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ABSTRACT	

 

Approximately 15% to 20% of patients with breast cancer overexpress the human 

epidermal growth factor receptor 2 (HER2). Although the development of anti-HER2 

treatments has significantly improved breast cancer outcomes, a large percentage of 

patients display primary or acquired resistance to the drug. Several efforts have focused on 

identifying and understanding the molecular and cellular mechanisms involved in 

treatment resistance. DNA methylation is the most well-characterized epigenetic 

modification in humans and is involved in regulating the expression of a great variety of 

critical genes in cancer. For this reason, DNA methylation status has emerged as one of 

the most promising epigenetic biomarkers for several types of cancer. This epigenetic 

marker can be useful in detecting tumors earlier or identifying patients with an increased 

risk of cancer, as well as evaluating disease progression or predicting the response to 

anticancer drugs. In the last few years some significant genes that are inactivated by 

promoter methylation in breast cancer have been identified, including BRCA1 and 

RASSF1A.  

In this thesis, we have focused on the DNA methylation analysis in HER2+ breast 

cancer resistant to current therapies (trastuzumab and lapatinib). In a first approach, global 

DNA methylation pattern was analyzed in trastuzumab and lapatinib-sensitive and -

resistant models (SK, SKTR, SKLR and SKTLR) using the Infinium 

HumanMethylation450 BeadChip (450k array). Each sensitive and resistant model was 

clearly differentiated according to their methylation pattern, demonstrating DNA 

methylation involvement in trastuzumab and lapatinib resistance. Based on the global 

analysis, our study focused on identifying potential biomarkers for trastuzumab and 

lapatinib resistance. To this purpose, we performed an integrative analysis of promoter and 

island methylation and expression pattern (RNA-Seq) comparing our sensitive and 

resistant models. In each comparison different genes with methylation and expression 

pattern correlations were identified as potential biomarkers for trastuzumab, lapatinib and 

trastuzumab plus lapatinib resistance. Unfortunately, due to the difficulties in obtaining 

tumor samples similar to our in vitro models from human patients, some of the potential 

biomarkers identified could not be validated in subsequent studies. 

For this reason, we focused our study on analyzing trastuzumab resistance biomarkers; 

the basis of anti-HER2 therapies. Although four epigenetically regulated genes were 

identified (TGFBI, KILLIN, CXCL2, and SLC38A1), TGFBI was the only gene validated in 
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the two trastuzumab-sensitive (SK and AU) and -resistant (SKTR and AUTR) HER2+ 

breast cancer models analyzed. Furthermore, functional analyses revealed that TGFBI re-

expression induced greater sensitivity to trastuzumab in our SKTR model, probably 

through its integrin-binding domains (EPDIM, NKDIL, YH and RGD). Independent of 

integrin-binding domains, TGFBI overexpression showed activation of some protein of 

HER pathway similar to the SK cells. Finally, the in vivo results corroborated the previous 

in vitro results. When compared to their pre-treatment samples, a significant increase in 

TGFBI methylation levels was identified in the post-treatment samples from patients who 

had developed resistance to neoadjuvant anthracycline-taxane-based chemotherapy plus 

trastuzumab treatment. Moreover, TGFBI methylation analysis in pre-treatment samples of 

responder and non-responder patients, as well as in normal breast samples, allowed us to 

suggest the role TGFBI plays as a treatment response biomarker in HER2+ breast cancer. 

In summary, we demonstrated the role DNA methylation has in trastuzumab- and 

lapatinib-resistant HER2+ breast cancer. Furthermore, we identify the epigenetic 

inactivation of the TGFBI gene by promoter CpG island hypermethylation in trastuzumab 

resistance in vitro and in small cohort of HER2+ human samples. Our results suggest for 

the first time TGFBI hypermethylation as a biomarker for trastuzumab response in HER2+ 

breast cancer. Although further studies are required to identify the specific role TGFBI 

plays in trastuzumab resistance, the combination of TGFBI hypermethylation analysis with 

standard clinical markers may help stratify HER2+ patients according to the response to 

the trastuzumab treatment.   

Keywords: HER2+ breast cancer, resistance, lapatinib, trastuzumab, cellular models, 

epigenetics, DNA methylation, biomarkers. 
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RESUM	
 
Aproximadament el 15-20% dels pacients amb càncer de mama presenten 

sobreexpressió i/o amplificació del receptor 2 del factor de creixement epidèrmic 

humà (HER2). Tot i els grans avanços terapèutics desenvolupats al llarg dels anys 

pel tractament d’aquest tipus de càncer, un nombre important de pacients 

desenvolupen resistència primària o adquirida al tractament. Durant els últims 

anys molts esforços s’han centrat a buscar i entendre els diferents mecanismes 

moleculars i cel·lulars implicats en la resistència. La metilació de l’ADN és la 

modificació epigenètica més ben caracteritzada en humans i està involucrada en 

la regulació de l’expressió d’una gran varietat de gens crítics en càncer. Per 

aquest motiu, l’estat de metilació de l’ADN ha esdevingut un dels biomarcadors 

epigenètics més prometedors per a diversos tipus de càncers. Aquesta marca 

epigenètica pot ser útil en la detecció de tumors inicials o en la identificació de 

pacients amb alt risc de desenvolupar un càncer així, com avaluar la progressió 

de la malaltia o predir la resposta al tractament. En els últims anys s’han 

identificat diferents gens inactivats epigenèticament per hipermetilació de la regió 

promotora en càncer de mama, com per exemple els gens BRCA1 i RASSF1A.  

En aquesta tesi, ens hem centrat en l’anàlisi de la metilació de l’ADN en 

càncer de mama HER2+ resistent a les teràpies actuals (trastuzumab i/o 

lapatinib). En una primera aproximació, es va analitzar la metilació global de 

l’ADN en models sensibles i resistents a trastuzumab i/o lapatinib desenvolupats 

al laboratori (SK, SKTR, SKLR i SKTLR), mitjançant l’array de metilació 

Infinium HumanMethylation450 BeadChip. El patró de metilació de l’ADN va 

permetre poder diferenciar clarament cada model sensible i resistent al 

tractament, reforçant el paper d’aquest mecanisme epigenètic en processos de 

resistència. Partint de l’anàlisi global, l’estudi es va centrar en la identificació de 

potencials biomarcadors de resistència a trastuzumab i/o lapatinib. Per fer-ho, es 

va realitzar una anàlisi integrativa del patró de metilació de la regió promotora i 

el patró d’expressió (RNA-Seq) comparant els diferents models sensibles i 

resistents a les teràpies anti-HER2. Diferents gens epigenèticament regulats van 

ser identificats en cada comparació com a possibles biomarcadors de resistència a 
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trastuzumab i lapatinib. Malauradament, no es va poder validar, en posteriors 

estudis, gran part dels possibles biomarcadors identificats per les dificultats en 

l’obtenció de mostres de pacients similars a cada model in vitro.  

Per aquest motiu, l’estudi es va centrar en l’anàlisi de biomarcadors de 

resistència a trastuzumab, la base de les teràpies anti-HER2 actuals. Tot i que 

quatre gens epigenèticament regulats van ser identificats (TGFBI, KILLIN, 

CXCL2 i SLC38A1), només TGFBI va ser validat en les dues línies cel·lulars 

analitzades de càncer de mama HER2+ sensibles (SK i AU) i resistents (SKTR i 

AUTR) a trastuzumab. Les anàlisis funcionals van revelar que la re-expressió de 

TGFBI en el model resistent, induïa a una major sensibilització de les cèl·lules al 

tractament amb trastuzumab a través dels seus dominis d’interacció amb 

integrines (EPDIM, NKDIL, YH i RGD). A més, es va observar com la re-

expressió de TGFBI, independentment d’aquests dominis d’interacció amb 

integrines, mostrava una activació de certes proteïnes de la via d’HER similars a 

la línia sensible. Per últim, els nostres resultats in vitro es van corroborar in vivo. 

Una elevada metilació del promotor de TGFBI va ser detectada en mostres post-

tractament de pacients amb càncer de mama HER2+ resistents al tractament 

(trastuzumab més quimioteràpia en règim neoadjuvant) en comparació amb les 

mostres pre-tractament. A més, l’anàlisi d’aquesta metilació en les mostres pre-

tractament de pacients resistents i sensibles així, com mostres de mama normal, 

ens va permetre determinar el rol de la metilació de TGFBI com a biomarcador 

de resposta al tractament en càncer de mama HER2+.  

En resum, els nostres resultats mostren com la metilació de l’ADN té un 

paper en la resistència a trastuzumab i lapatinib en càncer de mama. A més, s’ha 

identificat la hipermetilació de TGFBI com a possible biomarcador de resistència 

a trastuzumab in vitro i en una petita cohort de pacients amb càncer de mama 

HER2+. Tot i que són necessaris més estudis per identificar el rol del gen TGFBI 

en resistència a trastuzumab, la combinació de l’anàlisi de la metilació d’aquest 

gen, juntament amb marcadors clínics estàndards, podria ser d’utilitat en la 

clínica, ajudant a estratificar els pacients en funció de la resposta al tractament 

amb trastuzumab.  
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Paraules clau: Càncer de mama HER2+, resistència, lapatinib, trastuzumab, 

models cel·lulars, epigenètica, metilació de l’ADN, biomarcadors. 
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RESUMEN 
	
Aproximadamente el 15-20% de los pacientes con cáncer de mama presentan 

sobreexpresión y/o amplificación del receptor 2 del factor de crecimiento 

epidérmico humano (HER2). A pesar de los grandes avances terapéuticos 

desarrollados a lo largo de los años para el tratamiento de este tipo de cáncer, un 

número elevado de los pacientes desarrollan resistencia primaria o adquirida al 

tratamiento. Durante los últimos años muchos esfuerzos se han centrado en 

buscar y entender los diferentes mecanismos moleculares y celulares implicados 

en la resistencia. La metilación del ADN es la modificación epigenética mejor 

caracterizada en humanos y está involucrada en la regulación de la expresión de 

una gran variedad de genes críticos en cáncer.  Por este motivo, el estado de 

metilación del ADN se ha convertido en uno de los biomarcadores epigenéticos 

más prometedores en diferentes tipos de cáncer. Esta marca epigenética puede ser 

útil en la detección de tumores iniciales o en la identificación de pacientes con 

mayor riesgo de padecer cáncer, así como evaluar la progresión de la enfermedad 

o predecir la respuesta al tratamiento. En los últimos años se han identificado 

diferentes genes inactivados epigenéticamente por metilación en la región 

promotora en cáncer de mama, como BRCA1 y RASSF1A.  

En esta tesis, nos hemos centrado en el análisis de la metilación del ADN en 

cáncer de mama HER2+ resistente a las terapias actuales (trastuzumab y/o 

lapatinib). En una primera aproximación, se analizó la metilación global del ADN 

en modelos sensibles (SK) y resistentes a trastuzumab y/o lapatinib desarrollados 

en el laboratorio (SK, SKTR, SKLR y SKTLR) mediante el array de metilación 

Infinium HumanMethylation450 BeadChip. El patrón de metilación del ADN 

permitió diferenciar claramente cada modelo sensible y resistente, reforzando el 

papel que este mecanismo epigenético presenta en procesos de resistencia. 

Partiendo de este análisis global, el estudio se centró en la identificación de 

potenciales biomarcadores de resistencia a trastuzumab y lapatinib en nuestros 

modelos celulares. Para ello, se realizó un análisis integrativo del patrón de 

metilación de la región promotora y el patrón de expresión (RNA-Seq) 

comparando los diferentes modelos sensibles y resistentes a las terapias anti-
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HER2. Diferentes genes regulados epigenéticamente fueron identificados como 

posibles biomarcaodres de resistencia a trastuzumab y lapatinib. 

Desafortunadamente, no se pudieron validar en posteriores estudios parte de los 

posibles biomarcadores identificados debido a la dificultad en la obtención de 

muestras de pacientes para cada modelo in vitro. 

Por este motivo, el estudio se centró en el análisis de biomarcadores de 

resistencia a trastuzumab, la base de todas las terapias anti-HER2 actuales. 

Aunque se identificaron cuatro genes (TGFBI, KILLIN, CXCL2 y SLC38A1) 

epigeneticamente regulados, solamente el gen TGFBI fue validado en las dos 

líneas celulares analizas de cáncer de mama HER2+ sensibles (SK y AU) y 

resistentes (SKTR y AUTR) a trastuzumab. Los análisis funcionales revelaron 

que la re-expresión de TGFBI en las líneas resistentes inducía a una mayor 

sensibilización de las células al tratamiento con trastuzumab a través de sus 

dominios de interacción con integrinas (EPDIM, NKDIL, YH y RGD). Además, 

se observó como la re-expresión de TGFBI, independientemente de los dominios 

de interacción con integrinas, mostraba una activación de ciertas proteínas de la 

vía de HER similares a la línea sensible. Por último, nuestros resultados in vitro 

se corroboraron in vivo. Una elevada metilación de la región promotora de 

TGFBI fue identificada en las muestras post-tratamiento de pacientes con cáncer 

de mama HER2+ resistentes al tratamiento (trastuzumab más quimioterapia en 

règimen neoadyuvante) en comparación con la muestra pre-tratamiento. Además, 

el análisis de esta metilación en las muestras pre-tratamiento de pacientes 

resistentes y sensibles, así como muestras de mama normal, nos permitió 

determinar el rol de la metilación de TGFBI como biomarcador de respuesta al 

tratamiento en cáncer de mama HER2+. 

En resumen, nuestros resultados muestran como la metilación del ADN tiene 

un papel en la resistencia a trastuzumab y lapatinib en cáncer de mama HER2+. 

Además, se identificó la hipermetilación de TGFBI como posible biomarcador de 

resistencia a trastuzumab in vitro y en una pequeña cohorte de pacientes HER2+. 

Aunque son necesarios más estudios para identificar el rol de TGFBI en la 

resistencia a trastuzumab, la combinación del análisis de la metilación de este gen 
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juntamente con marcadores clínicos estándares podría ser útil en clínica, 

ayudando a estratificar los pacientes en función de la respuesta al tratamiento con 

trastuzumab.   

Palabras clave: Cáncer de mama HER2+, resistencia, lapatinib, trastuzumab, 

modelos celulares, epigenética, metilación del ADN, biomarcadores. 
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1.-	CANCER		

Every day, thousands of people around the world are diagnosed with cancer. 

Cancer is the most difficult human health affliction to prevent, control or 

eradicate1. All this leads to a great feeling of helplessness not only for the patients 

themselves, but also for clinicians and researchers.  

 

Cancer is one of the leading causes of morbidity and mortality worldwide. In 

2018 alone, there was an estimated 18.1 million new cases and 9.6 million deaths 

from cancer (latest worldwide data available by GLOBOCAN projects)2. The 

increase in the number of new cases is not only because of an increase in the 

population, but also because of the development of early detection techniques and 

the increase in life expectancy. The tumors responsible for the highest number of 

deaths worldwide are lung cancer (1.76 million deaths), colorectum cancer 

(880,792 deaths), stomach cancer (782,685 deaths), liver cancer (781,631 deaths), 

breast cancer (626,679 deaths), oesophagus cancer (508,585 deaths) and 

pancreatic cancer (432,242 deaths). In Spain, the total number of new invasive 

cancer cases in 2017 was 228,482, while in 2018 there were 270,363 estimated 

cases. Globally, the five most common cancer are colon-rectum (37,172 new 

cases), breast (32,825 new cases), prostate (31,728 new cases), lung (27,351 new 

cases), and urinary bladder (18,268 new cases). By gender, the four most 

common cancer in men is prostate cancer (31,728 cases) followed by colorectum 

(22,744 cases), lung (20,437 cases), and urinary bladder (14,793 cases). In 

women, the four most common are breast (32,825 cases), colon-rectum (14,428 

cases), lung cancer (6914 cases) and corpus uteri (6784 cases)3. Moreover, in 

2016 cancer was the most frequent cause of death in men (responsible for 68,619 

deaths), ahead of cardiovascular and respiratory disease. In contrast, for women 

the second most common cause of death, behind cardiovascular diseases, was 

breast cancer2,4.  

 

Although cancer is now considered the most difficult human health affliction, 

it is as old as humanity itself. Curiously, some findings have determined that 

tumors were in fact already present in animals in prehistoric times before humans 
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even appearance. Cancer is a generic term for the large group of numerous and 

different diseases associated to the abnormal growth of cells that escape from 

homeostatic control mechanisms and initiate tumorigenesis. Each one has 

different multifactorial causes including genetic, environmental or nutritional 

triggers. A primary tumor can progress to a higher pathological degree of 

malignancy, causing an invasion into adjacent tissue or spreading to other organs 

and eventually establishing secondary tumors, a process known as metastasis. 

Unfortunately, metastasis has been described as the main factor responsible for 

cancer deaths5.  

As explained above, tumors initiate from normal cells which have specific 

functions into the organism. There are more than 100 types of cancer. The 

cellular origin allows us to classify cancer into the following five main 

categories: Carcinomas formed in epithelial cells, which are the cells that line or 

cover internal organs, sarcomas formed in connective or mesenchymal tissue, 

including bone, cartilage, fat or muscle, lymphomas and myelomas which are 

tumors that begin in the cells of the immune system, leukemia which affects the 

production of leukocytes in the bone marrow and central nervous system 

cancers, that are originated in the brain or spinal5.  

 

1.1.-	The	hallmarks	of	cancer		

In recent decades, cancer research has focused on understanding the laws that 

govern the transformation of normal cells to malignant cells, a multi-step process 

called tumorigenesis or carcinogenesis. In their landmark article entitled “The 

Hallmarks of Cancer” (Figure 1), Hanahan and Weinberg described the 

phenotypic differences between normal and cancer cells to understand the high 

complexity the process of cancer is. These differences are what give malignant 

cells the ability and the conditions to survive, proliferate and disseminate. In 

2000, Hanahan and Weinberg described six essential alterations in cell 

physiology that explain the malignant growth: increase proliferation 

capabilities, decreased death, evasion of programmed cell death (apoptosis), 

enabling replicative immortality, inducing angiogenesis and tissue invasion 



Introduction 
 

 21	

and metastasis6. Reprogramming of energy metabolism and evasion of 

immune destruction were the two new hallmarks to be included in their revised 

work in 2011. In the same update, they also included two enabling characteristics 

or properties neoplastic cells have: genome instability and tumor-promoting 

inflammation.  

 

 

 

 

 
 
 

 

 

 

 

 

 
 
 
 
 
Figure 1. Hallmarks of cancer. Schematic representation of the ten hallmarks 
described in cancer. Adapted from Hanahan, D., 20117. 

 

All these features together allow cancer cells to survive, divide and colonize 

neighboring and distant tissues. The accumulation of genetic and epigenetic 

changes, hereditarily maintained across cancer cell divisions, are implicated in 

the acquisition of this malignant phenotype8,9.   
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2.-	BREAST	CANCER		

 
Breast cancer (BC) is a prevalent human malignancy and a widespread cause 

of cancer-related death among women worldwide. Over the last few decades, the 

number of cancer survivors has increased thanks to early detection and the 

development of novel treatment strategies such as cytotoxic agents and radiation 

therapy techniques10. However, the incidence has increased in most countries as a 

consequence of the increase in the number of women with major BC risk factors. 

The main non-modifiable risk factors include age (an increase in incidence from 

age 35 followed by a stabilization from age 55, coinciding with menopause), age 

of menarche (the risk increases if menarche occurs at an early age), late period of 

first pregnancy (increases the risk by 20%), hormonal status, a later menopause 

(high age of the onset of menopause increases the risk by 30%) and family 

history of BC (10% of cases have a hereditary component due to mutation of a 

gene like breast cancer 1 (BRCA1)11. The main modifiable risk factors are fewer 

pregnancies (because giving birth reduces the risk by 10%) and shorter or no 

periods of breastfeeding (risk is reduced by 2% for every 5 months of lactation)12.  

 

BC is the most commonly diagnosed malignant tumor in women in most 

countries around the world with 2.08 million new cases in 2018, and this 

represents 24.2% of all cancers in women. Interestingly, female BC incidence 

and mortality rates vary between countries13. It is the most common cancer in 

women both in developed (666,731 cases) and less developed regions (105,620 

cases). In less developed regions, BC is the most second cause of cancer death 

(52,846 deaths, 19.7% of total) after cervix uteri cancer and the second cause of 

cancer death in more-developed areas (184,014 deaths, 11.5%) after lung cancer. 

In 2018 in Spain, 32,825 (28.7%) women were diagnosed with BC, of which 

6,421 (14.4%) women died of this disease13.  

 

2.1.-	Breast	cancer	classification	

BC is a multifactorial disease which involves an interaction between 

environmental, hormonal and genetic influences, differences in lifestyle or 
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nutritional exposure14. Consequently, patients with BC could have an extensive 

range of clinical, pathologic and molecular characteristics15,16. Although BC is 

described as a heterogeneous disease, it has been classified into three categories 

according to the therapeutic options:  

 

Hormone Positive Breast Cancer characterized by the overexpression of 

estrogens (ER) and/or progesterone (PR) receptors15. Women with this kind of 

BC represent approximately 60-70% of BC patients, and they have a better 

prognosis than for other cancer types15. Currently, available therapies are the 

selective estrogens receptor modulators (SERMs) and downregulators (SERDs), 

and the inhibitors of estrogens biosynthesis17,18.  

 

HER2-Positive Breast Cancers (HER2+) characterized by the 

overexpression and/or amplification of the human epithermal growth factor 

receptor 2 (HER2, also known as ErbB-2, ERBB2 or HER2/neu)19,20. This 

represents the 20-30% of BC patients, and it is associated with a more aggressive 

phenotype,poorly prognosis and high risk of metastasis20. The anti-HER2 

therapies, including monoclonal antibodies and small molecules TKIs, are the 

principal treatment options for this type of BC21. About half of HER2+ patients 

express ER, and their treatment also includes endocrine therapy (reviewed in 22).  

 

Triple-negative breast cancer (TNBC) characterized by the lack of 

expression of ER/PR and no amplification of the HER2 oncogene23. This type of 

cancer represents approximately 15-20% of patients diagnosed with BC, and is 

described as being aggressive and with poor prognosis. As triple negative lacks a 

validated directed therapy, patients are treated with chemotherapy (anthracyclines 

and taxanes)24.  

 

2.1.1.-	Breast	cancer	intrinsic	subtypes	
 

In recent years, new BC classification based on gene expression patterns has 

emerged in addition to histopathological characterization. This classification has 

become an essential tool for clinicians as it provides complementary information 
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to the standard classification for tailoring treatment and predicting prognosis. In 

addition, it is helping to elucidate the molecular basis of BC. In 2000, Perou et al. 

explained how the phenotypic diversity of breast tumor might be accompanied or 

explained by the diversity in gene expression. cDNA microarray had been used to 

further classify BC subtypes based on gene expression pathways of an intrinsic 

gene list of 496 genes25. The original classification was re-defined by the same 

group and others, which contributed to the characterization of new molecular 

subtypes. Initially, four phenotypically distinct subgroups that correlate with 

clinical outcomes have been identified, including ER+/Luminal, basal-like, Erb-

B2+ and normal like25. In the study that followed, the luminal subgroup was 

divided into two groups, Luminal A and Luminal B26. Years later, a new 

molecular subgroup, the so-called claudin-low (CL) was identified. This rare 

molecular subtype has poor prognosis and is related to mammary stem cells and 

epithelial-mesenchymal transition (EMT) biologic properties27.  

The luminal subtype represents the majority of BC tumors. They share 

features with luminal epithelial cells arising from the inner layer of the duct 

lining16,26. They are characterized for positively expressing ER and PR receptors. 

Usually these tumors are classified as low-grade. HER2-enriched represents 

about 10% of BC. They are characterized by high expression levels or loci 

amplification of the oncogene HER2, low expression of the luminal, hormone 

receptor-regulated gene cluster and low expression of basal-like genes. The basal 

subtype exhibits low to absent expression of HER2 gene clusters, ER and PR 

expression, high expression of basal and proliferation genes, presenting the 

poorest prognosis compared to other subtypes28. Claudin-low is characterized by 

a low expression of genes involved in cell-cell adhesion and tight junctions 

(Claudin), highly enriched with immune system response genes, a negative 

hormonal receptors expression, and an absence HER2 overexpression.  The CL 

subtype is also known as mesenchymal-like (ML) because of its highest 

expression of mesenchymal genes27,29. Normal-like group is similar to Luminal 

A subtype, whith low proliferation rates and high expression of the luminal 

cluster. Some research argues that the normal-like group represents tumor 

samples contaminated with healthy breast tissue as the gene expression profile 
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has similarities to adipose tissue. While luminal A has the best prognosis among 

the five molecular subgroups, the normal-like and HER2-positive subtypes have 

been associated with the poorest one. An intermediate prognosis has been 

established for luminal B26. 

Transferring this molecular subtype classification as a routine diagnostic tool 

in public health is difficult due to the high cost of the microarray-based tests.  

Therefore, these molecular subtypes have been correlated with classical subtypes 

obtained by immunohistochemistry (Table 1).  

Table 1. Molecular subtypes of breast cancer according to the immunohistochemical 

profile16,25,27,30,31. 

 

2.2.-	Prognosis	factors	and	treatment	options	of	breast	cancer		

 

As explained above, BC is a heterogeneous disease with distinct clinical 

behavior, histopathological features, and responses to therapy. Therefore, staging 

of BC allows grouping patients according to the extent of their disease and helps 

in determining the choice of treatment and estimate their prognosis32,5. Prognostic 

markers are defined as tumor characteristics established at the time of diagnosis 

and might determine the natural disease course in the absence of treatment and 

are associated with the outcome. There are several prognosis factors, here the 

Molecular subtypes

Classical IHC 
classification Cellular 

composition Outcome
ER PR HER2

Luminal A + + - Luminal Good

Luminal B (HER2-) + + - Luminal Poor

Luminal B (HER2+) + + + Luminal Poor

HER2-enriched - - + Luminal/basal Poor

Basal-like - - - Basal Poor

Claudin-low - - - Basal Poor
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most common, well-documented and currently used in the clinic are described.  

 

TNM classification is a widely accepted system of cancer staging based on 

Tumor size (T), lymph Node involvement (N) and Metastasis (M).  

 

Tumor size (T): This refers to the size of the original primary tumor and can 

be classified in different groups: TX when primary tumor cannot be assessed, T0 

no evidence of primary tumor, Tis  means “in situ”, no healthy tissue is involved, 

T1 tumor 20mm or less in greatest dimensions, T2 tumor more than 20mm but 

less than 50mm in greatest dimension, T3 tumor more than 50mm in greatest 

dimensions and T4 tumor of any size with direct extension to chest wall below 

the breast and/or to the skin (ulceration or macroscopic nodules). Inflammatory 

BC is also included.  

 

Lymph Node involvement (N): Lymph nodes are small organs scattered along 

the lymphatic system that act as filters and immune monitors, removing fluids, 

bacteria, or even cancer cells that travel through the lymph system. Nowadays, 

the axillary lymph node affection is the most important prognostic factor for 

BC33. The risk of cancer spreading is higher when cancer cells can be detected in 

the axillary lymph nodes. Node involvement can be classified into five different 

groups: NX when regional nodes cannot be measured or found, N0 when cancer 

has not spread to adjacent lymph nodes, and N1-3 describe the number of lymph 

nodes involved. The higher the N number, the greater the extent of lymph node 

involvement. 

 

Metastasis (M): Metastasis is the term used when cells escape from the 

primary tumor through the circulatory system and generate a new tumor in a 

distant site from the original tumor. The four main sites of metastasis are bone, 

lung, brain and liver. Metastasis can be classified into three groups: MX when 

metastasis cannot be assessed, M0 no distant metastasis detected and M1 when 

distant metastasis is detected.  
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Stage: Tumor stage provides information about size, localization and tumor 

invasiveness. According to TNM classification, five-stages are recognized in BC 

(Table 2). Stage 0 corresponds to in situ carcinomas, stage I (IA, IB) is 

associated with localized tumors, stage II-III (IIA, IIB and IIIA, IIIB, IIIC) 

associated with regional metastasis and large tumors and stage IV: associated 

with tumors with distant metastasis. In general, a lower stage is associated with 

less cancer invasion and a higher stage with more advanced cancer. Moreover, A 

means better stage and C worse stage5. 

 

Histological Grade: This is based on the degree of differentiation of the 

tumor, which is representative of the aggressive potential of the tumor5. It can be 

classified in G1 (well-differentiated), G2 (moderately-differentiated) and G3 

(poorly-differentiated). 

 

 Proliferation rate: Currently one of the most widely-used marker to assess 

the proliferation rate is the evaluation of the Ki-67 antigen by 

immunohistochemistry (IHC). Ki-67 is highly expressed during mitosis. It is both 

a predictive and prognostic marker for breast cancer. High values of Ki-67 are 

associated with poor prognosis, but at the same time, they show a good response 

to chemotherapy34. 

 

Therefore, BC can be divided into three different groups depending on their 

treatment options. This classification is based in the IHC of the primary tumor 

biopsy performed to determine the levels of hormonal or HER2 receptors. 

Currently, ER and PR are recognized as prognostic factors and the most 

important predictive factors for endocrine treatment. The prescence of at least 

>1% of cells positive for ER/PR is enough to consider tumors as hormone 

positive. Hormonal cancer is associated with better prognosis and patients can 

benefit from endocrine therapy26,35. For tumors that overexpress the HER2 

receptor, HER2 blocking therapies such as trastuzumab or lapatinib are 

effective36. 
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Table 2. Breast cancer stage according to the TNM classification37.  

 

 

 

	

	

	

	

	

	

	

	

	

3.-	ErbB/HER	FAMILY	OF	RECEPTORS			

The ErbB/HER protein-tyrosine kinases, which include the epidermal growth 

factor receptor, are among the most-studied cell signaling family in biology. This 

family is ubiquitously expressed in epithelial, mesenchymal, cardiac, and 

neuronal cells and their cellular progenitors38. These receptors work together as 

critical mediators of healthy cell growth and development and play an essential 

role in different kinds of cancers, such as BC22. The deregulation of this tightly 

controlled system by overexpression, amplification or mutation on critical 

pathway elements alteration can lead to a hyperproliferative disease such as 

cancer39. 

 

This family consists of four known members (Figure 2A): HER1 (epidermal 

growth factor receptor; EGFR or ERBB1) was the first family member to be 

Stage T N M
0 Tis N0 M0
I T1 N0 M0
IIA T0 N1 M0

T1 N1 M0
T2 N0 M0

IIB T2 N1 M0
T3 N0 M0

IIIA T0 N2 M0
T1 N2 M0
T2 N2 M0
T3 N1 M0
T3 N2 M0

IIIB T4 N0 M0
N1 M0
N2 M0

IIIC T0 N3 M0
T1 N3 M0
T2 N3 M0
T3 N3 M0
T4 N3 M0

IV T0 N0/1/2/3 M1
T1 N0/1/2/3 M1
T2 N0/1/2/3 M1
T3 N0/1/2/3 M1
T4 N0/1/2/3 M1
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discovered, followed by HER2 (ERBB2 or NEU), HER3 (ERBB3) and HER4 

(ERBB4)40. Each receptor structure consists of an extracellular domain, that has 

four parts. Domains I and III, which are involved in ligand binding, and domains 

II and IV, with numerous cysteine residues involucrate in disulfide bone 

formation. Domain II also participates in homo and heterodimer formation with 

ErbB family members. The transmembrane segment of 19-25 amino acid residues 

is a-helical transmembrane segment, that anchors the receptor to cell membrane. 

The intracellular domain with about 550 amino acid residues contains a 

juxtamembrane segment, a protein kinase domain, and a carboxyterminal tail. 

This intracellular domain is responsible for kinase activation and subsequent 

activation of cell signaling pathways41,42. All four members possess a similar 

protein kinase domain. However, HER3 has its TK domain inactivated (reviwed 

in 43). 

 

Broadly, the general activation mechanism of these HER receptors involves 

the ligands or growth factors binding to the extracellular domain (Figure 2B). For 

EGFR, HER3 and HER4 receptors an extended family of ligands are well-known, 

which include epidermal growth factor (EGF), transforming growth factor alpha 

(TGF-a), amphiregulin (AmR), betacellulin (BTC), epiregulin (EREG), heparin-

binding EGF (HB-EGF) and neuregulins (NRGs) or Neu differentiation factors 

(NDFs)44–46. Despite HER1, HER3, and HER4 having a natural ligand, HER2 has 

no known natural ligand to date, so it is recognized as an orphan receptor. This 

receptor presents a fixed active conformation and therefore, it is permanently 

available for dimerization (reviewed in36). Nevertheless, the HER2 receptor can 

act as a co-receptor with high affinity for HER1, HER3 or HER4, thus forming 

heterodimers22,47. The HER2-HER3 heterodimer is considered to be the most 

active HER signaling dimer concerning strong interaction, ligand-induced 

tyrosine phosphorylation and downstream signaling48,49.  
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Figure 2. HER family of receptors. (A) Schematic representation of the structural basis 
for the four HER family members: ERBB1 (EGFR or HER1), ERBB2 (HER2), ERBB3 
(HER3) and ERBB4 (HER4). Each receptor is composed of three functional regions: an 
extracellular region, a transmembrane segment, and an intracellular protein tyrosine kinase 
domain. In normal conditions, ERBB1, ERBB3, and ERBB4 present a closed 
conformation. ERBB2 has no known ligand and therefore it is fixed in the active 
conformation, always available to interact with other HER receptors. In addition, ERBB3 
has an inactive kinase domain (TK). (B) The ligand binding to receptor produces a 
conformational change in the folded structure of the molecule and the dimer formation, an 
essential step for receptor activation. After dimerization, the intracellular kinase domains’ 
cross-phosphorylate residues are found in the C-terminal receptor tail. Once HER-dimers 
are activated, their signal goes through different cascades. Adapted from Baselga and 
Swain 200950. 

 

The ligand binding produces a receptor conformational change that facilitates 

the homo- or heterodimerization with another HER family member. 

Consequently, the dimerization gives rise to TK domains phosphorylation and the 

subsequent activation of different intracellular pathways, including the mitogen-

activated protein kinase (RAS/RAF/MEK/MAPK) which mainly regulates cell 
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proliferation and the PI3K-activated AKT (PI3K/AKT) pathway, which is vital 

for cell survival (reviewed in 36). These and other HER signaling modules 

participate in angiogenesis, cell adhesion, cell motility, development, and 

organogenesis51. This dimerization process is an essential requirement for the 

function and signaling activity of these receptors52,53.  

 

Even though the activation mechanisms of these receptors have been 

established, some ligand-independent mechanisms can activate the HER 

pathways. Some examples are (i) the alterations in some HER downstream 

proteins which can activate the pathway without the ligand binding31, (ii) the 

dimerization of HER with other receptors like the insulin-like growth factor 1 

receptor (IGF-1R)54 or (iii) the homodimerization and downstream signaling 

activation due to high levels of HER255. These new receptor activation routes 

may account for resistance to therapies that target only the extracellular domains 

of the receptor. 

 

3.1.-	Epidermal	growth	factor	receptor	2	(HER2)	
 
HER2, also known as ErbB2 or NEU in rats, was described by Schechter et 

al. in 198456. It is a 185KDa transmembrane receptor with tyrosine kinase 

activity encoded by the ERBB2 gene and located on chromosome 17 (17q12)57.  
 

3.1.1.-	The	role	of	HER2	in	normal	development	

The HER2 receptor is widely expressed and functionally important in 

multiple tissues such as the central nervous system, bone, muscle, skin heart, lung 

and intestinal epithelium, apart from its highly-studied role in mammalian 

development 58,59. One essential role of this receptor has been described in the 

cardiovascular and nervous system. Ozcelik et al. described the role of HER2, 

enriched in T-tubules, for adult heart function. The authors observed that mice 

with an HER2 conditional mutation in ventricular cardiomyocytes, displayed 

multiple independent parameters of dilated cardiomyopathy, with signs of cardiac 

dysfunction60. In regards to the sympathetic nervous system, HER2 plays a role 
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in neuregulin signaling and is expressed in the development of the nervous 

system61. Its role has been described in Schwann cell myelination control62. 

Besides this, another crucial role was also described in in vivo oligodendrocyte 

differentiation by Kim et al.63.  
 

3.1.2.-	The	role	of	HER2	in	breast	cancer	
 

HER2 was first identified as the neu oncogene mutant in chemically-induced 

rat neuroblastomas or Schwannomas56. A few years later, the human homolog 

was identified64. After its identification as an oncogene, HER2 was found to be 

overexpressed in some mammary carcinoma cells as well as in a variety of other 

cancers including ovarian, gastric and salivary cancers20,59,65,66. In recent years, 

different activating mutations in the HER2 gene have been described in tumors 

do not overexpress HER2 in breast and non-small cell lung cancers67–69. 

 
As explained earlier, HER2 is frequently overexpressed in approximately 15-

30% of BCs. Slamon and co-workers described a significant association between 

HER2 overexpression and relapse as well as patient survival20. Tumors are 

classified as HER2+ if they achieve an IHC staining result of 3+ or more, 

fluorescent in situ hybridization (FISH) results in more than six HER2 gene 

copies per nucleus or a FISH ratio greater than 2.270. Besides HER2 

overexpression, a mutation of the HER2 gene at codon 655 was identified, which 

modifies the HER2 receptor structure resulting in an active form of this 

receptor71. Cells that possess this mutation or an overexpressed HER2 protein 

have a high possibility of showing HER2 homodimerization promoting 

uncontrolled growth, division and apoptosis avoidance72. 
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4.-	TREATMENT	OF	HER2+	BREAST	CANCER		

BC treatments are determined by different prognostic and predictive factors 

like age, family history of BC, the pathological and molecular characteristics of 

the tumor, its location, the extent of disease and general condition of patients. 

The methods to estimate the risk of relapse and to plan complementary treatment 

have evolved in recent years in step with the evolving knowledge of the biology 

of tumors. 

 

Currently, BC treatment can be categorized as either conventional or targeted 

therapy. Conventional therapy includes surgery, radiation and chemotherapy, 

while targeted therapy uses specific target drugs against cancerous cells. 

Depending on the time the treatment is administrated, this is classified as 

adjuvant therapy (after surgery) or neoadjuvant therapy (before the surgery). 

The neoadjuvant systemic therapy is commonly used to downstage the primary 

tumor and regional lymph nodes preoperatively, in order to increase operability 

and to enable breast-conserving surgery in patients with large primary tumors or 

locally advanced disease. It is considered a standard option, especially for 

patients with triple-negative or HER2+ BC73. Meanwhile, adjuvant therapy 

attempts to prevent the recurrence of BC.  

 

4.1.-	Conventional	Therapy		

 
Surgery is the principal and most effective treatment for early, localized or 

operable BC and often the first treatment to be applied if metastases are not 

detected. The surgical modalities are the breast-conservative surgery (BCT; 

tumorectomy, quadrantectomy or lumpectomy) and mastectomy. More than 90% 

of BC patients undergo surgical excision of the tumor. Other treatment option is 

radiotherapy, which consist in damaging the DNA with controlled doses of 

high-energy radiation by the generation of reactive chemical species with the aim 

to control and kill the cancerous cells, thus leading them to apoptosis5. 

Complementary radiotherapy is generally indicated after conservative surgery 

and in patients with high-risk treated with mastectomy. Breast irradiation reduces 
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the risk of local recurrence5,74. Chemotherapy is the most common systemic 

treatment for cancer. Briefly, chemotherapy involves the use of chemical agents 

to stop the proliferation and growth of cancerous cells. A lot of different 

chemotherapeutic agents have been developed and are administered in different 

combinations5.  

 

Chemotherapy and radiotherapy can also attack healthy cells causing 

important side effects. Therefore, the administration doses are crucial. Surgery 

and radiation therapy can often eradicate primary or localized tumors but they are 

not effective for metastasized cancer, a systemic therapy like chemotherapy is 

required75.  

 
4.2.-	Target	Therapy		

 
Taking into account the role HER2 has in BC oncogenesis and progression, a 

large number of studies have focused on developing different therapeutic 

approaches against HER2. Currently, monoclonal antibodies and tyrosine kinase 

inhibitors (TKIs) are the most commonly-used treatments for HER2+ BC76,77.   

 
4.2.1.-	Monoclonal	antibodies	
 
Around 1984 the growth-inhibitory effects of antibodies targeting the surface 

of HER2/neu transformed cells were discovered78. However, it would not be until 

a few years later that multiple laboratories would verify these observations and 

develop the monoclonal antibodies as a method to treat BC cancer patients79. 

 

Trastuzumab 

HerceptinÒ (Trastuzumab; Genentech) is a recombinant humanized 

monoclonal antibody (rhumAb 4D5) approved in 1998, which acts against the 

extracellular domain of the HER2 protein (domain IV; Figure 3A)80. It is the first 

HER2-targeted therapy to be approved by the U.S. Food and Drug 

Administration (FDA) for the treatment of HER2-overexpressing BC. Before the 

humanized antibody developed by Carter and coauthors81, several murine 

monoclonal antibodies (muMAbs) against the extracellular domain of HER2 with 
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anti-tumor effects had been developed78,82,83. Several, in vitro and in vivo studies 

in HER2+ BC cell lines and xenograft models demonstrated the anti-tumor 

activity of trastuzumab as a monotherapy and its enhanced activity in 

combination with chemotherapeutic agents81,84–86.  

 

Initially, trastuzumab was first approved by the FDA to treat HER2+ 

metastatic breast cancer (MBC). A phase II trial demonstrated the positive effects 

of trastuzumab as a single agent in HER2+ MBC patients who had progressed 

after chemotherapy treatment79,87. Furthermore, a phase II trial, which included 

women with HER2+ MBC, who had not received previous chemotherapy, treated 

with trastuzumab plus chemotherapy or trastuzumab/chemotherapy alone, 

demonstrated the efficacy of trastuzumab in combination with chemotherapy88. 

Based on these clinical trials, the FDA approved the use of trastuzumab in 

patients with HER2+ MBC as first-line therapy in combination with paclitaxel, 

and as a single agent for patients who have undergone a chemotherapy regimen. 

After the FDA approval, trastuzumab has become a fundamental therapeutic tool 

in HER2+ BC patients80,81,89. 

 

Trastuzumab as adjuvant therapy: Following the improvements of 

trastuzumab in MBC treatment, different clinical trials were developed to test this 

monoclonal antibody in adjuvant settings for HER2+ early BC. The National 

Surgical Adjuvant Breast and Bowel Project (NSABP) trial B-31 and the North 

Central Cancer Treatment Group (NCCTG) trial N9831 resulted in the FDA 

approving trastuzumab as a part of a treatment regime containing doxorubicin, 

cyclophosphamide, and paclitaxel for the adjuvant treatment of HER2+ node-

positive BC patients. The HERA clinical trial (phase III) showed that one year of 

trastuzumab adjuvant treatment is still the standard care for people with HER2+ 

early-stage BC90,91. However, in a 10-year follow-up, 28.8% of patients were 

described as having experienced disease progression91. 

 

Trastuzumab as neoadjuvant therapy: Trastuzumab is also administered in the 

neoadjuvant regime. Different randomized trials were designed to evaluate the 

effects of trastuzumab in combination with chemotherapy. Trastuzumab in 
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combination with sequential anthracycline-taxane-based chemotherapy in the 

neoadjuvant setting showed an improvement in pathological complete response 

(pCR) as well as a lower relapse rate92. In phase III of a NeOAdjuvant Herceptin 

(NOAH) trial in patients with locally advanced BC, the addition of trastuzumab 

to chemotherapy treatment in neoadjuvant regime and the continued 

administration of trastuzumab after surgery significantly increased the pCR 

compared to patients who only received neoadjuvant chemotherapy alone (38.5% 

vs. 19.5%; HR 0.29, P=0.0135). Furthermore, these patients remained event-free 

longer (5-year event-free survival (EFS) 58% vs. 43%; HR 0.64, P=0.016)93. The 

results of five prospective adjuvant phase III trials have led to trastuzumab being 

selected as first-line treatment in the adjuvant therapy for HER2+ early BC 

patients94–97. 

 

The trastuzumab action mechanisms are numerous and complex: (i) down-

regulation of the HER2 expression by accelerating receptor endocytosis and 

degradation and, as a consequence, arrest cell cycle progression98, (ii) the 

induction of antibody-dependent cell-mediated cytotoxicity (ADCC) via 

recruitment of natural killer (NK) cells which will initiate the lysis of cancer 

cells99, (iii) vascular endothelial growth factor (VEGF) and angiogenesis 

decrease100, and (iv) reduction of phosphatase and tensin homolog (PTEN) 

phosphorylation, which results in an AKT dephosphorylation and cell 

proliferation inhibition101. Furthermore, trastuzumab can inhibit the formation of 

p95 HER2, by inhibiting the extracellular domain-shedding in vitro. HER2 can be 

cleaved into two different forms, a 110KDa extracellular domain and a 95KDa 

membrane-bound carboxyterminal domain which is constitutively active (p95-

HER2). Serum extracellular domain levels of HER2 are lower in patients who 

have received trastuzumab than in those who have not102–104.  

 

Trastuzumab is generally well-tolerated, but unexpected cardiotoxicity has 

been described when it is administered in combination with anthracyclines105,106.  

 

Despite trastuzumab development having significantly improved the outcome 

in BC, a significant fraction of patients does not respond to the treatment, while 
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others will eventually progress. The de novo or acquired treatment resistance 

mechanisms are not fully understood, but several potential mechanisms have 

been proposed in the last few years107,108. Several studies have focused on 

developing strategies to overcome anti-HER2 resistance in both early and 

metastatic BC. For this reason, new therapies such as lapatinib, pertuzumab, 

trastuzumab-DM1 and neratinib have been developed.  
 
Pertuzumab 

PerjetaÒ (Pertuzumab: Genentech) is the second generation of humanized 

monoclonal anti-HER2. Pertuzumab binds to the domain II of the HER2 receptor 

and blocks its dimerization along with other HER family members such as 

HER2-HER3 heterodimerization and the subsequent activation of different 

downstream signaling cascades (Figure 3B)109,110.  

 

Pertuzumab was first approved by the FDA in 2012, in combination with 

trastuzumab and docetaxel, for HER2+ MBC patients who had not previously 

received anti-HER2 or chemotherapy treatment5,89. This was in accordance with 

the final results from a large phase III clinical trial CLEOPATRA (The Clinical 

Evaluation of Pertuzumab and Trastuzumab), which assessed the efficacy and 

safety of a pertuzumab plus trastuzumab plus docetaxel combination when used 

as first-line treatment for HER2+ MBC. The results of this trial demonstrated a 

significantly prolonged progression-free survival (PFS) from 12.4 months in the 

control group to 18.5 months in the pertuzumab group111. Since this study, 

pertuzumab plus trastuzumab has replaced trastuzumab plus chemotherapy 

treatment as the standard of care for first-line MBC112.  

 

Pertuzumab as adjuvant therapy: On December 2017, the FDA approved the 

combination of pertuzumab plus trastuzumab and chemotherapy as adjuvant 

treatment for patients with HER2+ early BC at high risk of recurrence. This 

decision was made based on data from the APHINITY trial (NCT01358877)89. 

The phase III trial demonstrated how pertuzumab plus a trastuzumab and 

docetaxel regime as adjuvant treatment, helped people with an aggressive type of 

early BC, live longer without their disease returning compared to the standard 
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trastuzumab plus chemotherapy treatment. Gunther von Minckwitz presented the 

results at the 2017 ASCO Annual Meeting. Side effects like diarrhea, nausea, 

alopecia, fatigue, peripheral neuropathy, and vomiting, were reported in at least 

30% of patients receiving this combination113.  

 

Pertuzumab as neoadjuvant therapy: Recently, the dual HER2 inhibition with 

pertuzumab plus trastuzumab in combination with chemotherapy as neoadjuvant 

treatment was approved for patients with locally advanced, inflammatory or 

early-stage BC with a high risk of relapse. This approval is based on the 

NeoSphere trial, which demonstrated significant improvement in the pCR rate 

with this combination of either trastuzumab plus chemotherapy or pertuzumab 

plus chemotherapy. At 5 years, 86% of the patients who had received the 

combinations were alive and disease-free, compared to 81% of the patients who 

had received trastuzumab plus chemotherapy114. Similar results were obtained in 

phase II of the cardiac safety study TRYPHAENA115.  

 

Trastuzumab-DM1 

KadcylaÒ (Trastuzumab-DM1 (T-DM1): Genentech) a novel antibody-drug 

conjugate, is a combination of trastuzumab with the microtubule-inhibiting 

chemotherapeutic agent DM1 and higher activity of T-DM1 compared to 

trastuzumab alone has been identified (Figure 3C)116.  

In 2013 the T-DM1 was approved by the FDA as a single agent for HER2+ 

MBC patients who had previously received trastuzumab plus taxane treatment, 

separately or in combination89,117. T-DM1 approval was based on the results of 

phase III of the randomized and multicenter EMILIA trial, where T-DM1 as 

single-agent was compared with a lapatinib and capecitabine combination in 

HER2+ locally advanced or metastatic BC patients previously treated with 

trastuzumab, anthracyclines and taxanes118. 

T-DM1 as adjuvant therapy: Nowadays, different phase III trials are currently 

involved in the ongoing study of the efficacy of T-DM1 in the adjuvant setting, 

such as the KATHERINE (NCT01772472) and KAITLIN (NCT01966471) trials. 
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The first trial, KATHERINE (NCT01772472), is studying the T-DM1 treatment 

over one year in women who have residual disease in the breast or axillary lymph 

nodes following neoadjuvant therapy and comparing this to treatment with 

trastuzumab. The second trial, KAITLIN (NCT01966471), is examining the 

combination of T-DM1 and pertuzumab to trastuzumab, pertuzumab, and a 

taxane component of chemotherapy following 3 cycles of anthracycline-based 

chemotherapy112.  

T-DM1 as neoadjuvant therapy: So far there have not been any successful 

trials with T-DM1 in the neoadjuvant setting112. The phase III KRISTINE trial 

(NCT02131064) showed no benefit in pCR when HER2+ BC patients were 

treated with the T-DM1 combined with pertuzumab compared to pertuzumab 

plus trastuzumab with chemotherapy112.  

 

 
 

Figure 3. Anti-HER2 target therapy. (A) Trastuzumab binds directly to domain IV of 
the extracellular region of the HER2 receptor and marks tumor cells that overexpress 
HER2 for a further immunological attack through antibody-dependent cell-mediated 
cytotoxicity. (B) Pertuzumab, another anti-HER2 antibody, acts against domain II of the 
extracellular region and prevents the dimerization with signaling partners. (C) T-DM1 is 
an antibody-drug conjugate which consists of trastuzumab linked to a cytotoxic agent 
emtansine (DM1). The antibody is internalized and DM1 can exert their cytotoxic effects. 
(D) Lapatinib (against HER1 and HER2 receptors) and neratinib (against HER1, HER2 
and HER4 receptors) inhibit the tyrosine kinase domain and block its downstream 
signaling pathway. Adapted from Baselga and Swain 200950. 
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4.2.2.-	Tyrosine	Kinase	Inhibitors	(TKIs)	 
 
As explained earlier, HER receptors require TK domain phosphorylation for 

activation. For this reason, different TK inhibitors have been developed as 

another mechanism to block HER receptors. The TKIs compete against ATP to 

bind onto an ATP binding site reducing downstream pathway activation119. These 

TKIs emerged as an alternative treatment for those patients who developed anti-

HER2 antibody treatment resistance or present mutant HER2 activity112. Among 

the group of TKIs, the most clinically advanced anti-HER2 TKI is lapatinib120.  

 
Lapatinib  

TykerbÒ (Lapatinib; Glaxo-SmithKline) is an orally active, low molecular 

weight TKI. It is a selective, reversible inhibitor of HER2 and HER1 (EGFR) 

receptors (Figure 3D). Lapatinib works intracellular and directly targets the TK 

domain. It binds to the cytoplasmic ATP-binding site of both receptors 

preventing the subsequent activation of MAPK or PI3K/AKT downstream 

signaling pathways, leading to an increase in apoptosis and decrease in cellular 

proliferation121–123. Lapatinib is generally well-tolerated, but some adverse events 

have been described such as skin rash, diarrhea, nausea and fatigue124.  

 

In 2007, the FDA approved the lapatinib treatment in combination with 

capecitabine (XelodaÒ) for treating patients with advanced or HER2+ MBC who 

have previously been treated with trastuzumab and anthracycline or taxane5,125. In 

a phase II trial, lapatinib plus capecitabine showed superior time to progression 

compared to capecitabine alone for MBC that had progressed on from 

trastuzumab-based therapy125. In 2010, the FDA also approved the lapatinib 

treatment in combination with letrozole (FemaraÒ, Novartis Pharmaceuticals 

Corp.) for the treatment of post-menopausal women with hormone receptor-

positive MBC that overexpresses the HER2 receptor and for whom hormonal 

therapy is indicated5,126.  

 

Lapatinib as adjuvant therapy: two phase III trials examined lapatinib 

treatment in the adjuvant setting for HER2+ BC. The TEACH trial, which 
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compared lapatinib to placebo in women with HER2+ early BC who had 

previously received adjuvant chemotherapy but not trastuzumab, demonstrated no 

significant benefit of lapatinib as a single agent127. The ALTTO trial (Adjuvant 

Lapatinib and/or Trastuzumab Treatment Optimization) evaluated the activity of 

trastuzumab alone, lapatinib alone, trastuzumab plus lapatinib (T+L) and the 

sequential trastuzumab and lapatinib (T®L) treatment90. The ALTTO results 

showed that disease-free survival (DFS) had no significant improvement in 

lapatinib plus trastuzumab treatment in adjuvant settings compared to single-

agent trastuzumab with modest clinical benefits and added toxicity90. Nowadays, 

lapatinib in the adjuvant setting, either alone or in combination with trastuzumab, 

has been ruled out and there are no further studies in progress.  

 

Lapatinib as neoadjuvant therapy: As with the adjuvant setting, the efficacy of 

lapatinib has been investigated in the neoadjuvant setting both as a single agent 

and in a combination with trastuzumab. The NeoALTTO trial, a phase III study, 

showed that the pCR rate was significantly higher in the combination of lapatinib 

and trastuzumab plus chemotherapy (51.3%) compared to either lapatinib plus 

chemotherapy (24.7%) and trastuzumab plus chemotherapy (29.5%)128. 

Unfortunately, the lapatinib plus trastuzumab combination had no significant 

improvement in overall survival (OS) or event-free survival. For these reasons, 

there is not much interest in the lapatinib plus trastuzumab combination in the 

neoadjuvant setting129,112.  

 
Neratinib 

NerlynxÒ (Neratinib; HKI-272, Puma Biotechnology Inc.) is a second-

generation tyrosine kinase inhibitor130. It is an irreversible inhibitor of EGFR, 

HER2, and HER4, which covalently binds to the ATP-binding sites of the 

receptors and produces the blockage of the downstream pathways (Figure 3D).  

 

Neratinib as adjuvant therapy: Recently the FDA and the European Medicines 

Agency approved the use of neratinib for the extended adjuvant treatment of 

adult patients with early-stage HER2+ BC previously treated with trastuzumab-

based therapy2. Approval was based on phase II of the ExtNET trial, which 



Chapter	I 

42	

 

compared one year of neratinib to placebo in women with stage I-III HER2+ BC 

who had completed neoadjuvant and adjuvant trastuzumab up to two years before 

randomization. The neratinib treatment improved invasive DFS (94.2%) 

compared to the placebo treatment (91.1%). This improvement was most 

pronounced in hormone-positive patients, suggesting that neratinib might provide 

additional treatment for this subset of patients90.  

 

Neratinib as neoadjuvant therapy: Neratinib in the adjuvant setting has been 

examined in two phase II trials, the NSABP FB-7 and the I-SPY 2. The FB-7 

study compared neratinib, trastuzumab or the combination of both drugs, all 

given with chemotherapy in early HER2+ BC. In this study, the combination of 

neratinib plus chemotherapy did not present benefits compared to trastuzumab 

plus chemotherapy (pCR 33.3% vs. 38.1%). However, an improvement in pCR 

(12%) with the neratinib plus trastuzumab combination compared to trastuzumab 

plus chemotherapy was observed131. In the I-SPY 2 study, the combination of 

neratinib and chemotherapy resulted in a higher rate of pCR than trastuzumab 

and chemotherapy did (39% vs. 23%)132. The investigation of neratinib in the 

neoadjuvant setting is ongoing. 
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4.3.-	Resistance	to	HER2+	breast	cancer	treatment		
 

As explained earlier, despite the clinical benefits of anti-HER2 treatment in 

HER2+ BC, a large percentage of patients display primary or acquired (also 

known as secondary) resistance to drugs such as trastuzumab or lapatinib88,133. In 

the last few years, several studies have focused on identifying the molecular 

mechanisms of trastuzumab and lapatinib resistance. 

  

Alterations of HER2 receptor  

Accumulation of the truncated forms of the HER2 receptor that lack the 

extracellular trastuzumab-binding domain has been described as a trastuzumab-

resistant mechanism. As explained earlier (5.2.1.-Monoclonal antibodies; 

trastuzumab), the HER2 receptor can be cleaved by different metalloproteases, 

creating a truncated receptor known as p95HER2 or C-terminal fragments. The 

p95HER2 is the membrane-bound portion that remains constitutively active due 

to the loss of the extracellular domain recognized by trastuzumab134. 

Interestingly, lapatinib, as monotherapy or in combination with capecitabine, was 

equally effective in patients with p95HER2 positive and p95HER2 negative 

HER2+ BC tumors135. Probably, the lapatinib efficacy in these patients is because 

p95 fragment retains the TKI domain recognized by lapatinib136. Another 

resistant mechanism described is the HER2 splice variant (HER2D16) with 

enhanced transforming activity in BC cell lines and tumors. HER2D16 increases 

the stabilization of the HER2 homodimers137.  

Another potential mechanism of acquired trastuzumab resistance described is 

the loss of HER2+ status in metastatic tumors in patients with primary HER2+ 

BC during or after trastuzumab therapy138. 

Masking of membrane proteins 

Another potential resistance mechanism is the blocking or “masking” of the 

HER2 receptor. Several preclinical studies suggest that the membrane-associated 

mucin glycoproteins, mucin 4 (MUC4) and mucin 1 (MUC1), are implicated in 

resistance to trastuzumab and potentially to additional anti-HER2 therapies. 

MUC4 forms protective barriers on epithelial cells and can impede the
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binding of trastuzumab to its epitope on HER2, rendering trastuzumab less 

able to inhibit the HER2 pathway139,140. Another preclinical study demonstrated 

that a breast cancer cell line acquired trastuzumab resistance through the 

upregulation of a cleaved form of MUC1 (MUC1* or MUC1-C), which 

contributes to HER2 constitutive activation. Furthermore, they demonstrated that 

MUC1* antagonist treatment reverses trastuzumab-resistance in these cells141,142.  

 

Loss of PTEN/PI3K 

Resistance to trastuzumab or lapatinib might also arise through the 

downstream signaling pathways of the HER2 receptor, including PI3K/AKT and 

RAS/MAPK. Preclinical evidence suggests that constitutive activation of the 

PI3K/AKT pathway143,144, AKT activating-mutations145, the loss of the tumor 

suppressor gene PTEN146 or mutations in the PIK3CA gene (encoding the PI3K 

catalytic isoform p110a)147 are the most common mechanisms of trastuzumab 

and lapatinib resistance. The loss of PTEN, which functions to prevent the 

PI3K/AKT pathway from being activated, has been implicated in trastuzumab 

resistance in vitro and in vivo and is a predictive marker for trastuzumab 

resistance146,148 The in vitro expression of mutant PI3KCA in HER2+ cells is also 

associated with trastuzumab resistance143,149. However, some studies suggest that 

lapatinib resistance is not related to PTEN loss or PIK3CA mutations150,151. Other 

published studies have linked the amplification of PI3K/AKT with an increase in 

Src tyrosine kinase activity (which regulates the phosphorylation of PTEN) in 

both trastuzumab and lapatinib resistant cells152,153.  

 

Cross-talk with other signaling pathways 

The HER2 receptor can interact with other HER receptors or other receptor 

tyrosine kinases (RTKs) and lead to trastuzumab and lapatinib resistance. The 

overexpression or hyperactivation of HER1154,155, HER3156 or other HER family 

receptors as well as an excess of its ligands 157 have been exposed as being able to 

compensate the HER2 inhibition by trastuzumab. As explained earlier, 

trastuzumab reduces HER2-mediated signaling through a PI3K/AKT or MAPK 

pathway, but not signaling mediated from other HER receptors. Thus, cells with 

EGFR/HER3 heterodimers or EGFR homodimers, lacking HER2, could 
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potentially bypass the trastuzumab blockade101.  

Other studies suggest the interaction between HER2 and other RTKs leads to 

the activation of alternative signaling pathways responsible for anti-HER2 drug 

resistance. The most widely-studied receptor in this group is the IGF-1R which 

activates the same pathways as the HER family receptors, such as PI3K/AKT and 

RAS/MAPK do158. Overexpression of IGF-1R or an increase in the levels of IGF-

1R/HER2 heterodimers can potentially activate PI3K/AKT signaling and confer 

resistance to trastuzumab54,159. Conversely, lapatinib blocked IGF-IR signaling 

and the initiation of apoptosis in trastuzumab-resistant cells even in the presence 

of IGF-I160. The hepatic growth factor receptor (c-MET) and ephrin-type-A 

receptor 2 (EphA2) are other RTK examples that not only can interact directly 

with the HER receptor, but can also directly activate downstream proteins like 

PI3K/AKT157,161,162. Another well-known crosstalk is HER2/ER, where ER acts 

as an escape mechanism to bypass HER2 inhibition, probably via PI3K107,163. 

HER2 inhibition has been described as triggering an increase in ER signaling in 

HER2+/ER+ tumor models164. Furthermore, the role the ER receptor plays has 

been demonstrated not only in trastuzumab resistance, but also in lapatinib 

resistance. Different preclinical studies and neoadjuvant trials showed an 

increased expression of several genes related to ER signaling, such as FOXO3a, 

as a mechanism to negate lapatinib inhibition107,164–166.  

Tumor microenvironments 

Extrinsic signals from the tumor microenvironment, such as paracrine growth 

factors or extracellular matrix protein (ECM) may be involved in treatment 

resistance in breast cancer167–170. The ECM and integrin signaling are the most 

common tumor microenvironment components related to HER2-drugs resistance. 

Several in vitro studies suggest that both b1 and b4 integrins, members of a large 

family of receptors that mediate the interaction between cytoskeletal elements 

and the ECM, can interact with EGFR/HER2 to negate their inhibition or can 

provide alternative survival signals to protect cells from apoptosis induced by 

anti-HER2 treatment169,171.  

In conclusion, although different trastuzumab and lapatinib resistance 
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mechanisms have been described in several papers, they are not yet fully 

understood. Besides, the lapatinib and trastuzumab resistance mechanisms do not 

overlap so a number of resistant mechanisms proposed for trastuzumab do not 

seem to apply to lapatinib. 

5.-	EPIGENETICS		

The epigenetic concept (from Greek term means “over” or “upon” genetics) 

was introduced by Conrad Waddington in 1942 to describe the molecular 

mechanisms that convert genetic variations into observable traits or phenotype as 

well as to explain how genes interact with their environment172. This initial 

definition allowed different researchers, like Hadorn and Goldschmidt, to expand 

this field173–175. Currently, the term “epigenetics” can be defined as, “the study 

area of those traits that are inherited in a stable manner resulting from changes 

in the chromosome without alterations in the nucleotide sequence”176. The 

discovery of epigenetics has evolved remarkably, allowing us to increase our 

knowledge about the molecular mechanisms that regulate the gene expression in 

eukaryotes177.  

 

The epigenetic process is essential during normal development and 

differentiation of distinct cell lineages throughout the lifetime of the organism. In 

other words, epigenetics explains how cells with the same DNA can differentiate 

into different cell type and also maintain the differentiated state178–180. Several 

environmental factors, including nutrition181, tobacco182 and lifestyle183, can 

modulate epigenetic modifications causing effects on gene expression during 

early life and adulthood. 

 

This field of study consists of three types of mechanisms that cooperate in an 

integrated manner: post-translational modifications of histone proteins, DNA 

methylation and noncoding RNAs (Figure 4). These processes are not mutually 

exclusive and together control chromatin accessibility and modulate 

transcriptional activity184. 
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Figure 4. Epigenetic mechanisms of gene regulation. Schematic representation of 
epigenetic mechanisms which play an essential role in the modulation of chromatin 
structure and consequently in gene expression: DNA methylation, histone post-
transcriptional modifications and non-coding RNAs (ncRNAs). Adapted from Zaidi et al. 
2010185. 

In conclusion, the epigenetic mechanisms work collectively to regulate many 

cellular processes, including the DNA-protein interaction, suppression of 

transposable element mobility, X-chromosome inactivation, genomic imprinting, 

cellular differentiation and embryogenesis. Thus, epigenetic is an essential 

regulatory mechanism, above genetics, that control gene expression in a 

potentially heritable way178.  

 

5.1.-	Histone	modification		

Vincent Allfrey was the first to expose the possible role histone modifications 

may have in transcription regulation186. Nowadays, the role they play has been 

described not just for transcription but in all DNA-template process187. 

Genomic DNA is packaged into a highly compacted DNA-protein complex, 

called chromatin, in the nucleosome of eukaryotic cells. The nucleosome is the 

Histone	post-translational	
modifications		

Non-coding	RNAs
DNA	methylation	
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basic functional unit of the chromatin, allowing chromatin packaging and 

chromosome formation188,189. The nucleosome contains 145-147 base pairs of 

DNA wrapped around a histone octamer composed of one H3-H4 tetramer 

histone flanked by two separate H2A-H2B dimers190–192. Histones can undergo up 

to 16 classes of post-transcriptional and reversible covalent modifications 

(PTMs), which occur mainly in its N-terminal tails, modulating nucleosome 

dynamics and chromatin structure by altering noncovalent connections within and 

among nuclesomes193. The most studied histone modifications are acetylation, 

methylation and phosphorylation, but other PTMs have been described such as 

ubiquitylation and SUMOylation (Figure 5A)192. The histones not only have a 

purely structural role as packaging proteins, but the multiple PTMs have a direct 

impact on the chromatin conformation193. As mentioned earlier, post-

transcriptional histone modifications play an essential role in different processes 

including transcriptional regulation, DNA repair, DNA replication, alternative 

splicing and chromosome condensation187,194,195. Accordingly, their dysregulation 

is linked to various diseases such as cancer, cardiovascular disease or 

neurodegenerative disorders among others196,197.  

A simplified view of chromatin recognizes two basic states: a relaxed 

chromatin state, transcriptionally competent euchromatin and a more condensed, 

transcriptionally silent heterochromatin (Figure 5B)192,198. The histone 

modification associated with euchromatin are high levels of acetylation and di- or 

trimethylation of H3K4, H3K36 and H3K79198. A large part of the genome 

presents a euchromatin state187. The histone modifications associated with 

heterochromatin are low levels of acetylation and high levels of H3K9, H3K27 

and H4K20 methylation, among other histone covalent modification198.  

 

Different combinations of histone modifications in a specific genomic region, 

the so-called “histone code”, can change dynamically according to the cellular 

requirements in a particular moment to assist or block gene transcription199. There 

are several epigenetic modifier enzymes responsible for recognizing, catalyzing 

and removing histone modifications that induce a specific cellular response, 

popularly known as “readers”, “writers” and “erasers”, respectively (Figure 



Chapter	I	

50	

 

5C)200. The most well-known enzymes that modify histones are the histone 

acetyltransferases (HATs), histone methyltransferases (HMTs), histone 

deacetylases (HDACs), histone demethylases (HDMs), kinases and 

phosphatases, SUMO ligases and proteases, among others187,201. Interestingly, 

depending on the residue in which they are found, the type and the number of 

modifications are associated with an active or repressed state of genes.  

 

 

 

 
Figure 5. Schematic representation of histone modifications. (A) Nucleosome 
representation, which is composed of DNA wrapped around histones (H2A, H2B, H3 and 
H4). Core histone tails are subjected to post-transcriptional modifications (PTMs) mainly 
methylation, acetylation, phosphorylation and ubiquitination. (B) Chromatin presents two 
different states: the heterochromatin condensed state and transcriptional repression and 
euchromatin with an open state and transcription activation. (C) The epigenetic modifier 
enzymes are popularly known as “writers”, “erasers” and “readers”. The “writers” are the 
enzymes that add the histone mark, the “erasers” are those that remove the histone 
modifications and the “readers” role is to bind to a specific type or combination of histone 
modification and translate it into the biological function. Adapted from L. Simón-
Riudalbas and M. Esteller 2015178. 
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5.2.-	DNA	methylation	

In 1975 Riggs and Holliday suggested that DNA methylation might play a 

role in gene expression regulation202,203. Nowadays is the most well-characterized 

covalent modification of DNA in humans192.  

 

DNA methylation entails the covalent addition of a methyl group from S-

adenosyl-methionine (SAM) to the 5-carbon position of the cytosine ring (5-

methylcytosine, 5mC; Figure 6). It occurs almost exclusively at cytosine residues 

that are followed immediately by guanine, the so-called CpG dinucleotides. This 

CpG dinucleotide tends to cluster in CpG-rich regions, frequently associated to 

gene promoters, called CpG islands (CGIs: regions of more than 200 bases with 

a G+C content of at least 50%)204,205. The human genome contains roughly 

29,000 CGIs that are not randomly distributed in the human genome, but are 

preferentially found near the transcriptional start sites (TSSs) in the promoter and 

first exon regionsof approximately 72% of mammalian genes206–208. Although 

most of the epigenetic studies on DNA methylation and gene expression have 

focused on the CpG island regions, it is known that the DNA methylation does 

not occur exclusively in these specific sites. There are lower CpG density regions 

located a short distance from the CpG island (~2kb) called the CpG island 

shores (CGIs shore). Generally, the tissue-specific DNA methylation occurs on 

the CGIs shore and not the CpG islands209,210. The DNA methylation at the CGI 

and CGI shore is generally associated with transcriptional silencing of 

genes207,211.  

 

In healthy cells, DNA methylation plays a crucial role in cell growth and 

development through the regulation of germline- and tissue-specific genes. About 

60% of human gene promoters are associated with CpG islands and are usually 

unmethylated and transcriptionally active. For instance, housekeeping or tumor 

suppressor genes212. However, some genes are customarily methylated, including 

those associated with X-chromosome inactivation or genomic imprinting213. 

Genomic imprinting is a particular form of transcriptional silencing associated 

with the hypermethylation of one of the parental alleles during the gametogenesis 

and maintained throughout the development214,215. Similar, mono-allelic 
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repression of genes also occurs on the X-chromosome in female cells in a process 

called the X-chromosome inactivation216. Besides controlling gene expression, 

the DNA methylation of repetitive genomic sequences prevents chromosomal 

instability, translocations and gene disruption by the reactivation of parasitic 

sequences217. 

 

The addition of a methyl group is carried out by DNA methyltransferases 

(DNMTs). This epigenetic mark is inherited over the mitotic and meiotic cell 

division218, through four main enzymes: DNMT1, DNMT3a, DNMT3b and 

DNMT3L178. Only DNMT1, 3a and 3b have methylase activity, DNMT3L acts as 

a cofactor of the previous ones. DNMT1 allows the “maintenance” of DNA 

methylation patterns through mitosis, from the parent strand to the daughter. It 

has the higher affinity for hemi-methylated double-strands DNA (methylated on 

one DNA strand) and restores the entire methylated CpG dinucleotides after 

DNA replications219. DNMT-3a and 3b carry out the de novo DNA methylation, 

crucial during mammalian development at very early stages220. All the DNMTs 

have a pivotal role and a lack will result in embryonic lethality or impaired 

embryonic development221. 

 

 

 

 

 
 

 

 

Figure 6. DNA methylation in mammals. DNA methylation entails the covalent addition 
of a methyl group from S-adenosyl-methionine (SAM) to the 5-carbon position of the 
cytosine ring (5-methylcytosine, 5mC) by the DNA methyltransferases (DNMTs). The 
DNA demethylation consists of the conversion of 5-methylcytosine (5mC) into 5-
hydroxymethylcytosine (5hmC) by the ten-eleven translocation proteins (TET). The 5mC 
is associated with a repressed chromatin structure and therefore transcriptional repression, 
whereas the 5hmC is associated with an open active chromatin structure and 
transcriptional activation. Adapted from Day and Sweatt 2010222. 
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Contrary to the initial idea, DNA methylation is not a relatively stable 

epigenetic modification, and it can be actively reversed. This reversion process of 

the methylation state of the DNA is known as DNA demethylation and is 

necessary to maintain the balance of the DNA methylation level throughout the 

genome. The active DNA demethylation process in mammalian cells involves a 

set of reactions catalyzed by the ten-eleven translocation (TET) 1-3 (TET1, 

TET2 and TET3) family proteins that are 2-oxoglutarate and Fe(II)-dependent 

dioxygenases. The TET proteins possess an enzymatic activity that transforms the 

5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC), 5- 

formylcytosine (5fC), and 5-carboxylcytosine (5caC) through consecutive 

oxidation. The 5fC and 5acC can be converted back to cytosine by thymine DNA 

glycosylase (TDG) in base excision repair223,224. The role TET proteins have has 

recently been demonstrated in several physiological and pathological processes 

like leukemia225.  

In mammals, the DNA methylation in the CpG dinucleotide context has been 

described and characterized extensively. However, DNA methylation in a non-

CpG context has also been identified. In humans, the CHG and CHH sites (where 

H is adenine, cytosine or thymine) were found to be exclusive for stem cells. 

Non-CpG methylation is lost while cells become differentiated and restored in 

induced pluripotent stem cells, suggesting an essential role in the origin and 

maintenance of pluripotent state226.  

The correlation between promoter CGIs hypermethylation and the 

transcriptional silencing in different cell types and its implication in cancer has 

been described213,227,228. According to the literature, this repression is based on the 

spatial impediment for the accessibility of transcription factors to their binding 

sites and on a decreased affinity of DNA to enroll into nucleosomes, changing the 

nucleosome positioning229,230. The first mechanisms involve the recruitment of 

the methyl CpG-binding domain protein (MBDs) family, which recognizes the 

5-methyl CpG dinucleotide, translating the DNA methylation information into a 

function or activity231. This protein family is composed of the methyl binding 

protein 2 (MeCP2) and methyl-CpG binding domain protein 1-6: MBD1, MBD2, 
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MBD3, MBD4, MBD5, and MBD6232. Besides the MBD family, other proteins 

can preferentially or specifically bind methylated DNA through zinc-finger 

domains such as the Kaiso family (Kaiso/ZBTB33, ZBTB4 and ZBTB38) or the 

ring finger domain protein 1 (UHRF1)233–235. Despite MBD3, MBD5 and MBD6 

presenting a conserved methyl binding domain, they are unable to bind efficiently 

to methylated DNA in vitro, unlike MeCP2, MBD2 and UHRF1 which bind 

strongly to methylated CpG dinucleotides233. The MBD family members recruit 

histone-modifying enzymes such as HDACs or HMTs and other co-repressors to 

methylated sites in order to change the chromatin structure into more condensed 

form178. Mutations in the MBD family are related to different disorders like 

MeCP2 and are the cause of Rett syndrome (RTT)236. 

 

In conclusion, the demethylation process and de novo DNA methylation can 

occur, and different specific cellular processes can be activated or not in response 

to physiological or environmental stimuli237. As previously mentioned, disruption 

of these DNA methylation patterns in developmental programming or during 

adult life have been linked to aging and contributing to the development of 

human diseases including neurodevelopmental (RETT- and ATRX syndrome), 

neurological (Parkinson’s and Huntington’s disease), autoimmune 

(immunodeficiency, centromeric instability and facial anomalies), lupus 

erythematosus or rheumatoid arthritis disorders as well as cancer 238–241.  

5.3.-	Non-coding	RNAs	

 
In late 1960 it was discovered that approximately less than 2% of the 

sequence in the entire human genome is translated into protein. Indeed 98% of 

the transcriptional output has non-coding potential242. Historically, these non-

coding regions were thought to be non-functional, and they were called “junk 

DNA” or experimental artifact243. In recent years, the “junk DNA” concept has 

changed a lot, and the RNA that does not encode for a protein product is 

classified as a putative non-coding RNA (ncRNA), with an essential role in both 

physiological and pathological conditions244–246. Furthermore, the strong 

correlation between the organismal complexity and size of the non-coding, rather 
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than protein-coding genome, highlighted their relevance247. This idea was 

reinforced by the National Human Genome Research Institute (NHGRI) which 

launched the Encyclopedia of DNA Elements (ENCODE) which assigns 

“biochemical functions for 80% of the genome”, in particular, outside of the 

well-studied protein-coding regions248. 

As explained, for a number of years it had been generally assumed that genes 

were synonymous with proteins except for those that are required, directly or 

indirectly, for messenger RNA (mRNA) processing and translation, such as 

ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and small nuclear 

(spliceosomal) RNAs249,250. Since this idea has now been identified as erroneous, 

the number of new putative functional ncRNAs that regulate gene expression in 

different ways has dramatically expanded251. The ncRNA has been divided into 

two main groups (excluding the rRNAs and tRNAs) based on their length: the 

small non-coding RNAs (sncRNAs), less than 200 nucleotides in length and the 

long non-coding RNAs (lncRNAs), which are typically more than 200 

nucleotides long252. The sncRNAs are divided into different subclasses and 

characterized by different lengths: small nuclear RNAs (snRNAs), small 

nucleolar RNAs (snoRNAs), piwi-interacting RNAs (piRNAs), small interfering 

RNAs (siRNAs) and, to date, the most extensively studied are the microRNAs 

(miRNAs)192. These specific ncRNAs are involved in transcriptional and post-

transcriptional gene silencing through specific base pairing with their targets253. 

The lncRNAs comprise a limited but fast-growing number of lncRNAs such as 

long intergenic RNAs (lincRNAs), natural antisense transcripts (NATs), 

telomeric repeat-containing RNAs (TERRA), transcribed ultraconserved regions 

(T-UCRs), and enhancer RNAs (eRNAs; reviewed in 254). The lncRNAs play 

critical regulatory roles in different cellular processes like the epigenetic 

modification of DNA by recruiting chromatin remodeling complexes to specific 

loci255,256.  
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5.4.-	Interplay	between	the	components	of	the	epigenetic	machinery	

 
There is extensive and coordinated crosstalk among the different epigenetic 

processes to precisely regulate the expression of the genome, forming a complex 

“epigenetic network” through the entire cell257. This complex network can 

regulate the “on” or “off” of several genes implicated in multiple cellular 

process258.  

 

During cell division, it is essential to keep the pattern of histone modification, 

and there is some evidence that DNA methylation plays a critical role in this 

process259,260. This methylation pattern is maintained in mammals by DNMT1 

aided by UHRF1. The UHRF1 presents different structural motifs such as the 

SET- and RING-associated domain (SRA) or the tandem tudor domain (TTD) 

that allows it to establish a relationship between DNA methylation and different 

histone tails234,261–263. As explained before, another interaction between the DNA 

methylation process and the chromatin modifying enzymes might be partially 

mediated by the MBD proteins, such as MeCP2 and MBD2, which can recruit 

HDACs and induce the transcriptional gene’s repression264–267. Furthermore, 

ncRNAs can bind and recruit histone modifying complexes or modulate the 

activity of DNA methyltransferases, regulating gene expressing252,268. For 

example, the lncRNA XIST is involved in chromosome X inactivation in females 

through the interaction with methyltransferase and histone ubiquitinase, and 

lncRNA HOTAIR represses genes by recruiting the histone methyltransferase 

PRC2269–271.  

 

Interestingly, DNA methylation and histone modifications localized in special 

ncRNAs sequences often participate in the expression regulation of these 

ncRNAs272,273. For example, DNA hypermethylation of miRNA-874 or the miR-

200 family, a critical EMT regulator, has been identified as being 

hypermethylated in breast and colorectal tumors, respectively274–276. The list of 

miRNAs undergoing promoter CpG island hypermethylation in human cancer is 

rapidly expanding277.  
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5.5.-	Epigenetic	drugs		

In contrast to genetic mutations, epigenetic alterations are reversible, either in 

physiological context or by treatment with DNMT or HDAC inhibitors, allowing 

the restoration of the normal epigenetic landscape in cancer cells199,278,279. To our 

knowledge, seven epigenetic drugs have been approved by FDA. The 

demethylating agents 5-Aza-2’-deoxycytidine (DacogenÒ) and 5-Azacytidine 

(VidazaÒ) were approved for myelodysplastic syndrome (MDS). Both agents 

block DNMT activity, returning to normal levels after successive replication 

rounds280,281. Currently, these agents are being tested in an extensive list of 

clinical trials for leukemia and solid tumors282. Vorinostat (ZolinzaÒ) or SAHA, 

belinostat (BeleodaqÒ), romidepsin (IstodaxÒ) and panobinostat (FarydakÒ) 

HDAC inhibitors are approved for cutaneous T cell lymphoma (CTCL) and/or 

peripheral T cell lymphoma (PTCL) and multiple myeloma (MM)283–285. Finally, 

ruxolitinib (JakafiÒ) a JAK1/2 inhibitor has been approved for myelofibrosis283. 

DNMT inhibitors present some cytotoxicity to normal cycling cells, causing a 

decrease in methylation levels, which can reactivate genes at random such as 

genes with deleterious effects. Therefore, they are usually used in low doses286. 

HDAC inhibitor treatment as single agents in solid tumors has been shown to 

have low therapeutic effects, probably due to the stability of the inhibitors. 

Therefore, they are now being tested in combination with DNMTi284,285.  

6.-	DNA	METHYLATION	AND	CANCER 
The epigenetic equilibrium described for normal cells is dramatically 

disturbed during tumorigenesis. The piece of first evidence of the role DNA 

methylation played in cancer was in 1983 when a reduction in DNA methylation 

of specific genes in human colon cancer was identified when compared with 

normal tissues287. During tumor progression, the specific DNA methylation 

pattern of cancer cells can change according to the original tissue and tumor 

stages288. Hence, DNA methylation is considered a hallmark of cancer289.  

 
Generally, the methylated pattern of cancer cells is characterized by a global 

decrease in methylated CpG content (hypomethylation) and CGI 
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hypermethylation in promoter regions of specific genes (Figure 7)227,290,291. The 

discovery of DNA methylation as a mechanism for gene inactivation required the 

re-formulation of the Knudson hypothesis, which explains the necessity of two 

mutations (two hits) for gene inactivation to include the epigenetic inactivation as 

a second hit292,293. 

 

6.1.-	DNA	hypomethylation	
 

Global DNA hypomethylation was one of the first epigenetic abnormalities 

discovered in cancer287. This overall loss of methylation is observed in the early 

stages of cancer, and increases in parallel with the development of the tumor, 

from a benign proliferation of cells to an invasive cancer294.  

 

Global hypomethylation occurs mainly at repetitive sequences, promoting 

chromosomal instability, translocations, gene disruption and the reactivation of 

endoparasitic sequences291,295,296. A well-studied example of the reactivation of 

transposable elements by CpG island hypomethylation is the member 1 of the 

long interspersed nucleotide elements LINE family (LINE-1 or L1). Under 

normal conditions, LINE-1 is often heavily methylated in normal somatic cells 

and contributes to maintaining genomic stability and integrity35. In cancer, the 

loss of LINE-1 methylation has been described as increasing genomic instability, 

which is frequently found in different cancers including colorectal297,297, 

urothelial298, ovarian299, prostate300, breast, lung ,bladder and liver301,178.  

 

Furthermore, the aberrant DNA hypomethylation can also account for the 

activation of some oncogenes and lead to loss of imprinting (LOI)293. Several 

genes or oncogenes have been described to undergo this epigenetic re-expression. 

The first hypomethylated oncogene was the related RAS viral oncogene homolog 

(R-RAS) discovered in 1983 in gastric cancer302. Since then, the association 

between hypomethylation and overexpression has been demonstrated in different 

genes such as the S100 calcium binding protein A4 (S100A4) in colon cancer303. 

Currently, the number of genes identified with this hypomethylation pattern is 
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shorter when compared to those genes inactivated by DNA hypermethylation. 

However, the gene reactivation process is a key factor during carcinogenesis.  

 
Figure 7. DNA methylation patterns. Schematic representation of healthy and malignant 
cell methylation patterns are represented. In healthy cells, the CpG islands in the promoter 
region are usually unmethylated, allowing transcription while the gene body is methylated. 
The same pattern is observed for island shores located up to 2Kb upstream from the CpG 
island. In contrast, cancer cells are characterized by global hypomethylation and promoter 
hypermethylation. The repetitive sequence hypomethylation leads to chromosomal 
instability, translocations and the activiation of repetitive sequences generally repressed by 
hypermethylation. The legend is in the lower left panel of the image. Adapted from Portela 
and Esteller 2010178. 

 

Genomic hypomethylation can also induce LOI, activating the transcription 

of maternal or parental imprinted loci. The most common LOI event in cancer is 

the hypomethylation of the insulin-like growth factor 2 (IGF2), necessary for 

embryonic development in humans. A constitutive loss of IGF2 imprinting has 

been observed in different cancers such as colorectal, breast and prostate, among 

others304–310. 

6.2.-	DNA	hypermethylation	
 

DNA hypermethylation is not a random process. In cancer, the CGI promoter 

hypermethylation is involved in tumor suppressor inactivation, affecting different 

cellular pathways. In general, this gene repression results in an adaptive 
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advantage for the cells, allowing them to adopt a more aggressive and invasive 

phenotype311.  

 

The first promoter hypermethylated gene discovered in human cancer was the 

calcitonin gene in 1986312. However, a link between CpG island promoter 

hypermethylation and transcriptional inactivation was not found until 1989 

during the analyses of the retinoblastoma gene (RB1)313. Nowadays, the DNA 

hypermethylation of CGI and CpG shores is the most widely studied epigenetic 

alteration in cancer178,293. A large number of tumor suppressor genes are known to 

be inactivated by DNA promoter hypermethylation, causing alterations in 

different cellular processes including the cell cycle (CDKN2A/p16-INK4, 

CDKN2B/p15-INK4B, RB1), apoptosis (TMS1, DAPK, SFRP1, TP73), DNA 

repair (hMLH1, MGMT, BRCA1), or cell adhesion (E-cadherin, H-cadherin, 

FAT-cadherin) (reviewed in 314). Interestingly, the same tumor suppressor gene 

may be hypermethylated or hypomethylated in different types of tumor. For 

example, MASPIN (or SERPINB5) is a tumor suppressor gene that could be 

hypermethylated in breast and prostate cancer and hypomethylated in other tumor 

types315,316.  

 

In BC, more than 100 genes have been reported to be hypermethylated, of 

which two are the well-known genes BRCA1 or PTEN317. The BC susceptibility 

BRCA1 gene is a classical tumor suppressor gene implicated in DNA repair, 

homologous recombination, cell cycle control and transcription318,319. BRCA1 

inactivation by promoter methylation has been identified in breast and ovarian 

cancer320. Specifically, BRCA1 inactivation was significantly associated with 

basal-like/TNBC321,322. Another hypermethylated tumor suppressor gene 

described in BC is PTEN323. This gene regulates negatively the PI3K/AKT 

pathway. Therefore, a decrease in PTEN expression produces the AKT pathway 

activation which, in turn, induces apoptosis inhibition and cell survival324. Ras 

association domain family member 1 (RASSF1A) is another tumor suppressor 

gene associated with BC development as well as among other cancers325,326.  
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The disruption of the epigenetic machineries by mutations, deletion or altered 

expression of any of their components are also involved in aberrant gene 

expression patterns in cancer293. Different DNMT mutations have been identified 

in cancer such as DNMT1 in colorectal cancer327 and DNMT3a in acute myeloid 

leukemia328. Apart from these enzymes’ mutations, DNMT overexpression has 

also been described as a mechanism for aberrant methylation pattern in 

cancer329,330. For example, DNMT1 overexpression in colorectal331, lung332 and 

breast cancer333, DNMT1, DNMT3a and DNMT3b overexpression in gastric 

cancer334,335or DNMT3b overexpression in BC336. Some MBD polymorphisms 

have also been reported to be associated with cancer risk. For instance, while 

MBD1 polymorphism increases the overall risk of lung cancer it, on the other 

hand, reduced the risk of BC in premenopausal women337,338. TET overexpression 

or downregulation has been observed in different cancers such as breast339,340, 

liver339,341, colon342, lung339 and gastric339,343, among others339. Furthermore, 

chromosomal deletions has been described in TET2 locus, producing an 

inefficient conversion of 5mC to 5hmC in myeloid malignancies344,345.  

 

In conclusion, this epigenetic mechanism plays an important role in the 

transcriptional regulation of critical tumor suppressor and growth regulatory 

genes in cancer.  

	
6.3.-	Genome-wide	DNA	methylation	in	cancer	

 
Since DNA methylation plays an essential role in both physiologic and 

pathologic conditions, the significance of profiling DNA marks to answer 

biological questions is being emphasized. Moreover, DNA methylation marks 

are modifiable through pharmacological intervention and easy to measure in 

liquid biopsies, accentuating further the importance of epigenetic mark study 

for translational research346,347. As such, the interest in DNA methylation has 

rapidly grown and expanded across new areas of research thanks to the 

advancement of various profiling approaches, both experimental and 

computational348,349. Methylation analysis techniques have evolved from 

being able to analyze the amount of 5mC within a particular genome in the 
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early 1980s, to today’s genome-wide DNA methylation analysis thanks to 

new technologies such as microarrays and next-generation-sequencing (NSG). 

These technologies allow for DNA methylomes (the sequencing of all the 

methylated nucleotides of an organism’s genome or particular cell) in higher 

organisms to be analyzed351,352. 

 

In conclusion, the development of new epigenetic approaches appears to be 

highly promising for decoding the nature and patterns of DNA modifications, 

their distribution in the human genome, as well as their implications in different 

physiologic and pathologic processes. Moreover, DNA methylation analysis is 

also enormously important for the development of personalized epigenomic-

based therapy352.  

7.-	DNA	METHYLATION	AND	TREATMENT	RESISTANCE	IN	CANCER	

Standard care for tumor treatment is based on conventional and target 

therapies. It is generally accepted that recent advances in anticancer drugs have 

contributed significantly to improving disease-free survival and the quality of life 

of cancer patients. However, in many cases patients developed a resistance to 

these drugs within a few years. As explained earlier, the molecular mechanisms 

that lead to drug resistance can be heterogeneous and complex353. However, by 

analyzing epigenetic profiles, tumor-specific drug-response markers that are 

capable of predicting response to therapeutic treatment can be identified354–357. 

Therefore, many efforts are focused on studying the epigenetic patterns that occur 

during the acquisition of the drug-resistant phenotype213.  

 

Drug treatment induces epigenetic changes that can affect different pathways 

such as those related to apoptosis, cell adhesion, angiogenesis, cell-cycle 

regulation and DNA repair199. The best example of an epigenetic biomarker 

indicating a response to a chemotherapeutic agent is the hypermethylation of the 

DNA repair gene O6-methylguanine-DNA methyltransferase (MGMT) in 

gliomas. MGMT protects cells against transition mutations by removing alkyl 

groups, which are introduced by carcinogens such as nitrosamides from guanine 
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bases. In cancer, MGMT hypermethylation produces a deactivation of this 

mechanism, which then leads to a greater sensitivity to the alkylating agents in 

gliomas351. Furthermore, MGMT hypermethylation has also been described in 

non-small cell lung cancer (NSCLC), lymphomas and head and neck 

carcinomas358–360. In another instance, the promoter hypermethylation of mutL 

homologue 1 (hMLH1), leads to an increase in chemotherapeutic drug resistance 

(cisplatin and carboplatin) in ovarian cancer361. TNF-related apoptosis-inducing 

ligand (TRAIL) is a further another example of how promoter hypermethylation 

can trigger treatment resistance in lung cancer362. Currently there is a long list of 

genes with aberrant DNA methylation patterns related to resistance or sensitivity 

to drug treatment. Table 4 provides a list of examples of methylated genes 

involved in treatment response. In breast and ovarian cancer, the promoter 

hypermethylation of BRCA1, a gene involved in DNA repair, has been associated 

with an increase in sensitivity to cisplatin and carboplatin treatment355,356,363. 

More recently, the association between hydroxysteroid 17-beta dehydrogenase 4 

(HSD17B4) promoter methylation and trastuzumab response in HER2+ BC was 

also identified. The promoter hypermethylation of HSD17B4 could be used as a 

marker to select HER2+ BC patients who would achieve pCR only through 

trastuzumab therapy and might not need additional surgery364. 
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Table 4. Examples of hypermethylated genes involved in sensitivity and resistance to drug 
treatment. Adapted from Heyn and Esteller 2012288. 

BRCA1, breast cancer 1; MGMT, O6-methylguanine-DNA methyltransferase; GSTP1, glutathione S-
transferase pi 1; CHFR, checkpoint with forkhead and ring finger domains; ABCB1, ATP-binding 
cassette subfamily B member 1; MLH1, mutL homologue 1; SLC19A1, solute carrier family 19; 
PITX2, paired-like homeodomain 2; IGBP3, insulin-like growth factor binding protein 3; LINE-1, 
member 1 of long interspersed nucleotide elements LINE family, BCNU, bis-chloroethylnitrosourea; 
ACNU (1-4-amino-2-methyl-5-pyrimidinyl)-methyl-3-(2-chloroethyl)-3nitrosourea hydrochloride.  

 

 

8.-	DNA	METHYLATION	BIOMARKERS	IN	CANCER		

 
In 1998, the National Institutes of Health Biomarkers Definition Working 

Group defined a biomarker as “a characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic process or 

pharmacologic response to a therapeutic intervention”376. While different factors 

can be used as a biomarker, they are mainly proteins or metabolites, DNA, 
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mRNA and epigenetic alterations, which can be found in various fluids (e.g., 

blood or sputum), frozen tissues, formalin-fixed paraffin-embedded tissues 

(FFPE) and cell lines363,377,378.  

 

For a biomarker to be considered clinically useful, it needs to be very 

sensitive and specific. In clinical terms, biomarker sensitivity is described as the 

proportion of individuals with confirmed disease i.e., those, who present a 

positive biomarker screening test. Biomarker specificity is described as the 

proportion of control subjects for whom the screening test is negative. Hence, the 

optimum sensitivity is when the number of false negative approaches zero and 

the optimum specificity is when the number of false positives is low379. Bigbee 

W and Herberman R, described the general requirements that a biomarker must 

fulfill such as (i) specific production by malignant or premalignant tissue early in 

the progression of disease, (ii) produced at detectable levels in all patients with 

the a specific malignancy, (iii) expression in an organ site-specific manner, (iv) 

evidence of presence in bodily fluids obtained noninvasively or in easily 

accessible tissue, (v) levels related quantitatively to tumor volume, biological 

behavior, or disease progression, (vi) relatively short half-life, reflecting temporal 

changes in tumor burden and response to therapy and (vii) standardized and 

reproducible detection methodologies380.  

 

Biomarkers can be classified into several categories according to their 

potential for diagnosis (identification and categorization of disease), for 

prognostication (assessment of outcome), to predict response to treatment 

(identification of patient subsets which are more likely to respond to a certain 

type of therapy) and to monitor disease (identification of disease relapse during 

follow-up)377. 

Currently, the epigenetics filed are revolutionizing biomedicine and clinical 

diagnosis, contributing to the development of personalized and precision 

medicine by providing special relevance biomarkers for the clinical management 

of diseases. Their stability, frequency, reversibility and accessibility in body 

fluids make epigenetic alterations major candidates for becoming clinically useful 
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biomarkers381. Furthermore, thanks to the new technologies able to detect DNA 

methylation changes in different biological fluids, this study area is now 

considered extremely promising for the field of precision oncology in the 

foreseeable future199,288. In recent decades, a large number of epigenetic 

biomarkers have already been identified in cancer. 

 

Below, some biomarkers with clinical applicability have been outlined. The 

glutathione S-transferase pi 1 (GSTP1) is the best DNA methylation marker for 

prostate cancer detection382. GSTP1 hypermethylation was identified in 80-90% 

of men with prostate cancer, with an 82% sensitivity and an a 95% 

specificity381,383. GSTP1 can be evaluated in urine and can discriminate between 

the different degrees of tumor malignancy analyzed384. However, it is 

hypermethylated at a lower percentage in other tumor types like breast, liver and 

kidney382. In BC detection, promoter hypermethylation of some tumor suppressor 

genes such as RASSF1A, BRCA1 or PTEN has been described385–388. Moreover, 

other genes like RARb, CDH1, GSTP1 or BRCA1 were identified in different 

studies and showed reasonably consistent results (reviewed in389). Several 

epigenetic biomarkers have been described to indicate disease prognosis or 

outcome in cancer patients. Some examples are NSD1, DAPK1 or CDKN2A 

hypermethylation, which are related to a poor outcome in neuroblastoma, lung 

and colorectal cancer, respectively293,390–392. In BC, the methylation of RASSF1A 

in plasma and PITX2 promoter hypermethylation assessed in tissue or blood have 

also demonstrated their potential as prognostic biomarkers357,393. As explained in 

the last section (7.- DNA methylation and treatment resistance in cancer), some 

biomarkers can predict treatment response (see Table 4). The most well-known 

examples are MGMT and GSTP1, as explained before288,351,382,383. In BC, the 

methylation of PSAT1 (predicts response to tamoxifen) or BRCA1 (predicts 

response to the PARP inhibitor) have also been identified365,394,395.  

All these epigenetic biomarkers not only allow us to increase the sensitivity 

and specificity of cancer detection, but also to develop a more personalized 

treatment as well288.  
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8.1.-	DNA	methylation	biomarkers	in	clinical	practice		
 

A PubMed Central database search (24th October 2018) shows 1844 articles 

for the term “epigenetic biomarkers” and 915 for “DNA methylation biomarkers” 

(Figure 8). A long list of articles providing new potential biomarkers for a wide 

range of diseases and disorders can be found. However, the number of epigenetic 

biomarkers accepted and implemented in clinical practice is relatively small. 

According to the ClinicalTrials.gov (https://clinicaltrials.gov), there are currently 

12 ongoing trials related to “DNA methylation biomarkers”. The limitations of 

measurement methods such as study design, small sample sizes and lack of 

independent validation, are some explanations that allow us to understand the gap 

between the number of promising biomarkers reported and their actual 

application in the clinic396.  

 
Figure 8. Rate of increase in publications related to “Epigenetic biomarkers” and 
“DNA methylation biomarkers” from 2006 to 2018. Data are derived from PubMed 
Central’s citation analysis using the terms “Epigenetic biomarkers” and “DNA 
methylation biomarkers” in the 2006-2018 period. 
 

The most well-established biomarkers to date include the hypermethylation of 

MGMT in serum, used in the clinic as a biomarker for glioblastoma classification 

and in the decision of treatment288. Currently, the Septin 9 (SEPT9) methylation 

has received approval from the FDA for use as a blood methylated biomarker for 

colorectal cancer in Epi proColon® plasma test (Epigenomics AG)397–399. 

Recently, the EPICUP® an epigenetic diagnostic test has been commercialized, 
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which is based on the analysis of DNA methylation profiles in tumor samples 

with utility to identify the primary tumor in patients with cancer of unknown 

origin).  
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HYPOTHESIS		
 

Primary resistance and the acquisition of secondary resistance are the main 

clinical problems encountered when treating patients with HER2+ BC. Many 

cellular defects contribute to treatment resistance, but epigenetic changes can also 

be a cause. Analyzing the DNA methylation pattern in HER2+ resistant BC could 

be useful for a more detailed understanding of the changes in resistance event and 

in identifying potential epigenetic biomarkers of therapeutic response in HER2+ 

BC; something essential for precision oncology.  

 

OBJECTIVES	
 

The main objective of this thesis was to evaluate the DNA methylation 

patterns of the trastuzumab, lapatinib and trastuzumab plus lapatinib HER2+ 

resistant breast cancer model. And the ultimate objective was to identify 

epigenetically regulated genes with potential clinical value as biomarkers for 

trastuzumab and lapatinib resistance in HER2+ BC patients. 

 

In order to fulfill the main objective, three specific objectives were pursued:  

 

1. Genome-wide DNA methylation analysis in trastuzumab, 
lapatinib and trastuzumab plus lapatinib-sensitive and -resistant 
breast cancer models.  
 
- Develop  and characterize a new HER2+ cell line resistant to 
both trastuzumab and lapatinib treatments (TL). 
 
- Analyze the DNA methylation pattern for trastuzumab (T), 
lapatinib (L) and trastuzumab plus lapatinib (TL)-sensitive and -resistant 
HER2+ breast cancer models. 

 
- Carry out transcriptomic analysis of trastuzumab (T), lapatinib 
(L) and trastuzumab plus lapatinib (TL)- sensitive and -resistant HER2+ 
breast cancer models.   
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2. Identification of genes responsible for trastuzumab, 
lapatinib and trastuzumab plus lapatinib resistance in our HER2+ 
resistant breast cancer models. 

 
- Identify which genes epigenetically regulated by DNA 
promoter methylation in trastuzumab (T), lapatinib (L) and trastuzumab 
plus lapatinib (TL)-resistant models. 
 
- Validate the DNA promoter methylation and expression 
patterns of selected genes using different epigenetic approaches. 

 
- Determine the potential role of candidate genes in trastuzumab 
or lapatinib resistance in our in vitro models.   

 

3. Biomarker candidate gene validation in HER2+ breast 
cancer human samples.  
 
- Evaluate the DNA promoter methylation of candidate genes in 
a cohort of HER2+ breast cancer patients before and after anthracycline-
taxane-based chemotherapy plus trastuzumab with complete or non-
response to the treatment.  
 
- Evaluate the diagnostic value of potential biomarker candidates 
in our cohort. 

 
- Determine the association between the DNA methylation status 
of selected genes and their clinical-histopathological features in HER2+ 
BC. 
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1.-	CELL	CULTURE	AND	HUMAN	HER2+	BREAST	CANCER	SAMPLES		

1.1.-	Cell	culture		

SKBr3 (SK) and AU565 (AU) HER2+ breast carcinoma cells were obtained 

from Eucellbank (University of Barcelona)400 and from the American Type 

Culture Collection (ATCC), respectively. SKBr3 and AU565 cells were routinely 

grown in McCoy’s (Gibco) and Dulbecco’s Modified Eagle’s Medium (DMEM, 

Gibco), respectively, supplemented with 10% FBS (HyClone Laboratories), 1% 

L-glutamine (Gibco), 1% sodium pyruvate (Gibco), 100 U/mL 

penicillin/streptomycin (HyClone Laboratories). Cells lines were kept at 37ºC 

and 5% CO2 atmosphere. The resistant models (SKTR, SKLR and AUTR) were 

developed and characterized previously in our laboratory401,402. The double-

resistant cell model (SKTLR) was developed later using the SKTR model co-

cultured with trastuzumab 2µM and lapatinib 1.5µM and after one month in 

culture, the dose of lapatinib was increased up to 3µM. Cells were co-cultured 

with trastuzumab and lapatinib for 12 months. Trastuzumab plus lapatinib 

resistance was confirmed by dose-response studies using the standard 

colorimetric MTT assays as we described in 6.7. Cell viability assays section.  

 

	1.2.-	Patients	and	tissue	samples		

TGFBI promoter methylation levels were retrospectively evaluated in tumor 

samples from 24 patients with HER2+ BC diagnosed at the Dr. Josep Trueta 

University Hospital, Girona, Spain between 2007-2015. The patients were 

selected from the hospital's pharmacy database. The selection criterion 

included: a patient with early or locally advanced HER2+ BC who had 

received neoadjuvant treatment with trastuzumab and chemotherapy. Twenty 

patients had no-response or partial response and four patients had complete 

response to trastuzumab plus chemotherapy. For all patients, hematoxylin and 

eosin (H&E) stained slides from FFPE tumor blocks were examined to 

determine the representative areas of the invasive tumor. Normal breast tissue 

was obtained from non-tumoral regions of the breast. Estrogen receptor (ER), 

progesterone receptor (PR) and HER2 expression were previously analyzed on 
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tumors by IHC. For each patient, clinical and histopathological features were 

obtained: age, stage (TNM classification403), histological grade (Bloom-

Richarson grading system), menopause status, type of surgery and relapse. The 

protocol was approved by the Institutional Review Board of the Dr. Josep Trueta 

Hospital and an informed written consent was obtained from the patients included 

in the study.  

2.-	DNA	METHYLATION	ANALYSIS	

2.1.-	DNA	isolation	procedures		

Genomic DNA was extracted from cell lines or FFPE core biopsies (10µm) 

and tissue sections (5µm). Tissues section from each tumor block were collected 

on a coverslip glass or directly to sterile 1.5mL microcentrifuge tubes. The 

sections collected in coverslips were attempted to remove the surrounding 

paraffin as much as possible before proceeding to deparaffinization process. The 

sections were deparaffinated using the Deparaffinization Solution with QIAamp 

DNA FFPE Tissue Kit (Qiagen) used following the manufacturer’s instructions. 

The cell DNA was isolated using the QIAamp DNA Mini Kit. Total DNA was 

quantified using the NanoDrop 2000 spectrophotometer (Thermo Scientific) or 

Qubit 2.0 (Invitrogen) using the Quant-iTTM Pico Green Kit (Invitrogen) 

following the manufacturer’s specifications.  

	
2.2.-	Demethylating	agent	treatment		

To determine the correlation between DNA methylation and mRNA 

expression of selected genes, the tumor cell lines that showed hypermethylation 

of candidate genes were treated with demethylating agent 5-aza-2’-deoxycytidine 

(5-aza-dC; Sigma-Aldrich). AZA is a cytosine analog which is incorporated into 

the DNA forming an irreversible covalent complex with DNMT1. In turn, this 

union causes the DNMT depletion in the DNA replication, triggering passive 

demethylation and genes reactivation404. Cell lines were incubated in culture 

medium containing 3µM or 5µM of 5-aza-dC for 72 hours, medium and 

demethylating agent were replaced every day to promote DNA demethylation.  
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2.3.-	DNA	bisulfite	conversion		

Bisulfite-modified genomic DNA allows translating the methylation event to 

a genetic change. This specific treatment induces chemical conversion of 

unmethylated cytosine but not methylated cytosine77. Therefore, for the 

unmethylated DNA, the resultant sequence after DNA treated with sodium 

bisulfite presents uracil, which is converted to thymine after PCR cycle, instead 

of the cytosine of the original sequence. For the methylated DNA sequence, the 

cytosine would remain unchanged after treatment. In all cases, 500ng or all 

extracted DNA was chemically modified to convert all unmethylated cytosine to 

uracil by EZ DNA Methylation-Gold Kit (Zymo Research) according to the 

manufacturer’s recommendations. The DNA was incubated for 16 hours at 50ºC 

through different denaturalization phases every hour. The DNA-bs was eluted at 

a final concentration of 20ng/µL. 

 
2.4.- Genome-wide	DNA	methylation	array	

Whole-genome DNA methylation was analyzed in trastuzumab-sensitive and 

-resistant models using the Illumina Infinium HumanMethylation450 BeadChip 

(450K; Illumina Inc., CA, USA) as previously described277. The Infinium450K 

interrogates the methylation status of more than 450.000 CpGs through the 

genome. It covers 96% of the CpG island, with additional coverage in island 

shores and the regions flanking them. Interestingly, the 99% of the genes 

annotated in the NCBI Reference Sequence database (RefSeq) are covered in all 

its regions (5’UTR, promoter, gene body and 3’UTR). The annotation of the CG 

island (CGIs) used the following categorization: (i) Shore, for each of the 2-kb 

sequences flanking a CGI; (ii) shelf, for each of the 2-kb sequences next to a 

shore; and (iii) opean sea, for DNA not included in any of the previous sequences 

or in CGIs277. In relation to their position over the gene, probes can be classified 

in: (i) inside the promoter (TSS1500/TSS200), if they are localized between 

1500pb upstream and transcription initiation side; (ii) in the 5’UTR region; (iii) 

in the 3’UTR region; (iv) in gene body and (v) intragenic regions.  

A total of 500ng of bisulfite-converted DNA from SK and SKTR models 

were used to hybridize on Infinium Human Methylation 450 BeadChip, following 
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the Illumina Infinium HD Methylation protocol. Briefly, samples were whole-

genome amplified step followed by enzymatic end-point fragmentation, 

precipitation and resuspension. The resuspended samples were hybridized on 

HumanMethylation 450 BeadChips at 48ºC for 16 hours and then, the 

unhybridized and non-specifically hybridized DNA were washed away. After 

hybridization, a single nucleotide extension using the hybridized bisulfite-treated 

DNA as a template was performed. The nucelotides incorporated were labeled 

with biotin (ddCTP and ddGTP) and 2,4-dinitrophenol (DNP; ddATP and 

ddTTP). Finally, Illumina iScan System, scans the BeadChip, at two wavelengths 

(532nm/660nm). The methylated (green) and unmethylated (red) signals are 

generated in different color channels. The methylation level of each cytosine was 

expressed as a b-value, which represents ratios of the fluorescence intensity of 

the methylated to the unmethylated version of the probes. It is expressed as a 

continuous variable that ranges from 0 (unmethylated) to 1 (fully methylated) 

according to a combination of the two fluorescence intensities (Cy3 and Cy5 

fluorescence). Color balance adjustment and normalization were performed to 

normalize the samples between the two-color channels. b-values with a detection 

p-value>0.01 are considered to fall below the minimum intensity and threshold, 

and these values were consequently removed from further analysis. Additionally, 

the probes that were localized to the sex chromosomes and those CpGs that 

contain single-nucleotide polymorphisms (SNPs) were filtered out. For their 

analysis, the samples were grouped according to the sensitivity or resistance to 

lapatinib and trastuzumab, and the medians of their methylation values were 

calculated for each probe. To carry out the comparisons between groups, the 

differences between methylation medians by groups were calculated, and those 

with the highest changes (≥60%) were selected. By the analysis false discovery 

rate (FDR) below 5% were considered statistically significant. Data were 

deposited into the NCBI Gene Omnibus. 

2.5.-	Bisulfite	Pyrosequencing		

DNA methylation of selected genes was analyzed in our cellular models and 

human samples by pyrosequencing. This methylation analysis method quantifies 

the degree of methylation status of CpG positions in a short fragment of 
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amplified DNA after bisulfite treatment. The procedure can be divided into two 

major steps. To generate a sufficient amount of template bisulfite-treated DNA 

extracted from cell lines and FFPE samples was amplified by PCR under 

standard conditions to convert the PCR product to single-stranded DNA 

templates, using a pair of primers in which one of them is biotinylated. A large 

number of amplification cycles are needed (50) to exhaust de primers and prevent 

the interference of biotinylation with the subsequent sequencing reaction. PCR 

products were verified on 2% agarose gel (Conda agarose in TBE (Tris-Borate 

Edta) 0.5x) and SYBER Safe before pyrosequencing analyze. The single-stranded 

DNA template is added to sepharose beads and a subsequent alkali treatment, 

with the aim to remove salts that inhibit the subsequent enzymatic reaction. This 

preparation step is carried out with Vaccum Prep Tool (Biotage, Sweden), which 

captures the beads and holds them during the different purification steps. 

Pyrosequencing reactions were performed in a PyroMark Q96 System version 

2.0.6 (Qiagen) using appropriate reagents and protocols. Methylation values were 

calculated as an average of high-quality CpG sites (determined a ‘passed’) 

included in the sequences analyzed using Pyro Q-CpG 1.0.9 (Qiagen). The level 

of methylation at each CpG position is then expressed (%) as the ratio of 

methylated cytosine over the sum of total thymine and methylated cytosine. 

Graphic representation of DNA methylation values shows the averaged values 

over multiple CpG sites. The primers for PCR amplification and sequencing were 

designed with PyroMark assay design software version 2.0.01.15. Primers (Table 

5) were chosen based on the methylated CpG detected in the Genome-wide DNA 

methylation DNA analysis. 

 

Table 5. PCR and pyrosequencing primers. 

 

 

Forward Reverse PyroSeq

KILLIN ATGTGGGTGTTTGTGTAAT CCTTTACTCRAAATACTCTTACC CCCCAACCCTTCCTA

CXCL2 GGTTTTTTAGTTTTAATTATGTATAAAAGG ACCTATAACCCRAACTCTATAACT AGTTTTAATTATGTATAAAAGGG

SLC38A1 TGTAGGTTGTGTTTAGGGTTAGT AAAAAACRAAAAAATTACATTATA AAAATAACCRCRAAAATAACAAATC

CTSZ GGTAGGAGTAGYGATGGGATAGTT ACCCCYCACTTTAAACCC GGAGTAGYGATGGGATAGTTT

TGFBI TGGGTGTTTAGGGTAGTTA CCCRAACCAAATTAAATAA GGTGTTTAGGGTAGTTAG

NR2F2 GGAGGTTTAAATTATAAATGG ACCCTTTCCTACTTCCTAT AATTATAAATGGTAATTTTATGTA
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2.6.-	Methylation-specific	PCR	(MSP)	

DNA methylation in cellular models was also analyzed by methylation-

specific PCR (MSP) using a set of primers designed for each analyzed gene by 

Methyl Primer Express program. This specific PCR provides qualitative 

information on the methylation status of a particular sequence405. For this reason, 

specifics primers for modified DNA were used (Table 6). The first pair of 

primers amplifies a sample in which cytosine followed by guanine are not 

methylated. The second pair of primers amplifies the sequences if the cytosines 

are methylated. Therefore, for each sample, two PCR reactions were carried out 

using the same DNA template: one reaction with methylated primers (M: 

methylated) and another with unmethylated primers (U: unmethylated) (Figure 

9). Commercial methylated human male genomic DNA (CpGenome Universal 

Methylated DNA, Millipore) was used as a methylated positive control (IVD: in 

vitro methylated DNA), and DNA from normal lymphocytes (NL) as a positive 

control for unmethylated alleles. The following differences can be visualized by 

UV irradiation following SYBR Safe staining and 2% agarose gel (agarose in 

TBE (Tris-Borate Edta) 0.5X). 
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Figure 9. Schematic process of methylation-specific polymerase chain reaction 
(MSP). Adapted from Zhang et al. 2009406. 

 

The conditions for individual MSP reactions should be carefully optimized. 

Annealing temperature and elongation time may affect the efficiency of PCR and 

the specificity of primer sets. The unmethylated and methylated primer pairs 

were optimized individually tested (see Table 6). Based on the theoretical melting 

temperature of the primer pairs, a range of temperatures for the annealing step 

was. 
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Table 6. MSP primers 

 

	

3.-	GENE	EXPRESSION	ANALYSIS	

3.1.-	RNA	isolation	procedures	

For RNA extraction, cells were PBS washed, and then 1mL of Qiazol 

(Qiagen) was added. Total RNA was treated with RNase-Free DNase Set 

(Qiagen) and isolated using RNeasy Mini Kit (Qiagen) following the 

manufacturer’s instructions. All RNA samples were quantified using NanoDrop 

2000 spectrophotometer (Thermo Scientific).  

 

3.2.-	RNA	sequencing		

Sequencing technology used for the RNA-Seq data in this thesis was from 

Illumina Truseq analysis in Dr. A. Welm’s laboratory at the Huntsman Cancer 

Institute (University of Utah, Salt Lake City, Utah, USA).  

 

Illumina TruSeq Stranded mRNA Sample Prep with oligo dT selection 3.1. 

Library construction is performed using the Illumina TruSeq Stranded mRNA 

Sample Preparation Kit (cat# RS-122-2101, RS-122-2102) as described below. 

Briefly, total RNA (100ng to 4µg) is poly-A selected using poly-T oligo-attached 

magnetic beads. Poly-A RNA eluted from the magnetic beads is fragmented and 

Forward Reverse

MSP_KILLIN_Methylation GAGTTTTTGTTTTCGTCGC CGTCTTCTTCCTTTACTCGAA

MSP_KILLIN-Unmethylation GAGTTTTTGTTTTTGTTGT CATCTTCTTCCTTTACTCAAA

MSP_CXCL2_Methylation TTAAGGGATTTGATTTACGAC CGAATCCCTAAAACGAAA

MSP_CXCL2-Unmethylation GTTTAAGGGATTTGATTTATGAT CCCAAATCCCTAAAACAAAA

MSP_SLC38A1-Methylation GTTTTTCGGGTTGCGTTCG TTTTAAATACGCCAAAACCCCG

MSP_SLC38A1-Unmethylation GGTTTTTTGGGTTGTGTTTG ATTTTAAATACACCAAAACCCCA

MSP_CTSZ-Methylation AGCGATGGGATAGTTTCGTTTC TCGACCTCGACCCAACAC

MSP_CTSZ-Unmethylation AGTAGTGATGGGATAGTTTTGTTTT CTCAACCTCAACCCAACACCC

MSP_TGFBI-Methylation AGGGTAGTTAGGGGCGTAC CCAAATTAAATAAACTACGAACG

MSP_TGFBI-Unmethylation TTTAGGGTAGTTAGGGGTGTAT AAACCAAATTAAATAAACTACAAACA

MSP_NR2F2-Methylation TGGTAATTTTATGTATTTCGTCG CGAAAAATCACATAAACGCT

MSP_NR2F2-Unmethylation AAATGGTAATTTTATGTATTTTGTTG CCACAAAAAATCACATAAACACT
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primed with random hexamers in preparation for cDNA synthesis. First strand 

reverse transcription is accomplished using Superscript II Reverse Transcriptase 

(Invitrogen, cat#18064-014). Second strand cDNA synthesis is accomplished 

using DNA polymerase I and Rnase H under conditions in which dUTP is 

substituted for dTTP, yielding blunt-ended cDNA fragments in which the second 

strand with dUTP. An A-base is added to the blunt ends to prepare the cDNA 

fragments for adapter ligation and block concatamer formation during the ligation 

step. Adapters containing a T-base overhang are ligated to the A-tailed DNA 

fragments. Ligated fragments are PCR-amplified (12-15 cycles) under conditions 

in which the PCR reaction enables amplification of the first strand cDNA 

product, whereas attempted amplification of the second strand product stalls at 

dUTP bases and therefore is not represented in the amplified library.  The PCR-

amplified library is purified using Agencourt AMPure XP beads (Beckman 

Coulter Genomics cat#A63881). Following amplification, the library is purified 

by bead-based methodologies. The concentration of the amplified library is 

measured with a NanoDrop spectrophotometer and an aliquot of the library is 

resolved on an Agilent 2200 Tape Station using a D1K (cat# 5067-5361 and 

5067-5362) or a High Sensitivity D1K (cat# 5067-5363 and 5067-5364) assay to 

define the size distribution of the sequencing library.  Libraries are adjusted to a 

concentration of approximately 10nM and quantitative PCR is performed using 

the KapaBiosystems Kapa Library Quant Kit (cat# KK4824) to calculate the 

molarity of adapter ligated library molecules.  The concentration is further 

adjusted following qPCR to prepare the library for Illumina sequence analysis 

using HiSeq 101 Cycle paired-end sequencing. Sequencing libraries (25 pM) 

were chemically denatured are applied to an Illumina HiSeq v4 paired end flow 

cell using an Illumina cBot. Hybridized molecules were clonally amplified and 

annealed to sequencing primers with reagents from an Illumina HiSeq PE Cluster 

Kit v4-cBot (PE-401-4001). Following transfer of the flowcell to an Illumina 

HiSeq instrument, a 101-cycle paired-end sequence run was performed using 

HiSeq SBS Kit v4 sequencing reagents (FC-401-4002). Sequencing data are 

posted in the Gene Expression Omnibus (GEO) database under accession number 

GSE114575. 
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Reader 1 Adapter: AGATCGGAAGAGCACACGTCTGAACTCCAGTCA 

Reader 2 Adapter: AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

 

3.3.-	Real-time	quantitative	reverse	transcription	PCR		

In order to establish the correlation between the DNA methylation status of 

candidate’s genes and the expression levels, we carried out quantitative real-time 

PCR (qRT-PCR). RNA was reverse-transcribed into cDNA using a High 

Capacity cDNA Archive Kit (Applied Biosystems). Gene expression levels of 

selected genes were assessed using a LightCycler 480 Real-time PCR System 

(Roche) with a LightCycler 480 SYBR Green I Master (Roche). qRT-PCR 

analyses were performed at least four times and each gene was run in triplicate. 

GAPDH was used as an endogenous control to enable normalization. The 

quantification cycle values were normalized according to the 2-dCt methods. For a 

detailed list of the designed primers, please refer to Table 7. 
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Table 7. Primers for qRT-PCR with SYBER Green.  

 

	

4.-	PROTEIN	EXPRESSION	ANALYSIS	

4.1.-	Western	blot	analysis	

Parental (SK and AU) and resistant (SKTR and AUTR) models were 

synchronized by starvation in serum-deprived medium (0.5% FBS) for 24 hours. 

Cells were lysed in ice-cold lysis buffer (Cell Signaling Technology, Inc.) with 

100µg/mL phenylmethylsulfonylfluoride (PMSF). Protein concentration was 

determined with Lowry (DC Protein Assay, Bio-Rad). Equal amounts of protein 

were heated in LDS Sample Buffer with Sample Reducing Agent (Invitrogen) for 

10 minutes at 70°C, separated on SDS-PAGE, and transferred to nitrocellulose 

Forward Reverse

KILLIN TGGTTCTGTGCTTGAGGGTA GCAACATCGGAGAATGCAC

CXCL2 GTCATTTGTTAATATTTCTTCGTGATG CACTGGCCATTTTCTTGGA

SLC38A1 CTTTTGCCACCTTTCCCTTT GAGAGAAACAAACATGCTCCAA

CTSZ CCAGCACATCCCCCAATA CGCTCCCTTCCTCTTGATG

TGFBI GTGTGTGCTGTGCAGAAGGT CATATCCAGGACAGCACTCG

NR2F2 CCATAGTCCTGTTCACCTCAGA AATCTCGTCGGCTGGTTG

SPDYA AGTATGGTGGACTGAATTCTGGA GACCCTCAGAAATTTCCCTTC

TXNDR1 GACCCGGTCACACAAAGC CAATTCCGAGAGCGTTCC

POU4F1 CTGCTTTCTTTTGCGGTAGG CCTCTTTTCTGGGATTTAGGTG

BMP4 TCCACAGCACTGGTCTTGAG TGGGATGTTCTCCAGATGTTCT

ITGB8 CTACCCGCAGGTCTGGAG CGGCTAGGATGCGAGAGA

OTX1 AGACGCATCAGACCCTGAAGGACT CCAGACCTGGACTCTAGACTC

PPARG TGAATGTGAAGCCCATTGAA GAGGACTCAGGGTGGTTCAG

SLC16A3 TCACCTCCTCCCTGATTTTG CTTTGGGCTTCTTCCTAATGC

ANXA3 CCCATCAGTGGATGCT TCACTAGGGCCACCATGAGA

PTRF CCCTGCCACCAAGTTGAG CTGGCTGCTCTGTGATGTTC

SPOCK1 GGCCCACATATCTATCTCTTGC TTTATGTGGCTTTTGTGTGGA

GAPDH ATCATCCCTGCCTCTACTGG GTCAGGTCCACCACTGACAC
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membranes. Blots were incubated for 1 hour in blocking buffer [5% powdered-

skim milk in PBS 0.05% Tween (PBS-T)] and incubated overnight at 4°C with 

the primary antibody diluted in blocking buffer (Table 8). Secondary antibodies 

conjugated to horseradish peroxidase were incubated for 1 hour at room 

temperature. The immune complexes were detected using a chemiluminescent 

HRP substrate [Super Signal West Femto (Thermo Scientific Inc.) or Immobilon 

Western (Millipore)] and in a Bio-Rad ChemiDocTM MP Imaging System. b-

actin and a-tubulin (Cell Signaling Technology, Inc) were used as a control of 

protein loading. The protein bands density was quantified using the ImageJ 

program v.1.51 and the relative quantification was calculated based on the b-

Actin or a-tubulin signal. Western blot analyses were repeated at least three 

times and representative results were shown.  

 

Table 8. Antibody description. 

 
 

	

Antibody #Ref Supplier Dilution Source

KILLIN ab110756 Abcam 1:200 Rabbit

CXCL2 ab9841 Abcam 1:500 Rabbit

SLC38A1 ab60145 Abcam 1:200 Rabbit

TGFBI BAF2935 R&D System 1:500 Goat

NR2F2 ab50487 Abcam 1:200 Rabbit

CTSZ ab89777 Abcam 1:200 Mouse

EGFR 2231 Cell Signaling Technology 1:1000 Rabbit

p-EGFR 2234 Cell Signaling Technology 1:500 Rabbit

HER2 2165 Cell Signaling Technology 1:1000 Rabbit

p-HER2 6942 Cell Signaling Technology 1:500 Rabbit

AKT 9272 Cell Signaling Technology 1:1000 Rabbit

p-AKT 4058 Cell Signaling Technology 1:1000 Rabbit

ERK1/2 9102 Cell Signaling Technology 1:1000 Rabbit

p-ERK1/2 9106 Cell Signaling Technology 1:1000 Rabbit

a-tubulin 3873 Cell Signaling Technology 1:1000 Mouse

b-actin 3700 Cell Signaling Technology 1:1000 Mouse
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5.-	FUNCTIONAL	ENRICHMENT	ANALYSIS		

To understand the biological relevance of the selected genes identified in the 

methylation array, Gene Ontology test (GO)407 (http://www.geneontology.org) 

test was performed. The genes are grouped depending on the biological process 

in which they are involved. GO terms with an adjusted p-value<0.05 were 

considered significant. 

6.-	IN	VITRO	FUNCTIONAL	ASSAYS 
TGFBI depletion was carried out in the SK model with considerable 

endogenous levels of TGFBI. TGFBI overexpression and site-directed 

mutagenesis was performed in the SKTR model, which express low levels. 

TGFBI overexpression vectors were cloned in the laboratory, while the RNA 

interference vectors were designed and acquired from Sigma. 
 

6.1.-	Loss-of-function	assays	

For the TGFBI long-term knockdown in the SK model, five different shRNAs 

were specifically designed against TGFBI mRNA (NM_000358) in five different 

loci, considering a 19-base target sequence. For comparison purposes and to 

evaluate their knockdown efficiency targeting TGFBI-expressing cells, a shRNA 

against MSS2 yeast protein (NM_001180166), absent in mammals, was 

considered as a Scramble408. The shRNA vectors were created by 

oligonucleotide-based cloning. Briefly, the designed shRNA oligos were 

annealed and inserted between the BamHI and EcoRI restriction sites in pLVX-

shRNA2 plasmid, purchased from Clontech, by T4 ligase enzyme (New England 

Biolabs, 400.000U/µl) over-night (o/n) at 4ºC. For shRNA oligonucleotides, 

please refer to Table 9.  

6.2.-	Gain-of-Function	assays	

For stable overexpression experiments, TGFBI ORF (ENSG00000120708, 

2052pb) was amplified from SK cDNA, using the oligo-dT kit (Invitrogen), 

following the manufacturer’s instructions. Specific primers with end-adaptors 

containing XhoI and NotI restriction enzyme sites and a Kozak sequence were 
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used (Table 9). This construction (wild-type) was then used as a template to fuse 

a FLAG-tag in the protein C-terminal region. After purification of the 

amplification product, the restriction enzymes were used to digest both PCR 

fragment and the pLVX-IRES-tdTomato bicistronic expression vector 

(Clontech), that was subsequently ligated by T4 ligase (New England Biolabs, 

400.000U/ µl) at the same conditions as shRNA, and verified by Sanger-

sequencing. An empty vector (Mock) was used as a control.  

6.3.-	Site-directed	mutagenesis		

Site-directed mutagenesis was performed using the TGFBI overexpression 

construction (wild-type) as a template to create its mutated version following a 

PCR based strategy. TGFBI is composed by multimeric domains – four FAS1 

domains and RGD motif. Mutations were performed in three different binding 

motifs of FAS1 domains the NKDIL motif (amino acids 354-358), the highly 

conserved tyrosine and histidine residues YH motif (amino acids 563-580) in the 

four FAS1 domain, and the EPDIM motif (amino acids 617-621) in the second 

FAS1 domains as well as in the C-terminus RGD motif409. These motifs effects 

on adhesion mediated through interactions with various integrin’s including 

α1β1, α3β1, αvβ3, and αvβ5. This construction was then also used as a template 

to fuse a FLAG-tag in the C-terminal of its mutated version (tagged and not 

tagged) following a PCR based strategy. The oligonucleotides used for site-

directed mutagenesis were designed according to the following standard (Table 

9). The amino acid to be mutated in each domain were selected according to their 

polarity, molecular mass (weight), and human frequency mainly. Seven 

mutagenic primers were designed, containing the desired mutation proximal to 5' 

end. Multiple mutations were introduced at the same time into the TGFBI gene 

through different overlapping primers followed by PCR. Then, all fragments 

were assembly with a linearized vector. Inserted mutations are checked by Sanger 

sequencing.  

 

6.4.-	Lentiviral	infection	

To perform the transfection process, 50µl of jetPRIME® (Polyplus-

transfection S.A., Illkirch) was added to a mixture of 10µg of each plasmid 
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construction, 7.5µg of psPAX2 and 2.5µg of pMD2.G plasmids in 1mL of 

jetPRIME® buffer. Each transfection mix was then vortexed and incubated at RT 

for 10min and subsequently added drop-wise to a 10-cm dish containing Lenti-

X™ 293T cells (Clontech) at 80% confluence. After culturing the cells for 4h, the 

culture medium was replaced by 10mL of fresh pre-heated medium (DMEM). 

Viral supernatants were collected and 0.45-µm filtered at 72 hours. SK and 

SKTR models were seeded in 6-well plates 24 hours before infection. Cells were 

infected with viral supernatants for three days and then were checked for 

infection efficiency. After lentiviral transduction, ZsGreen1- positive cells and 

tdTomato-positive cells were sorted by flow cytometry (FACS). The loss-of-

function, overexpression and site-directed mutagenesis of TGFBI were confirmed 

by qRT-PCR and Western blot, following the previously indicated protocol. 

 
6.5.-	Confocal	immunofluorescence	microscopy		

Transfected cells were cultured on adherent coverslips and glass slides were 

mounted using mowiol (Sigma-Aldrich). Multi-color immunofluorescence 

images were then analyzed under a Leica SP5 laser scanning confocal spectral 

microscope (Leica Microsystems) equipped with Argon, DPSS561, HeNe633 and 

405 Diode and a × 63 oil-immersion objective lens (NA 1.32). 

6.6.-	Flow	cytometry	analysis		

Cells were detached by trypsinization process, washed in PBS and then 

10.000 cells/mL were analyzed by flow cytometric analysis using a MoFloä 

XDP High-Performance Cell Sorter (Beckman Coulter) to quantify the green- 

and red-positive cell population. Data were analyzed using Summit v.5.2 

software. Side-scatter (SSD) and forward scatter (FSC) dot plots were performed, 

and only single cells were selected, excluding debris and cells aggregates. 
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Table 9. Oligonucleotides used to create the lentiviral vectors. 

 
 

 
6.7.-	Cell	viability	assays	

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT; Sigma-Aldrich) assay. Briefly, parental and 

resistant cells were plated in 96-well plates at a cell density of 1,5x103 cells per 

well in their growth medium. After 24 hours, growth medium was removed and 

100µL of fresh medium containing the corresponding concentration of 

trastuzumab was added to each well for five days. Following treatment, media 

was replaced by drug-free medium (100µL/well) containing 10µL of 5mg/mL 

MTT solution, and incubation was prolonged for 2 hours a 37ºC. Formazan 

crystals formed by metabolically viable cells were dissolved in DMSO 

Name Sequence

Scramble-F gatccGCGCAGAACAAATTCGTCCATTCAAGAGATGGACGAATTTGTTCTGCGTTTTTTacgcgtg

Scramble-R aattcacgcgtAAAAAACGCAGAACAAATTCGTCCATCTCTTGAATGGACGAATTTGTTCTGCGCg

TGFBI-Sh1-S gatccGGTTATTGGCACTAATAGGTTCAAGAGACCTATTAGTGCCAATAACCTTTTTTg

TGFBI-Sh1-AS aattcAAAAAAGGTTATTGGCACTAATAGGTCTCTTGAACCTATTAGTGCCAATAACCg

TGFBI-Sh2-S gatccGCACGATGCTTGAAGGTAACTTCAAGAGAGTTACCTTCAAGCATCGTGTTTTTTg

TGFBI-Sh2-AS aattcAAAAAACACGATGCTTGAAGGTAACTCTCTTGAAGTTACCTTCAAGCATCGTGCg

TGFBI- Sh3-S gatccGTGGCGTGGTCCATGTCATCTTCAAGAGAGATGACATGGACCACGCCATTTTTTg

TGFBI- Sh3-AS aattcAAAAAATGGCGTGGTCCATGTCATCTCTCTTGAAGATGACATGGACCACGCCACg

TGFBI-Sh4-S gatccGCAGTCATCAGCTACGAGTGTTCAAGAGACACTCGTAGCTGATGACTGTTTTTTg

TGFBI-Sh4-AS aattcAAAAAACAGTCATCAGCTACGAGTGTCTCTTGAACACTCGTAGCTGATGACTGCg

TGFBI-Sh5-S gatccGGAAGGCGATCATCTCCAATTCAAGAGATTGGAGATGATCGCCTTCCTTTTTTg

TGFBI-Sh5-AS aattcAAAAAAGGAAGGCGATCATCTCCAATCTCTTGAATTGGAGATGATCGCCTTCCg

sh tdTOMATE1-
S gatccGCGCTGATCTACAAGGTGAATTCAAGAGATTCACCTTGTAGATCAGCGTTTTTTACGCGTg

sh tdTOMATE1-
AS aattcACGCGTAAAAAACGCTGATCTACAAGGTGAATCTCTTGAATTCACCTTGTAGATCAGCGCg

TGFBI-XhoI-S aaaaaaCTCGAGCCGCCACCATGGCGCTCTTCGTGCGGCTGC

TGFBI-mut1-AS GTGGCTAGGATAATAATAATGGAGATGATCGCCTTCCCGTTGATAGTG

TGFBI-mut1-S GATCATCTCCATTATTATTATCCTAGCCACCAACGGGGTGATCCACTACATTGATGAGC

TGFBI-mut2-AS CATCACCAATGAAGAATTTCAGGATGTTGGCAAGTTCCTTGGCATC

TGFBI-mut2-S CATCCTGAAATTCTTCATTGGTGATGAAATCCTGGTTAGCGGAGGCATCGGGG

TGFBI-mut3-AS GTGGCCATGATAATAGGAATGGCAACAGGCTCCTTGTTGACACTCACCACATTGTTTTTC

TGFBI-mut3-S GAGCCTGTTGCCATTCCTATTATCATGGCCACAAATGGCGTGGTCCATGTCATCACCAATGTT

TGFBI-mut4-AS CTGCAAGTTCAATGGCAATTTCCTGAGGTCTGTTGGCTGGAGGCTGCAGAACATTG

TGFBI-mut4-S GACCTCAGGAAATTGCCATTGAACTTGCAGACTCTGCGCTTGAGATCTTCAAACAAG

TGFBI-NotI-AS aaaaaaGCGGCCGCCTAATGCTTCATCCTCTCTAATAACTTTTGATAGACAGGGG

TGFBI-FLAG-
NotI-AS

aaaaaaGCGGCCGCCTACTTgTCGTCGTCgTCCTTGTAgTCgCCgctgCCATGCTTCATCCTCTCTAATAACTT
TTGATAGACAGGGGC
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(100µL/well) and absorbance was determined at 570nm in a multi-well plate 

reader Benchmark Plus, Bio-Rad). Using control OD values (C) and test OD 

values (T), % cell proliferation inhibition (% CPI) was calculated from the 

equation 100 - [(T x 100) / C]. Data presented are from three separate wells per 

assay and the assay was performed at least three times. 

7.-	STATISTICAL	ANALYSIS		

7.1.-	Treatments	and	in	vitro	studies	

All data are expressed as mean±standard error of the mean (SEM). Normality 

and homoscedasticity were evaluated using Shapiro-Wilks and Levene tests, 

respectively. For normally distributed continuous variables Student's t-test were 

performed. Parametric analysis by ANOVA using a Bonferroni or Tamhane T2 

post hoc test was used when comparing more than two groups. Data were 

analyzed by the Mann-Whitney U tests for non-normally independent variables 

when comparing two groups or Kruskal Wallis when comparing more than two 

groups. The level of significance was set at p<0.05 and are represented by 

asterisks, as follows: p < 0.05 (denoted as *), p < 0.01 (denoted as **) and p < 

0.001 (denoted as ***). All observations were confirmed by at least three 

independent experiments. The statistical analysis was performed using the IBM 

SPSS (Version 21,0; SPSS Inc.). 

 

7.2.-	Patients	related	studies	

In the patient cohort we analyzed TGFBI promoter methylation status and its 

association with the clinical-histopathological characteristics. Patient data were 

summarized as median (first quartile-third quartile) for continuous variables, and 

frequencies and percentages for categorical variables. The potential association 

between clinical-histopathological characteristics and levels of TGFBI 

methylation (low ≤20%, high ≥20%) or differences in TGFBI methylation before 

and after treatment were analyzed using the Mann-Whitney U and Kruskal-

Wallis tests for continuous variables and the Chi-square or Fisher exact tests, as 

appropriate, for categorical variables. The correlation between variables was 

observed using Spearman’s Rho coefficient.  Characteristic (ROC) curves were 
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used to assess the predictive capacity of the TGFBI marker.  Levels of 

significance was set at p<0.05 and are represented by asterisks, as follows: p < 

0.05 (denoted as *), p < 0.01 (denoted as **) and p < 0.001 (denoted as ***). The 

statistical analysis was performed using the IBM SPSS software (Version 21,0; 

SPSS Inc.). 
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1.-	GENOME-WIDE	DNA	METHYLATION	ANALYSIS	IN	TRASTUZUMAB,	
LAPATINIB	AND	TRASTUZUMAB	PLUS	LAPATINIB-SENSITIVE	AND	RESISTANT	

BREAST	CANCER	MODELS		

Trastuzumab and lapatinib resistance is a huge challenge when treating 

HER2+ BC patients. For this reason, it is necessary to explore the mechanisms of 

each type of resistance and develop a feasible treatment strategy for it. The DNA 

methylation and expression pattern analysis using different microarray and 

sequencing technology, may help us to discover which genes are involved in drug 

resistance and could be used to determine potential biomarkers and to explore 

novel diagnostic and therapeutic strategies. To determine which genes 

epigenetically regulated contribute to trastuzumab, lapatinib and trastuzumab plus 

lapatinib-resistant phenotype, the preclinical models of acquired resistance to 

trastuzumab (TR), lapatinib (LR) and trastuzumab plus lapatinib (TLR), 

developed by our group, were analyzed.  

 

SKTR and SKLR were developed previously in our laboratory using the long-

term method (12 months) and a high drug concentration exposure of trastuzumab 

or lapatinib in keeping with the Nahta R et al. methodology401,410. As a preclinical 

model of acquired resistance to both anti-HER2 drugs, was similar to a metastatic 

BC patient’s treatment, the double-resistant model (SKTLR) was developed later 

and derived from SKTR following the same methodology as mono-resistant 

models. The SKTLR model treated with trastuzumab (10-4µM) plus increasing 

concentrations of lapatinib (0.05-10µM) for five days showed a significantly 

more resistant pattern to both drugs compared with the SKTR and SK models 

(Figure 10A).  

 

Some HER family protein receptors and their downstream proteins related to 

PI3K/AKT/mTOR and MAPK/ERK1/2 pathways were analyzed to elucidate the 

molecular mechanisms regarding the acquired resistance in our SKTLR model 

(Figure 10B), as was performed previously for mono-resistant models401. SKTLR 

showed a significant increase in expression levels of p-EGFR, p-HER4 and p-
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AKT and to a lesser extent in EGFR and p-HER2, whereas levels of p-HER3 

were decreased compared with the parental (SKTR). Similar levels between 

SKTR and SKTLR were observed for the other downstream proteins. 

.  

  
Figure 10. Characterization of trastuzumab plus lapatinib-resistant model (SKTLR). 
(A) Cell proliferation inhibition in trastuzumab-sensitive (SK), -resistant (SKTR) and 
trastuzumab plus lapatinib-resistant (SKTLR) models. SK, SKTR and SKTLR were 
treated with trastuzumab (10-4µM) plus increasing concentrations of lapatinib (0.1–1µM) 
for five days. Experiments were performed at least three times in triplicates. *(p<0.05), 
**(p < 0.01) and ***(p < 0.001) indicate levels of statistically significance. 
(B) Characterization of SKTLR and its corresponding parental model (SKTR) for the HER 
receptor family and downstream proteins expression and activation status by Western blot. 
Results shown are representative of those obtained from three independent experiments.  

 
1.1.-	 DNA	 methylation	 landscape	 in	 trastuzumab,	 lapatinib	 and	

trastuzumab	plus	lapatinib-sensitive	and	-resistant	breast	cancer	models	
 
Analyzing the methylation profile of the human genome is an epigenomic 

approach that can be addressed using the Infinium HumanMethylation450 

BeadChip (450k array). This technology is a validated tool for carrying out 

epigenomic projects because it allows the methylation status of approximately 

450,000 CpGs located throughout the human genome to be detected277. This 

approach has recently been employed for several groups and aims at identifying 
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genes regulated by DNA methylation for clinical applications such as 

biomarkers411,412. Therefore, we took advantage of 450K array methodology to 

characterize the DNA methylation profile associated with trastuzumab and 

lapatinib resistance in HER2+ BC and compare the sensitive (SK) and -resistant 

(SKTR, SKLR and SKTLR) BC models (Annex I, Supplementary Figure 1). The 

results were normalized and analyzed following the established protocol for this 

platform and sex chromosomes were excluded from the analysis due to the fact 

that they usually represent a high source of variation on DNA methylation 

levels277,413. 

 

The global analysis of the DNA methylation (β-values) corresponding to the 

CpG sites with p-value<0.01 (469,927 CpGs) showed some differences in the 

scatter plot (Figure 11A) between SKTR, SKLR and SKTLR compared to SK. 

The scatter plot of SKTR (r2=0.9313) revealed 27,314 differentially methylated 

CpGs (∆β≥0.20) between the BC models that were ‘sensitivity’ and the 

‘resistance to trastuzumab’. In particular, the number of CpGs that gained (red 

triangle in scatter plot) and lost (green triangle in scatter plot) a methylation level 

≥0.20 in SKTR with respect to SK were 14,845 and 12,469, respectively (Figure 

11A, Upper panel). The SKLR model presented the highest correlation 

methylation CpGs levels with SK (r2=0.9425), revealing 21,135 differentially 

methylated CpGs (∆β≥0.20), with 13,944 CpGs that gained (red triangle in 

scatter plot) and 7,191 CpGs that lost (green triangle in scatter plot) a methylation 

level ≥0.20 in SKLR respect to SK (Figure 11A, Middle panel). Finally, the 

SKTLR model presented the most different methylation pattern (r2=0.9014) 

compared to SK, with 38,636 differentially methylated CpGs (∆β≥0.20) between 

SK and SKTLR models. In particular, the number of CpGs that gained (red 

triangle in scatter plot) and lost (green triangle in scatter plot) a methylation level 

≥0.20 in SKTLR with respect to SK were 28,544 and 10,094, respectively 

(Figure 11A, Lower panel).  

 

Supervised hierarchical clustering of the 5000 most variable CpGs confirmed 

distinctly different methylation patterns between our developed sensitive and 

resistant models (Figure 11B). However, similar average values of DNA 
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methylation levels were observed between different analyzed samples. Presenting 

the SKTLR model slightly higher methylation average levels compared to the 

other resistant models (Figure 11C). 

 

As expected, all cellular models analyzed presented the typical features of 

cancer methylation patterns, with a more poorly methylated CpGs (Δβ<0.33) and 

less highly methylated CpGs (Δβ>0.66; Figure 11D).  
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Figure 11. Analysis of the DNA methylation profile associated with anti-HER2 
treatment resistance in HER2+ breast cancer models. (A) Scatter plot representing 
DNA methylation normalized levels (β-values) of trastuzumab- and lapatinib-resistant 
models (SKTR, SKLR and SKTLR) compared to the sensitive model (SK). Red and green 
triangles indicate the CpGs that gained and lost, respectively, a methylation level ≥0.20 in 
resistant models compared to the sensitive. (B) Supervised clustering of the 5000 most 
variables CpGs between the sensitive and resistant models. Green indicates 0% methylated 
and red 100% methylated. (C) Average global methylation levels for each model analyzed. 
The central solid line indicates the median and the limits of the vertical lines show the 
upper and lower percentiles. (D) Histograms show bimodal distribution pattern of the 
DNA methylation profile in sensitive and resistant models. The frequency of CpGs 
according to DNA methylation levels are represented in the graph. 
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DNA methylation is an epigenetic mechanism that usually affects CpG 

islands and promoters regulating the expression of the genes311,414. Therefore, the 

CpG sites representing promoter regions, defined as a region of 200 or 1500 

bases upstream from transcription start site (TSS200 and TSS1500, respectively), 

the 5’UTR region as well as 1st Exon, were selected to investigate the biological 

relevance. This selection yielded 89,168 CpGs and 13,508 genes. Like the global 

methylation analysis, the supervised clustering of the 5000 most variable CpGs 

from promoter and islands regions showed a methylation pattern that clearly 

discriminated between SK and SKTR, SKLR and SKTLR models (Figure 12A). 

To verify whether the methylation observed in these genes had an impact on their 

transcriptional expression or not, we also performed a transcriptomic analysis 

using Illumina TruSeq (RNA sequencing; RNA-Seq) in all the models analyzed. 

Transcriptomic sequencing analysis revealed the expression pattern of 16,100 

genes. As with the methylation array, the hierarchical clustering of all genes 

analyzed showed an expression pattern that could differentiate between sensitive 

and resistant models (Figure 12B). Like the DNA methylome analysis, the SKLR 

model presented the most similar expression pattern to the SK model. 

Interestingly, the SKTR model presented the most different expression pattern 

compared to the other models. 

 

The combination of the two comprehensive analyses, (i.e. the DNA 

methylation array (450K) and the RNA sequencing analysis (RNA-Seq)), has 

been used as a powerful tool to appropriately detect some epigenetically 

regulated genes that could be used as potential trastuzumab and lapatinib 

resistance biomarkers in the clinic. 
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Figure 12. DNA methylation profile of promoter and island region and expression 
pattern of trastuzumab, lapatinib and trastuzumab plus lapatinib-sensitive and -
resistant HER2+ breast cancer models. (A) Supervised clustering of the 5000 most 
variable CpGs between the sensitive (SK) and resistant models (SKTR, SKLR and 
SKTLR). Green is 0% methylated and red 100% methylated. (B) Hierarchical clustering of 
16100 genes identified in our sensitive and resistant models. The heatmap was clustered 
by Euclidean distance of expression. Colors indicate the range of each gene’s expression 
with the lowest expression in blue and the highest in orange 
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2.-	THE	IDENTIFICATION	OF	GENES	RESPONSIBLE	FOR	TRASTUZUMAB,	
LAPATINIB	AND	TRASTUZUMAB	PLUS	LAPATINIB	RESISTANCE	IN	OUR	HER2+	

BREAST	CANCER	MODELS 

 

2.1.-	Identifying	potential	epigenetic	biomarkers	in	trastuzumab	and	
lapatinib-	resistant	HER2+	models		

 
After comparing the DNA methylome and transcriptomic analysis in our 

resistant models to the sensitive one, further comparisons between the sensitive 

and resistant models were performed to address whether epigenetic changes in 

some genes can be associated with trastuzumab, lapatinib and trastuzumab plus 

lapatinib resistance. Each mono-resistant model was compared to the sensitive 

model from which they derive. Contrary to this, SKTLR was compared with its 

parental line SKTR as well as with the SKLR model to determine the 

characteristic double-resistance pattern (Annex I, Supplementary Figure 1).  
 
A DNA promoter and island methylation and expression analysis were 

performed for each comparison. To obtain a broader insight into the molecular 

mechanisms of drug resistance, an integrative analysis of the methylation array 

and RNA-Seq data (Venn Diagram) was carried out to find the genes which had a 

correlation between promoter and island methylation and their expression pattern.  
 

2.1.1.-	Mono-resistant	models	comparison	

 

Trastuzumab-sensitive and -resistant models comparison 

A DNA methylation profile characterization of trastuzumab resistance in 

HER2+ BC by comparing the SK and SKTR models was performed (Annex I, 

Supplementary Figure 1). With the aim of identifying epigenetically regulated 

genes as potential resistance biomarkers, we focused our study on analyzing the 

methylation levels of the CpG sites located at regulatory regions. The supervised 

clustering of the most variable CpGs from promoters and islands (Δβ≥0.20), 

showed a methylation pattern that clearly discriminated between the SK and 

SKTR models, thus corroborating the previous results (Figure 13A). Next, we 
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used more stringent criteria to determine the most differentially methylated CpGs 

among the promoters and islands. In SKTR, we considered the CpGs with a 

methylation level (β) in SK<0.20 and in SKTR>0.60 as hypermethylated and as 

hypomethylated the CpGs with a methylation level (β) in SKTR<0.20 and in 

SK>0.60. This analysis revealed 184 differentially methylated CpGs 

corresponding to 152 genes which, according to a gene ontology (GO) analysis, 

were significantly associated (false discovery rate (FDR)<0.05) with several 

biological processes related to cancer, such as cell adhesion pathways 

(GO:0007155), regulation of transcription (GO:0006355), development 

(GO:0007275) and control of apoptosis (GO:0043065) (Figure 13B). To verify 

whether the methylation observed in these genes had an impact on their 

transcriptional expression or not, we performed a transcriptomic analysis with 

RNA-Seq comparing the SK and SKTR models and obtained 1,995 genes 

overexpressed and 3,191 downregulated in SKTR displaying a fold change ≥1.5 

over the SK model. Then we correlated the genes differentially methylated at the 

promoter and island, with those differentially expressed between SK and SKTR 

(Figure 13C). We identified 31 hypermethylated and downregulated genes and no 

gene hypomethylated and overexpressed in SKTR with respect to the SK model 

(Table 10). From the list of 31 genes, we selected three genes: TGFBI or BIGH3 

(Transforming growth factor β induced), CXCL2 (C-X-C motif chemokine ligand 

2) and SLC38A1 (Solute carrier Family 38 Member 1) for further analysis. 

TGFBI, CXCL2 and SLC38A1 were selected because of the high number of 

differentially methylated CpGs (≥3 CpG sites) that they presented and their 

previous implications in BC415–417. Besides, KILLIN or KLLN (P53 regulated 

DNA replication inhibitor) derived from the methylation array were also selected 

due to its relation with PTEN (i.e., share the same transcription start site) and to 

its previous implication in BC418–420.  
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Figure 13. Analysis of the DNA methylation profile associated with trastuzumab 
resistance in breast cancer models. (A) Supervised clustering of the most variable CpGs 
(Δβ≥0.20) from island and promoter regions between the SK and SKTR models. Green is 
0% methylated and red 100% methylated. (B) Summary of gene ontology (GO) analysis of 
the biological process categories for the 152 differentially methylated genes at CpG island 
and promoter levels between the SK and SKTR models. (C) Venn diagram showing the 
differentially methylated and differentially expressed genes (obtained by RNA-Seq) 
between the SK and SKTR models. The names of the 31 hypermethylated and 
downregulated genes in SKTR compared to SK model are indicated. 
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Table 10. Thirty-one differentially methylated and expressed genes, between the SK and 
SKTR models, in the CpG island and promoter region. Bold denotes the three final genes 
with methylation and expression pattern correlation selected for further analysis (KILLIN 
is not included). CpGs were defined as hypomethylated (negative Δβ values) or 
hypermethylated (positive Δβ values). 

TargetID Chr Position Gene name  Gene region SK SKTR SKTR 
vs SK 

cg22893248 7 150020751 ACTR3C;ACTR3C;LRRC61;L
RRC61 

1stExon;5'UTR;5'UTR;5'
UTR 0.19 0.73 0.54 

cg06837791 19 8429491 ANGPTL4;ANGPTL4 1stExon;1stExon 0.17 0.61 0.44 

cg02505409 19 8429160 ANGPTL4;ANGPTL4;ANGPT
L4;ANGPTL4 

5'UTR;1stExon;5'UTR;1s
tExon 0.16 0.79 0.63 

cg20841906 3 160822911 B3GALNT1;B3GALNT1;B3GA
LNT1;B3GALNT1;B3GALNT1 

5'UTR;5'UTR;5'UTR;5'U
TR;TSS1500 0.06 0.7 0.64 

cg00630212 4 74965135 CXCL2 TSS200 0.16 0.65 0.49 
cg18804985 4 74965226 CXCL2 TSS1500 0.18 0.96 0.78 
cg19031658 4 74964856 CXCL2;CXCL2 1stExon;5'UTR 0.05 0.89 0.85 
cg22847221 4 74964920 CXCL2;CXCL2 1stExon;5'UTR 0.13 0.61 0.48 
cg26558485 1 47489282 CYP4X1;CYP4X1 1stExon;5'UTR 0.14 0.69 0.54 
cg17264618 3 40429014 ENTPD3 5'UTR 0.14 0.61 0.46 
cg14798656 2 97760745 FAHD2B TSS200 0.17 0.62 0.45 

cg15860013 3 138327718 FAIM;FAIM;FAIM;FAIM;FAI
M;FAIM;FAIM 

5'UTR;TSS200;1stExon;
5'UTR;1stExon;5'UTR;1s
tExon 

0.18 0.68 0.5 

cg20986370 4 57976171 IGFBP7 1stExon 0.19 0.69 0.49 
cg08757148 1 24513722 IL28RA;IL28RA;IL28RA 1stExon;1stExon;1stExon 0.11 0.67 0.56 
cg03470088 1 24513939 IL28RA;IL28RA;IL28RA TSS200;TSS200;TSS200 0.05 0.79 0.75 
cg01549404 16 55358636 IRX6;IRX6 5'UTR;1stExon 0.11 0.61 0.5 
cg01666600 17 21279561 KCNJ12 TSS200 0.05 0.7 0.65 
cg03928539 17 21279613 KCNJ12 TSS200 0.08 0.62 0.54 
cg01637175 17 21281507 KCNJ12 5'UTR 0.08 0.78 0.7 
cg01568244 16 67218584 KIAA0895L;EXOC3L TSS1500;Body 0.14 0.82 0.69 
cg01429321 5 121413797 LOX;LOX 5'UTR;1stExon 0.1 0.62 0.52 
cg07753583 7 150020206 LRRC61;ACTR3C;LRRC61 TSS200;5'UTR;TSS200 0.17 0.86 0.69 
cg10348193 7 150020240 LRRC61;ACTR3C;LRRC61 TSS200;5'UTR;TSS200 0.15 0.97 0.82 
cg11026333 7 150020269 LRRC61;ACTR3C;LRRC61 TSS200;5'UTR;TSS200 0.06 0.98 0.92 

cg01270001 7 150020401 LRRC61;ACTR3C;LRRC61;L
RRC61;LRRC61 

1stExon;5'UTR;5'UTR;5'
UTR;1stExon 0.13 0.94 0.81 

cg07151644 6 31649089 LY6G5C TSS1500 0.16 0.6 0.44 

cg18614734 15 96876248 NR2F2;NR2F2;NR2F2;MIR14
69;NR2F2 

Body;Body;5'UTR;TSS1
500;TSS1500 0.18 0.65 0.47 

cg22932336 19 4535070 PLIN5 5'UTR 0.1 0.88 0.78 
cg04532834 19 4535188 PLIN5;PLIN5 1stExon;5'UTR 0.17 0.64 0.46 
cg11804833 17 40575289 PTRF;PTRF 1stExon;5'UTR 0.08 0.62 0.54 
cg24441185 18 9708096 RAB31 TSS200 0.06 0.92 0.86 
cg03485262 14 92980031 RIN3 TSS200 0.04 0.72 0.68 
cg08114373 14 92980204 RIN3;RIN3 5'UTR;1stExon 0.17 0.61 0.44 
cg12831261 21 45078437 RRP1B;HSF2BP TSS1500;5'UTR 0.01 0.93 0.92 
cg09363539 3 124931746 SLC12A8 TSS200 0.01 0.82 0.81 
cg03859162 13 99404887 SLC15A1;SLC15A1 1stExon;5'UTR 0.12 0.66 0.55 
cg25999267 3 39424992 SLC25A38;SLC25A38 1stExon;5'UTR 0.19 0.75 0.56 
cg09327770 12 46663270 SLC38A1;SLC38A1 TSS200;TSS200 0.02 0.83 0.81 
cg20463033 12 46663274 SLC38A1;SLC38A1 TSS200;TSS200 0.01 0.77 0.76 
cg24795297 12 46663281 SLC38A1;SLC38A1 TSS200;TSS200 0.07 0.77 0.71 
cg06816106 2 29033352 SPDYA;SPDYA TSS1500;TSS1500 0.18 0.64 0.46 
cg21034676 5 135364552 TGFBI TSS200 0.11 0.61 0.51 
cg14120129 5 135364575 TGFBI TSS200 0.06 0.61 0.55 
cg09873933 5 135364580 TGFBI TSS200 0.09 0.63 0.54 
cg06093379 17 44896080 WNT3;WNT3 5'UTR;1stExon 0.01 0.83 0.82 
cg17289202 18 56530789 ZNF532 5'UTR 0.13 0.8 0.67 

TargetID: Column represents the name of each methylation probe. 
Chr: Chromosome. 
Position: Position in the genome (hg19). 
SK and SKTR column: b-values indicate the levels of methylation for each probe. 
SKTR vs. SK column: Differences in the β values for a given CpG site between models (Δβ values).  
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Lapatinib-sensitive and -resistant models comparison 

Like the SKTR model, the DNA methylation of promoter and island profile 

characterization of lapatinib resistance in HER2+ BC had been performed 

comparing the SK and SKLR models (Annex I, Supplementary Figure 1). The 

supervised clustering of the most variable CpGs from promoters and islands 

(Δβ≥0.20), showed a methylation pattern that clearly discriminated between the 

SK and SKLR models (Figure 14A). As in the SKTR and SK comparison, we 

used more stringent criteria to identify the most differentially methylated CpGs in 

the analyzed regions, i.e., considering in SKLR the CpGs with a methylation 

level (β) in SK<0.20 and in SKLR>0.60 as hypermethylated, while in SKLR the 

CpGs with a methylation level (β) in SKLR<0.20 and in SK>0.60 were 

considered as hypomethylated. This analysis revealed 120 differentially 

methylated CpGs corresponding to 82 genes which, according to the GO analysis, 

the differentially methylated genes were significantly associated (FDR<0.05) 

with several biological processes related to cancer, including cell proliferation 

(GO:0008283), regulation of transcription (GO:0006355), and morphogenesis 

(GO:0042472) (Figure 14B). The RNA-Seq between SK and SKLR models 

showed 1,748 genes overexpressed and 2,160 genes downregulated in SKLR 

displaying a fold change ≥1.5 over the SK model. The correlation between 

expression and methylation patterns allowed us to obtain 15 genes (Table 11), 12 

of which were hypermethylated and downregulated and 3 hypomethylated and 

overexpressed in SKLR model (Figure 14C). From the list of 15 genes, we 

ultimately selected the TXNRD1 (Thioredoxin reductase 1) gene for further 

analysis because of the high number of differentially methylated CpGs (≥3 CpG 

sites) that it presented and its previously described interaction with the HER2 

receptor and implications in HER2+ BC421,422. 
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Figure 14. Analysis of the DNA methylation profile associated with lapatinib 
resistance in breast cancer models. (A) Supervised clustering of the most variable CpGs 
(Δβ≥0.20) from island and promoter regions between SK and SKLR models. Green is 0% 
methylated and red 100% methylated. (B) Summary of gene ontology (GO) analysis of the 
biological process categories for the 82 differentially methylated genes at CpG island and 
promoter levels between the SK and SKLR models. (C) Venn diagram showing the 
differentially methylated and expressed genes (obtained by RNA-Seq) between the SK and 
SKLR models. The names of the 15 genes, (12 hypermethylated and downexpressed genes 
and 3 hypomethylated and overexpressed genes in SKLR compared to SK model) are 
indicated. 
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Table 11. Fifteen differentially methylated and expressed genes between the SK and 
SKLR models in the CpG island and promoter region. Bold denotes the gene finally 
selected for further analysis. CpGs were defined as hypomethylated (negative Δβ values) 
or hypermethylated (positive Δβ values). 

TargetID Chr Position Gene name  Gene region SK SKLR 
SKLR vs. 
SK 

cg02505409 19 8429160 ANGPTL4;ANGPTL4;AN
GPTL4;ANGPTL4 

5'UTR;1stExon;5'UTR;1stExon 0.16 0.83 0.67 

cg13930892 11 2292000 ASCL2;ASCL2 1stExon;5'UTR 0.07 0.62 0.55 

cg02774855 2 29338636 CLIP4 5'UTR 0.16 0.62 0.45 

cg07823585 1 95392682 CNN3;CNN3 5'UTR;1stExon 0.06 0.71 0.64 

cg18158385 1 95392678 CNN3;CNN3 5'UTR;1stExon 0.05 0.63 0.58 

cg22045340 1 95392675 CNN3;CNN3 5'UTR;1stExon 0.12 0.65 0.52 

cg26558485 1 47489282 CYP4X1;CYP4X1 1stExon;5'UTR 0.14 0.72 0.58 

cg17264618 3 40429014 ENTPD3 5'UTR 0.14 0.63 0.48 

cg04853843 16 55358461 IRX6 TSS200 0.12 0.64 0.53 

cg10250663 16 55358458 IRX6 TSS200 0.03 0.72 0.69 

cg01549404 16 55358636 IRX6;IRX6 5'UTR;1stExon 0.11 0.76 0.64 

cg01666600 17 21279561 KCNJ12 TSS200 0.05 0.61 0.56 

cg03934926 11 75141835 KLHL35 TSS200 0.17 0.73 0.56 

cg24767041 6 32811733 PSMB8;PSMB8 Body;1stExon 0.12 0.75 0.63 

cg24893844 6 32811694 PSMB8;PSMB8 Body;1stExon 0.17 0.60 0.43 

cg03485262 14 92980031 RIN3 TSS200 0.04 0.64 0.60 

cg03498383 16 68002044 SLC12A4;SLC12A4;SLC
12A4;SLC12A4 

Body;Body;Body;TSS1500 0.08 0.73 0.65 

cg00588621 12 104697620 EID3;TXNRD1;TXNRD
1;TXNRD1;EID3;TXNR
D1;TXNRD1 

1stExon;5'UTR;5'UTR;Body;5'UTR;
Body;5'UTR 

0.90 0.07 -0.83 

cg05057777 12 104697631 EID3;TXNRD1;TXNRD
1;TXNRD1;EID3;TXNR
D1;TXNRD1 

1stExon;5'UTR;5'UTR;Body;5'UTR;
Body;5'UTR 

0.88 0.03 -0.85 

cg01848457 12 104697983 EID3;TXNRD1;TXNRD
1;TXNRD1;TXNRD1;T
XNRD1 

1stExon;5'UTR;5'UTR;Body;Body;5'
UTR 

0.74 0.07 -0.67 

cg24767336 19 41860095 TGFB1 TSS1500 0.66 0.17 -0.49 

cg03817911 12 104697389 TXNRD1;TXNRD1;TXN
RD1;EID3;TXNRD1;TX
NRD1 

5'UTR;5'UTR;Body;TSS200;Body;5'
UTR 

0.97 0.02 -0.95 

cg09477407 12 104697545 TXNRD1;TXNRD1;TXN
RD1;EID3;TXNRD1;TX
NRD1 

5'UTR;5'UTR;Body;TSS200;Body;5'
UTR 

0.86 0.06 -0.80 

cg18633684 12 104697387 TXNRD1;TXNRD1;TXN
RD1;EID3;TXNRD1;TX
NRD1 

5'UTR;5'UTR;Body;TSS200;Body;5'
UTR 

0.87 0.16 -0.71 

cg20923245 12 104697419 TXNRD1;TXNRD1;TXN
RD1;EID3;TXNRD1;TX
NRD1 

5'UTR;5'UTR;Body;TSS200;Body;5'
UTR 

0.97 0.02 -0.95 

cg21234561 12 104697526 TXNRD1;TXNRD1;TXN
RD1;EID3;TXNRD1;TX
NRD1 

5'UTR;5'UTR;Body;TSS200;Body;5'
UTR 

0.96 0.04 -0.92 

cg26614816 12 104697532 TXNRD1;TXNRD1;TXN
RD1;EID3;TXNRD1;TX
NRD1 

5'UTR;5'UTR;Body;TSS200;Body;5'
UTR 

0.97 0.09 -0.89 

cg27205904 12 104697514 TXNRD1;TXNRD1;TXN
RD1;EID3;TXNRD1;TX
NRD1 

5'UTR;5'UTR;Body;TSS200;Body;5'
UTR 

0.91 0.10 -0.80 

TargetID: Column represents the name of each methylation probe. 
Chr: Chromosome. 
Position: Position in the genome (hg19). 
SK and SKLR column: b-values indicate the levels of methylation for each probe. 
SKLR vs. SK column: Differences in the β values for a given CpG site between models (Δβ values).  
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2.1.2.-	Double-resistant	model	comparison	
 
As explained before, the combination of different therapies directed against 

the extracellular and intracellular domains of the HER2 receptor, known as the 

vertical blockade, has been described to achieve a better inhibition of HER2 

pathway. Currently, lapatinib is administered in combination with capecitabine in 

advanced or HER2+ MBC patients who had previously received trastuzumab in 

combination with chemotherapy as first-line treatment. Consequently, we wanted 

to identify specific genes altered during the double-resistant acquisition as 

potential biomarkers of HER2+ resistant MBC using the SKTLR model we 

developed.  

 

Like the mono-resistant model comparisons, the global DNA methylation (β-

values) characterization of trastuzumab plus lapatinib resistance comparing the 

SKTLR and SKTR or SKLR models were performed first (Annex I, 

Supplementary Figure 1). Moreover, the DNA promotor and island methylation 

and the expression pattern were also analyzed to identify genes epigenetically 

regulated in each comparison.  

 

Trastuzumab plus lapatinib-resistant (SKTLR) and trastuzumab-
resistant (SKTR) models comparison  

 

To characterize the DNA methylation profile associated with double-

resistance in HER2+ BC, we first performed the global DNA methylation (β 

values) analysis by comparing the SKTLR and SKTR model. The scatter plot 

indicated a different global methylation pattern between the SKTLR and SKTR 

(r2=0.9389), revealing 25,426 differentially methylated CpGs (∆β≥0.20) between 

both models. In particular, the number of CpGs that gained (red triangle in scatter 

plot) and lost (green triangle in scatter plot) a methylation level ≥0.20 in SKTLR 

with respect to SKTR were 20,417 and 5,009, respectively (Figure 15A).  

 

After the global methylation pattern analysis, we focused our study on 

analyzing the methylation levels of the CpG sites located at the regulatory 

regions. The supervised clustering of the most variable CpGs (Δβ≥0.20) from 
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promoter and island was clearly differentiated in the SKTLR and the SKTR 

models (Figure 15B). Next, we used more stringent criteria to determine the most 

differentially methylated CpGs in these regions, considering the CpGs with a 

methylation level (β) in SKTR<0.20 and in SKTLR>0.60 as hypermethylated in 

SKTLR and the CpGs with a methylation level (β) in SKTLR<0.20 and in 

SKTR>0.60 as hypomethylated. This analysis revealed 211 differentially 

methylated CpGs corresponding to 166 genes. According to the GO analysis, 

these genes were significantly associated (FDR<0.05) with different biological 

processes including cell adhesion pathways (GO:0007155), regulation of 

transcription (GO:0045944), transport (GO:0006810), regulation of cell 

proliferation (GO:0008284), regulation of actin cytoskeleton organization 

(GO:0032956), regulation of phosphatidylinositol 3-kinase activity 

(GO:0043552), regulation of cell adhesion (GO:0007162), DNA methylation 

(GO:0010424) and regulation of EMT (GO:0010424) (Figure 15C). The RNA-

Seq comparing the SKTLR and the SKTR models showed 3,882 genes 

downregulated and 2,807 genes overexpressed in SKTLR displaying a fold 

change ≥1.5 over the SKTR model. Venn diagram analysis revealed 35 genes 

(Figure 15D), 18 of which are hypomethylated and overexpressed and 17 

hypermethylated and downregulated genes in SKTLR compared to SKTR (Table 

12). POU4F1 (POU class 4 homeobox 1) and TXNDR1 hypomethylated and 

overexpressed in SKTLR and OTX1 (Orthodenticle homeobox 1), ITGB8 

(Integrin subunit beta 8), BMP4 (bone morphogenetic protein 4), ANXA3 

(Annexin A3) and PPARG (Peroxisome proliferator-activated receptor g) 

hypermethylated and downregulated in SKTLR were finally selected because of 

their previous implications in BC422–428. Genes with a high number of 

differentially methylated CpGs (≥3 CpG sites) but without any previous links to 

resistance or BC were not selected. 
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Table 12. Thirty-five differentially methylated and expressed genes between the SKTLR 
and SKTR models in the CpG island and promoter region. Bold denotes the seven genes 
finally selected for further analysis. CpGs were defined as hypomethylated (negative Δβ 
values) or hypermethylated (positive Δβ values). 

TargetID Chr Position Gene name  Gene region SKTR SKTLR SKTLR vs. 
SKTR 

cg02245837 15 26108739 ANXA3;ANXA3 5'UTR;1stExon 0.15 0.76 0.61 

cg03430923 10 63422668 ATP10A TSS1500 0.15 0.67 0.51 
cg03601952 16 15489968 ATP10A TSS1500 0.19 0.60 0.41 
cg03703356 14 103989368 ATP10A TSS1500 0.16 0.60 0.44 
cg04367345 11 44332636 ATP10A TSS1500 0.12 0.72 0.60 

cg04689720 9 2622584 BMP4;BMP4;BMP4 5'UTR;5'UTR;TSS1500 0.14 0.61 0.47 

cg04981088 16 15489614 BMP4;BMP4;BMP4 TSS200;5'UTR;5'UTR 0.01 0.74 0.72 
cg06000963 21 33245114 C6orf141;C6orf141 5'UTR;1stExon 0.10 0.76 0.66 
cg07791578 6 24358308 CMTM8 TSS1500 0.12 0.66 0.54 
cg07904983 20 17511988 COL24A1 TSS1500 0.02 0.74 0.72 
cg08169864 14 54421413 COL24A1 TSS1500 0.07 0.67 0.60 
cg08196359 3 32279722 COL24A1 TSS1500 0.19 0.60 0.42 
cg09054633 5 136834294 CYP1B1 TSS1500 0.18 0.71 0.53 
cg09130556 2 38304030 CYP1B1 TSS1500 0.05 0.68 0.63 
cg09138115 6 5085177 CYP1B1 5'UTR 0.16 0.66 0.50 
cg09168604 10 88127188 CYP1B1 TSS1500 0.11 0.67 0.56 
cg13814950 9 90112515 FSTL1;FSTL1 5'UTR;1stExon 0.18 0.85 0.67 

cg14775114 7 93520036 GNAS;GNAS;GNAS;GNAS;GNAS;
GNAS;GNAS;GNAS 

3'UTR;TSS1500;TSS1500;Body;
TSS1500;3'UTR;TSS1500;Body 0.18 0.65 0.47 

cg17296166 19 46974567 ITGB3 TSS200 0.12 0.60 0.48 
cg17299935 17 74534077 ITGB8;ITGB8 5'UTR;1stExon 0.19 0.69 0.50 
cg19329121 7 95226035 MAFB 1stExon 0.10 0.66 0.56 
cg20680592 17 68164914 NEFH 1stExon 0.18 0.67 0.49 
cg21913319 1 86622628 OTX1 TSS1500 0.06 0.73 0.67 
cg21978924 11 44332756 OTX1 TSS1500 0.02 0.63 0.61 
cg22418909 8 41166738 OXTR 5'UTR 0.10 0.63 0.52 
cg22639895 17 21279621 PDK4 TSS200 0.15 0.62 0.47 
cg22639895 17 21279621 PDK4 TSS200 0.15 0.62 0.47 
cg23100152 11 10472156 PRSS23 TSS200 0.08 0.64 0.56 
cg04632671 3 12329826 PPARG;PPARG;PPARG TSS1500;5'UTR;5'UTR 0.04 0.62 0.58 

cg05057777 12 104697631 EID3;TXNRD1;TXNRD1;TXNR
D1;EID3;TXNRD1;TXNRD1 

1stExon;5'UTR;5'UTR;Body;5'U
TR;Body;5'UTR 0.82 0.20 -0.63 

cg21264189 13 79177782 POU4F1 TSS200 0.78 0.06 -0.72 
cg27398263 13 79177700 POU4F1 TSS200 0.73 0.01 -0.72 

cg22459739 5 140201153 
PCDHA2;PCDHA1;PCDHA1;PC
DHA3;PCDHA4;PCDHA5;PCDH
A5 

Body;Body;Body;Body;Body;TS
S1500;TSS1500 0.67 0.10 -0.57 

cg21915910 5 140182627 PCDHA2;PCDHA1;PCDHA3;PC
DHA3;PCDHA1 

Body;Body;1stExon;1stExon;Bod
y 0.87 0.10 -0.77 

cg25967418 5 140261759 

PCDHA7;PCDHA12;PCDHA6;P
CDHA10;PCDHA4;PCDHA11;PC
DHA8;PCDHA1;PCDHA2;PCDH
A6;PCDHA1;PCDHA9;PCDHA5;
PCDHA13;PCDHA3;PCDHA13;P
CDHA10 

Body;Body;Body;Body;Body;Bo
dy;Body;Body;Body;Body;Body;
Body;Body;TSS200;Body;TSS20
0;Body 

0.65 0.10 -0.55 

cg17852221 5 140263655 

PCDHA7;PCDHA13;PCDHA12;P
CDHA6;PCDHA10;PCDHA4;PC
DHA11;PCDHA8;PCDHA1;PCD
HA2;PCDHA6;PCDHA1;PCDHA
9;PCDHA13;PCDHA5;PCDHA3;
PCDHA10 

Body;1stExon;Body;Body;Body;
Body;Body;Body;Body;Body;Bo
dy;Body;Body;1stExon;Body;Bod
y;Body 

0.70 0.03 -0.67 

cg18835078 5 140712209 PCDHGA1;PCDHGA1 1stExon;1stExon 0.87 0.19 -0.68 

cg07215693 5 140215806 
PCDHA6;PCDHA2;PCDHA1;PC
DHA7;PCDHA1;PCDHA6;PCDH
A5;PCDHA3;PCDHA4;PCDHA7 

Body;Body;Body;1stExon;Body;
Body;Body;Body;Body;1stExon 0.91 0.19 -0.72 

cg10205431 5 140215762 
PCDHA6;PCDHA2;PCDHA1;PC
DHA7;PCDHA1;PCDHA6;PCDH
A5;PCDHA3;PCDHA4;PCDHA7 

Body;Body;Body;1stExon;Body;
Body;Body;Body;Body;1stExon 0.88 0.10 -0.79 

cg01857475 12 104697193 TXNRD1;TXNRD1;TXNRD1;EI
D3;TXNRD1;TXNRD1 

5'UTR;5'UTR;Body;TSS1500;Bo
dy;5'UTR 0.87 0.17 -0.70 

cg01298284 16 34404774 UBE2MP1 TSS200 0.68 0.09 -0.59 
TargetID: Column represents the name of each methylation probe. 
Chr: Chromosome. 
Position: Position in the genome (hg19). 
SKTR and SKTLR column: b-values indicate the levels of methylation for each probe. 
SKTLR vs. SKTR column: Differences in the β values for a given CpG site between models (Δβ values).  
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Trastuzumab plus lapatinib-resistant (SKTLR) and lapatinib-resistant 
(SKLR) models comparison  

 
As with the SKTLR vs. SKTR comparison, we first analyzed the global 

methylation (β-values) in the SKTLR vs. SKLR comparison (Annex I, 

Supplementary Figure 1). The scatter plot revealed clearly methylation 

differences between both analyzed models (r2=0.9247), showing 28,556 

differentially methylated CpGs (∆β≥0.20) between them. The number of CpGs 

that gained (red triangle in scatter plot) and lost (green triangle in scatter plot) a 

methylation level ≥0.20 in SKTLR respect SKTR were 19,191 and 9,365, 

respectively (Figure 16A). 

 

Next, we focussed our analysis on the DNA methylation pattern of the 

promotor and island regions to identify which genes are epigenetically regulated 

in the double-resistant model. The supervised clustering of the most variable CpG 

from promoter and island (Δβ≥0.20), showed a methylation pattern that clearly 

differentiates the SKTLR and the SKLR models (Figure 16B). Next, we used 

more stringent criteria to determine the most differentially methylated CpGs in 

the promoters and islands, considering as hypermethylated in SKTLR the CpGs 

with a methylation level (β) in SKLR<0.20 and in SKTLR>0.60, and as 

hypomethylated the CpGs with a methylation level (β) in SKTLR<0.20 and in 

SKLR>0.60. This analysis revealed 306 differentially methylated CpGs 

corresponding to 224 genes which, according to the GO analysis, were 

significantly associated (FDR<0.05) with several biological process related to 

cancer such as cell adhesion (GO:0007162), signal transduction and intracellular 

transduction (GO:0007165 and GO:0035556, respectively), cell proliferation 

(GO:0008283), regulation of apoptosis (GO:0043065), MAPK cascade 

(GO:0000165), extracellular matrix organization (GO:0030198), regulation of 

BMP (Bone morphogenetic protein) pathway (GO:0030513) DNA methylation 

(GO:0006306), regulation of endothelial cell migration (GO:0010595) and 

regulation of cell cycle (GO:0045787) (Figure 16C). The RNA-Seq analysis 

comparing both resistant models revealed 1,424 downregulated genes and 1,550 

overexpressed genes in SKTLR displaying a fold change ≥1.5 over the SKLR 
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model. The correlation analysis of differentially methylated at the promoter and 

island regions with those differentially expressed between both models by Venn 

diagram analysis identified 27 genes, 14 of them hypomethylated and 

overexpressed and 13 hypermethylated and downregulated in the SKTLR 

compared to the SKLR model (Figure 16D). The SLC16A3 gene (Solute carrier 

family 16 member 3), a hypomethylated and overexpressed gene in SKTLR, was 

selected for further validations. For hypermethylated and downregulated genes, 

four of them ANXA3, PTRF (Polymerase I and transcript release factor also 

known as caveolae associated protein 1), SPOCK1 (SPARC/osteonectin, cwcv 

and kazal like domains proteoglycan 1) and PPARG, were selected according to 

their previous implications in BC422–428. 
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Table 13. Twenty-seven differentially methylated and expressed genes between the SKLR 
and SKTLR models in the CpG island and promoter region. Bold denotes the five final 
selected genes for further analysis. CpGs were defined as hypomethylated (negative Δβ 
values) or hypermethylated (positive Δβ values). 
 

TargetID Chr Position Gene name Gene region SKLR  SKTLR  
SKTLR 
vs. 
SKLR  

cg26919459 4 79472874 ANXA3;ANXA3 5'UTR;1stExon 0.08 0.63 0.54 

cg07217075 20 17511826 BFSP1;BFSP1 Body;1stExon 0.05 0.66 0.61 

cg07904983 20 17511988 BFSP1;BFSP1;BFSP1 Body;5'UTR;1stExon 0.00 0.74 0.73 

cg06679534 2 136877039 CXCR4 TSS1500 0.10 0.62 0.52 

cg17398233 2 136876887 CXCR4 TSS1500 0.19 0.96 0.77 

cg22606658 4 150999251 DCLK2;DCLK2 TSS1500;TSS1500 0.09 0.84 0.75 

cg03784054 16 67564076 FAM65A 5'UTR 0.11 0.87 0.76 

cg06000963 21 33245114 HUNK TSS1500 0.10 0.76 0.66 

cg00958676 8 9911641 MSRA;MSRA TSS200;TSS200 0.05 0.63 0.58 

cg25288140 17 41278341 BRCA1;NBR2;BRCA1;BRCA1;BRCA1
;BRCA1 

TSS1500;Body;TSS1500;TSS
1500;TSS1500;TSS1500 

0.17 0.97 0.79 

cg04632671 3 12329826 PPARG;PPARG;PPARG TSS1500;5'UTR;5'UTR 0.01 0.62 0.61 

cg11804833 17 40575289 PTRF;PTRF 1stExon;5'UTR 0.07 0.70 0.63 

cg09229683 16 12995011 SHISA9;SHISA9 TSS1500;TSS1500 0.14 0.65 0.51 

cg26752526 16 12994998 SHISA9;SHISA9 TSS1500;TSS1500 0.16 0.71 0.55 

cg04215870 10 61469151 SLC16A9 5'UTR 0.09 0.61 0.52 

cg12583927 10 61469753 SLC16A9 TSS200 0.09 0.76 0.68 

cg20627835 10 61469748 SLC16A9 TSS200 0.07 0.79 0.72 

cg02243437 10 61469599 SLC16A9;SLC16A9 1stExon;5'UTR 0.18 0.67 0.50 

cg09054633 5 136834294 SPOCK1 5'UTR 0.10 0.71 0.61 

cg14146100 4 134069236 PCDH10;PCDH10 TSS1500;TSS1500 0.86 0.15 -0.71 

cg19712603 13 53422777 PCDH8;PCDH8 TSS200;TSS200 0.78 0.02 -0.75 

cg09583939 5 140166213 PCDHA1;PCDHA1;PCDHA1 1stExon;1stExon;1stExon 0.64 0.11 -0.53 

cg16234335 5 140188119 PCDHA2;PCDHA1;PCDHA1;PCDHA
4;PCDHA3;PCDHA4 

Body;Body;Body;1stExon;Bo
dy;1stExon 

0.61 0.14 -0.47 

cg21915910 5 140182627 PCDHA2;PCDHA1;PCDHA3;PCDHA
3;PCDHA1 

Body;Body;1stExon;1stExon;
Body 

0.91 0.10 -0.81 

cg01416563 5 140237151 PCDHA6;PCDHA2;PCDHA1;PCDHA
10;PCDHA9;PCDHA7;PCDHA1;PCD
HA6;PCDHA5;PCDHA3;PCDHA4;PC
DHA10;PCDHA10;PCDHA8 

Body;Body;Body;1stExon;Bo
dy;Body;Body;Body;Body;Bo
dy;Body;1stExon;1stExon;Bo
dy 

0.83 0.07 -0.76 

cg07215693 5 140215806 PCDHA6;PCDHA2;PCDHA1;PCDHA
7;PCDHA1;PCDHA6;PCDHA5;PCD
HA3;PCDHA4;PCDHA7 

Body;Body;Body;1stExon;Bo
dy;Body;Body;Body;Body;1st
Exon 

0.74 0.19 -0.56 

cg10205431 5 140215762 PCDHA6;PCDHA2;PCDHA1;PCDHA
7;PCDHA1;PCDHA6;PCDHA5;PCD
HA3;PCDHA4;PCDHA7 

Body;Body;Body;1stExon;Bo
dy;Body;Body;Body;Body;1st
Exon 

0.92 0.10 -0.83 

cg07507057 5 140223107 PCDHA6;PCDHA2;PCDHA1;PCDHA
7;PCDHA1;PCDHA8;PCDHA6;PCD
HA5;PCDHA8;PCDHA3;PCDHA4 

Body;Body;Body;Body;Body;
1stExon;Body;Body;1stExon;
Body;Body 

0.63 0.14 -0.48 

cg17852221 5 14026365 PCDHA7;PCDHA13;PCDHA12;PCD
HA6;PCDHA10;PCDHA4;PCDHA11;
PCDHA8;PCDHA1;PCDHA2;PCDHA
6;PCDHA1;PCDHA9;PCDHA13;PCD
HA5;PCDHA3;PCDHA10 

Body;1stExon;Body;Body;Bo
dy;Body;Body;Body;Body;Bo
dy;Body;Body;Body;1stExon;
Body;Body;Body 

0.92 0.03 -0.89 

cg17752015 17 80186763 SLC16A3;SLC16A3 5'UTR;TSS200 0.62 0.02 -0.60 

TargetID: Column represents the name of each methylation probe. 
Chr: Chromosome. 
Position: Position in the genome (hg19). 
SKLR and SKTLR column: b-values indicate the levels of methylation for each probe. 
SKTLR vs. SKLR column: Differences in the β values for a given CpG site between models (Δβ values).  
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2.1.3.-	 Differentially	 methylated	 and	 expressed	 genes	 identified	 in	 the	
different	comparisons		

 

Once the differentially methylated and expressed genes were identified in 

each comparison, we wanted to observe if some of these genes had also been 

found in other comparisons. Focusing on both the trastuzumab and lapatinib 

mono-resistant comparisons, six hypermethylated and downexpressed genes were 

identified in SKTR and SKLR compared to SK model: ANGPTL4 (Angiopoietin 

like 4), CYP4X1 (Cytochrome P450 family 4 subfamily X member 1), ENTPD3 

(Ectonucleoside triphosphate diphosphohyrdrolase 3), IRX6 (Iroquois homeobox 

6), KCNJ12 (Potassium voltage-gated channel subfamily J member 12) and RIN3 

(Ras and Rab ineractor 3). This observation suggests the possible role these six 

genes play in resistance mechanisms independent of the anti-HER2 agents to 

which it is resistant. For double-resistant comparisons, ANXA3 and PPARG 

hypermethylated and downexpressed in SKTLR and the protocadherin gene 

family (PCDHA 1-13) hypomethylated and overexpressed in SKTLR were found 

to be differentially methylated and expressed in the SKTLR vs. SKTR and 

SKTLR vs. SKLR comparison. Therefore, these genes are probably explicitly 

involved in the resistant mechanisms of trastuzumab plus lapatinib treatment. 

Meanwhile, EID3 (EP300-interacting inhibitor of differentiation 3) and TXNDR1 

from the SK vs. SKLR and SKTR vs. SKTLR comparisons, as well as the PTRF 

gene from the SK vs. SKTR and SKLR vs. SKTLR comparisons, suggest that 

their methylation pattern could be regulated by the effect of lapatinib or 

trastuzumab treatment alone, respectively. For all of the potential epigenetic 

biomarkers identified in the different resistant models, a summary of selected 

genes in each comparison is presented in Table 14. Although all these genes may 

present an interesting role in treatment resistance mechanisms of HER2+ BC, 

they could not be studied in more detail in this doctoral thesis.  
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2.2.-	 CpG	 island	 hypermethylation-associated	 silencing	 of	 potential	
biomarkers	in	HER2+	resistant	breast	cancer	models		

 
Although DNA promoter hypermethylation is closely related to expression 

regulation, other mechanisms can regulate gene expression, such as non-coding 

RNA or histone modifications258. For this reason, it is important to validate the 

gene expression regulation by DNA promoter methylation using different 

methods. In this doctoral thesis, after having identified specific genes 

epigenetically regulated in each comparison, qRT-PCR was used to validate the 

expression pattern. Furthermore, epigenetic signatures are characterized by a very 

dynamic nature, whereas DNA methylation has often been shown as a reversible 

mechanism of transcriptional control by inhibition of enzymes such as the DNA 

methyltransferases429. In this sense, the demethylating agent 5-aza-2'-

deoxycytidine (5-aza-dC) treatment at 3µM and 5µM, was used to validated if the 

epigenetic methylation mechanisms had a functional role in the transcriptional 

control of all the selected genes.  

2.2.1.-	Mono-resistant	comparisons	

Like the previous expression analysis with RNA-Seq, the SKTR model also 

showed a significant reduction in the transcript expression levels of TGFBI 

(p<0.01), KILLIN, CXCL2 and SLC38A1 (p<0.05) when compared to SK (Figure 

17A, Upper panel). Interestingly, TGFBI was the gene that showed the greatest 

decrease (fold change=5.7) in transcriptional levels in the SKTR model. These 

results confirmed that hypermethylation at the promoter and CpG island region in 

SKTR correlated inversely with their corresponding transcriptional level for all 

four selected genes. After treating the SKTR model with the demethylating agent 

5-aza-dC at 3µM and 5µM, the transcriptional levels of TGFBI, KILLIN, CXCL2 

and SLC38A1 were significantly restored (p<0.05), indicating that methylation is 

an epigenetic mechanism that has a functional role in the transcriptional control 

of the four previously selected genes (Figure 17A, Lower panel). 
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Figure 17. DNA methylation-associated silencing of selected genes comparing the 
trastuzumab and lapatinib-resistant (SKTR and SKLR) and -sensitive models (SK). 
(A) Expression levels of TGFBI, KILLIN, CXCL2 and SLC38A1 in the unmethylated (SK) 
and methylated (SKTR) models determined by qRT-PCR (Upper panel). Restored 
expression of selected genes (TGFBI, KILLIN, CXCL2 and SLC38A1) after the DNA 
demethylating agent 5-aza-2'-deoxycytidine (5-aza-dC; AZA) in the SKTR methylated 
model by qRT-PCR (Lower panel). (B) Expression levels of TXNRD1 in the methylated 
(SK) and unmethylated (SKLR) models determined by qRT-PCR. No significant 
differences of TXNDR1 expression levels were observed between both models analyzed. 
Values from qRT-PCR were determined from triplicates, normalized against the GAPDH 
gene and are expressed as the mean ±SEM. Significance of the Mann-Whitney U test, 
**P<0.01; *P<0.05.  
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For the SKLR model, the TXNRD1 gene had similar expression levels 

between the sensitive and resistant models with no significant differences (Figure 

17B). Consequently, it was not selected as a potential candidate biomarker of 

lapatinib resistance.  

2.2.2.-	Double-resistant	model	comparisons	
The double-resistant model comparisons showed some interesting candidate 

genes for further validations. POU4F1 and TXNRD1 genes, hypomethylated and 

overexpressed in the SKTLR model compared to SKTR, did not present an 

inverse correlation between their expression levels and promoter methylation 

status (Figure 18A). With regards to the five selected genes (BMP4, ITGB8, 

PPARG, ANXA3 and OTX1) hypermethylated and downregulated in SKTLR 

model, BMP4, ITGB8, PPARG and ANXA3 had significantly (p<0.05) decreased 

expression levels in SKTLR, with ITGB8 being the gene that showed the greatest 

decrease (fold change=130.5) in transcriptional levels. The OTX1 gene presented 

a slight expression decrease with no significant differences between models 

(Figure 18B, Upper panel). Therefore, DNA promoter methylation of the BMP4, 

ITGB8, PPARG and ANXA3 genes in SKTLR correlates inversely with their 

transcriptional levels. Besides, the transcriptional levels of all four selected genes 

were significantly restored (p<0.05) after 5-aza-dC treatment (Figure 18B, Lower 

panel), indicating that methylation is an epigenetic mechanism that has a 

functional role in the transcriptional control of these genes. Meanwhile, POU4F1, 

TXNDR1 and OTX1 were not selected for further validations as biomarkers for 

trastuzumab plus lapatinib resistance.  

In the SKTLR vs. SKLR comparison, the expression levels of the 

hypomethylated and overexpressed SLC16A3 gene in the SKTLR model was not 

validated (Figure 19A). Furthermore, from the four previously hypermethylated 

and downexpressed genes selected (ANXA3, PPARG, PTRF and SPOCK1) in the 

SKTLR model, only ANXA3 and PPARG presented an expression correlation 

with their promoter methylation pattern (Figure 19B, Upper panel). From the two 

genes validated, ANXA3 was the one that showed the most significant decrease 

(fold change=24.7) in the transcriptional levels in the SKTLR model. 
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Furthermore, the transcriptional levels of ANXA3 and PPARG were significantly 

restored (p<0.05) after 5-aza-dC treatment in the methylated SKTLR model 

(Figure 19B, Lower panel). Hence, for the ANXA3 and PPARG genes, their 

expression regulation by promoter methylation were confirmed. SLC16A3, PTRF, 

and SPOCK1 were discarded.  
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Figure 18. DNA methylation-associated silencing of selected genes comparing the 
trastuzumab-resistant (SKTR) and trastuzumab plus lapatinib double-resistant 
(SKTLR) model. (A) Expression levels of POU4F1 and TXNDR1 in the methylated 
(SKTR) and unmethylated (SKTLR) models determined by qRT-PCR. The expression of 
both selected genes was not validated. (B) Expression of BMP4, ITGB8, PPARG, ANXA3 
and OTX1 in the unmethylated (SKTR) and methylated (SKTLR) models determined by 
qRT-PCR (Upper panel). OTX1 expression was not validated. Restored expression of 
selected genes (BMP4, ITGB8, PPARG, and ANXA3) after DNA demethylating agent 5-
aza-2'-deoxycytidine (5-aza-dC; AZA) in the SKTLR methylated model by qRT-PCR 
(Lower panel). Values from qRT-PCR were determined from triplicates, normalized 
against the GAPDH gene and are expressed as the mean ±SEM. Significance of the Mann-
Whitney U test, *P<0.05.  
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Figure 19. DNA methylation-associated silencing of selected genes comparing the 
lapatinib mono-resistant (SKLR) and trastuzumab plus lapatinib double-resistant 
(SKTLR) model. (A) Expression levels of SLC16A3 in the methylated (SKLR) and 
unmethylated (SKTLR) models determined by qRT-PCR. SLC16A3 gene expression was 
not validated. (B) Expression levels of ANXA3, PPARG, PTRF and SPOCK1 in the 
unmethylated (SKLR) and methylated (SKTLR) models determined by qRT-PCR. Neither 
PTRF nor SPOCK1 expression was validated (Upper panel). Restored expression of 
selected genes (ANXA3 and PPARG) after DNA demethylating agent 5-aza-2'-
deoxycytidine (5-aza-dC; AZA) in the SKTLR methylated model by qRT-PCR (Lower 
panel). Values from qRT-PCR were determined from triplicates, normalized against the 
GAPDH gene and are expressed as the mean ±SEM. Significance of the Mann-Whitney U 
test, *P<0.05.  
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Once the different potential biomarkers for trastuzumab, lapatinib and 

trastuzumab plus lapatinib resistance has been selected, we were interested in 

determining if the same effect could be observed in clinical samples. Therefore, 

patients treated in neoadjuvant settings were selected. Lapatinib has a limited 

response as a single agent and is not given as a first-line treatment. This drug is 

currently used only as a secondary treatment for BC that has progressed after 

treatment with trastuzumab125. The trastuzumab plus lapatinib combinatorial 

treatment is administered in specific cases of HER2+ MBC, which is why we 

could only obtain human samples from patients who had received trastuzumab 

plus chemotherapy in neoadjuvant settings. Although the selected genes 

epigenetically regulated in the SKLR and SKTLR models could not be validated 

in human samples in this doctoral thesis, we present them as potential epigenetic 

biomarkers of lapatinib and trastuzumab plus lapatinib resistance for future 

studies. Determining epigenetic biomarkers for lapatinib and the combination of 

trastuzumab plus lapatinib resistance could be very useful in the clinic.  

2.3.-	Validation	of	DNA	promoter	methylation	of	TGFBI,	KILLIN,	CXCL2,	and	
SLC38A1	in	the	trastuzumab-resistant	model	(SKTR)	

 

The DNA promoter methylation and the transcriptomic analysis in the SKTR 

model allowed us to identify four epigenetically regulated genes (TGFBI, 

KILLIN, CXCL2 and SLC38A1) as potential biomarkers of trastuzumab 

resistance. After expression validation, we decided to confirm the promoter and 

island DNA methylation of all four selected genes using gold standard 

methodologies for DNA methylation. First, we validated the DNA methylation of 

selected genes by bisulfite pyrosequencing, which is a technique that allows 

single genes to be analyzed on a single CpG level430. We observed significantly 

higher methylation levels for the four genes in the SKTR model relative to the 

SK model (p<0.05 for TGFBI and SLC38A1; p<0.01 for KILLIN and CXCL2) 

(Figure 20A). Similar results were obtained with methylation-specific polymerase 

chain reaction (MSP) analysis, which is a very specific and sensitive method405. 

The MSP results showed higher methylation in SKTR with respect to the SK 

model for the TGFBI, KILLIN and CXCL2 genes and hemi-methylation 
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amplification (both methylated and unmethylated alleles) for the SLC38A1 gene 

(Figure 20B). 

 

To ascertain which selected gene was the best candidate to be subsequently 

validated in human samples, we wanted to analyze whether the transcriptional 

repression was also confirmed at protein level before and after demethylating 

agent treatment by Western blot. Importantly, this epigenetic silencing was also 

confirmed at protein level in three (TGFBI, KILLIN and CXCL2) of the four 

selected genes, showing a reduction of the protein levels in SKTR with respect to 

the SK model. Interestingly, TGFBI and CXCL2 expression was significantly 

restored in hypermethylated SKTR model after 5-aza-dC treatment at 3µM and 

5µM (Figure 20C). The change observed in the protein levels after the 5-aza-dC 

treatment was especially drastic in TGFBI, where the absence of protein 

expression induced by promoter hypermethylation in SKTR was completely 

recovered after the in vitro demethylation. Taken together, these results suggest 

that TGFBI is the most epigenetically regulated gene of the four selected.  
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Figure 20. DNA methylation validation of selected genes in trastuzumab-resistant 
(SKTR) and –sensitive (SK) models. (A) DNA methylation levels of TGFBI, KILLIN, 
CXCL2 and SLC38A1 in SKTR and SK models by bisulfite pyrosequencing. (B) DNA 
promoter methylation validation of selected genes (TGFBI, KILLIN, CXCL2 and 
SLC38A1) by methylation-specific polymerase chain reaction (MSP) analysis. (C) Protein 
expression of all selected genes (TGFBI, KILLIN, CXCL2 and SLC38A1) in SK and SKTR 
models before and after 5-aza-2'-deoxycytidine (5-aza-dC; AZA) treatment by Western 
blot. In MSP, the presence of visible polymerase chain reaction products in lanes marked 
U, indicate unmethylated sequences, while the presence of products in lanes marked M 
indicate methylated sequences. In vitro methylated DNA (IVD) was used as a positive 
control for methylated sequences. DNA from normal lymphocytes (NL) was used as a 
negative control for methylated sequences. Results shown are representative of those 
obtained from three independent experiments and β-actin was used as a control. Values 
from pyrosequencing were determined from triplicates and are expressed as the mean 
±SEM. Significance of the Mann-Whitney U test, **P<0.01; *P<0.05.  
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2.4.-	 Epigenetic	 silencing	 of	TGFBI,	 KILLIN,	 CXCL2	 and	SLC38A1	 in	 another	
trastuzumab-resistant	model	(AUTR)	

 
To verify that the results obtained for these genes (TGFBI, KILLIN, CXCL2 

and SLC38A1) were not specific to the SK and SKTR models, we extended their 

epigenetic analyses to other trastuzumab-sensitive (AU) and -resistant (AUTR) 

human HER2+ BC cell models (AU565), developed previously in our laboratory 

(Figure 21)402. The TGFBI, KILLIN, CXCL2 and SLC38A1 genes were validated 

using the qRT-PCR before and after 5-aza-dC treatment, bisulfite pyrosequencing 

and MSP as suitable methods for their analysis in these models. 

 

Similar to the SK and SKTR models, the AUTR also showed a significant 

reduction in the transcript expression levels of TGFBI, KILLIN and CXCL2 

(p<0.05) compared to the AU model (Figure 21A, Upper panel). For SLC38A1, 

similar expression values were observed in both models. TGFBI was the gene 

that showed the greatest decrease (fold change=3.8) in transcriptional levels in 

the AUTR model. After treating the AUTR model with demethylating agent 5-

aza-dC treatment at 3µM and 5µM, the transcriptional levels of TGFBI, KILLIN, 

CXCL2 and SLC38A1 were significantly restored (p<0.05), also indicating the 

functional role DNA methylation has in the transcriptional control of these genes 

in this model (Figure 21A, Lower panel).  

 

DNA promoter methylation was firstly validated with bisulfite 

pyrosequencing. We observed significantly (p<0.05) higher methylation levels 

for CXCL2 and SLC38A1 of the previously selected genes. Although TGFBI and 

KILLIN show a slightly higher methylation percentage in the trastuzumab-

resistant model, no significant differences were observed (Figure 21B). The MSP 

showed hemi-methylated DNA amplification for TGFBI and CXCL2 genes in AU 

compared to higher methylated band amplification in the AUTR model. KILLIN 

showed a hemi-methylated DNA in both models. The DNA promoter methylation 

of the SLC38A1 gene was not validated, with unmethylated lane amplification in 

both models analyzed (Figure 21C). Therefore, only TGFBI and CXCL2 showed 

a correlation between bisulfite pyrosequencing and MSP results. Finally, protein 
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levels were also evaluated for each gene before and after 5-aza-dC treatment by 

Western blot (Figure 21D). Interestingly, only the epigenetic silencing of the 

TGFBI gene was confirmed at protein level, where the low protein expression 

induced by promoter hypermethylation in AUTR was recovered after the 5-aza-

dC at 3µM and 5µM. 

 

Taking into account all the results obtained, the most strongly validated gene 

in both resistant HER2+ models using the different methylation and expression 

techniques was the TGFBI gene (also known as Big-H3 or keratoepithelin), 

which is an ECM protein whose secretion is induced by the transforming growth 

factor b (TGF-b). Therefore, it was selected as a candidate biomarker for further 

in vitro functional studies and HER2+ BC human sample validation analysis. 

 

 

 

 

 

 



Chapter	IV 

 136	

   

Figure 21. DNA methylation-associated silencing of selected genes comparing the 
trastuzumab-resistant (AUTR) and -sensitive (AU) HER2+ cell models. (A) 
Expression levels of TGFBI, KILLIN, CXCL2 and SLC38A1 in the unmethylated (AU) and 
methylated (AUTR) models (Upper panel). Restored expression of selected genes 
(TGFBI, KILLIN, CXCL2 and SLC38A1) after DNA demethylating agent 5-aza-2’-
deoxycytidine (5-aza-dC; AZA) in the AUTR methylated model (Lower panel). 
Expression levels were obtained by qRT-PCR and normalized against the GAPDH gene. 
(B) DNA methylation levels of TGFBI, KILLIN, CXCL2 and SLC38A1 in AU and AUTR 
models by bisulfite pyrosequencing and (C) methylation-specific polymerase chain 
reaction (MSP) analysis (D) Protein expression of all selected genes (TGFBI, KILLIN, 
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CXCL2 and SLC38A1) in AU and AUTR models before and after 5-aza-dC treatment by 
Western blot. In MSP, the presence of visible polymerase chain reaction products in lanes 
marked U, indicate unmethylated sequences, while the presence of products in lanes 
marked M indicate methylated sequences. In vitro methylated DNA (IVD) was used as a 
positive control for methylated sequences. DNA from normal lymphocytes (NL) was used 
as a negative control for methylated sequences. Results shown are representative of those 
obtained from three independent experiments and β-actin was used as a control. Values 
from bisulfite pyrosequencing and qRT-PCR were determined from triplicates and are 
expressed as the mean ±SEM. Significance of the Mann-Whitney U test, **P<0.01; 
*P<0.05.  

	

2.5.-	 The	 role	 TGFBI	expression	 plays	 in	 the	 trastuzumab-resistant	 HER2+	
model	(SKTR)	

 

We have shown that TGFBI promoter hypermethylation is highly associated 

with the downregulation of its transcript and protein levels in two trastuzumab-

resistant models (SKTR and AUTR) when compared to the corresponding 

sensitive models (SK and AU). Therefore, we next sought to demonstrate 

whether the epigenetic inactivation of the TGFBI gene functionally contributed to 

trastuzumab resistance. We depleted endogenous TGFBI gene expression in the 

SK model by stable transfection with two different short hairpin RNAs (Sh2 and 

Sh4). Previously, five sh-sequences targeting different regions of TGFBI RNA 

transcript were designed and evaluated by Western blot and qRT-PCR, but only 

two of them (Sh2 and Sh4) had shown good efficiency (Figure 22A). Scrambled 

shRNA (scramble) was used as a control. Furthermore, we also rescued TGFBI 

expression in hypermethylated TGFBI and in the downregulated SKTR model by 

stable transfection with a plasmid encoding the full-length of TGFBI cDNA 

(TGFBI). The empty vector (Mock) was used as a control. 

 

TGFBI is an ECM and plays a role in mediating cell adhesion to the ECM and 

integrin-mediated signaling431,432. According to the bibliography, TGFBI 

protein is composed by 683 amino acids containing a secretory signal (SP) in 

the N-terminal cysteine rich domain (CRD), and four fasciclin-1 domains 

(FAS1-1, FAS1-2, FAS1-3 and FAS1-4), which contain several known 

integrin binding motifs, including NKDIL, YH and EPDIM as well as an 

Arg-Gly-Asp (RGD) domain. The RGD motif is found in many extracellular 
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matrix proteins modulating cell adhesion and serves as a ligand recongnition 

sequence for several integrins409. Furthermore, the four fasciclin-1 domains 

and the RGD-motif has been reported to function as an ECM protein to 

mediate cell adhesion and migration through interacting with collagen, 

fibronectin and laminin and several integrins including α1β1, α3β1, αvβ3, and 

αvβ5432–434. This integrin binding properties of TGFBI have been related to 

cell proliferation, adhesion, migration and differentiation434. For this reason, 

we became interested in determining whether this interaction between TGFBI 

with the ECM and integrins could be involved in the trastuzumab resistance 

in our models. For this reason, we became interested in determining whether this 

interaction between TGFBI with the ECM and integrins could be involved in the 

trastuzumab resistance in our models. With this objective in mind, we also 

expressed a mutated form of TGFBI with four different altered integrin binding 

motifs: the NKDIL motif (amino acids 354-358), the EPDIM motif (amino acids 

617-621) and the YH motif (amino acids 563-580) in the second and fourth FAS1 

domains, as well as the RGD motif in the C-terminus, affecting cellular adhesion 

through the integrin interactions (Figure 22B)409,434,435. The transfection and 

validation protocols were the same as the overexpression vector. 
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Figure 22. TGFBI short hairpin and mutagenesis vector designs. (A) Expression 
analysis (qRT-PCR) and protein levels (Western blot) showing the in vitro stable 
transfection of the five short hairpin designs, showing a greater inhibition efficiency for 
sh2 and sh4 compared to the other short hairpins designed. (B) Schematic diagram of the 
transforming growth factor-beta-induced (TGFBI or βig-H3) protein structure (68KDa). 
Secretory signal (SP) in the N-terminus cysteine-rich domain (CRD), four fasciclin-1 
domains: FAS1-1(I), FAS1-2(II), FAS1-3(III), and FAS1-4(IV) and RGD motif are 
represented. Selected mutated motifs are represented in black and mutated amino acids in 
red. Values of qRT-PCR were determined from triplicates, normalized against the GAPDH 
gene and are expressed as the mean±SEM. ANOVA using a Bonferroni post-hoc test, 
***P<0.001; **P<0.01; *P<0.05 indicate levels of statistical significance. Image modified 
from Miranda P. Ween et al.409. 

 
Before carrying out further studies, a silencing test experiment was performed 

to verify the short hairpin effectiveness and the overexpression vector design 

using a new methodology. After overexpressed TGFBI cell sorting, these cells 

were transfected with four different short hairpins: ShScramble (control), 

Shtomato1 (direct against the tdTomato fluorescent protein), Sh2 (short hairpin 

with better TGFBI inhibition efficiency) and Sh5 (short hairpin with lower 

TGFBI inhibition efficiency). The pLVX-IRES-tdTomato1 is a bicistronic vector 

that translates the TGFBI gene and the tdTomato1 from a single mRNA. 

Therefore, we can induce the vector degradation either with a shRNA against the 

RNA sequence of encoding TGFBI or with shRNA directed against the RNA 

sequence of encoding tdTomato1. Upon transfection, cells were examined by 

fluorescence-activated cell sorting (FACS) and confocal immunofluorescence 

microscopy analysis. In addition, endogenous and exogenous TGFBI silencing 
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proteins were validated using the anti-FLAG antibody against the FLAG tag of 

exogenous TGFBI protein and anti-TGFBI against TGFBI protein by Western 

blot. These results corroborated the high efficiency an optimal design of the Sh2 

and TGFBI overexpression vector (Figure 23A, B and C). 

 

Figure 23. Validation of short hairpin and overexpression vectors of TGFBI. 
(A) Confocal images of TGFBI overexpressed models (red; tdTomato1 fluorescents 
protein) transfected with two different short hairpin RNA vectors (green; ZsGreen1 
fluorescents protein). The ShScramble was used as a control. The shTomato1 directed 
against the tdTomato1 fluorescent protein produced the inhibition of tdTomato1 and 
TGFBI, disappearing the red fluorescence. Sh2 (short hairpin with better TGFBI inhibition 
efficiency) presented the same fluorescence pattern as ShTomato1. Sh5 had the same 
fluorescence pattern as the control demonstrating also its worst silencing 
efficiency. (B) ZsGreen1 fluorescent protein and tdTomato1 were used as markers for 
selection and analysis by flow cytometry. Like the confocal images, a lower percentage of 
red fluorescents cells were observed in ShTomato1 and Sh2 compared to the Scramble 
control. (C) Validation of TGFBI protein expression decreasing using anti-FLAG antibody 
against FLAG tag of exogenous TGFBI protein and anti-TGFBI against TGFBI protein by 
Western Blot.  
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overexpression or mutagenesis of the TGFBI gene (Figure 24A). The efficiency 

of the transfection was assessed by measuring TGFBI expression using qRT-PCR 

and Western blot (Figure 24B). A significant change in its levels was detected 

both after depletion and overexpression. Upon TGFBI transfection, we analyzed 

the resistance or sensitivity to trastuzumab in comparison to the parental and 

empty vector-transfected cells through an MTT assay over five days. In the SK 

model, we observed that TGFBI depletion did not affect the trastuzumab 

response (Figure 24C, Upper panel). In contrast, overexpression of TGFBI in 

SKTR led to a significantly higher sensitivity at a trastuzumab concentration of 

10 µM compared to the resistant empty-vector cell line (Mock: p<0.05) and the 

SKTR model (p<0.01; Figure 24C, Middle panel). The mutated TGFBI showed 

the same response to trastuzumab treatment as the mock vector did, suggesting 

that TGFBI-mediated trastuzumab sensitivity requires the NKDIL, YH, EPDIM 

and RGD binding motifs (Figure 24C, Lower panel). 
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Figure 24. Impact of TGFBI expression in trastuzumab-resistant model. (A) 
Representative bright field microscopy images of TGFBI depletion (Scramble, sh2 and 
sh4), overexpression (Mock and TGFBI) and mutagenesis (TGFBImut) in SK and SKTR 
cells. (B) Expression analysis by qRT-PCR and Western blot showing the in vitro stable 
depletion of TGFBI in SK cells (left) and overexpression or mutagenesis of TGFBI in 
SKTR cells (right). Values of qRT-PCR were determined from triplicates, normalized 
against the GAPDH gene and are expressed as the mean±SEM. (C) Cell viability 
determined by MTT assays upon the use of increasing concentrations of trastuzumab (10-6 
to 10 µM) for 5 days. (Upper panel) The TGFBI depletion in SK did not affect cell 
viability upon trastuzumab treatment. (Middle panel) The TGFBI overexpression in SKTR 
cells (TGFBI) give rise to a major sensitivity to trastuzumab at 10µM. (Lower panel) The 
TGFBI-mutagenesis in SKTR cells (TGFBImut) did not affect cell viability after 
trastuzumab treatment. Results are expressed as a percentage of surviving cells after drug 
treatment (mean±SEM). (D) HER family receptors and their downstream proteins related 
to PI3K/AKT and MAPK/ERK1/2 pathway characterization in TGFBI-depletion SK and 
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TGFBI-overexpression SKTR models. The protein analysis shows a significant 
enhancement of phosphorylation levels of HER1, HER2 and AKT upon overexpression 
and mutagenesis of TGFBI in SKTR cells. TGFBI depletion did not produce any change 
in the HER receptors and their related downstream proteins. Western blot band intensities 
were quantified using ImageJ. Results shown are representative of those obtained from 
three independent experiments and β-actin was used as a control. ANOVA using a 
Bonferroni post hoc test, ***P<0.001** P<0.01; *P<0.05 indicates levels of statistical 
significance.  

 
A previously published study by our group demonstrated how different 

activation patterns of some HER receptors and their downstream signaling 

proteins were involved in the molecular mechanisms of acquired trastuzumab 

resistance (SK and SKTR)401. For this reason, we extended this study to include 

evaluating the possible changes in HER family protein receptors and their 

downstream proteins related to the PI3K/AKT and MAPK/ERK1/2 pathways 

after TGFBI depletion, overexpression and mutation. Consistent with the results 

from the trastuzumab cell viability, TGFBI depletion in SK cells showed no 

apparent changes in either total protein or activation levels for any of the proteins 

examined. Unlike TGFBI depletion, TGFBI overexpression and mutation 

(TGFBImut) in the SKTR model produced some changes in the activation levels 

of some of the HER receptors and downstream signaling proteins in comparison 

with the mock control vector (Figure 24D). In particular, overexpression of either 

wild type TGFBI or its mutated form resulted in a higher or significant increase 

in the activation levels of HER1 (pHER1), HER2 (pHER2) and AKT (pAKT) 

compared to the SKTR model (Mock) that contains hypermethylated TGFBI 

without change in total levels of the respective proteins. Hence, TGFBI 

overexpression and its mutated form allow the trastuzumab-resistant model to 

adopt similar activation levels for HER1, HER2, and AKT as the trastuzumab 

sensitive cells do. 

Although additional functional studies’ validation is required, the results 

suggest that selective overexpression of TGFBI in the SKTR model 

(hypermethylated for TGFBI) induces an increased sensitivity to trastuzumab and 

the activation of HER1 and HER2 receptors as well as the AKT downstream 

protein. Furthermore, the mutated domains from the second and fourth FAS1 

regions of TGFBI are involved in its response to trastuzumab treatment, but not 
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in its activation or interaction with HER2 downstream proteins. In summary, the 

trastuzumab-resistant model with overexpression of TGFBI presents a behavior 

similar to that of the trastuzumab sensitive model. 

3.-	BIOMARKER	CANDIDATE	GENE	VALIDATION	IN	HER2+	BREAST	
CANCER	HUMAN	SAMPLES 

Given the previous in vitro results obtained, we wanted to determine whether 

the presence of the TGFBI promoter CpG island hypermethylation-associated to 

trastuzumab resistance was also occurring in BC patients. Therefore, we 

evaluated the TGFBI gene methylation in tumors from 24 HER2+ early BC 

patients as a preliminary study. We determined by pyrosequencing analysis the 

DNA methylation levels of 3 consecutive CpG sites in the 5’-end promoter CpG 

island of TGFBI for all collected human samples. As with our sensitive and 

resistant models, we analyzed TGFBI methylation in pre-treatment samples from 

patients who were complete responders and non-responders to trastuzumab-based 

therapy. With the non-responder patients, we also evaluated TGFBI methylation 

after treatment (post-treatment samples). For the non-responder patients, we 

obtained paired samples (pre-treatment and post-treatment samples) from 10 

patients, pre-treatment samples only from 3 patients, and post-treatment samples 

only from 7 patients. For the patients with a pathological complete response, only 

pre-treatment samples could be evaluated (Figure 25A). The limited number of 

samples obtained was, in part, due to exhausting the sample during diagnostic 

procedures and the poor preservation of the DNA in FFPE blocks. 

 

Our results showed similar pre-treatment TGFBI methylation levels (p>0.05) 

in the patients with complete response to trastuzumab (6.45%±1.90) and in the 

non-responders (6.08%±1.51; Figure 25B). These results indicate that the TGFBI 

methylation levels of the pre-treatment samples are not associated with the 

absence of response to trastuzumab. In contrast, the non-responsive patients 

showed significantly higher (p<0.001) methylation levels of TGFBI in tumors 

following treatment with trastuzumab (30.26%±3.52) than before starting the 

therapy (6.08%±1.51), suggesting that acquired resistance to trastuzumab is 



Results		

 

 145	

associated with increased TGFBI methylation levels. In particular, when 

considering the non-responsive patients with pre- and post-treatment paired 

samples, we observed a significant (p<0.001) TGFBI promoter hypermethylation 

after trastuzumab (8 out of 10 = 80%) compared to the pre-treatment samples, 

suggesting that the increase in TGFBI methylation levels is associated with 

trastuzumab resistance (Figure 25C). Importantly, the ROC curve analysis with 

an area under the curve (AUC) of 0.9502 (p<0.0001; 95% CI: 0.8716 to 1.029) 

allowed us to clearly differentiate the methylation levels of TGFBI between the 

pre- and post-treatment samples of the non-responsive patients. This result 

suggests that TGFBI could be a potential biomarker for identifying and 

monitoring resistance to trastuzumab during HER2+ BC patients' treatment 

(Figure 25D). On the other hand, no significant association between TGFBI 

methylation levels before and after treatment and the clinical-histopathological 

characteristics was identified (Table 15).  
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Figure 25. TGFBI promoter hypermethylation in HER2-positive breast cancer 
patients with sensitivity and resistance to trastuzumab. (A) Schematic representation 
of selected patient samples. TGFBI methylation levels were evaluated in tumor samples of 
24 HER2+ breast cancer samples. From this cohort, after trastuzumab plus chemotherapy 
in neoadjuvant regimen, 20 patients developed partial or no response and 4 patients 
presented complete treatment response. Of the 20 patients with non-response, 10 patients 
had pre-treatment and the post-treatment samples, 3 patients with pre-treatment only 
samples and 7 with post-treatment only samples (Upper panel) The 4 patients with 
complete response to treatment only had pre-treatment samples (Bottom panel). (B) 
TGFBI methylation of 3 consecutive CpG sites in the 5’-end promoter CpG island in 
HER2+ breast cancer treated with trastuzumab analyzed by bisulfite pyrosequencing. The 
central solid line indicates the median and the limits of the vertical lines show the upper 
and lower percentiles. (C) TGFBI methylation of 3 consecutive CpG sites in the 5’-end 
promoter CpG island in resistant patients with paired pre- and post-treatment samples 
analyzed by bisulfite pyrosequencing. (D) Diagnostic accuracy of TGFBI 
hypermethylation for resistant HER2+ breast cancer samples. ROC analysis was applied to 
the TGFBI methylation levels analyzed by pyrosequencing for trastuzumab-resistant 
samples (pre- and post-treatment samples). Area under the curve (AUC) was 0.9502 
(p<0.0001). TGFBI showed great potential for monitoring trastuzumab response in 
HER2+ breast cancer patients. Significance of the Mann-Whitney U test is indicated as 
***P<0.001; **P<0.01.  
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Table 15. Clinical and pathological characteristics in HER2+ early breast cancer 
according to TGFBI promoter methylation levels between pre- and post-treatment human 
samples. 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 

 

Characteristics %
N=10 p-Value*

n Median (p25-p75)

Age 10 -0.383* 0.275*1

Menopause 0.151*2

Premenopausal 5 32.13	(24.58	– 35.86)
Postmenopausal 5 14.58	(-0.68	– 25.77)

ER 0.089*2
Negative 2 2.85	(-3.57	– 9.28)
Positive 8 28.50	(19.58	– 34.00)

HER2	status -
FISH 0 -
IHC	+ 10 25.18	(9.28	– 32.13)

Histological	Grade -

Grade	1	- 2 10 25.18	(9.28	– 32.13)
Grade	3 0 -

Clinical	 Stage 0.804*3

IIB 2 16.15	(-3.57	– 25.86)
IIIA 2 19.58	(14.58	– 24.58)
IIIB 6 28.50	(9.28	– 32.13)

Pathological	response -
No	response 1 9.28

Partial	response 9 25.77	(14.58	– 32.13)

Miller	&	Payne 1.000*2

G2 1 0.68

G3 2 22.57	(9.28	– 35.86)

G4 7 25.77	(19.58	– 31.68)

Type	of	Surgery 0.267*2

Lumpectomy 2
10.51	(-3.57	– 24.58)

Mastectomy 8 28.50	(11.93	– 34.00)

*1 Spearman correlation*		
*2		Mann-Whitney	 test	
*3	Kruskal-Wallis test
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1.-	GENOME-WIDE	DNA	METHYLATION	ANALYSIS	IN	TRASTUZUMAB,	
LAPATINIB	AND	TRASTUZUMAB	PLUS	LAPATINIB-SENSITIVE	AND	RESISTANT	

BREAST	CANCER	MODELS		

HER2 is overexpressed in 20-30% of BC and is associated with the 

aggressive phenotype and poor prognosis20. HER2-targeted therapy has 

transformed the outlook for both early and metastatic HER2+ BC with the 

development of trastuzumab and the different anti-HER2 agents such as 

lapatinib112. Despite the good initial response to the treatment, a large fraction of 

patients presents de novo or acquired treatment resistance. Currently, HER2 

detection is the only validated biomarker for predicting the benefit of anti-HER2 

therapies88. While different cellular and molecular mechanisms involved in 

trastuzumab resistance have been described, none of them are used to predict, 

detect or monitor BC treatment in a clinical routine54,108,134. DNA promoter 

methylation is considered a potential epigenetic biomarker that possesses 

valuable information regarding resistance and prognosis. In recent years, 

alterations in DNA promoter methylation have been associated with several 

diseases including BC288,351,436. Therefore, it is of great interest to find potential 

epigenetic biomarkers for trastuzumab and lapatinib resistance that are 

sufficiently accurate to stratify patients and save costs and toxicities for the 

patients who do not respond to treatment.  

 

For several years, trastuzumab and lapatinib have been the most commonly 

used treatment for HER2+ BC. For this reason, three trastuzumab and lapatinib-

resistant models, SKTR, SKLR and the patented SKLTR437, were developed and 

published previously in our laboratory401. Here, a novel dual trastuzumab plus 

lapatinib (T®L) long-term exposure model was developed and characterized 

(SKTLR) as an in vitro model of HER2+ MBC patients. Several mechanisms 

have been described for trastuzumab and lapatinib resistance in the last few years, 

some of them concerning changes in the HER receptor family and HER2 

pathway. The SKTLR model showed overexpression of p-EGFR, p-HER4 and p-

AKT and, to a lesser extent, in EGFR and p-HER2 (compared to its control 

SKTR) to overcome the anticancer effects of both anti-HER2 agents. Conversely, 
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p-HER3 presented decreased levels compared to SKTR. The SKTLR model 

presented a similar HER receptor and HER2 downstream pattern to the 

previously developed SKLTR. The increased expression and activation of HER1 

and the PI3K/AKT signaling pathway has been demonstrated to have an essential 

role in the resistance acquisition of both anti-HER2 drugs143,144,438,439. It has been 

identified that HER3 overexpression leads to HER2-HER3 heterodimer 

formation consequently activating the PI3K/AKT pathway. However, the 

overactivation of HER2 besides HER1, and the decreased p-HER3 expression in 

the SKTLR model could be accomplished through dimerization of the HER2 

receptor with other HER receptors such as HER1 or HER4, when cells acquired 

the resistance401. HER4 activation has been detected in both the SKTLR and 

SKLTR models, suggesting its activation is a molecular mechanism of double-

resistance to anti-HER2 therapies. Moreover, an increased expression of HER1-

HER4 ligands including EREG and HB-EGF has been identified in SKLTR 

model401. In fact, another report has been described HER4 role in the 

development and sustaining of anti-HER2 (trastuzumab and lapatinib) treatment 

resistance in BC cells440.  
 

DNA methylation alteration contributes to neoplastic development through its 

involvement in the initiation, promotion, invasion, metastasis and treatment 

resistance227,293,441,442. For example, Lindqvist BM et al. demonstrated a different 

methylation profile for HER2+ BC tissue samples compared with normal breast 

tissue using a whole genome DNA methylation signature423. Interestingly, DNA 

methylation has also been described to be involved in treatment resistance 

mechanisms in cancer443–445. Therefore, we wanted to evaluate the role of DNA 

methylation in trastuzumab and lapatinib resistance in our models (SK, SKTR, 

SKLR and SKTLR) using the 450k methylation array. Taking into account all the 

CpGs analyzed, SKTR, SKLR and SKTLR presented differentially methylated 

CpGs with respect to the sensitive model (SK), highlighting the role the DNA 

methylation pattern has in treatment resistance phenotype. The SKLR model 

presented the highest correlation methylation CpGs levels compared to the SK. 

Probably, other non-epigenetic factors are more critical for the lapatinib 

resistance phenotype, such as post-translational mechanisms or other cytoplasmic 
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mechanisms. In contrast, the SKTLR model presented the most diverse 

methylation pattern compared to SK, probably because the acquisition of 

multidrug resistance alters a greater number of molecular pathways compared to 

mono-resistance. As expected, all resistant models analyzed presented the typical 

features of cancer methylation patterns with a more poorly methylated CpGs and 

less highly methylated CpGs. It is well-known that during carcinogenesis, a site-

specific DNA hypermethylation and a global DNA hypomethylation (associated 

with genetic instability in cancer cells) take place295. 

 

In summary, we demonstrated the involvement the DNA methylation pattern 

has in trastuzumab, lapatinib and trastuzumab plus lapatinib resistance in our 

HER2+ BC models, reinforcing the role of this epigenetic modification in cancer 

treatment resistance disclosed in other papers.  

2.-	IDENTIFICATION	OF	GENES	RESPONSIBLE	FOR	TRASTUZUMAB,	
LAPATINIB	AND	TRASTUZUMAB	PLUS	LAPATINIB	RESISTANCE	IN	OUR	HER2+	

BREAST	CANCER	MODELS 
Epigenetic biomarker studies are focused on analyzing the methylation 

changes in the promoter regions of candidate genes in specific tumor types for 

their implication in gene silencing54,293. In general, this gene repression results in 

an adaptive advantage for the cells, allowing them to adopt a more aggressive and 

invasive phenotype.  

 

The DNA methylation analysis in promoter and island regions of our resistant 

models allow us to differentiate each model clearly. The identified differential 

promoter methylated genes between mono-resistants and double-resistant models 

were associated to several biological processes related to cancer mainly cell 

adhesion, cell proliferation pathways or transcription regulation, among others. 

Our results are in accordance with the results obtained by Zhang L. et al. who 

studied the expression pattern between the lapatinib-sensitive and -resistant 

models. They observed that most differentially expressed genes between both 

cellular models were mainly related to different biological functions like cell 



Chapter	V	
 

 154	

adhesion, proliferation, and motion446. Currently, tumor microenvironment and 

their cross-talk have been described as playing an important role in cancer 

development and progression, regulating cell-cell and cell-matrix 

communications, cell migration, invasion and metastatic dissemination and, at the 

same time, can also condition the efficacy of antitumor therapies447–449. Several 

types of cancer cells have been shown to use their interactions with the 

surrounding environment to acquire drug resistance, either within the primary 

tumor or the context of disseminating metastases to distant organs (reviewed in 
450). In fact, several reports have linked trastuzumab and lapatinib resistance to 

the extracellular matrix proteins451,452. Therefore, it is not surprising that the 

genes with the highest DNA methylation differences were related to cell adhesion 

or cell proliferation in our resistant models. Our data also revealed other enriched 

categories, including items associated with multiple different cellular pathways 

and processes, demonstrating a large number of pathways and process that could 

be altered during trastuzumab and lapatinib resistance.  

 

In this doctoral thesis, the DNA promoter and island methylation analysis and 

the RNA-Seq data were integrated to create a powerful tool with which to detect 

genes epigenetically regulated and involved in trastuzumab or lapatinib resistance 

in our cellular models. Interestingly, the SKTR vs. SK and SKLR vs. SK model 

comparison showed a high number of hypermethylated and downexpressed genes 

compared with the hypomethylated and overexpressed genes, which is consistent 

with the common promoter methylation pattern described in cancer cells453. As 

explained earlier, some reports of promoters who were hypomethylated in cancer 

have been published; however, it is generally accepted that the balance weight 

leans toward hypermethylation of tumor controlling genes287. Our study shows 

that promoter hypomethylation is as broadly distributed as promoter 

hypermethylation in our SKTLR vs. SKTR and SKLR comparison, suggesting a 

role for promoter hypomethylation in the double-resistance acquisition. Although 

promoter hypermethylation has been mainly associated with gene silencing, a low 

number of genes with methylation and expression correlation were identified in 

our study. A previous study described that only 15% of the significantly 

differentially methylated genes using the methylation array 450K showed a 
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correlated change in mRNA expression in pediatric acute lymphoblastic 

leukemia454. Different reasons may be able to explain this low number of genes 

with methylation and expression correlation. For instance, the interaction 

between the epigenetic machinery components (Chapter I, section 5.4.- Interplay 

between the components of the epigenetic machinery). Gene expression can be 

regulated by a complex network of DNA methylation, histone modification and 

ncRNA processes252,257,258,268. Therefore, some gene expression could be 

regulated by epigenetic mechanisms other than DNA methylation. On the other 

hand, the non-direct expression control by CpG methylation in the promoter 

region could be another hypothesis, suggesting gene expression regulation by 

enhancers that impact the transcription while lying distal to the transcription start 

site455. Therefore, maybe the DNA methylation differences in enhancer sequences 

cannot be correctly detected with the 450K analysis456. Currently, a new platform 

for DNA methylation studies (Methylation EPIC BeadChip Infinium) has been 

developed. It can analyze 853,307 CpG (850K) and appears to be a promising 

tool with which to address these issues as it incorporates 33,265 CpG sites 

located in the enhancer regions457.  

 

The subsequent qRT-PCR and demethylating agent treatment validation 

techniques allow us to identify epigenetically regulated genes as potential 

epigenetic biomarkers in each comparison. TGFBI, KILLIN, CXCL2 and 

SLC38A1 were the four genes validated for the SKTR vs. SK comparison for 

both methodologies. The downregulation of TGFBI and its epigenetic regulation 

have been described in a variety of human tumor cell lines458–460. Meanwhile, 

CXCL2 up-regulation has been linked to chemotherapy resistance in BC461,462. 

Contrary to our results, the overexpression of SLC38A1 (also known as 

ATA1/SNAT1/SAT1) has been associated with an advanced tumor stage and nodal 

metastasis. Probably, the positive correlation between SLC38A1 and AKT 

expression demonstrated previously, could explain the downregulation of 

SLC38A1 identified in our SKTR model (present low p-AKT levels)417. Unlike 

other genes, KILLIN or KLLN was selected from the methylation array analysis 

because of their previously described implications in BC. KILLIN is located in 

the 10q23.31 chromosomal region, proximal to PTEN. PTEN and KILLIN share 
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the same transcription start site and are assumed to be regulated by the same 

promoter but transcribed in opposite directions418. The DNA promoter 

methylation and epigenetic regulation of KILLIN had been previously described 

in renal cancer463 and Cowden Syndrom464. More interestingly, Ng E. et al. 

observed increased DNA methylation of KILLIN/PTEN in the plasma of patients 

with thyroid and BC418. Furthermore, the loss of PTEN has been well described 

as an underlying mechanism that increases after trastuzumab treatment146.  

 

Several genes with methylation and expression correlation were identified as 

potential candidate biomarkers for trastuzumab, lapatinib, and trastuzumab plus 

lapatinib resistance. Due to the retrospective study design, we could not obtain 

samples from patients with advanced or MBC or tumor samples treated with 

lapatinib as single agent to validate our selected genes. That said, their validation 

as biomarkers of lapatinib and trastuzumab plus lapatinib resistance in future 

studies could be relevant to stratify patients for whom treatment with T+L or L 

could be useful or not.  

 

For the SKLR comparison the only gene selected,  TXNDR1 (hypomethylated 

and overexpressed in SKLR), was not validated by qRT-PCR. TXNDR1 (which 

plays a key role in oxidative stress control) has been identified overexpressed in 

different cancers including node-negative breast422, lung465–467 and oral squamous 

cell carcinomas468. Furthermore, Cadenas C. et al. suggest that HER2 could 

influence the expression of TXNDR1422. Although it has been identified as a 

good correlation between RNA-Seq and qRT-PCR methods, the qRT-PCR 

primers design or the biased results analysis produced from the RNA-Seq 

analysis could explain the differences between both methods469,470. 

 

Different genes were identified as potential biomarkers for the double-

resistant model. Taking into account both comparisons (SKTR vs. SKTLR and 

SKLR vs. SKTLR) the ANXA3 and PPARG genes appear to be epigenetically 

regulated in double-resistant acquisition. ANXA3 is a membrane associated 

protein from the calcium-dependent phospholipid-binding proteins family and 

plays a crucial role in a diverse range of molecular and cellular processes such as 
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cell differentiation, migration, proliferation, immune regulation, anti-

inflammation processes, and bone formation471–474. Furthermore, it has been 

described as being involved in tumor progression, metastasis and drug resistance 

processes473,475. The ANXA3 gene was epigenetically repressed during 

trastuzumab plus lapatinib resistance in our models, suggesting its possible role 

as a tumor suppressor gene. These results were correlated with its role in 

prostate476 and renal carcinomas477,473. In contrast, ANXA3 overexpression has 

been related to a tumor promoter role in other cancer types such as ovarian478, 

colorectal479 and lung cancer480, as well as in hepatocarcinoma481. Hence, all this 

evidence revealed that ANXA3 might specifically function either as a tumor 

suppressor or tumor promoter gene depending on the tumor and tissues type. 

PPARG (or PPARg) is a transcription factor gene with the same pattern as 

ANXA3 and was found to be hypermethylated and downexpressed in SKTLR in 

both double-resistant comparisons. PPARG is a member of a family of three 

PPARs that control the expression of a network of genes involved in 

adipogenesis, lipid metabolism, inflammation and the maintenance of metabolic 

homeostasis and has been linked to human BC482–484. Furthermore, PPARG 

expression alteration or mutation has been associated with tumorigenesis485–487. 

Jiang WG et al. showed that lower levels of PPARG were associated with local 

recurrence of BC when compared to those who remained disease free488. Besides 

this, a recently published paper revealed in a lapatinib-resistant model the up-

regulation of PPARG similar to the PPARG expression in our resistant model 

(SKLR)446. Hence, according to our results and the bibliography, ANXA3 and 

PPARG genes could have a potential role as trastuzumab plus lapatinib resistance 

biomarkers in HER2+ BC.  

 

Apart from the genes selected from each comparison, other different 

epigenetically regulated genes were identified in more than one comparison and 

will be relevant for future studies. The ANGPTL4, CYP4X1, ENTPD3, KCNJ12, 

IRX6 and RIN3 genes were found to be hypermethylated and downexpressed in 

both mono-resistant models suggesting their possible role in resistance 

mechanisms independent of the anti-HER2 agents to which it is resistant. 

ANGPTL4 has been described as a genetically and epigenetically inactivated 
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tumor suppressor gene that inhibits tumor angiogenesis, which is in correlation 

with our results489. To our knowledge, this is the first time that the CYP4X1, 

ENTPD3, KCNJ12, IRX6 and RIN3 genes have been linked to a tumor suppressor 

function in BC. Interestingly, PTRF (also known as Cavin1) was 

hypermethylated and downexpressed in SKTLR compared to SKLR and in 

SKTR compared to SK. This observation suggests that PTRF promoter 

hypermethylation is probably due to the trastuzumab treatment. In accordance 

with our results, the PTRF/cavin-1 mRNA levels have previously been described 

as being associated with DNA methylation and loss of expression in other cancer 

such as prostate490, lung cancer491  and also BC492,493 and have been demonstrated 

to be related with tumor progression494. The hypomehtylated and overexpressed 

EID3 and TXNDR1 genes in SKTLR and SKLR from SKTLR vs. SKTR and 

SKLR vs. SK comparisons, suggest possible promoter hypomethylation due to 

the lapatinib treatment. Little bibliography information has been obtained on 

EID3 in BC. EID3 has been described as a negative regulator of cellular 

differentiation by binding to HDACs or HATs (CREB-binding protein/p300) and 

suppressing transcription495–497. Furthermore, EID3 is involved in cell 

differentiation inhibition and cancer stem cell formation in colorectal cancer498. 

Therefore, as far as we know, this is the first time the possible role EID3 has in 

BC and lapatinib BC treatment resistance has been described. The role TXNDR1 

plays in cancer has been previously described in the SKLR vs. SK comparison.  

	

2.1.-	Potential	epigenetic	biomarkers	for	trastuzumab	resistance	in	HER2+	
breast	cancer		
 

Taking trastuzumab as the basis of HER2+ BC treatment, we focused our 

analysis on potential biomarkers for trastuzumab resistance. As explained before, 

biomarker development involves multiple processes, i.e., linking initial 

discoveries in cell lines, validating these and clinical implementation. Therefore, 

all four selected (TGFBI, KILLIN, CXCL2 and SLC38A1) genes identified were 

validated employing different methylation and expression approaches. 

Additionally, the selected genes were subsequently analyzed in another long-term 

trastuzumab-sensitive (AU) and -resistant (AUTR) human HER2+ BC model 
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developed previously by our group402. Although both cell lines analysed derive 

from the same patient and have similar genetic and transcriptomic profiles, they 

have some differences in transcriptional levels499. Moreover, SKBr3 and AU565 

have been described as having distinct responses to drug treatment depending on 

culture conditions452. From all the genes selected, TGFBI was the only one with a 

consistent methylation, expression and protein pattern in both resistant models. 

This epigenetic regulation by promoter hypermethylation of the TGFBI gene 

observed is in line with previous studies in other cancer cell lines including lung 

and prostate460,500. In addition, Shao et al. showed that mammary cell line MCF-

7, MDA-MB231 and MDA-MB361 do not present a TGFBI promoter 

hypermethylation, which is in correlation with our results in the SK model.  

 

TGFBI (also known as Betaig-H3 or Keratoepithelin) was first identified 

during the 1990s, when it was isolated from human lung adenocarcinoma cell line 

(A549) which had been treated with transforming growth factor-b (TGF-b)501. 

TGFBI encodes a 68KDa secretory protein induced by TGF-b in human 

adenocarcinoma cells as well as other human cell types502. Briefly, TGFBI 

protein contains four fasciclin-1 (FAS1) domains and the RGD-motif and has 

been reported to function as an ECM protein to mediate cell adhesion and 

migration through interacting with collagen, fibronectin and laminin and several 

integrins including α1β1, α3β1, αvβ3, and αvβ5432,433,503. Mutations of the TGFBI 

gene have been shown to be involved in several corneal dystrophies504,505. 

Furthermore, TGFBI is involved in cell growth, cell differentiation, wound 

healing, apoptosis and tumorigenesis458,459,506,507. While TGFBI has also been 

reported to be involved in tumorigenesis, its role is not clear. In our study, we 

have linked the promoter DNA methylation-associated silencing of the TGFBI 

gene with a possible tumor suppressor function in the trastuzumab-resistant 

model. Several previous reports have indicated that TGFBI plays the role of a 

tumor suppressor gene in various cancers such as lung, breast and 

ovarian415,460,500,508,509. However, in other cancers, such as colon or pancreas, it 

has been described as having a tumor promoting function510,511. These opposing 

effects of TGFBI suggest that its expression and function are dependent on cell 

type409. 
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As mentioned before, TGFBI regulates cell adhesion by interacting with 

different integrins which, in turn, has been shown to play an important role in 

tumor progression in humans512–514. Different integrins have been related to 

trastuzumab resistance such as b1 or a6b171,515.  Furthermore, a direct interaction 

between the HER2 receptor and different integrins has also been described in 

multiple reports171,516–520.  This interaction is carried out through the integrin 

binding motifs in TGFBI protein, including the well-characterized RGD motif 

along with the NKDIL, EPDIM and YH motifs in the second and fourth FAS1 

domains409. For this reason, different functional studies were carried out to 

determine whether TGFBI has a potential role in trastuzumab resistance or not. In 

our hands, TGFBI overexpression in SKTR significantly sensitizes the cells to 

the treatment, and activates some downstream HER2 protein pathways (pAKT, 

pHER1, and pHER2), adopting a similar pattern to SK. In contrast, TGFBI 

knockdown in endogenous TGFBI expressed in the SK cells did not produce any 

effect. In addition, an analysis of TGFBI with integrin-binding mutated motifs 

was performed to investigate the role of the RGD and NKDIL, EPDIM and YH 

integrin-binding domains in trastuzumab response409. Like TGFBI 

overexpression, the TGFBI mutated form induced the activation of different 

HER2 proteins downstream but there were no differences in trastuzumab 

treatment response. Therefore, it is likely that the four mutated domains of 

TGFBI are required for it to function in trastuzumab response; which is 

consistent with other studies that described the involvement of FAS1 domains in 

tumor angiogenesis, tumor growth inhibition and in promoting apoptosis509,521. 

Moreover, the RGD motif has also been described as mediating TGF-b induced 

apoptosis in ovarian cancer507. For example, it has been described that FAS1 and 

avb3 integrin interaction exerts anti-angiogenic activity in vitro and in vivo, 

leading to tumor inhibition521,522.  

The different HER downstream pathway changes observed in TGFBI 

overexpression or mutagenesis suggest interaction between TGFBI and some of 

the HER receptors and downstream proteins independent of the altered integrin-

binding motif. Little information has been found about the possible TGFBI and 

HER pathway interaction. Wen G. et al. described the involvement of TGFBI in 
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mesothelioma progression through AKT/mTOR pathway508. The authors 

hypothesized that the absence of TGFBI, which may bind to the extracellular 

domain of the receptor, can produce enhanced autophosphorylation of the 

receptor, which results in more activated downstream signaling pathways. In 

summary, our study suggests that TGFBI expression may promote the 

effectiveness of trastuzumab treatment.  

Although more in vitro functional analysis is necessary to elucidate the role of 

TGFBI in trastuzumab resistance, we suggest some hypothetical situations taking 

into account all the action mechanisms TGFBI has. TGFBI has been described as 

possibly being able to inhibit cell adhesion to various ECM proteins, inhibiting 

cell proliferation and invasion in neuroblastoma523. Cell adhesion to ECM has 

been consistently reported as one of the mechanisms used by tumor cells to resist 

chemotherapy524. These observations are in correlation with previous studies in 

our group, where our SKTR model presented a highly significant adhesion 

capacity to bind to extracellular matrix proteins like fibronectin, collagen I, 

collagen IV or laminin I compared to SK (data not shown)401. Therefore, we 

hypothesized that in the absence of TGFBI, the integrins could bind to the ECM 

providing attachment sites for cells and inducing more invasion, or acting as a 

physical drug barrier, restricting drug transport and limiting their efficacy (Figure 

26A). The intratumoral diffusion and/or physical masking of HER receptors by 

ECM proteins have been described as a mechanism that can affect the therapeutic 

efficacy of some drugs including trastuzumab451. This hypothesis also correlates 

with the non-sensitivity to trastuzumab treatment observed in TGFBI with 

mutated integrin-binding motifs. On the other hand, when TGFBI has secreted, 

its union with integrins could inhibit the ECM-integrin interaction. As a 

consequence, not only is focal adhesion kinase (FAK) activated, but also the 

HER2 and EGFR receptors and their downstream pathways.  

 

Another hypothesis could be related with the ability of integrins to regulate 

HER2 traffic to the membrane (Figure 26B). The αv-integrin expression has been 

described as possibly being able to modulate HER2 localization. Sangeet Lal et 

al. showed that αv-integrin knockdown altered HER2 localization from its 
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normal membrane position to a predominantly lysosome localization525. Hence, 

we hypothesize that TGFBI-integrin interaction may regulate the correct 

localization of HER2 into the membrane where it can be recognized by 

trastuzumab. This hypothesis corroborates that TGFBI overexpression in the 

SKTR model sensitizes the cells to the treatment, whereas the TGFBImut does 

not. In both hypotheses, the HER2 receptors and their downstream pathway 

activation in TGFBImut, could be related to a TGFBI-HER2 interaction 

independent of the integrin-binding domains or the involvement of TGF-b. In 

BC, the functional cross-talk between HER2 and TGF-b signaling has been 

identified previously and is known to be involved in increased cancer cell 

proliferation, survival and invasion, accelerating metastasis in animal models and 

resistance to chemotherapy and anti-HER2 therapy526,527. Briefly, TGF-b through 

a Smad complex regulates the expression of different genes or can activate 

directly other pathways including ERK, p38MAPK or PI3K528–530. In cancer, 

TGF-b has been described as playing a dual role as an oncogene and tumor-

suppressor gene530.  
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Figure 26. Schematic representation of hypothetical TGFBI roles in our 
trastuzumab-sensitive and –resistant cellular model. (A) Schematic representation of 
our first hypothesis in which TGFBI regulates the ECM-integrin interaction. Without 
TGFBI, the ECM-integrin interaction provides attachment sites for cells, inducing more 
invasion or masking the HER2 receptor and trastuzumab cannot recognize it. If TGFBI 
presents the integrin-binding domains as mutated, ECM-integrin interaction can occur 
along with the TGFBI and HER2 cross-talk (not described), activating the AKT-PI3K 
pathway. (B) Schematic representation of our second hypothesis in which TGFBI induces 
through its integrin interaction, the correct localization of HER2 into the membrane. If 
TGFBI is not present, HER2 remains incorrectly localized and could be activated by the 
TGFBI itself regardless of the integrin binding domains or other pathways such as TGF-b.  

In summary, we identified different epigenetically regulated genes as 

potential biomarkers of trastuzumab and/or lapatinib resistance in HER2+ BC 

and would like to highlight the identification and validation of the TGFBI gene as 

a potential epigenetic biomarker for trastuzumab response in HER2+ BC. In 

addition, we also showed that ectopic expression of TGFBI in the SKTR model 

increased its sensitivity to trastuzumab treatment, suggesting that the TGFBI 

integrin-binding domains are involved. Our findings provide a rationale for the 

further investigation of TGFBI epigenetic silencing by DNA methylation in 

trastuzumab resistance in HER2+ BC.  
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3.-	TGFBI	HYPERMETHYLATION	AS	AN	EPIGENETIC	BIOMARKER	IN	HER2+	
BREAST	CANCER	HUMAN	SAMPLES	

Biomarker validation in human samples is a necessary step in biomarker 

discovery. Hence, TGFBI promoter methylation has been analyzed in the HER2+ 

BC patient cohort who were treated with neoadjuvant anthracycline-taxane-based 

chemotherapy plus trastuzumab. TGFBI hypermethylation was analyzed before 

(core biopsies) and after (tumor samples) trastuzumab treatment in FFPE tumor 

samples. The FFPE is an invaluable resource for oncology studies because it is 

the most widespread method used to store tissue in hospitals. The fixation process 

and long-term storage of tissue embedded in paraffin can lead to DNA damage 

due to fragmentation, nucleotide base lesions, and/or modified bases, among 

others, resulting in poor quality DNA531,532. For these reasons, because of its easy 

standardization and lower false positive rate, the pyrosequencing method was 

chosen as an affordable and quantitative method that counterbalances some 

weaknesses of previous and extensively-used methodology such as MSP533. 

Furthermore, different groups have shown that pyrosequencing-based assay is a 

suitable methodology for analyzing short DNA sequences (usually <150bp) such 

as those extracted from FFPE tissue412,534–536. Therefore, we used pyrosequencing 

methodology to measure TGFBI DNA promoter methylation in our human tumor 

samples.  

 

In our preliminary study, a higher TGFBI methylation level after treatment 

was observed in patients who had developed treatment resistance when compared 

to their pre-treatment samples. These results are in accordance with other studies 

which demonstrated an association between TGFBI hypermethylation and poor 

prognosis in prostate and lung cancer537. Consistently, Calaf, G. M., et al. 

identified a decreased TGFBI protein expression from bening tissues to invasive 

ductal breast carcinoma (the most malignant tissue analyzed) in 192 cases of 

breast tumors by IHC538.  

 

Due to the small size of the patient cohort and the retrospective design, the 

role of TGFBI methylation as a biomarker requires further validation in a larger 
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and independent cohort. Nevertheless, the present study brings to light for the 

first time that TGFBI methylation has a significant discriminative value between 

pre- and post-treatment samples, as demonstrated by the ROC curve analyses. 

Interestingly, the TGFBI promoter methylation analysis in responder patients 

showed similar methylation levels to the pre-treatment samples of non-

responders. This observation suggests the possible role TGFBI has as a 

monitoring biomarker for trastuzumab response in patients with HER2+ BC. 

Pajares M J et al. also described TGFBI as a biomarker of treatment response in 

lung cancer. The authors identified high levels of TGFBI protein in patients with 

stage IV NSCLC who respond to chemotherapy, meanwhile patients who did not 

respond showed low levels539.  

 

Although no significant association was found between TGFBI methylation 

before and after treatment and patients’ clinical-histopathologic characteristics, a 

high number ER-positive patients (80%) was observed. These results are 

consistent with other preclinical data that showed an increase of ER activity as an 

escape pathway (probably via PI3K) in ER+/HER2+ cells exposed to 

trastuzumab and lapatinib107. Furthermore, ER status has been known to be 

associated with pCR in HER2+ BC107,128,540,541. In addition, although the type of 

surgery is not associated with a higher TGFBI methylation level in post-treatment 

samples, 73% of our patients were treated with mastectomy versus 27% with 

lumpectomy, probably due to the high prevalence of stage IIIB. The low 

histological grade (grade 1-2) and high clinical stage (IIIB) of treatment were 

probably due to most of the patients having non-operable cancers including 

inflammatory tumors. Currently, neoadjuvant treatment is generally used for 

operable HER2+ BC thanks to an improvement in the efficacy of the drugs used 

for treatment114. At the time our cohort was treated, none of these drugs were yet 

available. That said, trastuzumab remains the gold-standard treatment for HER2+ 

BC. 

In summary, even though our results are preliminary and more approaches 

should be performed to evaluate the role of TGFBI in trastuzumab resistance, our 

work suggests for the first time TGFBI promoter methylation as a biomarker for 
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trastuzumab response in patients with HER2+ BC. The combination of TGFBI 

hypermethylation analysis with standard clinical markers may help stratify 

HER2+ patients according to the response to the trastuzumab treatment.   

 

4.-	GENERAL	DISCUSSION	

Cancer has traditionally been regarded as a genetic disease, but recently it is 

becoming apparent that the deregulation of epigenetic mechanisms greatly 

contributes to tumor development7,227,542. Furthermore, it has also been described 

that different genetic and epigenetic events are probably involved in the de novo 

or primary cellular mechanisms to escape the anti-tumoral effects mediated by 

the anticancer compounds288. The main objective of this work was the evaluation 

of the DNA methylome in different cellular models resistant to the main 

treatments for HER2+ BC used in clinical practice. Through the application of 

the most recent epigenomic and expression techniques, potential biomarkers for 

trastuzumab and lapatinib treatment resistance have been identified. We highlight 

in particular, the identification and validation of the TGFBI gene as a possible 

indicator of trastuzumab resistance in patients with HER2+ BC. This work has 

been performed using pre-clinical models and a small cohort of HER2+ tumor 

samples.  

 

In the first part of this thesis, we identified the DNA methylome in 

trastuzumab and lapatinib sensitive and resistant HER2+ BC, analyzing our pre-

clinical models using Infinium HumanMethylation 450 BeadChip. We 

demonstrated that DNA methylation mechanisms are involved in trastuzumab 

and lapatinib treatment resistance in our models. As expected, a common cancer 

methylation pattern was observed in our resistant models. 

 

The aim to identify new biomarkers to detect, predict or monitor BC is the 
spotlight of many studies. Despite promising epigenetic biomarkers such as 
MGMT hypermethylation for temozolomide treatment in gliomas, there are fewer 
biomarkers focused on anti-HER2 treatment resistance355,370,543–545. Herein, we 
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focused our DNA methylation analysis on the promoter and island regions of the 
candidate genes to determine its implication in gene expression regulation227,293. 
In analyzing the promoter methylation profile of our sensitive and resistant 
models, we found that the majority of differentially methylated genes are related 
to cell adhesion processes, which are critical to the preservation of normal tissue 
architecture, and disruption of the cell adhesion system can lead to tumor 
infiltration and metastatsis546. Therefore, our results reinforce previous studies 
demonstrating the role tumor microenvironment and cellular adhesion process in 
tumor cell drug resistance has448,451,452,547. The integrative analysis of methylation 
and RNA-Seq data for each sensitive and resistant model comparison, showed 
different genes with methylation and expression pattern correlations. For 
instance, TGFBI, KILLIN, CXCL2 and SLC38A1 from the SKTR vs. SK 
comparison, ITGB8 and BMP4 from SKTLR vs. SKTR and, ANXA3 and PPARG 
from SKTLR compared to SKTR and SKLR were identified as potential 
biomarkers of trastuzumab and lapatinib resistance. However, only the selected 
genes in the trastuzumab-resistant models could be validated in another resistant 
model and the patient cohort.  
 

By analyzing the promoter methylation profile of long-term trastuzumab-

sensitive and -resistant models, four genes (TGFBI, KILLIN, CXCL2 and 

SLC38A1) were identified and subsequently validated using different methylation 

and expression approaches. Interestingly, only the TGFBI gene presented a 

correlation between methylation, expression and protein levels in two different 

trastuzumab-sensitive and -resistant models (SKBr3 and AU565). While TGFBI 

has been reported to be involved in tumorigenesis, its role is still not clear. 

Similar to other previous reports, we have linked the promoter DNA methylation-

associated silencing of TGFBI with a possible tumor suppressor 

function415,537,538,548. However, in other cancers like colon or pancreas, TGFBI has 

been described as an oncogene510,511. These opposing effects suggest that TGFBI 

expression and function are dependent on cell type409. 

 

Similar results to the SKTR and SK models were obtained when, using 

bisulfite pyrosequencing, we analyzed TGFBI promoter hypermethylation in 24 

HER2+ human BC samples with complete response or no-response to 
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trastuzumab-based treatment in neoadjuvant settings. Our preliminary in vitro 

study identified a significant increase of TGFBI methylation levels in the post-

treatment samples of patients who had developed resistance to treatment 

compared to their pre-treatment samples. These results are in accordance with 

other studies which demonstrated an association between TGFBI 

hypermethylation and poor prognosis in prostate and lung cancer as well as with 

a decreased TGFBI expression in advanced stages of BC and in NSCLC 

tumors537–539. Interestingly, the TGFBI promoter methylation analysis in 

responder patients showed similar methylation levels with the pre-treatment 

samples of non-responder’s. Although further validation in a large and 

independent cohort is required, the present study suggests that TGFBI 

methylation has a significant discriminative value between pre- and post-

treatment samples, as demonstrated by ROC curve analyses. This observation 

suggests the possible role of TGFBI promoter hypermethylation as an epigenetic 

biomarker for trastuzumab response in patients with HER2+ BC. 

 

TGFBI is described as a “linker” participating in the interaction between 

ECM and integrins, affecting different traits of malignant tumors432. It has been 

demonstrated that expression of TGFBI ectopically reduced the metastatic ability 

of MCF-7 and H522, lung and breast cancer cell lines, respectively, in vitro and 

in vivo415. Consistently, a previous study in our group demonstrated a greater 

invasive capacity for SKTR model compared to SK401. Therefore, our results 

reinforce that the TGFBI hypermethylation in the SKTR model could be related 

to a more aggressive and invasive phenotype. Attempting to identify the role of 

TGFBI in trastuzumab resistance and its involvement in cell adhesion and tumor 

microenvironment, we demonstrated that TGFBI overexpression in the SKTR 

model significantly sensitizes the cells to the treatment by interacting with 

integrins through its integrin-binding domains (EPDIM, NKDIL, YH and RGD). 

These results were reinforced after the expression of TGFBI with different 

mutated integrin-binding domains. The TGFBI mutated form induced the 

activation of different HER2 proteins downstream but there were no differences 

in trastuzumab treatment response.  Additionally, TGFBI overexpression and 

mutated TGFBI showed some downstream HER2 protein activation, independent 
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of its integrin-binding domains. Although further studies are needed to elucidate 

the TGFBI and HER2 downstream protein interaction, we suggest a possible 

direct interaction between the TGFBI and HER receptors or the involvement of 

the TGF-b pathway. Together, these findings suggest that TGFBI promotes 

trastuzumab sensitivity through its interaction with integrins, probably by 

blocking the ECM-integrin cross-talk. Other studies also described the 

involvement of FAS1 domains and RGD motifs in tumor growth inhibition and 

promoting apoptosis507,509,521. In contrast, TGFBI knockdown in endogenous 

TGFBI expressed in the SK cells did not produce any effect. Further studies are 

required to elucidate the molecular pathways determining how TGFBI repression 

causes trastuzumab resistance and to determine how integrins are involved.  
 

In summary, the results of this thesis have provided an overview of the DNA 

methylation pattern in HER2+ resistant BC. Furthermore, different epigenetically 

regulated genes have been identified as potential biomarkers for trastuzumab, 

lapatinib and trastuzumab plus lapatinib to be validated in future studies. 

Interestingly, TGFBI promoter hypermethylation has been identified and 

validated using different methylation and expression techniques such as potential 

methylation monitoring biomarker for trastuzumab response. The in vitro results 

were validated in vivo in a small cohort of HER2+ BC patients treated with 

trastuzumab plus chemotherapy in a neoadjuvant setting. However, further 

prospective studies are required to identify the specific role TGFBI plays in 

trastuzumab resistance in the neoadjuvant settings.  
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5.-	LIMITATIONS	OF	THE	STUDY	

At the conclusion of the present research, it is necessary to point out some 

limitations that have not been possible to control in both in vitro and in vivo 

analysis.  

 

We used the SKBr3 HER2+ BC cell model to identify potential genes 

involved in trastuzumab, lapatinib and trastuzumab plus lapatinib resistance. 

Although the genes involved in trastuzumab resistance in SKTR were validated 

in another resistant model (AUTR), the other genes identified in lapatinib and 

trastuzumab plus lapatinib resistance could not be validated. Biomarker 

validation in different cellular models allows the reproducibility to be established 

and demonstrates that selected genes are not an in vitro culture artifact. However, 

the availability of resistant models and the development of long-term resistant 

models make this process difficult. To our knowledge, the SKTLR model 

(together with the SKLTR) is the only existing double-resistant models.  

 

Another significant limitation of our study is the small number of HER2+ 

human BC samples. As explained before, the poor preservation of the DNA in 

FFPE tumor blocks was one of the most important limitations. The fixation 

process and long-term storage of FFPE tissue led to DNA damage resulting in 

poor-quality DNA resulting in the fact that all the previously selected samples 

could not be finally analyzed. Besides this, the difficulty of obtaining and 

extracting DNA from pre-treatment samples (core biopsies) and the lack of post-

treatment samples from patients who achieved complete response, were one of 

the most critical limitations that we found. Finally, the clinical-histopathologic 

characteristics of our selected samples differs slightly from what was expected, 

with a low histological grade and high clinical stage. These differences are 

probably due to most of the patients having non-operable cancers, including 

inflammatory tumors, and that most of the samples were collected between 2007 

and 2014. Currently, because of an improvement in the efficacy of treatments, 

neoadjuvant treatment is generally used in operable HER2+ BC. Finally, taking 

into account that patient selection is not random since they are obtained in our 
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hospital, our in vitro study requires a further validation in a more extensive and 

independent cohort.  

6.-	FUTURE	PERSPECTIVES	

 
Despite new advances in medicine and public health, early diagnosis of BC 

remains a worldwide public health dilemma as it is currently the most common 

tumor found in women1. The astonishing advance in our understanding of BC has 

allowed for the development of more competent treatments such as trastuzumab 

or lapatinib for HER2+ early-stage and metastatic BC549,88. That said, in the last 

few years, oncology has been focusing on the discovery of new biomarkers 

capable of detecting cancer at the very early stages and predicting or monitoring 

treatment response. These biomarkers can help in different processes such as new 

pharmacological treatment development, the discovery and characterization of 

new resistance mechanisms and, interestingly, can efficiently stratify patients 

which would allow for a more personalized therapy for each patient to be 

developed.  

 

Currently, there has been an explosion in cancer research focused on 

circulating tumor DNA (ctDNA) analysis. ctDNA is a double-stranded nucleic 

acid that is shed from tumor cells into the blood and contains all the gene 

information detected in the tumor tissue550. Hence, it contains a great deal of 

information about the genetic and epigenetic profiles associated with cancer 

development, progression and response to therapy550,551. For this reason, ctDNA 

can be considered as a valuable complement to conventional diagnostic 

procedures and relevant for early disease detection in cancer patients, especially 

for tumor types where symptoms arise in late stages or when biopsies are not 

available552. For example, Fiegl et al. identified the RASSF1A DNA methylation 

in the plasma of patients with BC who had received adjuvant tamoxifen. The 

authors demonstrated that RASSF1A methylation was related to tamoxifen 

treatment resistance553. Hence, we suggest that TGFBI methylation analysis in the 

plasma of HER2+ BC treated with trastuzumab plus chemotherapy in 

neoadjuvant setting at different times once the treatment has been administered, 
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could be a validated method. This non-invasive analysis could allow the 

limitations out study had working with FFPE tissue to be overcome. Besides, it 

could also be an alternative method to validate the ANXA3 and PPARG 

methylation identified as potential biomarkers of trastuzumab and lapatinib 

resistance, as it is less invasive than performing an additional core biopsy after 

lapatinib treatment. 
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The results obtained from the current thesis led us to conclude that:  

 

1. DNA methylation analysis allowed us to differentiate our 

trastuzumab and lapatinib-sensitive and -resistant HER2+ models, 

demonstrating the involvement this epigenetic alteration has in trastuzumab 

and lapatinib HER2+ resistant breast cancer. The SKLR model presented the 

most similar and the SKTLR the most different DNA methylation pattern 

compared to the SK model. 

 

2. The DNA promoter and island methylation analysis allowed us 

to identify several differently methylated genes between our sensitive and 

resistant models. Furthermore, these differently methylated genes identified 

were mainly related to cell adhesion and cell proliferation events, suggesting 

tumor microenvironment plays an essential role in trastuzumab and lapatinib 

resistance.  

 

3. The integrative analysis of DNA promoter and island 

methylation and RNA-Seq data suggest ANXA3 and PPARG genes as 

potential biomarkers for trastuzumab plus lapatinib resistance in HER2+ 

breast cancer.  

 

4. TGFBI promoter hypermethylation and downexpression was 

identified and validated using gold standard methodologies for DNA 

methylation and gene expression in trastuzumab-resistant models (SKTR and 

AUTR) compared to trastuzumab-sensitive models (SK and AU), suggesting 

its tumor suppressor role.  

 

5. The ectopic expression of TGFBI in our trastuzumab-resistant 

model increased its sensitivity to trastuzumab treatment. In addition, our in 

vitro results suggest the role TGFBI integrin-binding domains (EPDIM, 

NKDIL, RGD and YH motifs) play in trastuzumab response in our resistant 
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model, providing insight into the possible mechanism through which TGFBI 

might contribute to resistance.  

 

6. Our in vitro results suggest a possible cross-talk between the 

TGFBI and HER pathway independent of its integrin-binding domains.  

 

7. Like the trastuzumab-resistant model (SKTR), higher TGFBI 

promoter methylation has been identified in post-treatment samples of 

HER2+ resistant breast cancer patients treated with neoadjuvant 

anthracycline-taxane-based chemotherapy plus trastuzumab compared with 

their pre-treatment samples.  

  

8. TGFBI promoter methylation in pre-treatment samples of 

patients with complete treatment response, non-response and healthy breast 

tissue, showed similar methylation levels, suggesting TGFBI’s possible role 

as a monitoring biomarker for trastuzumab response in patients with HER2+ 

BC. 

 

The general conclusion of this thesis is that the DNA methylation mechanism 

is involved in trastuzumab- and lapatinib-resistant HER2+ breast cancer. Our in 

vitro and preliminary in vivo studies encourage us to think that TGFBI promoter 

hypermethylation could be a potential methylation biomarker for trastuzumab 

response. However, further prospective studies are required to identify the 

specific role TGFBI plays in trastuzumab resistance in neoadjuvant settings. 

Future studies based on TGFBI promoter methylation analysis in circulating 

DNA during neoadjuvant treatment could be a potential strategy with which to 

confirm our findings. 
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