disease-free Tumour 

1 1.00 (±0.08) 0.25 (±0.03) 42 1.00 (±0.11) 3.13 (±0.20) 

4 1.00 (±0.09) 1.53 (±0.24) 49 1.00 (±0.10) 3.23 (±0.71) 

5 1.00 (±0.13) 0.16 (±0.01) 50 1.00 (±0.10) 1.68 (±0.03) 

10 1.00 (±0.33) 5.02 (±1.22) 59 1.00 (±0.03) 12.14 (±1.15) 

12 1.00 (±0.12) 21.41 (±0.90) 61 1.00 (±0.09) 1.95 (±0.21) 

15 1.00 (±0.11) 6.02 (±0.48) 62 1.00 (±0.04) 6.91 (±0.86) 

20 1.00 (±0.01) 0.41 (±0.02) 69 1.00 (±0.03) 1.33 (±0.01) 

27 1.00 (±0.12) 3.67 (±0.29) 81 1.00 (±0.13) 0.74 (±0.07) 

28 1.00 (±0.01) 0.43 (±0.04) 83 1.00 (±0.06) 0.84 (±0.01) 

29 1.00 (±0.02) 0.06 (±3.88x10-3) 90 1.00 (±0.08) 1.30 (±0.01) 

30 1.00 (±0.19) 0.85 (±0.09) 91 1.00 (±0.13) 0.99 (±0.11) 

39 1.00 (±0.12) 1.99 (±0.25) 96 1.00(±0.06) 1.47 (±4.14x10-3) 

 

 

 

 

Supplementary Figure 2. FUS RNA Real Time RT-qPCR electrophoresis. Tumour and disease-free 

samples from the same individual are presented side by side. This sequence has an expected size of 123 bp. Wells 

1, 14, 15, 28, 29, 42, 43 and 56 correspond to the DNA ladder, in which the 100 bp band is identified. bp- base 

pair N- Disease-free tissue  T- Tumour.  
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Supplementary Table 9. YBX1 RNA quantification of each tumour sample using the disease-free tissue of 

the same individual as a reference. 

 YBX1 RNA  YBX1 RNA 
 

Disease-free Tumour  Disease-free Tumour 

1 1.00 (±0.10) 0.63 (±0.05) 42 1.00 (±0.05) 7.67 (±0.60) 

4 1.00 (±0.02) 1.14 (±0.32) 49 1.00 (±0.08) 5.21 (±0.24) 

5 1.00 (±0.07) 0.11 (±0.01) 50 1.00 (±0.20) 0.69 (±0.04) 

10 1.00 (±0.06) 5.23 (±0.20) 59 1.00 (±4.00x10-3) 12.30 (±0.98) 

12 1.00 (±0.03) 6.58 (±0.53) 61 1.00 (±0.12) 2.13 (±0.06) 

15 1.00 (±0.05) 7.89 (±0.64) 62 1.00 (±2.00x10-3) 10.15 (±0.06) 

19 1.00 (±0.01) 6.93 (±0.05) 69 1.00 (±0.11) 0.83 (±0.02) 

20 1.00 (±0.05) 0.87 (±0.02) 81 1.00 (±0.08) 0.49 (±0.03) 

27 1.00 (±0.08) 1.57 (±0.07) 83 1.00 (±0.14) 1.12 (±0.14) 

28 1.00 (±0.22) 0.27 (±0.05) 90 1.00 (±0.09) 1.53 (±0.01) 

29 1.00 (±0.20) 0.09 (±2.42x10-3) 91 1.00 (±0.07) 0.94 (±0.16) 

30 1.00 (±0.29) 0.96 (±0.19) 96 1.00(±0.01) 1.64 (±0.02) 

39 1.00 (±0.06) 2.72 (±0.05)    

 

 

Supplementary Table 10. PTBP1 RNA quantification of each tumour sample using the disease-free tissue 

of the same individual as a reference. 

 PTBP1 RNA  PTBP1 RNA 
 

Disease-free Tumour  Disease-free Tumour 

1 1.00 (±0.08) 0.15 (±1.70x10-3) 42 1.00 (±0.11) 4.61 (±0.52) 

4 1.00 (±0.29) 2.69 (±0.71) 49 1.00 (±0.06) 2.66 (±0.35) 

5 1.00 (±0.09) 0.09 (±0.01) 50 1.00 (±0.07) 1.70 (±0.38) 

10 1.00 (±0.09) 4.99 (±0.89) 59 1.00 (±2.00x10-3) 9.87 (±0.86) 

12 1.00 (±2.00x10-3) 12.31 (±0.52) 61 1.00 (±0.11) 2.19 (±0.28) 

15 1.00 (±0.09) 1.20 (±0.04) 62 1.00 (±0.02) 11.19 (±0.04) 

20 1.00 (±0.04) 0.35 (±9.21x10-4) 69 1.00 (±0.19) 0.89 (±0.03) 

27 1.00 (±0.29) 3.18 (±0.15) 81 1.00 (±0.07) 0.53 (±0.08) 

28 1.00 (±0.04) 0.43 (±0.10) 83 1.00 (±0.07) 1.17 (±0.15) 

29 1.00 (±0.06) 0.04 (±1.93x10-3) 90 1.00 (±0.03) 1.88 (±0.01) 

30 1.00 (±0.12) 0.86 (±0.01) 91 1.00 (±0.03) 0.70 (±0.10) 

39 1.00 (±0.25) 2.24 (±0.05) 96 1.00(±0.01) 1.28 (±0.02) 
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Supplementary Table 11. c-Myc RNA quantification of each tumour sample using the disease-free tissue 

of the same individual as a reference. 

 c-MYC RNA  c-MYC RNA 
 

Disease-free Tumour  Disease-free Tumour 

1 1.00 (±0.04) 0.05 (±0.01) 42 1.00 (±0.27) 0.69 (±0.03) 

4 1.00 (±0.05) 1.14 (±0.07) 49 1.00 (±0.07) 0.88 (±0.01) 

5 1.00 (±0.13) 0.18 (±0.01) 50 1.00 (±0.24) 0.74 (±0.10) 

10 1.00 (±0.03) 1.22 (±0.07) 59 1.00 (±0.09) 4.50 (±0.26) 

12 1.00 (±0.05) 6.54 (±0.31) 61 1.00 (±0.10) 1.54 (±0.19) 

15 1.00 (±0.16) 3.07 (±0.07) 62 1.00 (±0.04) 3.37 (±0.12) 

19 1.00 (±0.09) 12.01 (±0.18) 69 1.00 (±0.02) 0.80 (±0.02) 

20 1.00 (±0.09) 0.75 (±0.12) 71 1.00 (±0.12) 7.04 (±1.02) 

27 1.00 (±0.02) 1.43 (±0.10) 81 1.00 (±0.07) 0.73 (±0.14) 

28 1.00 (±0.12) 0.51 (±0.06) 83 1.00 (±0.15) 2.49 (±0.12) 

29 1.00 (±0.27) 0.07 (±6.81x10-3) 90 1.00 (±0.02) 1.29 (±0.06) 

30 1.00 (±0.07) 1.90 (±0.13) 91 1.00 (±2.73x10-4) 0.98 (±0.14) 

39 1.00 (±0.03) 1.30 (±0.32) 96 1.00(±0.23) 1.18 (±0.02) 

 

 

Supplementary Table 12. PKM2 RNA quantification of each tumour sample using the disease-free tissue 

of the same individual as a reference. 

 

 

 

 

 

PKM2 RNA  PKM2 RNA 
 

Disease-free Tumour  Disease-free Tumour 

1 1.00 (±0.16) 25.07 (±0.14) 43 1.00 (±0.16) 99.04 (±15.43) 

4 1.00 (±0.11) 0.52 (±0.05) 49 1.00 (±0.02) 10.13 (±0.85) 

5 1.00 (±0.09) 1.52 (±0.09) 50 1.00 (±0.04) 3.20 (±0.15) 

10 1.00 (±0.09) 1.52 (±0.09) 59 1.00 (±0.14) 29.93 (±4.08) 

12 1.00 (±0.10) 3.71 (±0.05) 61 1.00 (±0.03) 3.90 (±0.24) 

15 1.00 (±0.27) 29.16 (±2.98) 62 1.00 (±0.03) 9.03 (±0.29) 

19 1.00 (±0.05) 26.94 (±1.19) 69 1.00 (±0.07) 0.56 (±1.92x10-4) 

20 1.00 (±0.09) 2.33 (±0.08) 71 1.00 (±0.07) 6.15 (±0.18) 

27 1.00 (±0.03) 6.58 (±0.85) 81 1.00 (±0.16) 0.55 (±5.15x10-4) 

28 1.00 (±0.03) 0.57 (±0.06) 83 1.00 (±0.04) 1.06 (±0.09) 

29 1.00 (±0.02) 0.27 (±0.01) 90 1.00 (±0.01) 8.74 (±2.57) 

30 1.00 (±0.07) 0.74 (±5.22x10-3) 91 1.00 (±0.05) 7.11 (±0.12) 

39 1.00 (±0.15) 14.23 (±0.90) 96 1.00(±0.03) 0.96 (±0.02) 

42 1.00 (±0.03) 3.81 (±0.04)    
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Appendix D 

 

In this appendix will be presented supplementary data regarding the statistical analysis 

performed using SPSS’ one-way ANOVA to correlate clinicopathological parameters with 

results from Real Time PCR, presented in Results section 4.2.4. 

 

Supplementary Table 13. TP53 RNA relation with clinicopathological parameters. This analysis was 

performed using one-way ANOVA. 

Clinicopathological 

parameters 

TP53 RNA 

Mean 
P Clinicopathological parameters 

TP53 RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 1.12 
0.041* 

(n=24) 

Lymphovascular 

invasion 

Present 

Absent 

2.70 

1.83 

0.280 

(n=24) 
2 (2-3 cm) 2.80 

3 (> 3 cm) 1.39 

Ck5_6 index 
High 2.22 0.471 

(n=24) 

Lymphocytic 

invasion 

Present 2.26 0.285 

(n=24) Low 1.73 Absent 1.52 

Sterilized 
Yes 2.13 0.701 

(n=24) 
ki67 index 

High 2.17 0.284 

(n=24) No 1.88 Low 1.23 

Oral 

contraceptive 

Yes 1.35 0.015* 

(n=19) 
PR status 

Positive 2.19 0.445 

(n=24) No 2.67 Negative 1.66 

OVH with 

mastectomy 

Yes 1.95 0.799 

(n=11) 
ER status 

Positive 2.01 0.993 

(n=24) No 1.57 Negative 2.02 

Multiple 

tumours 

Yes 2.28 0.331 

(n=24) 
HER2 status 

Positive 2.48 0.229 

(n=24) No 1.64 Negative 1.68 

Lymph node 

with 

metastasis 

Present 

Absent 

2.51 

1.37 

0.055 

(n=23) 
Molecular 

classification 

LB 1.73 

0.818 

(n=24) 

HER2 2.35 

LBHER2 2.54 

Tumour stage 

1 1.25 
0.486 

(n=24) 

LA - 

2 2.28 TN normal 1.03 

3 2.20 TN basal 1.73 

Malignancy 

grade 

1 0.50 
0.584 

(n=24) 
Necrosis 

Present 

Absent 

2.34 

1.22 

0.111 

(n=24) 
2 1.72 

3 2.13 

* Indicates p≤0.05 
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Supplementary Table 14. YBX1 RNA relation with clinicopathological parameters. This analysis was 

performed using one-way ANOVA. 

 

Clinicopathological 

parameters 

YBX1 RNA 

Mean 
P Clinicopathological parameters 

YBX1 RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 0.75 
0.012* 

(n=25) 

Lymphovascular 

invasion 

Present 

Absent 

3.75 

3.05 

0.697 

(n=25) 
2 (2-3 cm) 5.05 

3 (> 3 cm) 1.75 

Skin 

ulceration 

Present 6.92 0.285 

(n=25) 

Lymphocytic 

invasion 

Present 3.57 0.440 

(n=25) Absent 3.03 Absent 2.38 

Sterilized 
Yes 3.17 0.837 

(n=24) 
ki67 index 

High 3.50 0.375 

(n=25) No 2.87 Low 1.92 

Oral 

contraceptive 

Yes 1.94 0.020* 

(n=19) 
PR status 

Positive 3.72 0.320 

(n=25) No 5.69 Negative 2.24 

OVH with 

mastectomy 

Yes 3.42 0.267 

(n=11) 
ER status 

Positive 3.19 0.997 

(n=25) No 0.37 Negative 3.19 

Multiple 

tumours 

Yes 2.95 0.685 

(n=25) 
HER2 status 

Positive 2.80 0.634 

(n=25) No 3.55 Negative 3.49 

Lymph node 

with 

metastasis 

Present 

Absent 

3.94 

2.29 

0.260 

(n=24) 
Molecular 

classification 

LB 4.18 

0.725 

(n=25) 

HER2 2.60 

LBHER2 2.87 

Tumour stage 

1 0.68 
0.130 

(n=25) 

LA - 

2 5.07 TN normal 0.49 

3 3.40 TN basal 1.23 

Malignancy 

grade 

1 0.83 
0.421 

(n=25) 
Necrosis 

Present 

Absent 

3.50 

2.38 

0.485 

(n=25) 
2 1.10 

3 3.60 

Ck5_6 index 
High 3.89 0.268 

(n=25) 

* Indicates p≤0.05 

Low 2.30 
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Supplementary Table 15. c-Myc RNA relation with clinicopathological parameters. This analysis was 

performed using one-way ANOVA. 

Clinicopathological 

parameters 

c-Myc RNA 

Mean 
P Clinicopathological parameters 

c-Myc RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 0.87 
0.218 

(n=26) 

Lymphovascular 

invasion 

Present 

Absent 

1.42 

2.35 

0.501 

(n=26) 
2 (2-3 cm) 3.04 

3 (> 3 cm) 1.80 

Skin 

ulceration 

Present 9.53 <0.001* 

(n=26) 

Lymphocytic 

invasion 

Present 2.66 0.170 

(n=26) Absent 1.56 Absent 1.07 

Sterilized 
Yes 1.97 0.588 

(n=25) 
ki67 index 

High 1.98 0.476 

(n=26) No 1.56 Low 2.96 

Oral 

contraceptive 

Yes 1.53 0.345 

(n=20) 
PR status 

Positive 1.54 0.134 

(n=26) No 2.47 Negative 3.18 

OVH with 

mastectomy 

Yes 1.27 0.404 

(n=12) 
ER status 

Positive 3.18 0.305 

(n=26) No 2.42 Negative 1.87 

Multiple 

tumours 

Yes 2.33 0.710 

(n=26) 
HER2 status 

Positive 2.72 0.380 

(n=26) No 1.91 Negative 1.76 

Lymph node 

with 

metastasis 

Present 

Absent 

3.17 

0.91 

0.027* 

(n=25) 
Molecular 

classification 

LB 1.49 

0.798 

(n=26) 

HER2 2.59 

LBHER2 2.78 

Tumour stage 

1 0.68 
0.406 

(n=26) 

LA - 

2 2.47 TN normal 0.73 

3 2.54 TN basal 3.10 

Malignancy 

grade 

1 0.80 
0.725 

(n=26) 
Necrosis 

Present 

Absent 

2.52 

1.22 

0.286 

(n=26) 
2 1.27 

3 2.35 

Ck5_6 index 
High 1.96 0.650 

(n=26) 

* Indicates p≤0.05 

Low 2.46 
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Supplementary Table 16. TOP2α DNA and RNA relation with clinicopathological parameters. This 

analysis was performed using one-way ANOVA. * Indicates p≤0.05 

Clinicopathological parameters 
TOP2α DNA 

Mean 
P 

TOP2α RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 1.06 
0.159 

(n=26) 

4.54 
0.287 

(n=25) 
2 (2-3 cm) 0.60 38.31 

3 (> 3 cm) 2.17 4.87 

Skin ulceration 
Present 0.46 0.600 

(n=26) 

59.95 0.473 

(n=25) Absent 1.12 20.59 

Sterilized 
Yes 1.39 0.362 

(n=25) 

13.38 0.480 

(n=24) No 0.75 29.11 

Oral 

contraceptive 

Yes 1.39 0.421 

(n=21) 

6.76 0.020* 

(n=19) No 0.65 23.40 

OVH with 

mastectomy 

Yes 0.74 0.932 

(n=12) 

35.47 0.588 

(n=11) No 0.77 0.48 

Multiple tumours 
Yes 1.27 0.403 

(n=26) 

26.52 0.621 

(n=25) No 0.68 15.63 

Lymph node with 

metastasis 

Present 1.30 0.587 

(n=25) 

37.44 0.163 

(n=24) 
Absent 0.91 6.79 

Tumour stage 

1 1.24 
0.680 

(n=26) 

5.68 
0.694 

(n=25) 
2 0.52 18.09 

3 1.23 29.02 

Malignancy 

grade 

1 0.76 
0.895 

(n=26) 

1.58 
0.768 

(n=25) 
2 1.46 4.99 

3 1.04 25.60 

Necrosis 
Present 1.08 0.976 

(n=26) 

27.35 0.440 

(n=25) Absent 1.05 8.85 

Lymphovascular 

invasion 

Present 2.56 0.024* 

(n=26) 

56.54 0.102 

(n=25) Absent 0.72 13.57 

Lymphocytic 

invasion 

Present 1.14 0.784 

(n=26) 

28.89 0.361 

(n=25) Absent 0.94 7.89 

ki67 index 
High 1.04 0.871 

(n=26) 

24.08 0.732 

(n=25) Low 1.18 14.76 

PR status 
Positive 0.92 0.597 

(n=26) 

26.11 0.626 

(n=25) Negative 1.28 15.16 

ER status 
Positive 0.77 0.589 

(n=26) 

12.83 0.627 

(n=25) Negative 1.18 25.12 

HER2 status 
Positive 1.69 0.139 

(n=26) 

36.25 0.241 

(n=25) Negative 0.68 11.10 

Ck5_6 index 
High 1.22 0.613 

(n=26) 

28.42 0.512 

(n=25) Low 0.87 14.21 

Molecular 

classification 

LB 0.81 

0.282 

(n=26) 

12.45 

0.776 

(n=25) 

HER2 3.26 18.33 

LBHER2 1.01 42.97 

LA 0.84 0.51 

TN normal 0.10 8.99 

TN basal 0.34 22.17 
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Supplementary Table 17. Cyclin D1 RNA relation with clinicopathological parameters. This analysis was 

performed using one-way ANOVA. 

Clinicopathological 

parameters 

Cyclin D1 RNA 

Mean 
P Clinicopathological parameters 

Cyclin D1 RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 2.30 
0.306 

(n=25) 

Lymphovascular 

invasion 

Present 

Absent 

33.49 

7.97 

0.120 

(n=25) 
2 (2-3 cm) 22.89 

3 (> 3 cm) 2.64 

Skin 

ulceration 

Present 11.95 0.973 

(n=25) 

Lymphocytic 

invasion 

Present 17.16 0.373 

(n=25) Absent 13.12 Absent 4.40 

Sterilized 
Yes 9.64 0.589 

(n=24) 
ki67 index 

High 15.51 0.468 

(n=25) No 17.24 Low 3.34 

Oral 

contraceptive 

Yes 2.82 0.013* 

(n=19) 
PR status 

Positive 15.43 0.641 

(n=25) No 19.71 Negative 8.89 

OVH with 

mastectomy 

Yes 20.86 0.611 

(n=11) 
ER status 

Positive 5.01 0.499 

(n=25) No 0.95 Negative 15.62 

Multiple 

tumours 

Yes 14.66 0.773 

(n=25) 
HER2 status 

Positive 21.03 0.290 

(n=25) No 10.69 Negative 6.83 

Lymph node 

with 

metastasis 

Present 

Absent 

21.58 

3.19 

0.172 

(n=19) 
Molecular 

classification 

LB 7.60 

0.890 

(n=25) 

HER2 17.53 

LBHER2 22.34 

Tumour stage 

1 2.84 
0.740 

(n=25) 

LA - 

2 13.29 TN normal 0.82 

3 16.41 TN basal 5.54 

Malignancy 

grade 

1 0.89 
0.765 

(n=25) 
Necrosis 

Present 

Absent 

15.07 

7.95 

0.635 

(n=25) 
2 1.99 

3 15.24 

Ck5_6 index 
High 18.07 0.399 

(n=25) 

* Indicates p≤0.05 

Low 6.71 
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Supplementary Table 18. FUS RNA relation with clinicopathological parameters. This analysis was 

performed using one-way ANOVA. 

Clinicopathological 

parameters 

FUS RNA 

Mean 
P Clinicopathological parameters 

FUS RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 0.87 
0.106 

(n=24) 

Lymphovascular 

invasion 

Present 

Absent 

2.76 

3.35 

0.809 

(n=24) 
2 (2-3 cm) 5.25 

3 (> 3 cm) 1.69 

Ck5_6 index 
High 3.10 0.882 

(n=24) 

Lymphocytic 

invasion 

Present 3.88 0.359 

(n=24) Low 3.41 Absent 1.94 

Sterilized 
Yes 4.37 0.208 

(n=24) 
ki67 index 

High 3.68 0.306 

(n=24) No 1.88 Low 0.96 

Oral 

contraceptive 

Yes 1.77 0.020* 

(n=19) 
PR status 

Positive 3.04 0.792 

(n=24) No 7.49 Negative 3.61 

OVH with 

mastectomy 

Yes 2.25 0.202 

(n=11) 
ER status 

Positive 1.53 0.379 

(n=24) No 0.21 Negative 3.68 

Multiple 

tumours 

Yes 2.14 0.190 

(n=24) 
HER2 status 

Positive 3.66 0.720 

(n=24) No 4.76 Negative 2.93 

Lymph node 

with 

metastasis 

Present 

Absent 

3.25 

1.81 

0.234 

(n=23) 
Molecular 

classification 

LB 3.45 

0.460 

(n=24) 

HER2 6.67 

LBHER2 1.94 

Tumour stage 

1 0.96 
0.147 

(n=24) 

LA - 

2 6.66 TN normal 0.74 

3 2.82 TN basal 1.15 

Malignancy 

grade 

1 1.33 
0.701 

(n=24) 
Necrosis 

Present 

Absent 

3.53 

2.50 

0.641 

(n=24) 
2 1.33 

3 3.61 

* Indicates p≤0.05 
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Supplementary Table 19. PTBP1 RNA relation with clinicopathological parameters. This analysis was 

performed using one-way ANOVA. * Indicates p≤0.05 

Clinicopathological 

parameters 

PTBP1 RNA 

Mean 
P Clinicopathological parameters 

PTBP1 RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 0.88 
0.059 

(n=24) 

Lymphovascular 

invasion 

Present 

Absent 

3.76 

2.67 

0.542 

(n=24) 
2 (2-3 cm) 4.52 

3 (> 3 cm) 1.84 

Ck5_6 index 
High 3.27 0.541 

(n=24) 

Lymphocytic 

invasion 

Present 3.30 0.433 

(n=24) Low 2.37 Absent 2.09 

Sterilized 
Yes 3.36 0.494 

(n=24) 
ki67 index 

High 3.31 0.201 

(n=24) No 2.35 Low 0.84 

Oral 

contraceptive 

Yes 1.70 0.010* 

(n=19) 
PR status 

Positive 3.07 0.731 

(n=24) No 5.59 Negative 2.54 

OVH with 

mastectomy 

Yes 2.85 0.304 

(n=11) 
ER status 

Positive 1.76 0.424 

(n=24) No 0.12 Negative 3.19 

Multiple 

tumours 

Yes 2.46 0.475 

(n=24) 
HER2 status 

Positive 3.30 0.645 

(n=24) No 3.51 Negative 2.61 

Lymph node 

with 

metastasis 

Present 

Absent 

3.49 

1.72 

0.152 

(n=23) 
Molecular 

classification 

LB 3.04 

0.754 

(n=24) 

HER2 5.01 

LBHER2 2.56 

Tumour stage 

1 0.99 
0.259 

(n=24) 

LA - 

2 4.64 TN normal 0.53 

3 2.95 TN basal 1.29 

Malignancy 

grade 

1 0.89 
0.575 

(n=24) 
Necrosis 

Present 

Absent 

3.23 

2.08 

0.472 

(n=24) 
2 1.28 

3 3.24 
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Supplementary Table 20. HER2 DNA and RNA intracellular and extracellular domains relation with 

clinicopathological parameters. This analysis was performed using one-way ANOVA. * Indicates p≤0.05 

Clinicopathological 

parameters 

HER2 DNA 

Mean 
P 

HER2 RNA intra 

Mean 
P 

HER2 RNA extra 

Mean 
P 

Tumour size 

1 (< 2 cm) 1.81 
0.194 

(n=25) 

0.71 
0.520 

(n=27) 

0.87 
0.470 

(n=27) 
2 (2-3 cm) 0.63 12.73 16.01 

3 (> 3 cm) 3.02 2.48 2.67 

Skin 

ulceration 

Present 0.49 0.620 

(n=25) 

7.85 0.976 

(n=27) 

8.76 0.986 

(n=27) Absent 1.52 7.29 9.15 

Sterilized 
Yes 2.00 0.319 

(n=24) 

11.95 0.333 

(n=26) 

15.29 0.276 

(n=26) No 0.83 2.08 2.12 

Oral 

contraceptive 

Yes 1.96 0.450 

(n=20) 

10.32 0.716 

(n=21) 

12.12 0.839 

(n=21) No 0.74 5.17 8.70 

OVH with 

mastectomy 

Yes 0.87 0.704 

(n=11) 

1.58 0.308 

(n=12) 

1.56 0.279 

(n=12) No 0.74 3.56 3.79 

Multiple 

tumours 

Yes 1.82 0.325 

(n=25) 

9.85 0.504 

(n=27) 

11.43 0.608 

(n=27) No 0.64 3.05 5.20 

Lymph node 

with 

metastasis 

Present 1.68 0.721 

(n=24) 

3.04 0.468 

(n=26) 

3.42 0.457 

(n=26) 
Absent 1.26 10.47 12.37 

Tumour 

stage 

1 2.58 
0.608 

(n=25) 

0.88 
0.127 

(n=27) 

1.07 
0.085 

(n=27) 
2 0.63 25.46 32.52 

3 1.53 2.55 2.87 

Malignancy 

grade 

1 1.18 
0.840 

(n=25) 

65.82 
0.001* 

(n=27) 

77.26 
0.001* 

(n=27) 
2 2.35 1.37 1.40 

3 1.32 2.83 3.98 

Necrosis 
Present 1.35 0.766 

(n=25) 

9.27 0.505 

(n=27) 

11.52 0.488 

(n=27) Absent 1.77 1.79 2.27 

Lymphatic 

invasion 

Present 3.43 0.067 

(n=25) 

1.70 0.585 

(n=27) 

1.64 0.542 

(n=27) Absent 0.94 8.61 10.82 

Lymphocytic 

invasion 

Present 1.40 0.919 

(n=25) 

3.13 0.222 

(n=27) 

4.38 0.247 

(n=27) Absent 1.52 15.74 18.60 

ki67 index 
High 1.34 0.698 

(n=25) 

2.75 0.073 

(n=27) 

3.87 0.085 

(n=27) Low 1.94 23.37 27.50 

PR status 
Positive 1.04 0.382 

(n=25) 

1.98 0.183 

(n=27) 

2.44 0.161 

(n=27) Negative 2.04 15.12 18.85 

ER status 
Positive 0.89 0.586 

(n=25) 

20.29 0.111 

(n=27) 

23.84 0.129 

(n=27) Negative 1.61 2.80 3.97 

HER2 status 
Positive 2.63 0.104 

(n=25) 

2.79 0.443 

(n=27) 

4.51 0.513 

(n=27) Negative 0.77 10.45 12.29 

Ck5_6 index 
High 1.63 0.682 

(n=25) 

10.53 0.432 

(n=27) 

12.38 0.502 

(n=27) Low 1.15 2.68 4.39 

Molecular 

classification 

LB 0.81 

0.298 

(n=25) 

2.21 

<0.001* 

(n=27) 

2.74 

<0.001* 

(n=27) 

HER2 5.02 5.18 10.83 

LBHER2 1.43 1.90 2.14 

LA 1.18 130.82 153.84 

TN normal 0.10 0.23 0.32 

TN basal 0.70 3.95 4.15 
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Supplementary Table 21. PKM2 RNA relation with clinicopathological parameters. This analysis was 

performed using one-way ANOVA. 

Clinicopathological 

parameters 

PKM2 RNA 

Mean 
P Clinicopathological parameters 

PKM2 RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 2.34 
0.222 

(n=27) 

Lymphovascular 

invasion 

Present 

Absent 

5.02 

12.72 

0.444 

(n=27) 
2 (2-3 cm) 17.51 

3 (> 3 cm) 7.22 

Skin 

ulceration 

Present 16.54 0.705 

(n=27) 

Lymphocytic 

invasion 

Present 9.90 0.615 

(n=27) Absent 10.87 Absent 14.08 

Sterilized 
Yes 14.05 0.364 

(n=26) 
ki67 index 

High 8.20 0.132 

(n=27) No 6.77 Low 22.11 

Oral 

contraceptive 

Yes 13.54 0.688 

(n=21) 
PR status 

Positive 9.40 0.559 

(n=27) No 9.12 Negative 14.05 

OVH with 

mastectomy 

Yes 5.39 0.281 

(n=12) 
ER status 

Positive 19.02 0.238 

(n=27) No 10.91 Negative 8.59 

Multiple 

tumours 

Yes 13.71 0.419 

(n=27) 
HER2 status 

Positive 4.74 0.158 

(n=27) No 7.18 Negative 15.80 

Lymph node 

with 

metastasis 

Present 

Absent 

8.70 

14.05 

0.511 

(n=26) 
Molecular 

classification 

LB 11.93 

<0.001* 

(n=27) 

HER2 1.50 

LBHER2 5.95 

Tumour stage 

1 2.67 
0.127 

(n=27) 

LA 99.04 

2 25.08 TN normal 0.55 

3 8.82 TN basal 7.33 

Malignancy 

grade 

1 49.80 
0.008* 

(n=27) 
Necrosis 

Present 

Absent 

13.35 

5.40 

0.371 

(n=27) 
2 1.63 

3 9.11 

Ck5_6 index 
High 15.51 0.187 

(n=27) 

* Indicates p≤0.05 

Low 5.16 
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Supplementary Table 22. FA-SAT DNA and RNA relation with clinicopathological parameters. This 

analysis was performed using one-way ANOVA. * Indicates p≤0.05 

Clinicopathological parameters 
FA-SAT DNA 

Mean 
P 

FA-SAT Total RNA 

Mean 
P 

Tumour size 

1 (< 2 cm) 0.77 
0.134 

(n=26) 

3.65 
0.715 

(n=27) 
2 (2-3 cm) 0.47 7.78 

3 (> 3 cm) 2.00 0.84 

Skin ulceration 
Present 0.27 0.57 

(n=26) 

4.71 0.970 

(n=27) Absent 0.95 5.21 

Sterilized 
Yes 1.19 0.383 

(n=25) 

7.86 0.412 

(n=26) No 0.61 1.90 

Oral 

contraceptive 

Yes 1.19 0.457 

(n=21) 

7.71 0.518 

(n=21) No 0.55 1.24 

OVH with 

mastectomy 

Yes 0.60 0.834 

(n=12) 

2.22 0.627 

(n=12) No 0.66 0.95 

Multiple tumours 
Yes 1.13 0.308 

(n=26) 

6.51 0.617 

(n=27) No 0.45 2.89 

Lymph node with 

metastasis 

Present 1.14 0.525 

(n=25) 

2.91 0.554 

(n=26) 
Absent 0.71 7.23 

Tumour stage 

1 0.92 
0.680 

(n=26) 

0.97 
0.218 

(n=27) 
2 0.39 16.35 

3 1.08 2.29 

Malignancy 

grade 

1 0.38 
0.860 

(n=26) 

47.15 
< 0.001* 

(n=27) 
2 1.20 5.36 

3 0.90 1.32 

Necrosis 
Present 0.92 0.887 

(n=26) 

6.33 0.576 

(n=27) Absent 0.81 1.86 

Lymphovascular 

invasion 

Present 2.37 0.017 

(n=26) 

0.74 0.545 

(n=27) Absent 0.54 6.18 

Lymphocytic 

invasion 

Present 0.98 0.692 

(n=26) 

1.51 0.131 

(n=27) Absent 0.72 12.49 

ki67 index 
High 0.93 0.816 

(n=26) 

1.38 0.034* 

(n=27) Low 0.74 18.44 

PR status 
Positive 0.72 0.533 

(n=26) 

1.85 0.244 

(n=27) Negative 1.12 10.03 

ER status 
Positive 0.59 0.560 

(n=26) 

16.56 0.045* 

(n=27) Negative 1.01 1.18 

HER2 status 
Positive 1.43 0.177 

(n=26) 

2.20 0.481 

(n=27) Negative 0.56 7.21 

Ck5_6 index 
High 1.06 0.535 

(n=26) 

6.44 0.661 

(n=27) Low 0.66 3.32 

Molecular 

classification 

LB 0.69 

0.244 

(n=26) 

1.69 

<0.001* 

(n=27) 

HER2 3.06 1.34 

LBHER2 0.73 2.53 

LA 0.38 92.50 

TN normal 0.03 0.43 

TN basal 0.33 1.26 
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Appendix E 

 

In this appendix will be presented supplementary data regarding experiments performed 

in the FkMTp cell line, presented in Results section 4.3. 

 

Supplementary Table 23. Quantification of cell line FkMTp passages 15, 50, and 80 using passage 5 as a 

reference, for every sequence at study. 

 HER2 DNA HER2 RNA TP53 RNA TOP2α DNA TOP2α RNA 

FkMTp p5 1.00 (±0.09)  

1.00 (±0.09) 

1.00 (±0.13) 

1.00 (±0.33) 

1.00 (±0.12) 

1.00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.11)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.10)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.10)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.04)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

FkMTp p15 1.10 (±0.08)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.56 (±0.05)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.50 (±0.02)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.40 (±0.07)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.87 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

FkMTp p50 2.77 (±0.18)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.49 (±0.08)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.46 (±0.08)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

3.18 (±0.39)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.51 (±0.19)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

FkMTp p80 2.47 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.74 (±0.01)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.21 (±0.04)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

2.37 (±0.32)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.17 (±0.13)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

 
Cyclin D1 RNA FUS RNA YBX1 RNA PTBP1 RNA c-Myc RNA 

FkMTp p5 1.00 (±0.14)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.06)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.02)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.11)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

FkMTp p15 1.29 (±0.05)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.65 (±0.14)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.85 (±0.10)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.91 (±0.17)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.56 (±0.05)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

FkMTp p50 1.22 (±0.08)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.39 (±0.01)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.76 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

2.90 (±0.01)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

2.33 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

FkMTp p80 1.10 (±3.00x10-3)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.87 (±0.15)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

0.76 (±0.01)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.42 (±0.11)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

2.19 (±0.01)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

 
PKM2 RNA FA-SAT DNA FA-SAT RNA   

FkMTp p5 1.00 (±4.00x10-3)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.00 (±0.09)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

  

FkMTp p15 1.08 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

1.39 (±0.03)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

8.96 (±8.79x10-6)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

  

FkMTp p50 0.99 (±2.60x10-3)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

3.89 (±0.30)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

2.90 (±0.38)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

  

FkMTp p80 1.04 (±0.04)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

3.02 (±0.48)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

2.54 (±0.53)  

1,00 (±0,09) 

1,00 (±0,13) 

1,00 (±0,33) 

1,00 (±0,12) 

1,00 (±0,11) 

1,00 (±0,01) 

1,00 (±0,12) 

1,00 (±0,01) 

1,00 (±0,02) 

1,00 (±0,19) 

1,00 (±0,12) 

  

 

 

Supplementary Figure 3.  FkMTp Real Time RT-qPCR product electrophoresis. In wells 2 to 5 are the 

corresponding passages analysed for Cyclin D1. In wells 8 to 11 are the corresponding passages analysed for YBX1. 

In wells 13 to 16 are the corresponding passages analysed for TOP2α. In wells 19 to 22 are the corresponding 

passages analysed for Cyclin D1. Wells 1, 7, 12 and 18 correspond to the DNA ladder, in which the 100 bp band 

is identified. bp- base pair, p5- passage 5, p15- passage 15, p50- passage 50 and p80- passage 80. 


