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INTRODUCTION 

Cancer 

Cancer definition 

Cancer is a general term that covers more than 200 different types of diseases, which can be 

considered independent diseases, with their specific causes, evolution and treatment. The 

common denominator is the ability to multiply and spread throughout the organism that 

cancer cells present (Figure 1) (https://www.aacrfoundation.org/Pages/what-is-

cancer.aspx). 

 

Figure 1. Scheme related to cell proliferation, normal growth control loss. Adapted from the National 

Cancer Institute (NCI). 

Cancer types 

Cancer is classified in different types according to the organ or cell of origin where it takes 

place (https://www.aacrfoundation.org/Pages/what-is-cancer.aspx). In that way, different 

cancer types are grouped into: 

 Carcinomas, those which take place in the skin or internal epithelial tissues. 

 Sarcomas, those which occur in bones, cartilage, fat, muscle, blood vessels and other 

connective or supportive tissues. 

 Leukaemia, those which take place on blood and bone marrow cells. 
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 Lymphomas, those which occur in immune system cells (normally they appear in the 

lymphatic system). 

 Central nervous system cancer, those which take place on cerebrum and spinal cord. 

Breast cancer 

Breast cancer is the cancer type originated in the mammary gland. Normally breast cancer is 

developed from epithelial cells, which can be from lobular or ductal compartment, and 

rarely it is developed from stromal cells, as fat or fibrous connective tissue. 

Incidence of breast cancer 

Breast cancer is the most common cancer type, with the exception non-melanoma skin 

tumors, and the second leading cause of cancer death among women worldwide, presenting 

in 2012 overall figures of 1.7 millions of diagnostics and near to 522.000 deaths in women 

worldwide (GLOBOCAN 2012, Fitzmaurice et al., 2017). 

It is estimated that woman’s risk to suffer breast cancer is approximately 13% and the 

incidence is increasing around the world, due mainly to an earlier diagnostic but also due to 

the ageing population in the developed countries (GLOBOCAN 2012, Fitzmaurice et al., 

2017). 

In Spain the incidence is lower than in other European countries, such as UK, France, 

Switzerland, Belgium or Germany. However, around 28.000 new cases were diagnosed in 

2015 in our country (REDECAN), which accounts approximately for 30% of all tumors 

diagnosed in women. The age of greatest population incidence ranges between 45 to 65 

years old (AECC). 

Prognosis of breast cancer 

Thanks to early diagnosis, in Spain over the past 20 years survival has increased by 1.4% per 

annum, by making it 5 years form diagnosis the overall survival is 83%, which is above the 

European average (EURCOARE-4). In this way, breast cancer mortality in Spain is among the 

lowest in Europe and the number of deaths has stabilised in recent years. However, the 
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number of deaths due to breast cancer represents a 17% of all deaths due to cancer in 

women (AECC). 

Types of breast cancer 

There are several types of breast cancer, which can be classified according to different 

parameters, such as the cells of origin, the location in the breast, the degree of invasion, the 

histologic grade, or gene expression patterns. The different types of breast cancer are 

detailed below. 

Cell of Origin 

Carcinoma: it develops from the cells that line the organs and tissues, called epithelial cells. 

Adenocarcinoma: it is a type of carcinoma that develops from glandular epithelial cells, 

which may be ductal or lobular. It is the type of breast cancer most common. 

Sarcoma: it develops from muscle cells, fat or connective tissue located in the breast and 

that supports the ducts and lobules. It is a very rare type of breast cancer, accounting for 

less than 1% of the primary breast cancer. 

Histologic Classification 

Carcinoma in situ (CIS): Injury composed of abnormal epithelial cells that are completely 

confined within the ducts and lobules of the breast. These lack or incompletely several of 

the hallmarks of invasive cancers and that the molecular changes involved in progression to 

invasive carcinoma does not always occur (Ward et al., 2015). This type of carcinoma 

comprises a heterogeneous group of lesions that can be divided mainly in ductal, originating 

in breast ductal cells, and lobular, originating in lobular or alveolar cells. The ductal 

carcinoma in situ (DCIS) is considerably more common than lobular carcinoma in situ (LCIS) 

(Malhotra et al., 2010). 

Invasive carcinoma (IC): Group of malignant epithelial tumors characterized by the invasion 

of adjacent tissues and a marked tendency to metastasize to distant organs. It is believed 
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that they may derive from the breast parenchymal tissue (WHO, 2012). They are subdivided 

into: 

 Invasive ductal carcinoma (IDC), a heterogeneous group of tumors that are 

originated in ductal cells. 

 Invasive lobular carcinoma (ILC), composed of non-cohesive individually dispersed or 

arranged in a linear pattern in a fibrous stroma. 

 Invasive tubular carcinoma (ITC), composed of well-differentiated tubular structures 

with open lumen lined by a single layer of epithelial cells. It has a particularly 

favorable prognosis. 

 Invasive cribriform carcinoma (ICC), characterized by growing up with a cribriform 

pattern and mixed with a tubular component. It is usually associated with an 

excellent prognosis. 

 Medullary Carcinoma (MC), composed of poorly differentiated cells without 

glandular structures, little stroma and a prominent lymphoplasmocytic infiltrate. 

 Mucin-producing carcinoma, defined by the abundant production of intra- and/or 

extracellular mucin. 

 Neuroendocrine carcinomas, defined by morphological characteristics similar to 

pancreatic neuroendocrine tumors of the gastrointestinal tract and the lung. Express 

neuroendocrine markers in more than 50% of its population. 

 Invasive papillary carcinoma, similar to infiltrating ductal carcinomas with papillary 

architecture. It comprises less than 1-2% of invasive breast tumors and are 

characterized by a relatively good prognosis. 

 Apocrine carcinoma, constituted by the cytological and immunohistochemical 

features of the apocrine cells in more than 90% of the tumor cells. 

 Metaplastic carcinomas, formed by a mixture of adenocarcinoma with key areas of 

spindle cells, squamous cell and/or mesenchymal differentiation. Fusiform cells and 

squamous cells may also occur without any mixture of adenocarcinoma. 

Other rare types of breast tumors are Pagget's disease of the nipple, where the cancer cells 

are generated in the nipple or areola; Phyllodes tumors, which form in the stroma and tend 

to grow in the form of sheet quickly but rarely metastasize; angiosarcoma, which is formed 
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in the blood vessels and/or lymph vessels; and inflammatory breast cancer, a  rare type of 

tumor but very aggressive in which cancer cells block the lymph vessels in the skin of the 

breast, giving rise to the breast will be swollen and reddened (WHO 2012, Pourteimoor et 

al., 2016). 

Histologic Grade 

Normal adult cells are differentiated in order to carry out their function in the organs; 

however the cancerous cells lose this differentiation and become disorganized and highly 

proliferative. In this way, the histologic grade is an assessment of differentiation (tubular 

formation and nuclear pleomorphism) and proliferative activity (mitotic index). Currently, 

the Notthingam system, also known as the Bloom-Richardson-Elston system, is mostly used 

worldwide for histologic classification (Pourteimoor et al., 2016). In this way, there are three 

histologic grades: 

 Grade 1, which corresponds to well-differentiated tumors, and a good prognosis. The 

cells look like normal cells, and tumors grow slowly. 

 Grade 2, which corresponds to tumors of moderate differentiation and intermediate 

prognosis. They still keep some phenotypic similarity with the cells of origin and their 

growth is most fast. 

 Grade 3, which corresponds to poorly differentiated tumors and poor prognosis. 

Cells from these tumors do not resemble the cells of origin and tumors grow quickly. 

Tumors belonging to this histological grade are the most frequently metastasizing. 

TNM classification 

TNM staging system used in breast cancer is a classification system based on the 

progression and stage of breast cancer, so it is representative of the severity of the tumor 

progression (Pourteimoor et al., 2016). The factors that this system takes into account are 3: 

1. Location of the primary tumor and tumor size (T); 

2. Involvement of the lymph nodes (N); 

3. Presence or absence of distant metastases (M). 
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Once the variables T, N, and M are measured separately, they are combined and a 

comprehensive stage is assigned, which can be: 

1. Stage 0: they are carcinoma in situ (CIS). Tumor cells are located exclusively in the 

lobules or ducts. 

2. Stage I (T1, N0, M0): The size of the tumor is less than 2 cms. There is no 

involvement of lymph nodes or distant metastases. 

3. Stage II: Tumor between 2 and 5 cms, with or without axillary node involvement. 

4. Stage III: The tumor affects axillary nodes, and/or skin and chest wall (muscles or 

ribs). 

5. Stage IV: The primary tumor has metastasized, affecting other distant organs, such 

as bone, liver, lungs, and brain (the most common metastatic sites in breast cancer). 

This staging classification is closely related to the prognosis of the disease and the survival. 

The percentage of 5-year survival i 100% in stage I and about 20% in stage IV. 

Clinical Classification 

Clinical classification is based on a characterization by immunohistochemistry (IHC) of 

hormone receptors for estrogen receptor (ER) and progesterone receptor (PR), the human 

epidermal growth factor receptor 2 (HER2) and the proliferation marker Ki67 (Goldhirsch et 

al., 2011). In this way, breast tumors can be classified as: 

 Luminal (60 - 80%): those which present expression of ER and/or PR without 

amplification or overexpression of HER2 in tumor cells. It can be divided into luminal 

A, those with expression of Ki67 less than 14%, and luminal B, those with high Ki67 

expression. These tumors have a better clinical prognosis, specially the Luminal A 

subtype. 

 HER2-positive (20 - 30%): those which have genomic amplification or protein 

overexpression of HER2, independently on expression of ER and/or PR. HER2-

positive breast cancer is more aggressive and has a less favourable prognosis than 

HER2-negative breast cancer. 
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 Triple Negative Breast Cancer (TNBC) (10 - 20%): those which do not present 

expression of ER, PR, or amplification or overexpression of HER2. These tumors have 

a worse clinical prognosis. 

Treatment decisions are principally based in the clinical classification but also other 

clinicopathologic factors are taken into account, including age, tumor size, histological 

grade, metastases in lymph nodes and lymphovascular invasion. These parameters have 

been consolidated into guidelines, such as those of St. Gallen consensus criteria, the 

Nottingham Prognostic Index (NPI), and the National Comprehensive Cancer Network 

(NCCN) guidelines (Pourteimoor et al., 2016). 

Intrinsic molecular subtypes 

While the histological and clinical classifications of breast cancer have prognostic value, the 

lack of a molecular component limits the ability to predict the response to anticancer 

therapies (Pourteimoor et al., 2016). In this way, breast cancer patients with the same 

histological and clinical subtype have great heterogeneity as well as diverse evolution and 

response to treatments. In the last 15 years, the identification of the intrinsic molecular 

subtypes of breast cancer through the analysis of microarray-based gene expression has 

filled this gap (Perou et al., 2000; Prat et al., 2010; Sørlie et al., 2001; Sorlie et al., 2003). 

Thus, the different intrinsic molecular subtypes of breast cancer are classified in (Figure 2): 

 Basal-like: at RNA and protein level these tumours are characterized by a very high 

expression of epithelial genes characteristic from basal cells, as well as very low 

expression of genes typically luminal and intermediate expression of HER2-related 

genes. They also show a high expression of proliferation-related genes, as MKI67, 

and keratins typically expressed in the basal layer of the skin, such as KRT5, KRT14 

and KRT17 (Prat et al., 2015). At DNA level, these tumors show the second highest 

rate of mutations and chromosomal aberrations throughout the genome, being TP53 

and PIK3CA the most commonly mutated genes. Hereditary breast tumors carrying 

BRCA1 mutations are associated with this  
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Figura 2. Scheme of the intrinsic molecular subtypes of breast cáncer, indicating the main 

features and the percentage of total breast tumors that represent (Eroles et al., 2012). 

Modified from (Pourteimoor et al., 2016). 

subtype (Network, 2012; Prat et al., 2015). Most of basal-like tumors are TNBC and, 

therefore, do not have targeted treatment and clinical management mainly consists 

in (neo)adjuvant combinations of chemotherapeutic agents (Prat et al., 2015). Lower 

survival and greater risk of relapse correlate also with this subtype (Sørlie et al., 

2001). 
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 Claudin-low: at RNA and protein level these tumors are characterized by low 

expression of intercellular binding proteins, such as CLDN3, CLDN4 and CLDN7, and 

luminal genes, such as ER and GATA3, enrichment in markers of epithelial-

mesenchymal transition (EMT), such as VIM, TWIST2 and ZEB2, immune response 

genes and features of CSC (Prat et al., 2010; Sabatier et al., 2014). At DNA level, 

these tumors display several gains and losses suggesting a high genomic instability, 

showing no clear differences when compared to basal-like tumors (Sabatier et al., 

2014). They are usually TNBC, so tumors with poor prognosis, and high frequency of 

medullary and metaplastic differentiation (Prat et al., 2010; Sabatier et al., 2014). As 

TNBC, they are mainly treated with combinations of chemotherapeutic agents. 

 

 Luminal A: similarly to luminal B, these tumors are characterized by the expression of 

genes associated to luminal epithelial cells. Two major biological processes are 

regulated in this tumor subtype: downregulation of cell cycle- and proliferation-

associated pathways and upregulation of hormone- and luminal-regulated pathways. 

Tumors from these subtype are usually ER/PR-positive and they show also the 

highest expression levels of ESR1, GATA3 and HNF3α among other genes (Sørlie et 

al., 2001). Tumors from this subtype display lower number of mutations throughout 

the genome, lower number of chromosomal aberrations, lower mutation rate of 

TP53, similar of GATA3 and higher of PIK3CA and MAP3K1 regarding to the luminal B 

subtype (Prat et al., 2015). They show the best prognosis among all molecular 

subtypes (Sørlie et al., 2001) and the treatment is based primarily on endocrine 

therapy; they do not respond to chemotherapy (Prat et al., 2015), presenting the 

lower rates of pathological complete response to this systemic treatment (Bonnefoi 

et al., 2014; Sabatier et al., 2014). 

 

 Luminal B: these tumours have higher expression of proliferation- and cell cycle-

related genes, such as MKI67 and AURKA, and lower expression of several luminal-

related genes, such as PGR and FOXA1, but not the ESR1, which is found similarly 

expressed between the two luminal subtypes (Prat et al., 2015). They present an 

intermediate clinical prognosis (Sørlie et al., 2001) and the treatment is mostly with 

endocrine therapy; as luminal A tumors, they do not respond to chemotherapy (Prat 

31



et al., 2015). However, in that point is important to mention that there is now a 

controversial in the use of chemotherapy in ER-positive/luminal tumors, as those 

revealing a ‘high’ Ki67 score, expressing moderate to low ER levels, with a luminal B 

gene expression signature or having a high recurrence score are likely a subtype 

responding to chemotherapy (Albain et al., 2010; Lønning, 2012). 

 

 HER2-enriched: tumors from these subtype are characterized at RNA and protein 

level by the expression of proliferation-related genes and HER2 pathway, as HER2 

and GRB7, intermediate expression of luminal genes, such as ESR1 and PGR, and low 

expression of basal genes, such as KRT5 and FOXC1. At DNA level, these tumors have 

the highest rate of mutations and chromosomal aberrations. Despite the fact that 

most present overexpression/amplification of HER2, there are tumors without this 

feature that are classified by gene expression as HER2-enriched (Prat et al., 2015). 

The overexpression of the HER2 oncoprotein is associated with worse survival in 

breast cancer, so tumors of this subtype, along with the basal-like subtype, show the 

worst survival and recurrence prognosis (Sørlie et al., 2001). This subtype of tumors 

is treated primarily with HER2 pathway inhibitors combined normally with 

chemotherapy (Prat et al., 2015). 

 

 Normal-like: these tumors are defined by the expression of many genes known to be 

expressed in adipose tissue and in other types of non-epithelial cells. They express 

high levels of basal genes and low levels of luminal genes (Sørlie et al., 2001). 

Patients harbouring these tumors present an intermediate clinical prognosis (Sørlie 

et al., 2001). However, some studies have questioned the existence of this subtype 

based on the small number of breast tumors that fall into the normal-like subtype, 

showing low tumor cellularity when examined pathologically, which likely explains 

why they cluster with the true normal breast samples (Prat and Perou, 2011). 

The usefulness of this new molecular classification depends on how it can be transferred to 

the clinics. Initially, intrinsic molecular subtypes were carried out through the use of gene 

expression microarrays (Sørlie et al., 2001; Sorlie et al., 2003), which made it prohibitive in 

the clinical setting, due to its high cost. To overcome this impediment, the list of genes used 
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for the classification of the intrinsic molecular subtypes has been declining (Hu et al., 2006), 

until being reduced to a gene signature of only 50 genes, known as PAM50 (Parker et al., 

2009), maintaining its  subtypying predictive capacity. In addition, it was demonstrated that 

PAM50 gene signature improved the prediction of the risk of recurrence compared with the 

classical model of clinical classification that uses only variables such as tumor size, lymph 

node involvement, histologic grade, and the expression of biomarkers such as hormone 

receptor and HER2. It also has the property of being able to predict pathologic complete 

response (IARC 2003; Pourteimoor et al., 2016). 

Lim and colleagues proposed a model describing how the intrinsic molecular subtypes of 

breast cancer would be associated with gene expression patterns from subpopulations of 

normal mammary gland at different stages of differentiation (Lim et al., 2009) (Figure 3). 

They directly compared the gene expression profiles of normal mammary epithelial subsets 

[i.e. basal/mammary stem cell 

 

Figure 3. Model of the human mammary epithelial hierarchy related to breast cancer 

molecular subtypes (Prat and Perou, 2009). 

(MaSC), luminal progenitor and mature luminal cells] to those of breast tumors falling into 

each of the intrinsic subtypes, including basal, luminal A/B, and claudin-low. They found that 

the luminal A and B subtypes were most similar to the mature luminal cells, while 
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unexpectedly, the luminal progenitor gene expression signature was most highly associated 

with the basal-like/BRCA1-mutated subtype. Meanwhile, the MaSC-signature was closely in 

line with the claudin-low subtype. This observation has since been noted by other groups as 

well (Prat and Perou, 2011). In fact, many of the immunohistochemical and molecular 

markers that define the basal-like subtype, such as cytokeratins 5/6 and cytokeratin 14, are 

also expressed by luminal cells in human tissues, including mammary gland ducts and also 

terminal duct lobular units (Gusterson et al., 2005). Therefore, the so-called “basal-like” 

gene expression signature may actually be a luminal progenitor signature. Likewise, the 

claudin-low tumors show similarities with the basal/MaSC subpopulation of epithelial cells, 

a finding that is in line with the generation of metaplastic, poorly-differentiated tumors 

from basal precursors. Finally, the HER2-enriched subtype would be mostly generated from 

luminal progenitor cells. Currently there is an emerging consensus that most common 

subtypes arise as a result of transformation of normal mammary cells at different stages of 

differentiation (Pfefferle et al., 2015; Skibinski and Kuperwasser, 2015). 

 

Hereditary breast cancer 

Hereditary breast cancer accounts for about 10% of all diagnosed breast cancers (Pharoah 

et al., 2002), its transmission follows an autosomal dominant pattern and the pathology 

usually happens in women at early age. Two genes accumulate most of the cases of 

hereditary breast cancer, BRCA1 and BRCA2. These are tumor suppressor genes discovered 

in the mid 1990 (Hall et al., 1990; Wooster et al., 1994). BRCA1 and BRCA2 act as "DNA-

keepers" being responsible to repair DNA when it is damaged (McCarthy and Armstrong, 

2014). In such a way mutations in BRCA1 and BRCA2 genes confer a risk of developing breast 

cancer of about 60% and 50%, respectively, as well as increases the risk of bilateral breast 

cancer and ovarian cancer (Chen and Parmigiani, 2007). Interestingly, the Ashkenazi Jewish 

population is more likely to suffer from hereditary breast cancer due to identified mutations 

in BRCA1 and BRCA2, which occurs in greater proportion in this population, due to their 

ancestral inbreeding (Struewing et al., 1997). 
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In recent times the genome-wide association studies have led to the discovery of new 

mutations that increase the risk of breast cancer (Peng et al., 2011). Hence mutations 

identified in genes such as PTEN, TP53, STK11, CDH1 and PALB2, among others, have been 

associated with a higher risk of developing hereditary breast cancer (Shiovitz and Korde, 

2015). 

Breast cancer treatment 

Different types of treatment are available for patients with breast cancer. The treatments 

known as "standard of care" are the most commonly used, which have been accepted by 

medical experts as the most appropriate treatments due to scientific studies and clinical 

responses. New treatments in continuous development can be found under clinical trials, 

being subject to strict protocols and controls. Clinical trials are research studies that have as 

their objective the gathering of information and approval of new treatments as well as the 

improvement in the treatment using existing drugs (i.e. different combinations or drug 

regimens). When clinical trials show that a new treatment is better than the standard of 

care, this is adopted as a new standard of care. 

To choose a treatment, different clinical factors are taken into account, such as the 

expression of hormone receptors (ER and PR) and HER2 overexpression, the histologic grade 

of the tumor, the TNM classification, as well as other prognostic factors. 

The types of treatments can be classified according to two parameters: 

 Affectation, divided into local treatment, when it is directed to the tumor’s place of 

origin or to any particular location (e.g. surgery, radiation therapy), and systemic 

treatment, when it affects the entire body (e.g. chemotherapy, hormone therapy). 

 

 Administration time, divided in adjuvant treatment, when therapy is managed as a 

local or systemic treatment after the prophylactic surgery with the aim to reduce the 

risk of breast cancer recurrence, and neoadjuvant treatment, when therapy is 

managed as a local or systemic treatment prior to surgery with the aim of reducing 

tumor size. 
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The standard treatments can be divided into 5 groups: 

 Surgery has been the common treatment of breast cancer for centuries with the idea 

of eliminating the breast cancer from its primary site completely. Initially a radical 

mastectomy was used (i.e. removal of the breast tissue, the nipple, areola, skin, 

lymph nodes, and pectoral muscles) (Halsted, 1894). Fisher and colleagues showed 

that total and simple mastectomy (i.e. removal of the breast tissue, the nipple, 

areola and skin) have similar effectiveness, demonstrating that simple mastectomy 

could replace total mastectomy (Fisher et al., 2002a). Also a new study comparing 

mastectomy against lumpectomy (i.e. removal of the breast tumor and a piece of 

healthy breast tissue while retaining the rest of the breast and lymph nodes) 

accompanied by radiation showed that does not change survival, becoming 

lumpectomy the standard surgery (Fisher et al., 2002b). Currently, in certain cases 

administration of chemotherapy can replace radiation therapy. 

It is also very common the removal of the sentinel node (i.e. axillary node closest to 

the tumor on the first draining the breast) along with a lumpectomy. The affectation 

of the sentinel node is an important prognostic factor, and its affectation implies the 

study of the rest of nodes. 

 

 Chemotherapy, based on the use of antineoplastic agents in both systemic 

neoadjuvant and adjuvant regimen. Its use is mainly suitable for TNBC, which lack 

targeted therapies, as well as for metastatic or high histologic grade breast tumors of 

any subtype. Chemotherapy is given in the form of cycles, alternating periods of 

treatment with periods of rest, being these cycles weekly, fortnightly, tri-weekly, etc. 

depending on the type of antineoplastic agent administered and the drug 

combination (Rapoport et al., 2014). 

 

The most commonly used chemotherapeutic agents are: 

Anthracyclines (e.g. doxorubicin, epirubicin): discovered and extracted from bacteria 

of the genus Streptomyces. There are two proposed mechanisms by which 

anthracyclines act on tumor cells: by insertion in the DNA and the consequent 

disruption of the DNA repair mediated by topoisomerase-II, avoiding DNA replication 
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and RNA synthesis; by generation of reactive oxygen species (ROS) that damage cell 

membranes, DNA and proteins (Gewirtz, 1999). The use of anthracycline-based 

regimens has been shown to increase the benefits of the treatment in combination 

with other types of chemotherapeutic agents, as cyclophosphamide, methotrexate, 

and fluorouracil (Poole et al., 2006). 

 

Taxanes (e.g. docetaxel, paclitaxel): diterpens discovered and extracted initially from 

plants of the genus Taxus. They are considered microtubule stabilizers (Figure 4), as 

they bind to tubulin, stabilize it and prevent its depolymerization, inducing cell cycle 

arrest, cell death and apoptosis (Bines et al., 2014). The incorporation of taxanes to 

anthracycline-based treatment has improved the response of patients to treatment 

(Gianni et al., 2009). 

The standard treatment in TNBC is the combination of anthracyclines and taxanes 

(Coates et al., 2015). 

 

Platinum-based agents (e.g. cisplatin, carboplatin): platinum-coordinated structural 

complexes whose mechanism of action is based on the DNA inducing intra- and 

intercatenary connections (Poklar et al., 1996; Rudd et al., 1995), inhibiting DNA 

repair as well as synthesis during tumor cell division. They are also called “similar to 

alkylating agents” due to their similar effects (Cruet-Hennequart et al., 2008). 

Platinum-based agents have aroused great interest in the treatment of TNBC 

because they are associated with better response in tumors with defects in DNA 

repair mechanisms (i.e. mutated BRCA1 tumors) and high proliferation ratios, 

making TNBC/BRCA1-mutated tumors highly sensitive to DNA intercalating agents 

(Byrski et al., 2010; Silver et al., 2010). 
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Figure 4. Chemotherapeutic agents acting as microtubule stabilizers or destabilizers, 

including taxanes, and their binding site to microtubules (Morris and Fornier, 2008). 

 

 Radiotherapy: based on the use of ionizing radiation for the treatment of breast 

cancer using high-energy X-rays. There are two main types of treatments, external 

radiation, which comes from a machine located on the outside of patient’s body, and 

internal radiation or brachytherapy, where the radioactive source is inside the body 

during a short period of time. Radiation therapy is associated with lower rates of 

recurrence and longer survival after lumpectomy (Early Breast Cancer Trialists’ 

Collaborative Group (EBCTCG) et al., 2011; Fisher et al., 2002b). 

 

 Endocrine or hormonal therapy (e.g. tamoxifen, fulvestrant): used exclusively for the 

treatment of hormone-positive tumors (ER and/or PR-positive), also called hormone 

sensitive tumors, in pre- and post-menopausal women. They act by stopping or 

slowing cell growth by blocking the production of hormones or by interfering with 

the effect of hormones in breast tumor cells. Endocrine therapy is the first type of 

systemic treatment directed at a specific target, the hormone-dependent cancer 
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cells, and may be referred to as "targeted therapy", but normally is separated from 

that group of treatments as they can act in non-cancer cells. 

 

The hormones, particularly oestrogen and progesterone in women, are chemical 

messengers produced mainly by the ovaries, but also by other tissues, such as fat 

and skin. They act in an endocrine manner, affecting organs far away from where 

they are produced, through transport by bloodstream. In hormone-positive breast 

tumors, once hormones reach the breast cancer cells, they are internalized in the 

cells where bind to hormone receptors. Active hormone receptors translocate to 

nucleus, where they function as transcription factors inducing the expression of cell 

proliferation-related genes (Daniel et al., 2011; Klinge, 2001). The standard hormonal 

treatment during the past 30 - 40 years has been based on the use of tamoxifen 

(Jones and Buzdar, 2004; Matsen and Neumayer, 2013), a selective estrogen 

receptor modulator (SERM) that blocks the effects of estrogen in the breast cancer 

by attaching to the ER in breast cells. However, side effects from tamoxifen have led 

to the development of new hormonal therapies, such as aromatase inhibitors and 

the use of the luteinizing hormone-releasing hormone (Jones and Buzdar, 2004; 

Matsen and Neumayer, 2013). 

 

 Biological or targeted therapies: based on the use of drugs that attack specifically 

cancer cells without harming normal cells. In breast cancer treatment, the targeted 

therapies used are mostly monoclonal antibodies, tyrosine kinase inhibitors, cyclin-

dependent kinase inhibitors, mTOR pathway inhibitors, PARP inhibitors and 

antiangiogenic drugs. 

 

HER2-targeted therapies for the treatment of HER2-positive breast cancer have been 

developed. They are mainly anti-HER2 monoclonal antibodies, such as trastuzumab 

and pertuzumab, and tyrosine kinase inhibitors, such as lapatinib, which have led to 

an increase in survival and a lower recurrence rate in HER2-positive tumors, with 

fewer side effects than other systemic therapies (Geyer et al., 2006; Slamon et al., 

2011; Swain et al., 2015). The use of specific inhibitors of the PI3K/AKT/mTOR 

pathway in ER-positive breast tumors, such as everolimus, has made possible an 
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improvement in the survival of these patients regarding to patients just treated with 

aromatase inhibitors (Yardley et al., 2013). Similarly, the use of CDK4/6 inhibitors in 

ER-positive breast tumors has improved disease-free survival (Finn et al., 2015), and 

sensitisized breast tumors to other drugs (Vora et al., 2014). On the other hand, the 

use of antiangiogenic therapy is controversial, due to the existence of studies that 

show a better progression of patients treated with this type of therapeutic agents 

(Miller et al., 2007; Saux et al., 2014) but no improvement in overall survival (Miller 

et al., 2007; Robert et al., 2011), or even, counter-productive effects, as increasing 

numbers of breast CSC, metastases and tumor aggressiveness (Conley et al., 2012; 

Pàez-Ribes et al., 2009).  

 

In the last years increased evidences of PARP inhibitors effectiveness have been 

unravelled. PARP inhibitors are a group of novel oral anticancer drugs highly active in 

a subgroup of TNBC with selected mutations or epigenetic silencing of BRCA1 and 

BRCA2 (Geenen et al., 2017). Several studies with PARP inhibitors have 

demonstrated promising results in the treatment of BRCA-mutated breast and 

ovarian cancer, both as monotherapy and in combination with cytotoxic therapy or 

radiotherapy (Geenen et al., 2017). 

Currently, new avenues for treatment of breast cancer are emerging, including 

immunotherapy, androgen receptor (AR) targeted therapy and glycoprotein NMB (gpNMB) 

targeted therapy, among others. The immunotherapy can be categorized as active 

immunization, using specific stimulation of the immune system, with vaccines against 

cancer, or passive immunization, using specific antibodies, such as anti-tumor immune 

modulators, or adoptive cell therapy that inhibits the function or directly kills the tumor 

cells (Bianchini and Gianni, 2014; Criscitiello et al., 2014). The androgen receptor has been 

identified as another possible predictive biomarker for antiandrogen therapy in breast 

cancer, mainly in AR-positive, ER-negative breast cancer (Gucalp et al., 2013), being 

bicalutamide and enzalutamide promising treatments. Another strategy targeting TNBC is 

through the gpNMB, a transmembrane protein expressed in approximately 40% to 60% of 

breast cancers. A recent phase I/II study investigated a fully humanized anti-gpNMB 

monoclonal antibody conjugated to antimitotic, chemotherapeutic agents in patients with 
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metastatic breast cancer. Progression-free survival was particularly improved in gpNMB-

positive and TNBC, and phase II studies are under way (Bendell et al., 2014). 

Cancer stem cells (CSC) 

The concept of the CSC was first hypothesized in the 20th century by Bonnet and Dick in 

their studies of human acute myeloid leukaemia (AML) (Bonnet and Dick, 1997). Their 

studies indicated the presence of a unique cellular hierarchy in AML, reflecting a similar 

order identified during normal haematopoiesis. Leukemic stem cells identified in this 

hierarchy, originally termed as CSCs, were categorized as CD34+/CD38−.  

The terms TIC and CSC are used interchangeably, when they really are not synonymous. In 

this way, TICs are the cancer-initiating cells that give raise a tumor and it is determined by 

xenotransplantation assays (Rycaj and Tang, 2015). On the other hand, the CSCs are cancer-

propagating cells that show not only TICs features, but they also are defined by two 

attributes, self-renewal and multipotency (Rycaj and Tang, 2015). This two features of CSCs 

contribute to tumor heterogeneity, tumor propagation, recurrence, metastasis and 

resistance to chemotherapy (Clevers, 2011; Visvader, 2011; Visvader and Lindeman, 2010). 

Initially these cells were identified as minor tumor subpopulations, so that only a small 

fraction of the cells that make up the tumor presents the characteristics of self-renewal, 

self-replication and tumor initiation (Al-Hajj et al., 2004); but recently, this idea has been 

revised, showing that tumors present different frequencies of cancer stem cells (Clevers, 

2011). In breast cancer, these are the so-called breast cancer stem cells (BCSC) and the rest 

are considered differentiated cancer cells. 

As mentioned before, different features or processes have been associated to CSCs, as 

epithelial-to-mesenchymal transition (EMT), self-renewal and differentiation, metastasis 

and therapy resistance. The epithelial–mesenchymal transition (EMT) is a process by which 

epithelial cells lose their cell polarity and cell-cell adhesion, and gain migratory and invasive 

properties to become mesenchymal stem cells. Multiple studies have associated EMT with 

stemness and BCSCs (Ansieau, 2013). During EMT, a series of changes take place, including 

the shutdown of transcription factors and down regulation of epithelial markers such as E-

cadherin, and the appearance of mesenchymal markers such as vimentin, fibronectin, and 
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N-cadherin. These changes lead to unstable structures and functions in these cells (Thiery et 

al., 2009), inducing EMT in normal and neoplastic human mammary epithelial cells , 

highlighting the role of EMT in BCSC niche maintenance. 

CSCs have also the ability to self-renew and a potential to differentiate, generating cells with 

a variety of phenotypes within tumors. Several pathways with key roles during embryonic 

development and adult tissue homeostasis have been implicated in the regulation of BCSCs 

self-renewal, including Notch, Hedgehog, and Wnt among others (Karamboulas and Ailles, 

2013; Peitzsch et al., 2013).  CSCs are also responsible for the metastatic dissemination of 

tumors. Different lines of evidence indicate that BCSCs play an important role in metastasis, 

by displaying these cells increased cell motility, invasion, and overexpressed genes that 

promote metastasis (Charafe-Jauffret et al., 2009; Geng et al., 2014; Liu et al., 2010; 

Shipitsin et al., 2007; Velasco-Velázquez et al., 2011). 

Taken together these observations, it has been postulated that identification and targeting 

of these population will benefit patient survival and outcome. 

 

Intratumoral heterogeneity 

Previously it has been exposed the great intertumoral heterogeneity of breast cancer, 

reflected by the multiple subtypes and classifications that can be performed. But there is 

also intratumoral heterogeneity in breast cancer, which refers to the existence of different 

cell populations within tumors (Bruna et al., 2016; Swanton, 2012; Yates et al., 2015; Zhang 

et al., 2015b). Thus, as aforementioned, the tumors can be composed by CSC and 

differentiated tumor cells in different proportions (Batlle and Clevers, 2017; Clevers, 2011). 

This intratumoral heterogeneity can be usually seen at histological level by the presence of 

cells with different phenotypes (Denisov et al., 2014; Gerashchenko et al., 2017; Tashireva 

et al., 2017). However, the intratumoral heterogeneity can also be described in functional 

terms, characterized by specific genomic, epigenomic or expression signature subclones. 

Two models have been mainly proposed for the generation and maintenance of 

intratumoral heterogeneity: the clonal evolution and the cancer stem cell model (Figure 5). 
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Both models are able to explain the intratumoral heterogeneity in different ways. Different 

studies have also demonstrated that these hypothesis are not exclusive, but they are mainly 

inclusive (Marusyk et al., 2012). In the clonal evolution model, cells acquire (epi)genetic 

changes that not only give rise to derivatives with different functionalities and behaviour 

but also serve as a platform for further acquisition of (epi)genetic alterations. In the 

continuum of evolution, this process produces tumors with noticeably distinct and variant 

abilities for survival, malignancy, and therapy tolerance at the regional and distant 

metastatic sites. This model predicts that cancers arise from a single cell, which over time 

can develop various combinations of mutations resulting in (epi)genetic drift and selection 

of the fittest. According to the clonal evolution model, cancer progression is non-linear with 

clones branching out to produce diverse clones, which leads to heterogeneity (Marusyk and 

Polyak, 2010; Marusyk et al., 2012). One of the disadvantages of this model is that it ignores 

non-(epi)genetic variability and does not take into consideration the interactions among 

clones within the tumor ecosystem and the interaction with the microenvironment 

(Janiszewska and Polyak, 2015). 

In contrast, the CSC model proposes that only a subpopulation of tumor cells with stem cell 

properties drives tumor initiation, progression, and recurrence because of their indefinite 

self-renewal capability (Bapat, 2007; Kreso and Dick, 2014; Marusyk et al., 2012), and 

eradication of this subpopulation is critical for tumor elimination. CSCs share fundamental 

properties of stem cells (as mentioned before, self-renewal, undifferentiated state and 

ability to give rise differentiated cells), but harbour tumor-initiating mutations which can be 

transferred to the progeny (Bjerkvig et al., 2005). Heterogeneity in CSCs has been revealed 

by generation of a variety of differentiation states (Kreso and Dick, 2014).  
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Figure 5. Models of intratumour heterogeneity. A) Clonal evolution model. High 

proliferation and genomic instability result in a large number of cells differing in genotype 

and thus phenotype. The best fitted cells are selected by Darwinian processes to generate 

clonal variants of the tumour. B) Cancer stem cell model. CSC population is capable of 

unlimited number of divisions. Tumour heterogeneity results from existence of 

phenotypically diverse populations of different stages of cell maturation. 

The main difference between both hypotheses is that while the first is a competition 

between populations of tumor cells with different phenotypes, the second takes into 

account a program of aberrant differentiation from CSCs. In addition, the target cell of 

transformation is different in both cases, as in the first case this cell initially transformed is a 

mammary differentiated cell while in the second hypothesis is a mammary stem cell 

(Marusyk and Polyak, 2010). 

This intratumoral heterogeneity may play an important role not only in tumor development 

but also in clinical behaviour as in therapy response. The (epi)genomic sequencing has 
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allowed to analyze the clonal evolution in breast cancer through the single cell sequencing 

during tumor progression (Alevizos et al., 2014; Braun et al., 2005; Ding et al., 2010; Eirew et 

al., 2015; Wang et al., 2014) 

In this way, some genome-wide studies of paired primary-metastatic breast cancer provided 

an initial view of intratumoral heterogeneity in primary breast cancer and its evolution in 

metastatic disease (Ding et al., 2010; Shah et al., 2009). Also, genome-wide analysis of 

primary and different lung metastatic samples from a single patient showed that each 

metastatic site harboured distinct mutational events, with a common inactivating mutations 

in PTEN indicating convergent and parallel evolution (Juric et al., 2015). This mutations 

would be the cause of PI3K inhibitors resistance in the primary tumor (Juric et al., 2015), 

allowing this first mutational event the recurrence in primary site and then the spread to 

other distant organs. 

Importantly, these studies have mainly focused on single nucleotide variants (SNV). 

However, breast cancer has on average one of the lowest levels of SNVs in solid tumors 

(Kandoth et al., 2013), and a “panomic” analysis by TCGA categorized breast cancer into a 

copy number variant (CNV)-driven disease (Ciriello et al., 2013). Early studies using CNV 

arrays revealed genome-wide changes in DNA copy number between primary tumors and 

metastases (Nishizaki et al., 1997). Studies analyzing CNVs in single disseminated cancer 

cells confirmed that CNVs are both gained and lost during progression, but interestingly, the 

lower number of CNVs found in disseminated tumor cells compared with the primary tumor 

suggested that tumor cells disseminate very early in a less progressed evolutionary state 

(Schmidt-Kittler et al., 2003). Focused analysis of CNV changes in breast cancer has recently 

given insight into tumor evolution and the timing of different genetic changes (Janiszewska 

and Polyak, 2015). 

The intratumoral heterogeneity in breast cancer has also a clear clinical translation. It has 

been demonstrated that a tumor in early stage will present fewer (epi)genetic changes that 

a larger tumor detected later (Corte et al., 2010; Shafi et al., 2013). There is also a greater 

likelihood that a tumor with greater heterogeneity present worse prognosis because some 

of these clones can present an evolutionary advantage to the treatment (De Palma and 

Hanahan, 2012; Ramos and Bentires-Alj, 2015). Increasing evidences highlight the existence 
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of the low-frequency resistant clones within a tumor that expand under selective pressure 

with drug treatment (Turner and Reis-Filho, 2012). Genetic changes, environmental 

differences, and dynamic conversion among tumor cells within a tumor may all lead to 

phenotypic and functional heterogeneity (Meacham and Morrison, 2013). Technically, it 

remains a challenge in cancer genomics to detect minor and genetically distinct 

subpopulations within tumors, a problem that actually is solved with single cell genomic 

analysis. Another handicap is to determine individual cell fate after drug treatment or 

environmental changes without applications of lineage tracing and deep sequencing, which 

may help to determine the extent to which intratumoral heterogeneity accounts for therapy 

resistance and disease progression (Meacham and Morrison, 2013). 

Taking into account that high levels of intratumoral heterogeneity are in general associated 

with a worse outcome, this indicates the importance of genome-based stratification for the 

treatment of breast cancer, which will be an important prerequisite for personalized 

genomic medicine (Aparicio and Caldas, 2013; Baird and Caldas, 2013). In addition, using 

deep-genome and single-cell sequencing methods, Eirew and colleagues analyzed (during 

the period of this thesis) DNAs from patient-derived xenograft (PDX) lines as well as their 

matched patient samples to identify any clonal variations or dynamics during engraftments 

at the single-cell level. Varying degrees of clonal selection, from rare clone (<5% of starting 

population) to moderate, polyclonal engraftment, were observed in all ten primary and five 

metastatic breast tumors. PDX models were shown to recapitulate the clonal heterogeneity, 

with some drift (Eirew et al., 2015).  

Markers of breast cancer stem cells 

The identification of CSCs is a very hard and complicated issue that has been improved 

during last years. The advances in demonstrating the existence of CSCs were due to the 

development of the flow cytometry technology, the use of fluorescent antibodies and 

immunodeficient mice. The first CSC from solid tumors were identified and isolated in breast 

cancer in 2003 (Al-Hajj et al., 2003); subsequently, CSCs have been described in colonic, 

pancreatic, prostatic, ovarian, hepatic, lung, gastric, melanoma and brain tumours 

(https://stemcells.nih.gov/info/Regenerative_Medicine/2006chapter9.htm#ref14). 
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Cancer stem cells are detected and isolated using mainly cell surface markers, but some 

intracellular, enzymatic markers (ALDH) and activity of certain ATP-binding cassette 

transporter proteins (side populations), which are able to transport fluorescent dyes out of 

the cells, are also used (Greve et al., 2012). CSC features are then interrogated after 

isolation by others in vitro or in vivo assays. Fluorescent-activated cell sorting (FACS) is the 

golden isolation method capable of sorting via fluorochromes in direct or indirect immune 

fluorescence staining (Al-Hajj et al., 2003; Ponti et al., 2005; Maeda et al., 2008). Generally, 

FACS separation uses fluorochromes with different emission wavelengths, what allows the 

separation of CSCs via multiple markers simultaneously (Al-Hajj et al., 2003; Ponti et al., 

2005; Maeda et al., 2008). Intracellular, enzymatic markers, which are more stable than 

surface markers, are also used for CSC detection and isolation (Ginestier et al., 2007). 

But all these methodologies to isolate CSCs have also shown some limitations. As stem cell 

features like side population and ALDH or cell surface markers are measured exclusively, 

they have disadvantages to identify CSCs unequivocally, especially in tumor tissue (Liu et al., 

2011b). For example, SP analysis alone was not sufficient to define a CSC phenotype in 

glioblastoma multiforme (Broadley et al., 2011) and this was also the case for CD44+/CD24- 

cells in breast cancer (Fillmore and Kuperwasser, 2008). Thus, it might be more 

advantageous to use several markers and properties in combination. Some new 

technologies using metal-conjugated antibodies will facilitate analysis of CSCs by combining 

more than 40 parameters. 

CSCs reveal also a unique gene expression profile consisting of stem cell-specific genes 

(Bolós et al., 2009; Leis et al., 2012; Liu et al., 2011a; Okano et al., 2002). These 

predominantly intracellular markers would be useable for a specific labeling of CSCs if 

suitable molecular probes were available which are capable of entering living cells. New 

methods based on using a molecular beacon to visualize mRNA in live mouse embryonic 

carcinoma stem cells have been developed (Rhee and Bao, 2009). However, the 

construction of molecular beacons and the transfection procedure require further 

development and testing, thus limiting the applicability of this innovative technique at the 

present time. The most common markers actually available to select BCSCs are described 

below. 
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CD44 

It is a cell surface glycoprotein and specific receptor to hyaluronan that is involved in cell-cell 

interactions, cancer adhesion, motion, migration and invasion (Herrera-Gayol and Jothy, 

1999). Its interaction with osteopontin leads also to tumor progression (Rangaswami et al., 

2006). CD44 has an important role in cell proliferation and tumor angiogenesis (Götte and 

Yip, 2006). It is a marker not only of BCSCs, but also of CSCs from other tissues (Guzmán-

Ramírez et al., 2009; Wei et al., 2010), which is also involved in metastasis. The injection of 

CD44+ cells from breast cancer patients in the cleared mammary fat pad from NOD/SCID 

mice as well as the use of non-invasive imaging strategies to localize the injected cells 

demonstrate the increased tumorigenicity and lung metastatic ability of these cells (Liu et 

al., 2010). Beside standard CD44 (sCD44), it was discovered that expression of variant 

isoforms of CD44 (vCD44), created by alternate splicing of the mRNA that elongates 

extracellular domain, induced a metastatic phenotype in locally growing tumour cells 

(Günthert et al., 1991). Notably, ectodomain cleavage of CD44 is highly prevalent in 

tumours, and soluble CD44 levels after cleavage were detected in the serum not only of 

breast cancer patients, but also in other cancer types, correlating its expression with tumour 

burden (Okamoto et al., 2002). 

CD24 

CD24 is another surface glycoprotein expressed at low levels that increases the ability of 

tumors to grow and metastasize (Schabath et al., 2006). As mentioned before, in 2003, Al-

Hajj and colleagues reported for the first time that breast cancer can originate from BCSCs 

(Al-Hajj et al., 2003). They identified and isolated a small subset of cells based on CD24 

expression in combination with CD44. Thus, CD44+/CD24- expression within primary breast 

cancer cells identified BCSCs of which a few cancer cells were able to form palpable tumors 

after injection in the mammary fat pad of NOD/SCID mice. Since then, the CD44+/CD24- 

phenotype has been used as a reliable phenotype for the isolation of BCSCs (Perrone et al., 

2012; Ponti et al., 2005; Wright et al., 2008).  

EpCAM 
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This transmembrane glycoprotein mediates the calcium-independent, homophilic cell-cell 

adhesion in the epithelium (epithelial cell adhesion molecule, CD326) (Litvinov et al., 1994). 

In the mammary gland, EpCAM has been widely used in combination with other markers to 

select mammary stem cells, bipotent progenitors and mature luminal cells (Al-Hajj et al., 

2003; Eirew et al., 2008). It participates in cell signaling (Maetzel et al., 2009), migration 

(Osta et al., 2004), proliferation and differentiation (Litvinov et al., 1996), as well as in 

tumorigenesis and metastasis by acting as a prognostic marker and potential 

immunotherapeutic target (Armstrong and Eck, 2003). Different clinical studies have shown 

that high expression of EpCAM in breast cancer is associated with worse prognosis (Gastl et 

al., 2000; Schmidt et al., 2008). Different antibodies that targets EpCAM have been even 

developed and they are under clinical evaluation for the treatment of EpCAM-positive 

breast cancer (Schmidt et al., 2012). EpCAM is also used for the detection of circulating 

tumor cells in blood (Rack et al., 2014; Yap et al., 2014) and disseminated tumor cells in 

bone marrow (Braun et al., 2005; Choesmel et al., 2004), and also as a predictor marker of 

clinical response. 

CD49f 

Also known as integrin α6, CD49f is a transmembrane glycoprotein belonging to integrin 

protein family, an unusual signalling protein family that function to signal from the 

extracellular environment into the cell, but also from the cytoplasm to the external of the 

cell. CD49f acts on platelets and epithelial cells as a receptor for laminins. The intracellular 

signalling cascades associated with integrin activation focus on protein kinase activities, 

such as focal adhesion kinase and Src (Giancotti and Ruoslahti, 1999). Integrins are 

heterodimeric integral membrane proteins composed of an alpha (α) chain and a beta (β) 

chain, being the most common partners for integrin α6 the integrin β1 and β4 chains. In 

epithelial cells CD49f plays a critical structural role in the hemidesmosome. It also acts as a 

mediator of the cell-cell adhesion and cell matrix (Giancotti and Ruoslahti, 1999; Hehlgans 

et al., 2007). It has been described that heterodimers formed by CD49f can bind directly to 

both neuregulin-1, due to the EGF-like domains of neuregulin-1 (Ieguchi et al., 2010), as well 

as IGF1 (Fujita et al., 2012), giving rise to the intracellular activation of these pathways. Pece 

and coworkers described that CD49f+ mammary cells enrich for anchorage-independent and 
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sphere-forming cells (mammospheres) (Pece et al., 2010). In breast cancer cell lines the 

subpopulation of CD49f+ cells has been denoted as highly tumorigenic (Cariati et al., 2008). 

Also, high expression in breast cancer primary tumors is associated with worse prognosis 

and with lower survival in patients (Friedrichs et al., 1995). In particular, the expression of 

CD49f by itself has been shown as a valuable independent prognostic marker of reduced 

survival in ER- tumors, superior to other BCSC markers (Ali et al., 2011). As occurs with 

EpCAM, CD49f+ cells have been detected as circulating tumor cells in blood of breast cancer 

patients (Mostert et al., 2012). Numerous studies have demonstrated the role of CD49f in 

breast cancer contributing to the regulation of processes such as cell adhesion, migration, 

invasion and survival (Kim et al., 2008; Mukhopadhyay et al., 1999; Shaw, 1999; Wewer et 

al., 1997). Studies demonstrating the potential of CD49f inhibition to sensitizes tumors cells 

to conventional radiotherapy in prostate cancer have been also carried out (PAWAR et al., 

2007). 

CD10 

Also known as common acute lymphoblastic leukemia antigen (CALLA), it is a neutral 

endopeptidase that in the mammary gland contributes to maintain the niche of stem and 

progenitor cells (Bachelard-Cascales et al., 2010). The use of CD10 and EpCAM to 

discriminate basal from luminal breast epithelial subpopulations has been demonstrated 

(Keller et al., 2012). Also various functional assays have established that EpCAM separates 

luminal progenitors from other epithelial populations present in the CD10+ fraction (stem 

cells, bipotent progenitors, and differentiated myoepithelial cells) (Bachelard-Cascales et al., 

2010). In tumor tissues, CD10-peptidase activity modulates the accumulation of peptides 

during cell proliferation and is involved in tumor progression. 

CD133 

It is a pentaspan transmembrane cell surface glycoprotein also known as prominin-1, and 

located in plasma membrane protrusions. It was initially considered to be a marker of 

hematopoietic stem cells (Miraglia et al., 1997), but it has been demonstrated to be also a 

marker for other CSCs (Cherciu et al., 2014; Li et al., 2015; Qu et al., 2013). Biological 

functions of CD133 on breast cancer include tumor initiation, cellular migration, 
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vasculogenic mimicry, and drug resistance (Nadal et al., 2013). CD133 expression was the 

highest in TNBC specimens compared to another breast cancer subtypes (Liu et al., 2013). 

ALDH 

Aldehyde dehydrogenase 1 (ALDH1) is a detoxifying agent responsible for the removal of 

intracellular aldehydes and retinoic acid (Sládek, 2003). ALDH enzymatic activity can also be 

used to enrich for BCSCs and normal mammary stem cells and progenitor cells. The 

combination of ALDH+ and CD44+/CD24- phenotypes, which present very few overlap 

between cell subpopulations, enriches further for cells with tumorigenic activity (Ginestier 

et al., 2007). ALDH1 activity identifies human and murine neural and haematopoietic stem 

cells (Armstrong et al., 2004; Hess et al., 2004), as well as for multiple myeloma and acute 

myeloid leukaemia stem cells (Pearce et al., 2005). Also, ALDH1-positive tumors were 

associated with ERBB2 overexpression and absence of estrogen and progesterone receptor 

expression (Ginestier et al., 2007). 

Functional contribution of breast cancer stem cell markers 

Questions still remain whether these cell-surface markers are only phenotypic markers or 

functional markers. Despite the growing list of CSC markers shown here, some researchers 

do not consider all these markers suitable for identifying CSCs. For example, one report 

shows that CD44+CD24- BCSC population is not expressed in all breast cancers 

(Pattabiraman and Weinberg, 2014). For that reason, the functional significance of these 

proteins is an important area of investigation, but it still remains poorly understood. 

However, some studies have elucidated a functional contribution of these markers in the 

acquisition of stem cell features on CSCs. 

It has been suggested that CD44 has an important role in metastasis because a non-

metastatic rat glioma cell line after ectopically overexpression of a CD44 splice variant 

acquired metastatic properties (Günthert et al., 1991). In addition, CD44 variant isoforms 

are differentially expressed during pregnancy and involution, indicating a role in normal 

breast epithelial homeostasis (Hebbard et al., 2000). Moreover, sCD44, CD44v3, and CD44v6 

levels are increased in invasive breast carcinomas (Auvinen et al., 2005), and blocking 
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antibodies against CD44s reduced adhesion, motility, and matrigel invasion, whereas 

CD44v6 antibodies only inhibited motility in breast cancer cell lines (Afify et al., 2009), 

indicating a functional direct and specific role in BCSC features. These results, among others, 

are promising for the therapeutic targeting of CD44 with monoclonal antibodies and 

blocking peptides. 

CD24 is functionally identified as an alternate ligand for P-selectin, an adhesion receptor on 

platelets and endothelial cells (Aigner et al., 1997, 1998), through which their interaction 

facilitates the passage of tumour cells in blood stream during metastasis. It increases 

proliferation and adhesion of tumour cells to fibronectin, collagen, and lamin (Baumann et 

al., 2005; Zheng et al., 2011). The function of CD24 in cell signaling has been tied to its 

possible role as the “gatekeeper” of lipid rafts, and it is involved in the recruitment of 

integrins to the complex (Runz et al., 2008). Along with increased cell adhesion, CD24 may 

have important roles in migration and invasion as measured by several in vitro assays (Runz 

et al., 2008) and association with metastasis in vivo (Sano et al., 2009; Yang et al., 2009). 

However, results in breast and prostate CSC have called into question the role CD24 plays in 

migration and invasion in cancer, as CD44+/CD24- cells have been postulated as CSCs 

(aforementioned). 

ALDH plays a special role in the oxidation of toxic aldehydes such as acetaldehyde during 

alcohol metabolism. This cellular function is likely crucial for SC longevity and probably a key 

explanation for the reported resistance of CSCs to chemotherapies, especially those that 

generate toxic aldehyde intermediates. HNSCC cells expressing high levels of ALDH1, 

compared with cells with low expression, were found to be resistant to cisplatin and 

cyclophosphamide, which are both converted into toxic aldehyde intermediates (Visus et al., 

2007). Separate groups have found that shRNA and siRNA knockdown of ALDH1 in colorectal 

xenografts and lung cells, respectively, sensitized ALDH+ CSCs to cyclophosphamide and 4-

hydroperoxycyclophosphamide treatment (Dylla et al., 2008; Moreb et al., 2007). 

Regardless of the biologic activities of these markers, it is remarkable that the same cell 

surface markers enrich for tumor stem cells across many solid tumor types. Nearly all 

studies on the prospective identification of human solid tumor stem cells have either 

xenografted the primary tumor into a NOD/SCID mouse, or briefly conditioned the tumor 
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cells in culture before enriching for tumor initiating cells (Al-Hajj et al., 2003; Li et al., 2007; 

O’Brien et al., 2007). Therefore, perhaps the markers that are currently used to identify 

“stem cells” from solid tumors could only be enriching for cells with certain functional 

properties in vivo or in vitro, namely to engraft successfully in mouse or to adhere and 

expand in culture. If these cell-surface molecules turn out to be functional markers and are 

retained during clonal evolution of cancer to an aggressive clone with CSC properties, they 

can also serve as therapeutic targets. More functional analysis of these cell-surface markers 

are required to elucidate its role in breast cancer. 

 

Breast cancer chemoresistance 

Despite advances in early detection and understanding of the molecular bases of breast 

cancer biology, about 30% of patients with early-stage breast cancer have recurrent disease 

which is metastatic in most cases (Pisani et al., 2002). Systemic treatment of breast cancer 

includes cytotoxic, hormonal, and immunotherapeutic agents. These medications are used 

in the adjuvant, neoadjuvant, and metastatic settings. It is well established that TNBC is an 

aggressive group of breast cancer subtypes despite having a good initial response to 

chemotherapy. In general, systemic agents are active at the beginning of therapy in 90% of 

primary TNBC and 50% of metastases (Gonzalez-Angulo et al., 2007). However, it is well 

established that patients with residual TNBC disease post neo-adjuvant chemotherapy have 

a worse prognosis than those presenting with non-TNBC (Carey et al., 2007). Also it is 

common that after a variable period of time, recurence occurs. At that point, resistance to 

therapy is not only common but expected. 

There is incomplete understanding of the role of diverse gene expression, (epi)genetic, 

protein and non-coding RNA changes in the heterogeneous manifestations of clinical 

resistance (Miller et al., 2012). There is a lack of equivalence between clinical, pathological, 

proliferative and molecular resistance that needs to be addressed. Furthermore, multiple 

mechanisms have also been implicated in acquired chemoresistance, as the expression of 

multidrug-resistance proteins [ATP-binding cassette transporters (ABC transporters)], the 

overexpression of some isoforms of the tubulin preventing access to the microtubules, or 
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tubulin mutations that prevent the binding of the taxanes (McGrogan et al., 2008). 

However, their relationship to intrinsic chemoresistance remains to be defined. Some 

chemoresistant mechanisms are outlined below. 

Breast cancer stem cells and resistance 

A trait of BCSC is the intrinsic resistance to therapy and this feature in BCSC has been shown 

to radio and chemotherapy (Al-Hajj et al., 2004; Creighton et al., 2009; Li et al., 2008). 

Neoadjuvant treatment with chemotherapy in breast cancer patients has been shown to 

enrich in CD44+/CD24- cells, and this remaining cells displayed a greater capacity of 

mammosphere formation in vitro (Yu et al., 2007). In addition, it has been observed that the 

percentage of ALDH1+ cells increases in breast tumors that have been treated with 

epirubicin/paclitaxel-based chemotherapy (Tanei et al., 2009). Radiotherapy also increases 

the proportion of CD44+/CD24- cells in patient-derived xenografts (PDX) (Phillips et al., 

2006; Zielske et al., 2011). 

Resistance on BCSCs is associated but not limited to the ability of self-renewal and 

differentiation that BCSC present, giving rise to the differentiated cancer progeny and 

maintaining the niche of BCSC. Certain cellular pathways are associated to BCSC, their self-

renewal ability and resistance, such as the aforementioned Notch, Wnt and hedgehog. For 

example, the activation of Notch promotes the increase of the levels of the antiapoptotic 

gene BIRC5 and the induction of CCND1 (Stahl et al., 2006); BIRC5 throws numerous mitotic 

control points, contributing to the genetic instability and inhibiting apoptosis induced by 

drugs (Ponti et al., 2005). 

Other mechanisms of resistance associated with BCSC are the overexpression of 

transmembrane transporters, the modulation of DNA repair mechanisms and the 

elimination of reactive oxygen species (ROS). 

Membrane proteins from the ATP-binding cassette (ABC) family as well as solute carriers are 

proteins involved in the traffic of compounds and small molecules from inside to outside of 

the cell (and vice versa) and between cellular organelles. They play a key role in the 

maintenance of homeostasis and cell survival in unfavourable conditions, as cytotoxic 
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treatment and/or stress (DeGorter et al., 2012). In addition, ABC transporters have been 

shown to confer resistance to multiple drugs (multiple drug resistance proteins, MDR) in 

several cancer types (Doyle and Ross, 2003; Doyle et al., 1998; Gottesman et al., 2002), what 

is in concordance with the idea of CSC resistance mechanisms to different compounds and 

across different cancer types. 

Some chemotherapeutic agents work by damaging the DNA through various mechanisms 

such as the inhibition of DNA synthesis, the inhibition of topoisomerases or through intra- 

and intercatenary DNA binding, inducing cell death due to the inability to repair the DNA 

damage (Cheung-Ong et al., 2013). However, CSC have proved to be resistant to 

radiotherapy and DNA damaging chemotherapy through mechanisms to counteract these 

effects on DNA (Peitzsch et al., 2013). 

Reactive oxygen species (ROS) are active free radicals that are produced in the inner cell due 

the oxidative metabolism during physiological conditions, such as cell migration, 

proliferation and angiogenesis (Sena and Chandel, 2012). The ROS intracellular 

accumulation gives rise to effects on DNA, proteins and lipids, inducing cell death (Cook et 

al., 2004). In that way, differentiated cells under stress or starving conditions undergo 

senescence or cell death. However, CSC show hyperactive mechanisms for their removal, as 

the activation of catalases, glutathione peroxidases, superoxide dismutases and tiorredoxins 

(Trachootham et al., 2009), being able to overpass these cell death signals to continue 

proliferating. 

Due to the mechanisms of treatment resistance and in accordance with the cancer stem cell 

hypothesis, BCSC have been clearly associated with relapse, being these cells the 

responsible for that event (Donnenberg and Donnenberg, 2005; Frank et al., 2010; Greaves 

and Maley, 2012; Reya et al., 2001). The BCSC that survive to the selective pressure exerted 

by the therapy, could transmit their resistance to the progeny, thus promoting the 

emergence and evolution toward more aggressive tumors, as this resistance is largely 

thought to be a stable and heritable process. Thus, reuse of therapeutic agents that have 

failed is generally contraindicated. This is a established dogma in oncology for managing 

recurrent or refractory disease that dictates that therapy has to be changed at disease 

progression, because the cancer is assumed to have become drug-resistant (Kuczynski et al., 
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2013). However, there are many examples from the clinic that compete with the archetype 

of managing recurrent or refractory disease. Thus, patients’ tumours can be sensitive to the 

agent(s) they had originally experienced disease progression on, and that could be because 

the CSC are not stable (He et al., 2011; Quintana et al., 2010). 

Methylation and resistance 

Methylation is a heritable epigenetic change of the DNA that implies the addition of a 

methyl group to a cytosine that form part of a CpG dinucleotide (Esteller, 2007). These CpG 

are not stochastically distributed in the DNA, but they are distributed forming clusters of 

DNA regions enriched in CpG dinucleotides, also called CpG islands (Esteller, 2007). These 

CpG islands are mainly located in the promoter and the first exon of more than half of the 

human genes, controlling their expression (Takai and Jones, 2002). In this way, methylation 

of the promoter-located CpG islands of a gene usually induces silencing while the 

demethylation of these promoter-located CpG islands usually activates the expression of the 

gene (Esteller, 2007). 

Methylation is an epigenetic process coordinated by DNA methyltransferases (DNMTs) 

which are the enzymes responsible to transfer and bind a methyl group to the cytosine of a 

CpG dinucleotide (Brenner and Fuks, 2006). There are known 5 enzymes with DNMT activity, 

one of them is responsible for transmitting the methylation from the mother to the 

daughter strand during cell division, it means, to transfer or reply the methylation from the 

mother cell to the daughter cell (Tajima and Suetake, 1998), and 3 of them are responsible 

for the de novo methylation in adult cells (Chedin et al., 2002; Okano et al., 1999).  

Extensive studies on epigenome changes in breast cancer have been undertaken to 

understand the role of epigenetics in breast cancer and to develop novel epigenetic 

therapies. Such studies have demonstrated that oftenly the DNMT3b enzyme is 

overexpressed, which correlates with a worse prognosis and a hypermethylator phenotype 

(Girault et al., 2003; Roll et al., 2008). That process in many cases includes promoter 

hypermethylation of tumor suppressor genes, which induces a change in the opened 

euchromatin to a compacted, closed heterochromatin, repressing gene expression, as 

mentioned before (Esteller and Almouzni, 2005; Jones and Baylin, 2002, 2007). Also, the 
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epigenetic silencing of tumor suppressor genes by promoter methylation in one of the 

alleles as a second carcinogenic event after mutation of the other allele, is something which 

has been observed in breast epithelial cells, such as in BRCA1 or APC genes (Birgisdottir et 

al., 2006; Jin et al., 2001), inducing breast tumorogenesis. 

Less studied that the hypermethylation, the global hypomethylation also occurs in different 

types of cancer, including breast cancer, when compared with healthy tissue, correlating 

with some characteristics such as the clinical stage, tumor size and histologic grade (Soares 

et al., 1999). Also some proto-oncogenes involved in proliferation, metastasis, or resistance 

to endocrine therapy are overexpressed in breast cancer due to the hypomethylation of 

their promoters (Fan et al., 2006; Gupta et al., 2003; Pakneshan et al., 2004). 

Epigenetic signatures have proven to be powerful biomarkers for the detection of cancer. In 

addition, gene-specific hypermethylation has been considered as a powerful and promising 

line of research for the detection and risk factor prediction of breast cancer. For example 

breast cancer-specific methylation could be detected in circulating tumour DNA in serum, 

which can be used as an early detection biomarker, or as a prognostic indicator (Müller et 

al., 2003; Widschwendter and Menon, 2006; Yazici et al., 2009). Recently, the ENCODE study 

provided a wide-ranging analysis of epigenetic marks on a small fraction of the genome 

(ENCODE Project Consortium, 2012). The first candidate gene epigenetic risk factor that 

could usefully be included in breast cancer risk models (once fully validated) has been 

identified (Brennan et al., 2012). 

Methylation has proven also to participate in resistance acquisition to different therapeutic 

drugs in breast cancer. When gene function is involved in mediating effects of certain 

chemotherapy agents, the silencing of these genes may influence the treatment response. 

Studies have shown that the expression silencing of ESR1 mediated by the hypermethylation 

of its promoter (Ottaviano et al., 1994) makes ER-positive breast tumors independent on 

estrogens and resistant to endocrine therapies. In a similar way, other studies have shown 

that promoter hypermethylation in cyclin-dependent kinases results in their 

downregulation, inducing resistance to tamoxifen in patients with ER-positive breast tumors 

(Iorns et al., 2008). These evidences show that tumors are able to use methylation 

mechanisms as a source of intrinsic or acquired chemoresistance.  
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Epigenetic factors also provide molecular measures of long-term exposure to potentially 

oncogenic agents. Epigenetic alterations are reversible, making this reversibility attractive 

targets for epigenetic therapy of cancer. There are two main types of epigenetic drug: 

DNMTis (e.g. azatidine, decitabine), which are used to prevent DNA re-methylation after cell 

division (Martinet et al., 2012); and HDACis (e.g.entinostat, vorinostat), which chelate the 

zinc co-enzyme factor, thereby blocking HDACs catalytic activity (Cai et al., 2011). Preclinical 

and recent clinical testing of epigenetic-targeted therapies such as entinostat and vorinostat 

(both histone deacetylase inhibitors) indicate that such drugs may prove effective in 

combination with other therapies (Azad et al., 2013; Tsai et al., 2012). Currently, epigenetic 

drugs are used in the treatment of cancer, mostly of leukemias (Piekarz et al., 2009; 

Whittaker et al., 2010), but also of breast cancer (Munster et al., 2011; Ramaswamy et al., 

2012).  

Many methods are available to study DNA methylation status at single base resolution 

(Cokus et al., 2008; Hing et al., 2015; Lee et al., 2014; Magdalena and Goval, 2009). These 

methods can be classified into two main categories: microarrays-based or next-generation 

sequencing techniques. The microarray-based technology, as the Infinium 

HumanMethylation450 (Infinium 450k) from Illumina Inc, uses a fixed number of probes to 

study specific genomic loci throughout the whole genome (Bibikova et al., 2011). Infinium 

450K has been the most broadly used platform in epigenome-wide association studies of 

diseases, due to the low-cost, the modest requirement of DNA and the reduced sample 

processing time, making possible a high-performance processing of a large number of 

clinical samples (Bibikova et al., 2011). 

Genomics and resistance 

Our knowledge of the heritability of breast cancer has increased significantly during last 

years, as aforementioned. Known breast cancer genes (BRCA1, BRCA2, CHEK2, ATM, PALB2, 

BRIP1, TP53, PTEN, CDH1 and STK11) make up 25 to 30% of the heritability (Melchor and 

Benítez, 2013). Genome-wide association studies and the recent international collaborative 

analyses have confirmed 77 common polymorphisms individually associated with breast 

cancer risk, which add a further 14% (Melchor and Benítez, 2013; Michailidou et al., 2013). If 

we assume the risk estimates for polygenic markers are log additive, the cumulative risk 
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associated with these SNPs has a median of 9% to age 80 (95% confidence intervals 5 to 

15%). In the familiar setting, we have learnt that common genetic SNPs can modify the risk 

associated with BRCA2, which may be relevant when considering risk reducing surgery 

(Antoniou et al., 2010; Ingham et al., 2013). 

New genome-wide studies have revealed the heterogeneity in the genomic landscape of 

breast cancer (Curtis et al., 2012; Stephens et al., 2012) and have also allowed to establish 

associations between genomics and histologic/molecular intrinsic subtypes, describing the 

main characteristics of breast cancer (Curtis et al., 2012; Turner et al., 2010). The different 

breast tumor subtypes show also different genomic landscape, what may explain the 

differences on biological characteristics, clinical behavior and response to therapies. 

Analysis in primary breast tumors have shown that missense mutations are common in 

luminal/ER-positive and HER2 positive tumors, while TNBC have a higher proportion of 

nonsense mutations, frameshifts and complex mutations (Forbes et al., 2011). TNBC 

subtype is the most heterogeneous, which shows great variability both in mutations and, 

above all, in chromosome aberrations (Lehmann et al., 2011). 

TNBC/basal-like subtype and HER2-positive tumors are the ones displaying higher 

mutational rates per megabase among breast cancer subtypes (Hu et al., 2009; Network, 

2012). Mutated genes are relatively subtype-specific, being significantly mutated genes in 

luminal tumors near absent in basal-like breast tumors (Network, 2012). Thus, while tumor 

suppressor genes TP53, RB1 and BRCA1 are frequently mutated in basal-like tumors, the 

oncogenes PIK3CA, MAP3K1 and GATA3 are mainly mutated in luminal breast cancer 

subtypes (Network, 2012). The genomic landscape of TNBC tumors is also characterized by 

numerous chromosomal aberrations, suggesting a high chromosomal instability, and even 

chromothripsis (Andre et al., 2009; Bergamaschi et al., 2006; Network, 2012; Turner et al., 

2010).  

Several breast cancer studies have described multiple genomic alterations associated with 

therapy resistance to many drugs in, but not limited to, TNBC (Dey et al., 2015; Gurden et 

al., 2015; Li et al., 2013; Murray et al., 2012; Printz, 2017). In this way, some resistance 

mechanisms come through de novo mutations, which generate new resistant populations 

not present in the tumors initially sensitive (Swanton, 2012; Zardavas et al., 2015). But, as 
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aforementioned, the existence of different genetic clones in the same tumor (intratumoral 

heterogeneity) and subsequent clonal selection in response to the drug pressure has been 

suggested as an explanation for the development of resistance to treatment by selection of 

a subpopulation present in initially sensitive breast cancer (Metzger-Filho et al., 2012; Wang 

et al., 2014)(Metzger-Filho et al., 2012; Wang et al., 2014). Also, the existence of 

intratumoral heterogeneity in terms CNV has been demonstrated (Yates et al., 2015). 

Studies based on FISH showed that the heterogeneity in the CNV predicts response to 

neoadjuvant chemotherapy (Almendro et al., 2014), demonstrating that lower genetic 

diversity at CNV level was significantly associated with pathologic complete response. 

These evidences make plausible the idea of the acquisition of de novo mutations and CNV 

during treatment as well as the selection of subclones within initially sensitive breast tumors 

as mechanisms responsible of chemoresistance acquisition. However, most of the published 

works try to uncover biomarkers or response predictors and not really new mutations or 

variations in the CNV, since they rarely posses paired sensitive and resistant tumors. The 

elucidation of the genomic mechanisms involved in chemoresistance acquisition is 

necessary to improve chemotherapy treatments as well as the management regimens. 

The exome is the genomic region coding for proteins. It represents less than 2% of the 

entire genome, however, it contains about 85% of the variants or mutations known to be 

associated with disease (van Dijk et al., 2014). The exome sequencing, in contrast to the 

whole-genome sequencing, gives rise to an enrichment in these important changes 

associated with disease and a smaller and manageable data set, making easier the analysis 

and achieving greater coverage of coding regions. In this way, the whole-exome sequencing 

emerges as a credible alternative to the sequencing of the human genome and converts it 

into the sequencing method more extensively used. Exome sequencing makes possible to 

detect not only point mutations, but also small insertions and deletions (INDELs) and CNV 

(Gonzaga-Jauregui et al., 2012; Valdés-Mas et al., 2012). There are different platforms to 

carry out exome sequencing studies. However, comparative studies of different platforms 

have shown that the Illumina HiSeq 2000 platform along with the Agilent SureSelect Human 

All Exon kit are those that provide best results of precision (Clark et al., 2011; Ergüner et al., 

2015; Zhang et al., 2015a). 
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Gene expression and resistance 

Gene expression profiling has had a considerable impact on our understanding of breast 

cancer biology. During the last 15 years, the five intrinsic molecular subtypes of breast 

cancer (Luminal A, Luminal B, HER-2 enriched, Basal-like and Claudin-low) and a normal 

breast-like group have been extensively characterized (Network, 2012; Perou et al., 2000; 

Prat and Perou, 2011; Prat et al., 2010). These entities have shown significant differences in 

terms of their incidence, risk factors, prognosis and treatment sensitivity. Regarding 

prognosis, the Luminal A subtype has shown repeatedly to have a better outcome than the 

rest of subtypes across many datasets of patients with early breast cancer. To date, 

numerous studies have evaluated and compared the classification of tumours based on the 

PAM50 gene expression predictor with the pathology-based surrogate definitions (Bastien 

et al., 2012; Prat et al., 2013, 2014), with high discordance rate between both classifications, 

suggesting that both methods to identify intrinsic biology should not be considered the 

same. 

Lehmann and colleagues analyzed gene-expression profiles from 21 breast cancer datasets 

and confirmed the concept that a significant heterogeneity within TNBC and breast cancer 

tumors occurs (Lehmann et al., 2011). According to this analysis, there are six different 

TNBC subtypes: two basal-like (BL1 and BL2), an immunomodulatory, a mesenchymal, a 

mesenchymal stem-like, and a luminal androgen receptor (Lehmann et al., 2011). That 

unravels gene expression and biological diversity between, not only intrinsic molecular 

subtypes, but also the intertumoral heterogeneity in the TNBC tumors. These results 

constitute the basis for future approaches in TNBC, using new drugs not classically used in 

breast cancer and alternative schedules. 

Hoadley and co-workers studied 12 different cancer types in a multiplatform manner, where 

they combined methylation, gene expression, CNV and RPPA data to identify a multitissue, 

molecular signature-based classification of cancer (Hoadley et al., 2014). Breast cancer 

(BRCA) gene expression exhibits a pattern of divergence in which two main groups of 

samples are distinctly identifiable. One group contains essentially all of the luminal 

(estrogen receptor-positive) and HER2-positive tumors, whereas the other contains the vast 

majority of the breast basal-like tumors. Although it has previously been appreciated that 
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basal-like breast cancers (the majority subset of triple-negative breast cancers) form a 

distinct subtype (Network, 2012; Prat et al., 2013), their findings provide a more refined, 

quantitative picture of the extent of difference from luminal and basal-like breast cancers. 

Whereas tissue of origin is the dominant signal for combined data on almost all of the other 

cancer types in the Pan-Cancer-12 collection, breast basal-like cancers are as different from 

luminal/ER+ breast cancers as they are from cancers of the lung. In that way, this study 

strongly reinforces the idea that basal-like breast cancers constitute a unique disease entity. 

The rest of the multiplatform analyses also associate these basal-like breast tumors closer to 

other tumors types than with the rest of breast cancer subtypes. 

Gene expression studies have been also useful to identify mechanisms of resistance in 

breast cancer. Then, resistance acquisition takes place due to a complex set of molecular 

changes, which also includes gene expression deregulation, running these as one of the 

most studied mechanisms of resistance acquisition. Thus, some resistance mechanisms to 

taxanes involving gene expression changes are: 

 ABC transporters: many cancer types overexpress this type of transmembrane family 

proteins, giving rise to cross-resistance of tumor cells to very different, not 

structurally related cytotoxic agents (Cordon-Cardo et al., 1990; Ling, 1992). 

Increased expression of these proteins has been extensively detected and 

characterized in taxane-resistant breast carcinomas, not only at mRNA but also at 

IHC level, (Trock et al., 1997). The MDR-1 gene is the most well studied gene 

conferring resistance in breast cancer (Merkel et al., 1989; Sanfilippo et al., 1991). 

This gene encodes for a transmembrane protein of about 170 kDa and its expression 

correlates with the acquisition of resistance to taxanes, vinca alkaloids, 

epipodophyllotoxins and anthracyclines (Ling, 1992). Other important, well known 

members of this protein family involved in breast cancer resistance are the breast 

cancer resistant protein (BCRP)/ABCG2 and the multidrug resistance protein (MRP-

1)/ABCC1, which confer a resistance phenotype to a high number of different drugs 

(Kruh and Belinsky, 2003; Mao and Unadkat, 2015; Szakács et al., 2004). Other solute 

carrier family with similar functions but less studied are of the SLC (Joyce et al., 

2015). 
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 Tubulin: these are the microtubule-forming structures. Tubulin heterodimers are 

formed by α- and β-tubulin subunits that are also bound to the microtubule 

association proteins (MAPs). Microtubule dynamics is influenced by the 

presence/absence of GTP and the MAPs, which includes MAP2, MAP4, Mip-90, tau 

and STOP (Dumontet and Sikic, 1999). There are studies performed in several breast 

cancer cell lines showing that deregulation in the expression of the α- and β-tubulin 

subunits are mechanism underlying resistance to taxanes (Yusuf et al., 2003). Some 

other studies indicate that an increase in the tubulin expression (Han et al., 2000), 

the expression of alternative tubulin isoforms (not α- and β-tubulin isoforms)  

(Minotti et al., 1991) and an increase in the expression levels of the MAPs (Rouzier et 

al., 2005) are also mechanisms mediating resistance acquisition to taxanes in breast 

cancer. The importance of tubulin expression imbalances in resistance to taxanes is 

due to microbules and, therefore, tubulin are the targets of this type of drugs. 

 β-tubulin isoforms: there are different β-tubulin isoforms that have demonstrated 

lower affinity for taxanes. Usually the β-tubulin isoform III appears to be unique 

destabilizing the microtubules and, in combination with the β-tubulin isoform I, is 

considered to be the most important in breast cancer as predictive of response to 

taxanes (Bernard-Marty et al., 2002; Noguchi, 2006). 

 Apoptosis: some studies indicate that the overexpression of proteins associated with 

apoptotic pathways, such as anti-apoptotic signaling proteins Bcl2 and Bcl-xL, 

contributes to taxane resistance (Huang et al., 1997). Other studies showed the 

opposite, that the overexpression of proapoptotic genes, such as BAX, is associated 

with a better response to taxanes (Strobel et al., 1996). Many of these anti-apoptotic 

genes are under the transcriptional control of the NF-κB pathway, which is 

constitutively activated in many breast cancers; the inhibition of this pathway seems 

to favor the sensitization of tumor cells to taxanes (Ganta and Amiji, 2009; Mabuchi 

et al., 2004). In addition to NF-κB pathway, Akt, a mediator of the signaling pathway, 

is active in half of breast cancers and controls the activation of the Bcl2 as well as the 

mentioned NF-kB pathway, acting as a mechanism of resistance relating clearly both 

the anti-apoptotic signaling and the NF-κB pathway (Bratton et al., 2010; Coloff et 

al., 2011). 
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 Other important mechanisms related to chemoresistance acquisition to taxanes in 

breast cancer are the overexpression of glutathione-s-transferase (Traverso et al., 

2013), mechanisms of epithelial-mesenchymal transition (EMT) due to loss of cell-

cell adhesion and gain of motility, which is mediated by essential aforementioned 

EMT-inductor pathways TGF-beta, Wnt/beta-catenin, Notch and Hedgehog (Lee et 

al., 2006; Voulgari and Pintzas, 2009), as well as novel mechanisms as the 

deregulation of microRNAs (Mulrane et al., 2013; Muluhngwi and Klinge, 2015). 

Patient-derived xenografts (PDX) 

Conventional preclinical models 

The use of preclinical models is a core component in every aspect of translational cancer 

research, ranging from the biologic understanding of the disease to the development of new 

treatments. The use of human cancer models for drug screening began at the NCI in the 

1970s (Venditti et al., 1984). A number of studies have established basic methodology and a 

systematic approach for preclinical testing of anticancer agents both in vitro and in vivo, 

through injection of human cancer cell lines in inmunodeficient mice (Venditti et al., 1984). 

Currently, the NCI-60 cancer cell line panel represents the best-characterized and most 

frequently used collection of human cancer cell line models for in vitro drug screening and 

development (Abaan et al., 2013). These cancer cell lines were derived from patients with 

cancer, where tumor cells from primary tumors or metastatic pleural effusions were 

isolated, plated and then adapted to grow indefinitely in in vitro culture conditions. 

Xenografts developed by growing these cell lines subcutaneously in immunodeficient mice 

are the most commonly used in vivo platform in preclinical drug development.  

Although these conventional cell lines are convenient and easy to use, they have important 

limitations in preclinical drug development. The most relevant is their lack of predictive 

value with regard to activity in specific cancer types in clinical trials (Johnson et al., 2001). 

Despite the underlying cause of this limited predictive value is not fully understood, 

evidences suggest that the process of generating cancer cell lines results in major and 

irreversible alterations in biologic properties. This include gain and loss of genetic 

information, alteration in growth and invasion properties, and loss of specific cell 
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populations (Gillet et al., 2011; Hausser and Brenner, 2005), as well as loss of the initial 

heterogeneity present in the population of origin, due to a clonal selection for more 

aggressive subpopulations. For all these reasons, the establishment of cancer cell lines is not 

an appropriate strategy for personalized medicine applications. Also, it has been 

demonstrated that due to the continuous passages in vitro and the differences in cell 

culture among different laboratories, the same cell line can present enormous differences in 

genomics and gene expression (Nugoli et al., 2003). In spite of this, cancer cell lines are 

broadly used for the cancer research community and present some advantages in front of 

other cancer models (Wilding and Bodmer, 2014). However, novel models, such as short-

term primary cultures or organoids, are being developed, although important validation 

studies are still required before broad application in conventional preclinical screening 

projects. 

Beginning and importance of patient-derived xenografts 

To circumvent these major troubles in preclinical models, an increasing interest in the 

development of more advanced models has been exposed. That includes the development 

of genetically engineered mouse models (GEEM), but mostly the establishment of patient-

derived tumor xenografts (PDX) which were initially supposed to retain key characteristics of 

the donor tumor and that these characteristics would be maintained through successive 

mouse-to-mouse passages in vivo. PDX models started approximately in the 1980s and since 

then they showed a high degree of correlation between PDX and tumors of origin. In that 

way, clinical response to cytotoxic agents in adult patients and response to the same agent 

in PDX models generated from these patients was demonstrated (Fiebig et al., 1985; 

Houghton et al., 1982).  

Initially, it was difficult to establish PDX models. This was reflected by the lower  

xenografting rates, approximately around 10% (Naundorf et al., 1992; Rae-Venter and Reid, 

1980; Sakakibara et al., 1996). Actually, development of new, more immunodeficient mice 

allow the increase of xenografting rates (Al-Hajj et al., 2003; DeRose et al., 2011; Zhang et 

al., 2013). 
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In recent years, there has been a renewed interest in the development of PDX models from 

different tumor types (Byrne et al., 2017; Dobrolecki et al., 2016; Whittle et al., 2015). 

Indeed, these models are becoming the preferred preclinical tool in both the industry and 

academic groups in an attempt to improve the drug development process (Siolas and 

Hannon, 2013; Tentler et al., 2012). Currently, there are several collections of extensively 

characterized PDX models in use for different translational research applications. These 

collections broadly represent the complex clinical tumor heterogeneity and molecular 

diversity of human cancers (Byrne et al., 2017; Dobrolecki et al., 2016; Whittle et al., 2015). 

Breast cancer patient-derived xenograft models 

The establishment of well-characterized breast cancer PDX complemented with the 

information of the patients/tumors of origin is nowadays an important goal achieved. Big 

panels of breast cancer PDX model have been established for different breast cancer 

subtypes, representing all the intertumoral heterogeneity from patients in the TNBC, 

luminal and HER2+ PDX models.  

Breast cancer PDX models have shown to be stable during passages in mice, avoiding the 

selective pressure of in vitro culture, and being a source of renewable cancer tissue. They 

also maintain most of the initial heterogeneity present in tumors of origin (Bruna et al., 

2016; Eirew et al., 2015), highlighting these models for the study of complex processes as 

metastasis and treatment response. In general, most of the studies showed that breast 

cancer PDX models retain the principal characteristics of primary breast tumors.  

At the histological level, some studies have demonstrated that breast cancer PDX models 

mimic the tumor of origin phenotypically, from the hematoxilin-eosin staining to the most 

common clinical biomarkers as ER, PR, HER2, Ki67, etc. (DeRose et al., 2011; Zhang et al., 

2013). At the biologic level, most studies also showed good concordance between tumors 

and the PDX models derived from them. Analysis of gene expression profiles showed that 

there are no substantial changes between donor tumors and their corresponding PDX 

(DeRose et al., 2011; Zhang et al., 2013). Indeed, using unsupervised clustering analysis, 

paired donor tumor and PDX models cluster together in most of the studies. Analyses of 

copy-number alterations (CNA) and exome sequencing data also show extraordinary 
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concordance between paired samples (Marangoni et al., 2007; Reyal et al., 2012). 

Furthermore, mouse-to-mouse propagation does not substantially change the functional 

characteristics of the xenografted tumors (Bruna et al., 2016; DeRose et al., 2011; Zhang et 

al., 2013). In contrast, an interesting study compared the gene expression profiles of a 

donor tumor with those of PDX models and cell lines developed from that tumor, both in 

vitro and in vivo in conventional xenograft models. The data show that while the gene 

expression profile of breast cancer PDX models is similar to the original tumor, breast cancer 

cell lines developed from the same specimen display a different gene expression profile that 

is not restored by in vivo subcutaneous propagation in mice (Daniel et al., 2009). Also the 

metastatic patterns shown in humans seems to be maintained in the PDX models, as 

demonstrate some studies (DeRose et al., 2011; Zhang et al., 2013). All this data seems to 

demonstrate that breast cancer PDX models reflect human tumors of origin, that they are 

stable during passages in mice and that they are useful tools for the cancer research studies, 

been closer to the clinical scenario than breast cancer cell lines. 

Breast cancer PDX models and resistance 

Breast cancer PDX models have been asserted as important tools for the study of 

mechanisms of resistance, among other therapeutic applications. The xenografting of 

primary tumors as breast cancer PDX models is by itself a predictive independent factor of 

clinical response, being the TNBC and most aggressive breast tumors the ones showing 

higher xenografting rates. However, immune system deficiency in PDX bearing mice and the 

absence of human stromal component have created some controversy. 

Breast cancer PDX models are showing increasing utility for the identification of 

mechanisms of resistance and potential targetable pathways, as it is exemplified below. 

Although most of the ER-positive breast tumors respond to endocrine therapy, their efficacy 

is limited by intrinsic and acquired resistance. Deregulation of ER-mediated gene 

transcription has been recently identified as a cause of endocrine resistance using luminal 

breast cancer PDX models (Cottu et al., 2014). In another study, Li and colleagues recently 

invoked intertumoral heterogeneity to explain de novo endocrine-therapy resistance in ER-

positive breast cancer and discovered point mutations or rearrangements affecting the ESR1 

ligand-binding domain (Li et al., 2013). These findings suggest that functional ESR1 variants 
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may be selected in a subset of endocrine-resistant luminal tumors. Data from these PDX 

models are consistent with clinical observations and highlight the different forms of 

endocrine resistance that probably occur in patients. Also, aberrant PI3K signaling has been 

demonstrated as a resistance mechanism to endocrine resistance through studies 

performed in breast cancer PDX models. Other studies using reverse phase protein assay 

analysis in combination with an integrated bioinformatic model established upregulation of 

the PI3K/Akt/mTOR signaling pathway as a candidate driver of resistance to anti-angiogenic 

agents (Lindholm et al., 2014). Another mechanisms of resistance has been identified to 

targeted-therapy but also to chemotherapy using PDX models of different cancer types 

(Cassidy et al., 2016), increasing our understanding of cancer biology and therapy 

resistance. 

RANK/RANKL signaling pathway 

The RANK/RANKL signaling pathway is composed by three members: the receptor activator 

of nuclear factor (NF)-κB (RANK), its ligand (RANKL) and the soluble decoy receptor 

osteoprotegerin (OPG). These proteins are members of the superfamily of tumor necrosis 

factor (TNF). This pathway plays a fundamental role in controlling the activation and survival 

of osteoclasts. Thus, secretion of RANKL by osteoblasts and its binding to RANK in 

osteoclasts promotes bone resorption and remodeling, due to the reabsorption of organic 

and inorganic bone matrix by these cells (Kearns et al., 2008). In contrast, OPG, an atypical 

member of the superfamily of TNF receptors since it lacks a transmembrane domain and it is 

soluble (Yasuda et al., 1998), suppresses the bone resorption due to its specific binding to 

RANKL, kidnapping it and preventing its bind to RANK (Kearns et al., 2008). In this way, 

knockout-mice lacking either RANK or RANKL showed an identical phenotype, due to the 

absence of osteoclasts and bone resorption: osteopetrosis (Dougall et al., 1999). 

In osteoclasts, RANKL binding to RANK induces the homotrimerization of RANK, forming as a 

result a heterohexamer, and the recruitment of intracellular adapter proteins, called TNF 

receptor-associated factors (TRAF), mainly TRAF6. These proteins bind to the cytoplasmic 

region of RANK and activate intracellular signaling pathways as NF-κB, ERK, JNK, AKT and 

p38 (Boyle et al., 2003; Wada et al., 2006). The activation of similar pathways through this 
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interaction has been observed in 293T cells that overexpress RANK (Mizukami et al., 2002), 

in macrophages (Liu et al., 2004), in dendritic cells (Darnay et al., 1998) and in breast cells 

(Palafox et al., 2012). 

RANK/RANKL role in mammary gland 

RANK and RANKL pathway has also been shown to have an important role in other tissues 

beyond bone, as in mammary gland, where this pathway participates in the proper 

development and activity. RANK expression promotes proliferation and survival of 

mammary epithelial cells (Fata et al., 2000). It has been reported that the paracrine 

signaling through RANKL is responsible for the expansion and maintenance of the mammary 

stem cell compartment promoted by progesterone (Asselin-Labat et al., 2010; Joshi et al., 

2010; Schramek et al., 2010). In this way the overexpression of RANK leads to the expansion 

of progenitors and mammary stem cells and prevents the differentiation of alveolar lineage 

(Pellegrini et al., 2013). 

Role of RANK/RANKL signaling pathway in breast cancer 

It has been described that RANK signaling promotes carcinogenesis in the murine mammary 

gland, induced by RANKL acting as a mediator of the action of progesterone on breast 

epithelium (Gonzalez-Suarez et al., 2010; Schramek et al., 2010). The pharmacological 

inhibition of RANK through treatment with RANK-Fc, a recombinant antagonist of RANKL 

formed by the extracellular domain of RANK bind to the constant fragment (Fc) of a human 

immunoglobulin (Sordillo and Pearse, 2003), attenuates mammary carcinogenesis not only 

in hormone- and carcinogen-treated MMTV-RANK and wild-type mice, but also in the 

MMTV-Neu and the MMTV-PyMT mouse models (Gonzalez-Suarez et al., 2010; Yoldi et al., 

2016). In addition, RANK activation through RANKL induces the formation of lung 

metastases in a model of ErbB-driven mammary tumours (Tan et al., 2011) and features of 

CSCs, such as tumorsphere, anchorage-independent growth and resistance to both radio 

and chemotherapy (Schramek et al., 2010). 

In humans, low levels of RANK expression have been described in some human breast 

cancer cell lines (www.proteinatlas.org). RANK overexpression in immortalized, non-
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transformed breast cell lines and breast cancer cell lines causes constitutive activation of 

the pathway, independently of RANKL (Palafox et al., 2012). In non-transformed breast cell 

lines induces a stem cell phenotype and transformation, with ability to reconstitute a 

murine mammary gland, epithelial-mesenchymal transition, increase in migration ability and 

mammosphere, anchorage-independent growth (Palafox et al., 2012) In BRCA1-mutated 

breast cancer cell lines, RANK overexpression stimulates invasiveness in vitro and increases 

tumorigenesis and metastatic disease in immunodeficient mice, which is accompanied by an 

increase in the CD44+/CD24- cancer stem cell population (Palafox et al., 2012). In human 

breast cancer, RANK expression is associated with TNBC, high histologic grade, high 

proliferative index and metastatic capacity (Palafox et al., 2012). The RANK expression in 

primary breast cancer also is associated with a higher pathological complet response and 

lower disease-free survival and overall survival (Pfitzner et al., 2014; Santini et al., 2011). In 

contrast, RANKL expression is very rare in human breast cancer cells and was not clearly 

correlated with any clinical features (Gonzalez-Suarez et al., 2010; Pfitzner et al., 2014). 

RANK/RANKL signaling pathway as therapeutic target 

RANK/RANKL signaling pathway has been studied as therapeutic target, mainly due to its 

key role in bone remodelling. Based on the critical role of RANK/RANKL in 

osteoclastogenesis, denosumab, a fully human monoclonal antibody that specifically binds 

to RANKL with high affinity and neutralizes its activity, has been developed and approved  

for clinical use to reduce risk of osteoporosis in postmenopausal women and for the 

prevention of skeletal-related events (SRE) in patients with solid tumors which have 

metastasized to bone (Coleman et al., 2012).  

In breast cancer, bone metastases are frequent. Breast cancer patients with bone 

metastasis showed increased expression levels of RANKL and OPG (Dougall and Chaisson, 

2006). Osteoclast-derived proteolytic enzymes aid in the colonization of disseminated tumor 

cells by promoting angiogenesis, cancer cell invasiveness, and engraftment at metastatic 

sites. Once cancer cells metastasize to bone, produce soluble factors that activate directly, 

as RANKL, or indirectly osteoclast differentiation and maturation, inducing bone remodelling 

and more releasement of growth factors. This vicious cycle has been proposed to explain 

the tumor development in bone (Ando et al., 2008; Coleman et al., 2012). Blockade of 
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postmenopausal bone loss by use of an antiresorptive agent such as zoledronic acid or 

denosumab has potent downstream antitumor effects at sites of bone metastases (Coleman 

et al., 2012). 

Both chemotherapy and endocrine therapy, using selective estrogen-receptor modulators, 

used in premenopausic women with breast cancer induces loss of bone mass (Lønning, 

2012; Shapiro et al., 2001). Combination of this treatment with denosumab has shown to 

reduce this side effects on bone mass (Ellis et al., 2008). 
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Objectives 

The objectives of this PhD thesis could be mainly summarized in: 

1. Characterization of breast cancer patient-derived xenografts (PDX) and their use for 

the identification of biomarkers and mechanisms of resistance to docetaxel in triple 

negative breast cancer (TNBC): analyses of cancer stem cell populations, next 

generation sequencing, genome wide methylation and gene expression studies. 

2. Identification of human breast cancer PDX models expressing RANK for the study of 

RANK signalling pathway.  
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SUMMARY

Taxanes are amainstay of treatment for breast cancer, but resistance oftendevelops followed bymetastatic disease andmortality. Aiming to

reveal the mechanisms underlying taxane resistance, we used breast cancer patient-derived orthoxenografts (PDX). Mimicking clinical

behavior, triple-negative breast tumors (TNBCs) fromPDXmodelsweremore sensitive to docetaxel than luminal tumors, but they progres-

sively acquired resistance uponcontinuousdrug administration.Mechanistically,we found that aCD49f+ chemoresistant populationwith

tumor-initiating ability is present in sensitive tumors and expands during the acquisition of drug resistance. In the absence of the drug, the

resistant CD49f+ population shrinks and taxane sensitivity is restored. We describe a transcriptional signature of resistance, predictive of

recurrent disease after chemotherapy in TNBC. Together, these findings identify a CD49f+ population enriched in tumor-initiating ability

and chemoresistance properties and evidence a drug holiday effect on the acquired resistance to docetaxel in triple-negative breast cancer.

INTRODUCTION

Triple-negative breast cancer (TNBC) is a heterogeneous

disease with divergent profiles of chemosensitivity and

prognosis (Perou et al., 2000; Prat et al., 2010; Shah et al.,

2012; Yu et al., 2013). Standard chemotherapywith anthra-

cyclines and taxanes is the mainstay treatment. A subset of

TNBCs shows increased chemosensitivity compared with

other breast cancer subtypes; however, for a significant

number of patients, overall prognosis is poorer, with high

risk of early relapse. Once metastases appear the patient

median survival is drastically reduced (Andre and Zielinski,

2012). Despite enormous efforts, the cause of resistance to

chemotherapy agents, including taxanes, is unclear (Bon-

nefoi et al., 2011). There remains an urgent unmet need

to identify the population of patients that will benefit

from taxanes, on one hand, and to determine the mecha-

nisms of resistance, on the other.

There is increasing evidence that in a variety of neoplasia,

including breast cancer, only a subset of cancer cells are

capable of reconstituting the tumor after transplantation.

These cells called cancer stem cells (CSCs) or tumor-initi-

ating cells (TICs), have the ability to self-renew and regen-

erate tumor heterogeneity (Al-Hajj et al., 2003) and show

intrinsic resistance to conventional chemotherapies, lead-

ing to recurrence or metastasis. In fact, breast tumors

from patients who received neoadjuvant chemotherapy

are substantially enriched for CSCs compared with tumors

of untreated patients (Yu et al., 2007), suggesting that anti-

cancer agents kill the bulk of tumor cells, but spare the

CSCs (Dean et al., 2005). In breast cancer, a variety of

markers (CD44, CD24, EpCAM, CD49f, CD133/2, CD10,

and ALDH activity) have been shown to identify CSCs

(Al-Hajj et al., 2003; Bachelard-Cascales et al., 2008; Li

et al., 2008; Lim et al., 2009; Stingl et al., 2006). However,

it is still unclear whether all these markers are appropriate
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Figure 1. Generation and Characterization of PDX Models of Human Breast Cancer
(A) Percentage of palpable tumors that engrafted relative to total number of independent patient samples, classified by subtype and
source. The total number of original patient samples is indicated and mice that did not survive for at least 60 days after surgery were
excluded.
(B) Tumor latency in IDB-01 at the indicated passages. Total number of tumors (n), mean, SD, and t test p values are shown.
****p < 0.0001.

(legend continued on next page)
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for the different breast cancer subtypes, and further studies

are necessary to identify the population of TICs and their

functionality in each type of tumors.

The lack of appropriate tools and models has hindered

our efforts to gain insight into the mechanisms of drug

resistance. The best approach to investigate acquired resis-

tance requires analysis of primary or metastatic samples

collected before and after recurrence, but these paired sen-

sitive/resistant samples are often difficult to obtain. To

advance our knowledge in clinical breast cancer and the

molecular mechanisms of resistance, we have generated

breast cancer patient-derived orthoxenografts (PDXs),

which allow the amplification and perpetuation of hu-

man tumors by serial passages. Our panel of breast cancer

PDXs recapitulates the heterogeneity of the clinical dis-

ease and constitutes a unique tool for studying the biolog-

ical mechanisms of clinical response to taxanes and acqui-

sition of resistance. We demonstrate that a CD49f+ cell

population with tumor-initiating ability and increased

resistance to taxanes is present in the initially sensitive

TNBC tumors and expands during continued exposure

to the drug in vivo, contributing to taxane resistance

and tumor recurrence. Remarkably, the transcriptional

differences observed between the CD49f+ population of

sensitive and resistant tumors accompany and may

contribute to the acquisition of chemoresistance. Finally,

we demonstrate that docetaxel sensitivity is recovered in

the absence of the drug and associates with changes in

the CD49f+ population.
RESULTS

PDX Models Resemble Human Tumors of Origin in

Early Passages

PDX were generated as described (DeRose et al., 2011;

Zhang et al., 2013; Table S1). Increased tumor rates and

shorter latency to tumor formation was observed in sam-

ples derived from pleural effusions compared with tumor

pieces. The TNBC engrafted better than luminal tumors

and all palpable tumors derived from grade 3 human sam-

ples (Figures 1A, S1A, and S1B). Of the mammary glands,

52% with no palpable tumor contained human mam-

mary epithelium, mostly normal ducts and grade 1 intra-

ductal carcinoma indicating engraftment of these low-

grade lesions (Figures S1C and S1D; Table S1). Tumor lines

(Table 1, yellow in Table S1) were maintained by consec-
(C) Tumor growth in IDB-01, calculated as L 3 I (mm 3 mm)/100 ve
(D) Unsupervised clustering using the PAM50 genes across the PDX
clinical samples (Prat et al., 2015b). The type of sample and the subtyp
transcript abundance. All PDX tumors were from passage 5.
See also Table S1; Figures S1 and S2.
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utive rounds of transplantation, and include two TNBC

models derived from pleural effusions, the second one a

BRCA1 mutant (IDB-01, IDB-02); two luminal/HER2-

negative models (IDB-03 and IDB-04) derived from tumor

pieces and pleural effusion, respectively; and one (IDB-

05) derived from a tumor piece of a triple-positive (ER+

PR+ HER2+) breast cancer. In most models, shorter la-

tency and faster tumor growth were observed in late pas-

sages (Figures 1B, 1C, S1E, and S1F). Thus, as demon-

strated previously (DeRose et al., 2011; Dobrolecki et al.,

2016; Zhang et al., 2013), establishment of PDX models

was associated with increased tumor aggressiveness and

poor prognosis.

Expression analyses of markers used in the clinical

setting for histopathological tumor classification and selec-

tion of treatment (ER, PR, HER2, CK5/6, CK18, and p53), in

parental human tumors and PDX tumors at early (0–1) and

late passages (4–8) demonstrate that PDX retain most hu-

man characteristics in the early passages, but occasional

changes are observed in some models (Table 1; Figures

S1G and S2A). ER and PR mRNA and protein expression

was detected in tumors from all passages of the luminal

models IDB-04 and IDB-05 (Figures S2A and S1G), but

only IDB-05 required estrogen/progesterone pellets to

grow (Figure S1H). IDB-03, ER+ and PR+ in the patient,

lost ER and PR expression in the PDX and a population of

p53+ cells was enriched (Table 1; Figure S2A and S1G). After

surgically resection of tumors, most models developed

local relapses andmetastases to clinical relevant sites (Table

1; Figure S2B).

Next, we performed intrinsic subtyping of our 5 PDX

models and their corresponding human tumors of origin

using the PAM50 subtype predictor (Parker et al., 2009),

and clustered these samples with 1,834 breast tumor

samples representing all subtypes (Prat et al., 2015b).

Mimicking the intrinsic subtypes of their corresponding

human tumors, the two TNBC models were identified as

basal-like, IDB-04 (HR+/HER2–) as luminal B, and the

HER2+ IDB-05 as HER2 enriched (HER2-E). Interestingly,

the human tumor of origin for IDB-03 was identified

as luminal B but the PDX was identified as HER2-E by

PAM50 without HER2 overexpression (Figure 1D). As re-

ported in similar PDX collections (Dobrolecki et al.,

2016), our mouse grafts retain initial human tumor char-

acteristics, but some models change during serial passages

in mice, which may reflect evolution of the clinical

disease.
rsus time (weeks). Each line represents a representative tumor.
models, human tumors of origin, and 1,834 human breast cancer
e call of each sample are shown. Each square represents the relative



Table 1. Main Characteristics of Human Tumor of Origin and Mouse Grafts in Five Established IDB Models

Model IDB-01 (TNBC) IDB-02 (TNBC)
IDB-03
(Luminal)

IDB-04
(Luminal)

IDB-05
(HER2+)

Mouse phenotype early

passage

ER-PR-HER2-CK5/6+

CK18+ p53-

ER-PR-HER2-CK5/6+

CK18+ p53-

BRCA1 mut

ER+ PR+

HER2-CK5/6-

CK18+ p53+

BRCA2 mut

ER+ PR+

HER2-CK5/6-

CK18+ p53-

ER+ PR+

HER2+

CK5/6-CK18+ p53-

phenotype late

passage

no change no change loss of ER

and PR

no change no change

passage 13 8 16 7 9

latency (p5) (days) 19 42 18 63 27

growth without

hormone pellets

yes yes yes yes no

Local relapse (%) 17.24 (n = 116) 6.94 (n = 144) 20.79 (n = 178) 23.40 (n = 94) 8.54 (n = 94)

axillary metastasis (%) 10 10 46 0 8

lymph ND

metastasis (%)

14 33 41.2 0 50

lung metastasis (%) 20 20 10 0 20

metastasis to other

sites

ND Yes (brain, axillary,

subcutaneous)

Yes (bone,

kidney)

Yes (liver) ND

Human subtype TNBC grade 3 TNBC grade 3 luminal grade 3 luminal grade 3 HER2+ grade 3

IHC ER-PR-HER2-CK5/6+

CK18+ p53-

ER-PR-HER2-CK5/6+

CK18+ p53-

BRCA1mut

ER+ PR+

HER2-CK5/6-

CK18+ p53+

ER+ PR+

HER2-CK5/6-

CK18+ p53-

ER+ PR+

HER2+

CK5/6-CK18+ p53-

source pleural pleural tumor pieces pleural tumor pieces

treatment FEC, docetaxel,

capecitabine

FEC, docetaxel not treated paclitaxel, carboplatin,

capecitabine

not treated

ER, estrogen receptor; PR, progesterone receptor; CK, cytokeratin, FEC, triple treatment composed of 5-fluorouracil, epirubicin and cyclophosphamide.

Frequency of tumor relapse per mammary gland (local relapse) and metastasis is indicated in each model. Only mice that survived for at least 60 days after

primary tumor excision with no relapse/metastasis were considered as relapse/metastasis free. All metastases were confirmed by pathologists. ND, not deter-

mined. See also Table S1.
Basal-like PDX Are Initially Sensitive to Docetaxel but

Acquire Resistance after Continuous Exposure to the

Drug In Vivo

Next, we tested the sensitivity of orthotopic mouse

models to docetaxel, one of the most commonly used che-

motherapeutics in breast cancer and other solid tumors

(Figure S3A). According to docetaxel response, tumors

were classified as sensitive when the treatment induced

complete tumor regression; partially sensitive when the

treatment interfered with tumor growth inducing com-

plete regression in some tumors but not in others; and resis-

tant when tumors continued growing despite docetaxel

treatment. In line with these criteria, luminal tumors

from IDB-03 and IDB-04 were resistant to docetaxel, the

TNBC IDB-01 model was sensitive (IDB-01S), and the

TNBC IDB-02 was partially sensitive to the drug (Figures
8

2A, 2B, and S3B). Despite the initial pathological complete

response, all IDB-01 tumors started growing again

30–60 days after treatment interruption. In the second

round of treatment, more doses of docetaxel were required

to eliminate tumors and a more heterogeneous response

between individual tumors was observed (partially sensi-

tive tumors). This behavior was accentuated during consec-

utive docetaxel treatments and the tumors became resis-

tant in passage 3 (Figures 2B and 2C). Resistance was

retained for at least two passages in the absence of doce-

taxel, as IDB-01-resistant tumors (IDB-01R, passage 5)

grew at comparable growth rates irrespective of docetaxel

treatment (Figure 2D). Importantly, tumors growing

without the selective pressure of docetaxel partially re-

gained sensitivity after five passages (IDB-01R, passage 8),

which demonstrates that taxane resistance can be reverted
Stem Cell Reports j Vol. 8 j 1392–1407 j May 9, 2017 13958
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(Figure 2D). No differences in latency to tumor formation

or tumor growthwere observed between IDB-01S (sensitive

tumors of origin) and the resistant ones, IDB-01R, derived

from them (Figures S3C and S3D). Gene expression ana-

lyses of IDB-01S and IDB-01R tumors identified a signature

(22 downregulated genes in IDB-01R) that was predictive of

residual disease after anthracycline/taxane-based therapy

in 166 patients with basal-like disease (GSE25066) (Hatzis

et al., 2011) and poor survival in the TCGA dataset, high-

lighting the clinical relevance of our sensitive and resistant

PDX pairs (Figures 2E, 2F, and S3E). In IDB-02 an already

heterogeneous response was observed after the first doses,

and docetaxel treatment could not be interrupted in most

mice (Figures 2B, 2C, and S3B). Tumors started growing

very fast after interruption of the treatment and became

resistant in passage 2. A third passage and additional doce-

taxel treatments did not change tumor growth, demon-

strating that tumors had acquired resistance to docetaxel,

which was retained for at least two passages (Figures 2B–

2D). IDB-02R resistant tumors showed similar latency as

IDB-02S sensitive tumors but grew significantly faster (Fig-

ures S3C and S3D). These results demonstrate that our tri-

ple-negative PDX tumors are more sensitive to docetaxel

than the luminal ones. In the clinic, a better response to

chemotherapy is observed in TNBC compared with

luminal tumors, and in some studies taxanes have been

shown to be superior to anthracyclines in this subtype

(Kim et al., 2010; Martin et al., 2011). Moreover, initially

sensitive PDX tumors gradually became less responsive to

docetaxel and acquired resistance after continuous expo-

sure to the drug, mimicking the clinical scenario.

Docetaxel Acquired Resistance Is Accompanied by an

Increase in the CD49f+ Population

It has been shown that chemotherapy efficiently elimi-

nates the bulk tumor cells but spares the CSC population
Figure 2. TNBC PDX Tumors were Sensitive to Docetaxel and Acquir
Tumors were Resistant
(A) Representative kinetics of tumor growth during docetaxel treatmen
tumors reached 6 3 6 mm. Each line illustrates a representative tum
(B) Percentage of sensitive, partially sensitive or resistant tumors of e
indicated.
(C) Representative kinetics of tumor growth during acquisition of res
represents one tumor and each color represents an independent sensi
indicate the tumors that were transplanted.
(D) Representative kinetics of tumor growth during docetaxel treatmen
tumor. IDB-01R tumors were analyzed after growing for two and five
(E) Supervised expression analysis of the genes found differentially
resents the relative transcript abundance.
(F) Association of IDB-01 resistant signature with chemotherapy res
2011). Response was measured as pathological complete response (pC
max) and t test p values are shown.
(A, C, and D) Arrows represent docetaxel doses. See also Figure S3.

9

(Li et al., 2008). Thus, we analyzed the expression of

markers previously shown to identify CSCs in our PDX tu-

mor collection including paired sensitive and resistant tu-

mors from IDB-01 and IDB-02 (Figure S4A-B). Variability

in marker expression was detected between models with

the same histological and molecular subtype. Docetaxel-

resistant luminal tumors (IDB-03 and IDB-04) showed the

highest percentages of EpCAM, CD49f, and CD24 cells,

but the CD133 population was scarce. IDB-03 contained

an abundant CD44+ population and ALDH activity, and

is the only one expressing CD10. A CD133+ population

was found in basal-like and HER2+ PDX. The CD44+

CD24– population, shown to identify human breast

CSCs (Al-Hajj et al., 2003), was only detected in the

TNBC IDB-02 (Figures S4B and S4C).

No significant changes in the expression of CD44,

CD24, CD133, or CD10 were found between sensitive

and resistant TNBC paired samples, neither in IDB-01 nor

in IDB-02. The CD44+ CD24– population remained barely

detectable in the chemoresistant models, and the ALDH+

population, based on ALDH enzymatic activity, was also

comparable between paired sensitive and resistant tumors

(Figure 3A). In contrast, the frequency of CD49f+ cells

significantly increased in TNBC-resistant tumors compared

with paired sensitive ones in both models. A significant in-

crease in the frequency of EpCAM+ cells was also observed

in IDB-01R compared with IDB-01S tumors (Figure 3A).

Resistant tumors from IDB-01 and IDB-02 showed signifi-

cantly higher mRNA expression levels of CD49f (ITGA6)

but not EpCAM, than the corresponding sensitive tumors

(Figure 3B).

We next sought to investigate the clinical relevance of

our findings by analyzing different clinical datasets. In

basal-like tumors from the EORTC 10994/BIG-1-00 clinical

trial (Bonnefoi et al., 2011), higher expression of CD49f

and EpCAM was associated with a non-pathological
ed Resistance after Continuous Treatment, whereas the Luminal

t. Docetaxel treatment (20 mg/kg i.p., once per week) started when
or (passages 4–14).
ach model to docetaxel. Total number of tumors (n) and passage are

istance to docetaxel in the basal-like IDB-01 and IDB-02. Each line
tive tumor of origin. Ps, passage treated with docetaxel. Red circles

t after acquisition of resistance to taxanes. Each line represents one
passages, respectively, in the absence of docetaxel.
expressed between IDB-01R and IDB-01S tumors. Each square rep-

ponse in 166 patients with basal-like breast cancer (Hatzis et al.,
R) or residual disease (RD). Mean values, box and whiskers (min to
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See also Figures S3 and S4.
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complete response (non-pCR) after chemotherapy (Fig-

ure 3C). UsingGOBO, theGene expression-basedOutcome

for Breast cancer Online tool (Ringner et al., 2011), high

expression levels of EpCAM and CD49f combined

predicted a reduction in distal metastasis-free survival in

basal-like tumors (Figure S3F). Associations with poor over-

all survival were obtained for CD49f, but not EpCAM, in

other ER-negative or basal-like tumor samples after chemo-

therapy treatment (Clarke et al., 2013; Desmedt et al.,

2011) (Figures 3D, S3G, and S3H). These results demon-

strate that, whereas CD44+ CD24– and ALDH activity are

not altered, the percentage of the CD49f+ population

significantly increases during the acquisition of resistance

to docetaxel in basal-like breast cancer.

A Chemoresistant CD49f+ Population Is Present in

Most TNBC Tumors

We hypothesized that a chemoresistant CD49f+ popula-

tion is present in the original sensitive tumors. To test

this hypothesis we analyzed CD49f mRNA expression in

IDB-01S and IDB-02S tumors after two to three doses of do-

cetaxel treatment when tumors were shrinking, and found

a significant increase in CD49fmRNA expression in the re-

sidual disease of both PDX tumors (Figure 4A). Next, we

evaluated by flow cytometry the percentage of cells ex-

pressing CD49f in residual disease and found that the fre-

quency of CD49f+ cells in residual disease of IDB-01S after

docetaxel treatment increases by 20%; these levels are com-

parable with those of resistant IDB-01R tumors, indicating

that the surviving population is enriched in CD49f+ cells

(Figure 4B). Importantly, in IDB-01R tumors that regained

sensitivity to taxanes after growing in the absence of doce-

taxel (passage 8), the frequency of the CD49f+ population

decreases again to basal levels, similar to those found in

sensitive tumors of origin (Figure 4B).

To evaluate whether a chemoresistant CD49f+ popula-

tion could be found in other TNBC tumors, we analyzed

CD49f expression after short-term in vivo treatment with

docetaxel in 12 additional TNBC PDX tumors derived

from patient samples (Bruna et al., 2016; DeRose et al.,

2011). Four of these PDX tumorswere resistant to docetaxel

(no differences in tumor growth after docetaxel treatment),

and eight showed different grades of sensitivity to the drug

(tumors either shrank or showed tumor growth stabiliza-

tion after two to four doses of docetaxel). After docetaxel

treatment, an increase in CD49f mRNA expression levels
(C and D) Docetaxel-sensitive tumors (C) and docetaxel-resistant tum
with docetaxel (20 mg/kg, arrows) and corresponding controls relative
****p < 0.0001. Bottom panels: CD49f mRNA expression levels in PDX
controls. Each dot represents one tumor. *0.01 < p < 0.05; **0.001 <
(A–D) Mean values, SEM, and t test p values are shown in all cases.
See also Figure S5.
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was observed in residual disease of five out of the eight

TNBC-sensitive tumors treated, whereas in resistant tumors

CD49f expression remained unaltered (Figures 4C, 4D,

and S5A). No changes in the expression of the most

common partners of CD49f, CD29 (ITGB1) and CD104

(ITGB4), were observed between sensitive, resistant and

residual disease in TNBC tumors (Figure S5B-D). The in-

crease in CD49f expression in residual tumors suggests

that CD49f+ chemoresistant cells are present in doce-

taxel-sensitive tumors and get enriched in residual disease.

In addition, we analyzed CD49fmRNA expression in five

independent TNBC cell lines after 72 h of treatment with

increasing concentrations of docetaxel. Different cell lines

showed different grades of sensitivity to taxanes but, in

four out of the five cell lines tested, a significant increase

in CD49f mRNA expression was found in cells that survive

docetaxel treatment compared with the untreated ones

(Figure 5A). No changes inCD49f expressionwere observed

at shorter time points with negligible cell death, suggesting

that docetaxel does not induce CD49f expression and that

the observed increase in residual disease, most probably

represents the survival of a pre-existing CD49f+ population

(Figure 5B). Higher levels of CD49f mRNA after paclitaxel

treatmentwere also observed in some cell lines (Figure S5E).

No changes in docetaxel sensitivity were observed inMDA-

MB-436 cells upon stable reduction of CD49f expression

with two independent short hairpin RNA constructs, ruling

out a functional role for CD49f itself in chemoresistance of

these cells (Figures 5C–5E and S5F).

Together these results demonstrate that higher expres-

sion of CD49f was observed in residual disease after doce-

taxel treatment for most TNBC-sensitive models (seven

out of ten PDX models and four out of five cell lines), sug-

gesting that despite the heterogeneity of the TNBC subtype

a chemoresistant CD49f+ population is present in most

TNBC.

CD49f+/hi Cells Show Enhanced Tumor-Initiating

Ability and Resistance to Docetaxel

Next, we asked whether chemoresistant CD49f+ cells

showed a higher tumor-initiating potential than CD49f�
cells and could be responsible for tumor recurrence. Using

fluorescence-activated cell sorting (FACS), we sorted the

higher and lower quartile of tumor cells based on CD49f

expression fromIDB-01S and IDB-02S tumors and function-

ally tested their tumor-initiating potential (Figure 6A).
ors (D). Top panels: tumor size of the indicated PDX tumors treated
to the size at the first day of treatment. n = total number of tumors.
tumors after short-term treatment with docetaxel and in untreated
p < 0.01; ***0.001 < p < 0.0001.
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Indeed, only CD49f+/hi cells, but not the CD49f� in

the IDB-01S model, were able to give rise to tumors when

re-implanted in mice (Figure 6B). Tumors derived from

the IDB-01S-CD49f+/hi cells contained a more abundant

CD49f+ population, but also CD49f– cells demonstrating

that the tumor-initiating CD49f+/hi cells were able to give

rise to non-TICs CD49f� cells (Figure 6C). Docetaxel atten-

uated growth in tumors derived from IDB-01S-CD49f+/hi

cells, but tumors were still palpable after ten doses of doce-

taxel, in contrast to sensitive tumors of origin IDB-01S that

were not detectable after four doses (Figure 6D). Thus, IDB-

01S-CD49f+/hi derived tumors are more resistant to doce-

taxel than the original IDB-01S tumors.

In IDB-02, where tumors were partially sensitive to

docetaxel and contained a higher proportion of CD49f+

cells, bothCD49f+/hi andCD49f� cells gave rise to tumors.

However, limiting dilution assays and extreme limiting

dilution analyses (ELDA) revealed that the CD49f+/hi pop-

ulation showed a 5-fold increase in tumor-initiating ability

compared with the CD49f� cells (Figure 6E). In addition,

the CD49f+/hi cells gave rise to tumors with shorter

latency than CD49f� cells (Figure 6F). CD49f+ cells

were more abundant in CD49f+/hi than in tumors derived

from CD49f�, but tumors from both groups contained

CD49f+ and CD49f� cells (Figure 6G), demonstrating that

CD49f� cells can also give rise to CD49f+ cells. Again,

IDB-02S-CD49f�/lo-derived tumors were more sensitive

to docetaxel than the ones derived from IDB-02S-CD49f+

cells (Figure 6H).

Unsupervised gene expression profiling of FACS-sorted

CD49f+/hi and CD49f� cells from IDB-01S and -01R, us-

ing 105 breast cancer-selected genes, revealed twomain clus-

ters which broadly represents the CD49f+ and CD49f� pop-

ulations (Figures 6I and S6A). Compared with CD49f� cells,

CD49f+ cells showed downregulation of keratins, claudins

and CDH3, and upregulation of SFRP1, MIA and prolifera-

tion-related genes (UBE2C, CDC6 and CDC20) (Figure 6I).

Further gene expression analyses revealed significant tran-

scriptome differences between CD49f+/hi cells from resis-

tant and sensitive tumors, including enhanced decrease in

tight junctionproteins, claudins, andCDH3,whichmaysug-

gest amore claudin-lowphenotype (Prat et al., 2010).Down-

regulation of tumor suppressors (e.g., PTEN and RAB25) is

also observed in CD49f+ cells from resistant tumors (Fig-

ure S6A). Interestingly, CD49f+/hi cells showed increased

proliferation by gene expression analysis thanCD49f� cells,

especially within sensitive tumors (Figure S6B). Among the
(C and D) CD49f mRNA expression levels (C) and CD49f protein expressi
independent shCD49f knockdown constructs and control vector (pGIP
(E) Percentage of surviving shCD49f-infected and control pGIPZ-infec
RT-PCR Determinations were done in triplicate and means are used in
SEM, and t test p values for the higher concentrations are shown. Se
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two CD49f+ signatures, the IDB-01R/CD49f+ signature was

found to predict residual disease following anthracycline/

taxane-based therapy in breast tumors (GSE25066), concor-

dant with our preclinical observations (Figure S6C). On

the other hand, the IDB-01S/CD49f+ signature was found

to predict pathological complete response (pCR) following

anthracycline/taxane-based therapy, likely due to the large

difference in proliferation between CD49f+ and CD49f�
cells in IDB-01S tumors (Figures S6B and S6C) (Hatzis et al.,

2011). The IDB-01S/CD49f+ signature was associated with

lower recurrence-free survival in an additional dataset

of breast cancer patients (Prat et al., 2010) (Figure S6D).

Together, these results demonstrate that sensitive tumors

of origin contain a tumorigenic and docetaxel-resistant

CD49f+ population that changes and expands during the

acquisition of taxane resistance; whereas in the absence of

the drug, the CD49f+ chemoresistant population shrinks

and taxane sensitivity is restored.
DISCUSSION

Patient-derived xenograft (PDX)models have emerged as an

important intermediate toolbetweenbasic researchandclin-

ical trials to expedite the translation of basic research find-

ings into effective therapies for patients. We have generated

a panel of PDX models that recapitulates the heterogeneity

of human breast tumors. Initial collections of breast PDX

were reported to remain phenotypically identical to human

tumors during serial passages (DeRose et al., 2011; Zhang

et al., 2013). However, in agreementwith our findings, there

is increasing evidence that tumors in PDX are not ‘‘static’’

and can evolve, as observed in patients (Eirew et al., 2015).

Our PDX models constitute a unique tool to investigate

resistance in cancer as they mimic clinical responses:

TNBC tumors are more sensitive to chemotherapy than

the luminal tumors, confirming previous clinical results

(Berry et al., 2006; Colleoni et al., 2004; Guarneri et al.,

2006;Martin et al., 2011), and even initially sensitive tumors

develop resistance upon continuous exposure to taxanes.

Both basal-like tumors (IDB-01 and IDB-02) derived from

metastatic samples that were heavily exposed to multiple

treatments including taxanes showed minimal clinical

response. Strikingly, sensitivity to docetaxel was restored

upon xenografting and was retained for months. Moreover,

we observed that in PDX tumors with acquired resistance,

sensitivity is partially restored when maintained in the
on measured by flow cytometry (D) in cells stably infected with two
Z).
ted cells treated with indicated doses of docetaxel for 72 hr.
the calculations. Mean values of three independent experiments,

e also Figure S5.
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(legend continued on next page)
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absence of the drug. This regain of sensitivity, the so-called

‘‘drug holiday,’’ has been described for targeted therapies in

melanoma (Das Thakur et al., 2013; Sun et al., 2014). We

now demonstrate that the same is true for cytotoxics such

as docetaxel, with important implications for clinical deci-

sions and drug scheduling, as resistant metastatic disease

may benefit from intermittent docetaxel treatment.

Our data demonstrate that a pre-existing and chemore-

sistant CD49f+ subpopulation is present in most sensitive

TNBC, expands during long-term therapy, and has the abil-

ity to generate novel tumors contributing to recurrence and

acquisition of chemoresistance (as shown in the graphical

abstract), and importantly that this population shrinks

again in the absence of taxanes, restoring drug sensitivity.

Previous reports have also shown the increased tumor-initi-

ating ability of CD49f+ cells in breast and other solid tu-

mors (Haraguchi et al., 2013; Lo et al., 2012; Meyer et al.,

2010; Vassilopoulos et al., 2014). These findings do not

imply that the CD49f+ cells are the CSC in TNBC, but

demonstrate that the CD49f+ population is associated

with taxane resistance.

Aiming to further characterize the chemoresistant

CD49f+ population, an unbiased approach was under-

taken. Gene expression analysis revealed important differ-

ences, not only between CD49f+ and CD49f� cells, but

also between CD49f+ cells from sensitive and resistant tu-

mors. These changes may suggest that the chemoresistant

CD49f+ population has expanded during the exposure to

docetaxel, and can provide novel therapeutic targets for

the metastatic chemoresistant basal-like tumors. Given

the heterogeneity of the TNBC subtype, the significant in-

crease in CD49f expression observed in residual or stabi-

lized disease of most TNBC cell lines and PDX models is

remarkable and indicates that modulation of CD49f posi-

tivity as a biomarker of taxane resistance is not a peculiarity

of a single PDX model but a general event in TNBC, which

can be exploited for clinical benefit.

These findings can be clinically validated in the neoadju-

vant setting, evaluating whether an enrichment of the

CD49f population is observed in residual disease following

taxane-based chemotherapy. However, as the rates of pCR

in TNBC are high (30%–40%), a dynamic study of early

changes in the CD49f population after the first cycles of
(C and G) Frequency of CD49f+ cells in tumors derived from indicated
**0.001 < p < 0.01; ***0.001 < p < 0.0001.
(D and H) Kinetics of tumor growth during docetaxel treatment in tumo
are shown. **0.001 < p < 0.01; ****p <0.0001.
(F) Latency of tumors derived from the injection of the indicated numb
SEM and significant t test p values are shown. **0.001 < p < 0.01.
(I) Unsupervised analysis of all CD49f sorted samples from IDB-01S a
sample and tumor are shown below the array tree. Each square repres
See also Figure S6.
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taxane treatment and occurrence of pCR could be a

better approach. The clinical utility of the biomarker

could be tested in a prospective clinical trial in the neoadju-

vant setting where patients are randomized based on the

biomarker modulation to change treatment or continue

with taxane-based therapy. Improvement of clinical out-

comes (pCR rates or survival) should be the final objective.

The effect of novel drugs can be evaluated in the subgroup

of chemoresistant CD49f-enriched TNBC. In clinical series

the presence of CD49f+ in breast cancer is associated with

a poor clinical outcome (Friedrichs et al., 1995; Ye et al.,

2015). Moreover, within several CSC markers (CD44,

CD24, ALDH1A3, and CD49f) analyzed by IHC in breast

cancer samples, only CD49f retained prognostic value in a

multivariate analyses in ER– disease (Ali et al., 2011).Our re-

sults provide a functional rationale for the poor outcome

associated with CD49f expression in hormone receptor-

negative breast cancer. Further studies will reveal whether

this population can be manipulated in order to unveil the

ever-elusive status of tumor drug resistance and recurrence.
EXPERIMENTAL PROCEDURES

Patient Characteristics and Generation of PDX
IDB PDX were generated by orthotopic transplantation of primary

tumor pieces obtained directly after surgery or cancer cells isolated

from pleural effusions and transplanted into the fat pad of immu-

nodeficientmice, as described previously (DeRose et al., 2011). The

clinical characteristics from original patient samples, the number

and strain of recipient mice, and the outcome of the implant are

indicated in Table S1 (IDB-01-05models). All experimental proced-

ures were performed according to Spanish regulations. Informed

consent was obtained from all subjects and the study received

approval from the institutional Ethics Committee. Additional

models were generated following similar procedures (Bruna et al.,

2016). All research involving animals was performed at the IDI-

BELL animal facility in compliance with protocols approved by

the IDIBELL Committee on Animal Care and following national

and European Union regulations.

Breast Cancer Cell Isolation, Flow Cytometry, and

Sorting
Single cells were isolated from tumors as described previously

(Smalley, 2010). Single cells were resuspended and blocked with
cells. Mean values, SEM, and significant t test p values are shown.

rs derived from indicated cells. Mean values, SEM, and t test p values

er of IDB-02S-CD49f+/hi and 02S-CD49f� tumor cells. Mean values,

nd -01R tumors using 105 breast cancer-related genes. The type of
ents the relative transcript abundance.



PBS 2% fetal bovine serum (FBS), 2 mM EDTA, and immunoglob-

ulin G blocking reagent for 10 min on ice. Then they were labeled

with antibodies against CD24-PE (555428), CD44-APC (559942),

EpCAM-FITC (347197), CD10-PECy5 (555376), and CD49f-A647

(562473) (all from BD Pharmingen), CD133/1-PE (130-098-826

fromMiltenyi Biotec), andCD49f-APC (FAB13501A fromR&DSys-

tems). Mouse cells were excluded in flow cytometry using H2Kd-

PECy7 (116622 from BioLegend). Gating was based on ‘‘Fluores-

cence Minus One’’ controls. Single cells were assessed for their

ALDH activity using the ALDEFLUOR assay system (01700 from

STEMCELL Technologies) following the manufacturer’s proced-

ures. A population of 10,000 living cells was captured in all FACS

experiments. FACS analysis and sorting was performed using Gal-

lios and MoFlo (Beckman Coulter) flow cytometers, respectively.

Data was analyzed using the FlowJo software (see Figure S4).

Therapeutic and Limiting Dilution Assays
Docetaxel (Hospira/Actavis, 20 mg/kg) was administered intraperi-

toneally once per week (unless reported otherwise), followed 24 hr

later by Fortecortin (Dexametasona, 0.132 mg/kg, Merck). The

treatment scheme of resistant variants generation is shown in Fig-

ure S3. For orthotopic ELDA, isolated tumor cells were mixed 1:1

with Matrigel Basement Membrane (BD Biosciences) and ortho-

topically implanted in the inguinal mammary gland of non-obese

diabetic/severe combined immunodeficiency females. Tumor

development was monitored once per week for a maximum of

25 weeks. In all assays the tumor-initiating potential was defined

as the ability to formpalpable, growing tumors ofR2mmdiameter.

Culture and Treatment of Human Breast Cancer Cells
All cell lines were purchased from the American Type Culture

Collection (Rockville, MD), except for UACC3199 which was ob-

tained from the Arizona Cancer Center (Tucson, AZ). All cells but

HCC1143, which was cultured in RPMI 1640, were maintained

in DMEM high glucose, containing 10% FBS (Gibco), L-glutamate

(Gibco), and penicillin/streptomycin (PAA Laboratories) at 37�C in

5% CO2. At 60%–70% confluence the indicated concentrations of

docetaxel or paclitaxel were added. Cells were collected at the indi-

cated time points and counted with trypan blue to exclude dead

ones. All cell lines were routinely tested for mycoplasma, and

were shown to be free of contamination.

Gene Expression-Based Analyses
A minimum of �100 ng of total RNA was used to measure the

expression of 105 breast cancer-related genes and five house-keep-

ing genes using the nCounter platform (Nanostring Technologies).

Data was log base 2 transformed and normalized using five house-

keeping genes (ACTB, MRPL19, PSMC4, RPLP0 and SF3A1). The list

of 105 genes includes genes from the following three signatures:

PAM50 intrinsic subtype predictor (n = 50) (Parker et al., 2009),

claudin-low subtype predictor (n = 43) (Prat et al., 2010),

13-VEGF/hypoxia signature (n = 13) (Hu et al., 2009), and eight in-

dividual genes that have been found to play an important role in

breast cancer (e.g., CD24). Raw gene expression data and

signatures can be found in Table S2. All tumors were assigned

to an intrinsic molecular subtype of breast cancer (luminal A,

luminal B, HER2-enriched, basal-like, and claudin-low) and the
9

normal-like group using the previously reported PAM50 subtype

and the claudin-low subtype predictors (Parker et al., 2009; Prat

et al., 2010, 2015b).

Gene Expression-Based Signatures
Genes differentially expressed between the two groups were iden-

tified using a two-class unpaired Significance Analysis of Microar-

rays (SAM) (Tusher et al., 2001) and a false discovery rate of <5%.

The final signature of up- and/or downregulated genes was then

summarized as a single ‘‘enrichment/activity score’’ bymultiplying

the SAM score of each gene by its expression value in the tested

sample and then summing all the values of each sample. Each

signature was evaluated in GSE25066, a microarray-based dataset

of patients treated with neoadjuvant anthracycline/taxane-based

chemotherapy (Hatzis et al., 2011) and the Perou-extended dataset

GSE18229 (Prat et al., 2010). This microarray dataset was normal-

ized as described previously (Prat et al., 2015a). Raw data can be

found in Table S2.

Statistical Analyses
All data are expressed as mean ± SEM. Statistical comparison was

performed by Student’s t test using GraphPad Prism version 5.04.

p% 0.05 was considered statistically significant. The statistical sig-

nificance of difference between groups is expressed by asterisks:

*0.01 < p < 0.05; **0.001 < p < 0.01; ***0.001 < p < 0.0001;

****p < 0.0001.
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Supplemental Figure S3
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Supplementary Figure S5
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Supplemental Figure legends 

 

Supplemental Figure S1. Generation of breast cancer PDX models (related to Figure 1 and Table 1) 

A. Time in days until palpable lesions are detected in mice at first passage according to the source. All 
engrafted tumors were grade 3 and their subtype is shown.  
B. Percentage of palpable tumors engrafted relative to the total number of independent patient samples, 
depicted in pathological grade classification. Mice that did not survive for at least 60 days after surgery were 
excluded from the analyses. Total number of samples is indicated (n). Gr1 = grade 1; Gr2 = grade 2; Gr3 = 
grade 3. 
C. Representative images of H&E staining of the original human tumors and the mouse mammary glands 
where they were implanted. No palpable lesions were detected in these mice and accordingly extensive 
necrotic areas were observed. However, viable human epithelial structures, mainly normal ducts, ADH 
(atypical ductal hyperplasia), DCIS (ductal carcinoma in situ) and occasionally IDC (invasive ductal 
carcinoma) or viable tumor cells were detected. Note that the morphology of IDC grade 1 is maintained in the 
mouse implant.  
D. Percentage of mouse mammary glands showing human structures but not tumor growth. Quantification of 
indicated human structures in mouse mammary glands where no palpable lesions were detected is 
represented. MG = mammary glands. Only mice that survived for at least 60 days after tumor implantation 
were considered. Total number of MG analyzed is indicated (n).  
E. Tumor latency (days) in each mouse tumor model at the indicated passages. Total number of tumors 
considered (n), mean, standard deviation and t-test p values for significant differences are shown.  
F. Tumor growth in mice, calculated as L x I (mm x mm)/100 versus time (weeks). Each line represents a 
representative tumor and each color represents a different passage as indicated. Week 1 is the time at which 
palpable tumors were first detected. 
G. mRNA expression levels of indicated genes relative to PPiA at indicated passages: early (1st to 5th) and late 
(more than 10th) measured by qRT-PCR. Total number of tumors analyzed is indicated (n). Determinations 
were done in triplicate and mean values were used for the calculations. Mean values for “n” independent 
tumors and standard deviations are shown. 
H. Percentage of palpable tumors relative to the total number of tumors implanted with (+) or without (-) 
exogenous 17β-estradiol and progesterone pellets in luminal models. Total number of implanted mammary 
glands is indicated (n). 
 
Supplemental Figure S2. Mouse PDX grafts resemble human tumors of origin at early passages but 

changes are observed at late passages in some models (related to Figure 1 and Table 1) 

A. Representative images of estrogen receptor (ER), progesterone receptor (PR), HER2, cytokeratins (CK18, 
CK5/6) and p53 protein expression in human tumors of origin and tumors growing in mice of the indicated 
models at early (1st to 2nd) and later passages (4th to 8th) as determined by immunohistochemistry. 
B. Representative H&E pictures of macroscopic metastasis.  
 

Supplemental Figure S3. Docetaxel treatment in PDX models and association of CD49f and EpCAM 

expression with survival (related to Figure 2 and 3) 

A. Schematic representation of docetaxel resistant tumors generation. Several tumors from each model were 
implanted in both mammary inguinal glands of 8 recipient NOD/Scid females. Tumor-bearing animals were 
individually identified and when tumors reached 6x6 of size, mice were treated with docetaxel (20 mg/kg i.p.) 
once a week as indicated.  If the tumor volume decreases below 3x3 size treatment was interrupted and re-
initiated when tumor volume increased again over the size of 6x6. After 10 to 12 doses, mice were sacrificed, 
tumors were excised and re-implanted in mice (second passage) to repeat the process until tumors become 
resistant. 
B. Representative kinetics of tumor growth during docetaxel treatment in sensitive TNBC IDB-01S and IDB-
02S tumors and resistant luminal tumors IDB-03 and IDB-04. Tumor size (v = Lxl/100) is shown over time 
(weeks). Each line represents one tumor and arrows indicate docetaxel treatments. 
C. Tumor growth in the initially sensitive (IDB-01S and IDB-02S) and after resistance to taxanes was 
acquired (IDB-01R and IDB-02R). Total number of tumors analyzed (n), mean values and SEM are shown. 
D. Time in days until palpable tumors are detected (tumor latency) in the initially sensitive (IDB-01S and 
IDB-02S) and after resistance to taxanes was acquired (IDB-01R and IDB-02R).  
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E. Kaplan-Meier analyses of disease free survival (DFS) of the resistant signature identified in the TCGA 
database for breast tumors. 
F. Kaplan-Meier analyses of distal metastasis free survival of basal-like tumors using CD49f and EpCAM 
mRNA expression independently and combined in the online GOBO database (Ringner et al., 2011).  
G. Kaplan-Meier analyses of overall survival of basal-like tumors using CD49f and EpCAM mRNA 
expression in the clinical data set (GSE16446) from the TOP TRIAL (Desmedt et al., 2011) . 
H. Kaplan-Meier analyses of overall survival of basal-like tumors using CD49f and EpCAM mRNA 
expression in the clinical data set (GSE42568) (Clarke et al., 2013) . 
 
Supplemental Figure S4. Heterogeneous expression of CSC markers in PDX models and FACs gating 

(related to Figure 3) 

A. Gating scheme. Analyzed cells were first gated as DAPI negatives (live cells) and H2Kd- (human cells).   
B. Representative dot-plots and histograms of indicated markers in H2kD- human cells from each tumor 
model. The axes were established according to fluorescence minus one (FMO) controls or ALDH negative 
control. 
C. Frequency of indicated markers within the human H2Kd- population analyzed by flow cytometry on 
established PDX. Total number of tumors analyzed (n), mean values and SEM are shown. Passage 7-14 was 
analyzed for all models  
 
Supplemental Figure S5. No changes in ITGB1 and ITGB4 in docetaxel resistant tumors or residual 

disease (related to Figure 4 and 5) 

A. Top panels: Tumor size of the indicated PDX tumors treated with docetaxel (20 mg/kg arrows) and 
corresponding controls relative to the size at the first day of treatment. Total number of tumors (n), mean, 
SEM and t-test p values are shown. Bottom panels: CD49f mRNA expression levels relative to PPiA in 
tumors treated with docetaxel and untreated controls measured by qRT-PCR. Determinations were done in 
triplicates and means are used. 
B. Frequency of ITGB1+ and ITGB4+ cells in H2Kd- human cells in IDB-01S and IDB-01R tumors 
measured by flow cytometry. Total number of tumors analyzed (n), mean values and SEM are shown. 
C. ITGB1 and ITGB4 mRNA expression levels relative to PPiA in sensitive untreated tumors, residual disease 
after docetaxel treatment and tumors with acquired resistance in IDB-01 and IDB-02 models measured by 
qRT-PCR. No expression of ITGB4 was found in IDB-01 tumors. Determinations were done in triplicates. 
Means and SEM are shown. 
D. ITGB1 and ITGB4 mRNA expression levels relative to PPiA in tumors treated with docetaxel and in 
untreated controls of indicated PDX models measured by qRT-PCR. Determinations were done in 
triplicates.Means and SEM are shown. 
E. Top panels. Percentage of surviving cells treated with indicated doses of paclitaxel for 72h. Bottom panels: 
CD49f mRNA expression levels in cells treated with paclitaxel relative to untreated controls. Mean values of 
3 independent experiments, SEM and t-test p values for the higher concentrations are shown. 
F. Bars show CD49f mRNA expression levels relative to PPiA in the indicated TNBC cell lines stably 
infected with six independent shCD49f knock-down constructs and control vector (pGIPZ) measured by qRT-
PCR. Determinations were done in triplicates and means are used. 
 
Supplemental Figure S6. Molecular characterization of CD49f+ and CD49f- cell populations (related to 

Figure 6) 

A. Supervised expression analysis of the genes found differentially expressed between CD49f+ and CD49f- 
cells within IDB-01S and -01R tumors. Each square represents the relative transcript abundance.  
B. Expression of the PAM50 proliferation score across CD49f+ and CD49f- cells within IDB-01S and -01R 
tumors.  
C. Association of IDB-01S-CD49f+ or 01R-CD49f+ signatures with chemotherapy response in 508 patients 
with breast cancer (GSE25066). Response was measured as pathological complete response or residual 
disease. 
D. Kaplan-Meier analysis of overall survival and distant metastasis free survival using sensitive and resistant 
CD49f+ signatures in the Perou extended database (Prat et al., 2010). 
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Supplemental Items 

 
Supplemental Table S1. Characteristics of human tumors of origin and recipient mice (related to Table 

1, Figure 1 and 2) 

Source, histopathological status and clinical data available of the 61 human samples implanted; number, 
strain, survival of recipient mice and outcome after H&E examination of recipient mammary glands are 
shown. Samples excluded from the analysis are shown in red. Samples highlighted in yellow indicate 
established tumor models. IDC: invasive ductal carcinoma; ADH: atypical ductal hyperplasia; DCIS: ductal 
carcinoma in situ; QT: chemotherapy; HTP: hormonotherapy, n.d.: no data, n.e. not evaluable. MG: mammary 
gland.  
 

Supplemental Table S2. Gene expression signatures and raw data (related to Figure 2, Figure 6 and S6) 
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Supplemental Experimental Procedures 

 

Generation of PDX 

A total of 61 samples from breast cancer patients, 54 from fresh primary tumor pieces obtained directly after 
surgery and 7 from cancer cells isolated from pleural effusions were transplanted into the fat pad of 90 
immunodeficient mice. Three strains of immunodeficient mice have been used. Nude mice (Athymic Nude - 
Foxn1nu Harlan), NOD/ Scid (NOD.CB17-Prkdcscid/J; JAX via Charles River) and Scid/Beige (CB17.Cg-
PrkdcscidLystbg-J/Crl, JAX via CR) mice (Carroll and Bosma, 1991). Mice were maintained in specific 
pathogen-free animal housing (IDIBELL). NOD/Scid and Scid/Beige mice were bred in our animal facility. 
Fresh primary human breast tumor fragments and cells isolated from pleural effusion were obtained from 
patients at the time of surgery or thoracocentesis, with informed written patient consent. Fragments of 30 to 
60 mm3 were implanted into cleared fat pad from 4th mammary glands of 3-weeks-old NOD/Scid or Nude 
females and pellets of 17β-estrogen (0,1 mg) (Innovative Research of America) were implanted into the 
intraescapular fad pat; in the case of tumor cells isolated from pleural effusions, 3x106 tumor cells were 
injected in 4th mammary glands of Nude, Scid/Beige or NOD/Scid females. Pathological characteristics of 
implanted samples, number and strain of host mice and engraftment outcome are shown in Supplementary 
Table S1. Orthotopic tumors appeared at the graft site 30 to 152 days after implantation and they were 
subsequently transplanted from mouse to mouse without clearing epithelia. In each passage, samples were 
collected, cryopreserved in DMSO-fetal bovine serum solution (1:10) as stock, or directly at -80ºC for gene 
expression analysis, and fixed with phosphate buffered saline (PBS) 10% formol, for histological studies.  
Mice that died within 60 days after tumor implantation without developing tumor or samples without 
pathological data available were excluded from the analyses (15 samples, in red in Table S1). Tumor growth 
(engraftment) was analyzed in 46 patients´ samples implanted in 71 immunodeficient mice. In the first 
passage, palpable tumors from 7 patients were obtained; all of them derived from grade 3 tumors. We were 
able to successfully maintain 5 tumor lines by consecutive rounds of transplantation (yellow in table S1, 
indicated as IDB-01-IDB-05). To evaluate the influence of hormones ER+PR+ tumors were maintained in 
mice with or without 17β-estrogen (0,1 mg) progesterone (32,5 mg) pellets (Innovative Research of America) 
implanted into their intraescapular fad pat.  
The additional models included (IDB-08-IDB-10) were generated following similar procedures, after 
implantation of fresh tumor pieces in the cleared fat pad of NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, JAX via 
Charles River) mice. All the in house generated PDX models were maintained by serial transplantation in the 
intact fat pad of Nod/Scid mice, except for IDB-08 which was maintained in NSG mice. 
Model HCI001 (TNBC) was donated by A Welm and Y DeRose (DeRose et al., 2011) and was maintained in 
passage by serial transplantation over time in the fat pad of NSG mice. Models VHIO-93, -94, -98, -102, -
127, -197, -270 and -288 (all of them TNBC, VHIO-127 is a BRCA1 mutant) were generated by 
subcutaneous implantation of primary tumor pieces (except for VHIO-127 and VHIO-288 which derived from 
metastasis) on the back of Nude mice as described previously (Bruna et al., 2016; Garcia-Garcia et al., 2012). 
The models from VHIO were collected and implanted in the intact fact pad of Nod/Scid mice in our animal 
facility to perform docetaxel treatments.  

 
Tumor growth 

Every mice was monitored for tumor incidence by palpation and visual inspection and for weight variations. 
Mice were sacrificed before tumors reached a diameter of 1,5 cm, or when 20% loss of their initial weight or 
deterioration of health was observed. Individual tumor size was calculated as L*l/100, with “L” being the 
largest diameter and “l” the smallest. Growth curves were established as a function of time. Tumor latency 
was recorded for all palpable tumors and mice. To emulate the clinical procedure tumors were surgically 
removed before they reached 1,5 cm of diameter and mice were left alive to determine the incidence of 
relapse and metastasis. We randomly sectioned the axillary mammary gland, lymph nodes and lungs of mice 
that survived longer than 60 days after primary tumor excision.  
 

Histology and immunohistochemistry  

Samples from patient or mouse tumors, and mammary fat pads of host mice that did not develope tumors 
were fixed in formalin immediately after resection and embedded into paraffin. Lungs, brain, liver, kidneys 
and other organs were collected following the same protocol. Bones were treated with 10% formic acid before 
were formalin fixation and paraffin embedding. For light microscopic examination 3-µm-thick sections were 
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stained with hematoxylin and eosin (H&E). Selected lungs from all models and brains from Model B were 
sectioned every 75-100 µm, stained with H&E and scored for metastasis. For immunohistochemical (IHC) 
studies 3-µm-thick sections were embedded in paraffin and incubated with antibodies against ER (1:30; 
DAKO, clon 1D5, IR657), PR (diluted; DAKO, clon 636, IR68), HER2 (1:350; DAKO, SK001), CK18 
(diluted; DAKO, clon DC10, IR 618), CK5/6 (1:100; Zymed, clon D5/16B4, MAB1620) and p53 (1:50; 
Biogenex, AM195). Pre-treatment with citrate pH6 was done on slides stained for ER, PR, HER2, CK18 and 
p53 and with citrate pH9 on CK5/6 stained slides. Antibodies were detected using biotin-conjugated 
secondary antibodies (HRP; DAKO). The antigen-antibody complex was conjugated with streptavidin 
horseradish peroxidase and visualized with diaminobenzidine (Kit DAKO LSAB). Sections were 
counterstained with hematoxylin and appropriate positive and negative controls were used. 
 
Breast cancer cells isolation 

Fresh tissues were mechanically cut using the McIlwain tissue chopper and enzymatically digested with 
appropriate medium (Dulbecco’s modified Eagle’s medium [DMEM] F-12 (PAA), 0.3% Collagenase A 
(Roche Diagnostics, S.L.), 2.5U/mL Dispase (Gibco), 20 mM HEPES (Sigma-Aldrich), and antibiotics) 60 
minutes at 37ºC with shacking. Samples were washed with Leibowitz-L15 medium (Gibco) supplemented 
with 10% fetal bovine serum (FBS) and penicillin/streptomycin between each step. Erythrocytes were 
eliminated by treating samples with hypotonic lysis buffer (ACK lysing buffer, Lonza Iberica) and incubated 
over night at 4ºC in the 4ºC in the aforementioned Leibowitz-L15 medium. Tje following day, single 
epithelial cells were isolated by treating with trypsin (PAA Laboratories) 5 minutes at 37ºC and a mix of 
Dispase (Gibco life technologies, Invitrogen) DNAse (Invitrogen) for 10 minutes at 37ºC. Dead cells were 
first excluded by centrifugation with Lympholyte (Cedarlane laboratories) 800xg for 20 minutes and then 
250xg for 10 minutes at room temperature. Cell aggregates were removed by filtering cell suspension with 40 
µm filter and counted with Trypan Blue. 
 
ALDH assay 

Single cells were assessed for their ALDH activity using the ALDEFLUOR assay system (STEMCELL 
technologies). 4 x 105 cells were re-suspended in ALDEFLUOR buffer and activated ALDEFLUOR substrate 
was added. Immediately, half of them were separated in other tube with the inhibitor DEAB. The incubation 
was performed during 30 minutes at 37ºC. Mouse cells were excluded in flow cytometry using H2Kd-PECy7 
(116622 from BioLegend). A population of 10,000 living cells was captured in all fluorescence-activated cell 
sorting (FACS) experiments. FACS analysis was performed using FACS Gallios cytometer (Beckman 
Coulter, Inc) and the FlowJo software package. 
 
Therapeutic assays 

For the generation of the docetaxel resistant-derived tumors, treatment started in mice bearing tumors of 6x6 
mm size (L*l/100). Tumor growth and weight were evaluated twice a week. When tumor volume decreased 
below 3x3 mm, treatment was interrupted, and reinitiated when tumors re-grew over of 6x6 mm. Mice were 
ethically sacrificed after 10 to 12 doses of docetaxel when the tumor size surpassed a diameter of 1,5 cm or 
mouse weight decreased by 20%.  Tumors were then excised, cut in pieces and re-implanted into new host 
mice (passage 2) in which docetaxel treatment was reinitiated following the same criteria, as shown in 
Supplementary Figure S3A.    
For short term treatments, tumor bearing mice were treated with 2 to 5 doses of docetaxel, every 5-7 days for 
a period of 10 to 30 days, depending on tumors response. Mice were then sacrificed and tumors were 
analyzed for CD49f expression 3-5 days after the last dose of docetaxel, except for the most sensitive models 
that needed longer time to grow.   
 

Lentiviral infection  

Lentiviral infection was done following the manufacturer´s indications (Invitrogen). Briefly 293FT cells were 
used for the production of the virus. 293FT cells (5x106) were transfected with lentiviral pGIPZ empty or 
pGIPZ-shCD49f vectors (Dharmacon GE) and packaging (gag-pol, vsvg, rev) plasmids (Addgene) by calcium 
phosphate method. 25mM HEPES was added 16 h later. Virus supernatants were harvested 72h post 
transfection, centrigufated at 250G 5’ and filtered with 0.22 µm filters. MDA-MB-436 cell lines were 
transduced in a ratio 1:3 with fresh growth medium and with 8µg/ml of polybrene. Plates were centrifuged 1 
hour at 1.000 rpm at 37ºC to improve the infection. Selection started with puromycin antibiotic (Sigma-
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Aldrich) at 1,5µg/ml. The resulting stable cell lines infected were maintained with 0,5 µg/ml . Medium was 
refreshed every three days. The following shCD49f sequences were tested: 77129: 
TATTCCATCTGCCTTGCTG; 77130:TAGTTACTGAATCTGAGAG; 77132: 
TTCTGAATATTAATCACAG; 77134: TTAGAAACAATACCTTTCC; 326014: 
ATTTCTAAAGCAATATCCT and 326015: TCAGTTGTACTTAAAACCA, and based on the results 77132 
and 77134 were selected. 
 
RNA extraction and RT-PCR 

Total RNA from tissue was prepared with Tripure Isolation Reagent (Roche). Frozen tumor tissues were 
fractionated using the POLYTRON® system PT 1200 E (Kinematica). cDNA was produced by reverse 
transcription using 1 μg of RNA in a 35 μL reaction following manufacturer's instructions (Applied 
Biosystems). 20 ng/well of cDNA were used for the analysis performed in triplicate. Quantitative PCR was 
performed using the LightCycler® 480 SYBR green. Primer sequences are indicated below.  Ct analysis was 
performed using LightCycler 480 software (Roche). All primers indicated below are in 5’  3’ direction. 
 
hCD49f Forward CTGGCCTCTTCATTTGGCTA 
hCD49f Reverse AAAATACTGTGGGGCTCCAAT 
hEpCAM Forward AATCGTCAATGCCAGTGTACTT 
hEpCAM Reverse TCTCATCGCAGTCAGGATCATAA 
hPPiA Forward ATGCTGGACCCAACACAAAT 
hPPiA Reverse TCTTTCACTTTGCCAAACACC 
hCK18 Forward TCAGCAGATTGAGGAGAGCA 
hCK18 Reverse GAGCTGCTCCATCTGTAGG 
hCK5 Forward ATCGCCACTTACCGCAAGCTGCTGGAG 
hCK5 Reverse AAACACTGCTTGTGACAACAGAG 
hER Forward ATCTCGGTTCCGCATGATGAATCTGC 
hER Reverse TGCTGGACAGAAATGTGTACACTCCAGA 
hPR Forward GGCATGGTCCTTGGAGGT 
hPR Reverse CACTGGCTGTGGGAGAGC 
hHER2 Forward TTCCTTCCTGCTTGAGTTCC 
hHER2 Reverse GRGCTGTTCCTCTTCCAACG 
hITGB1 Forward GCCGCGCGGAAAAGATG 
hITGB1 Reverse ACAATTTGGCCCTGCTTGTA 
hITGB4 Forward CCCCGAGGTAGGTCCAGG 
hITGB4 Reverse GTTTGCCAAGGTCCCAGAGA 
 
Public clinical tools:  

The web-based tools used include: Gene expression-based Outcome for Breast cancer Online (GOBO), 
comprising 1881 breast cancer-samples (Ringner et al., 2011) http://co.bmc.lu.se/gobo/gsa_information.pl, 
Kaplan Meier plotter (KM plotter), capable to assess the effect of 54,675 genes on survival using 5,143 breast 
cancer patients (Szasz et al., 2016) http://kmplot.com/analysis/, and PROGgeneV2, a tool that can be used to 
study prognostic implications of genes in various cancers, including breast (Goswami and Nakshatri, 2014) 
http://watson.compbio.iupui.edu/chirayu/proggene/database/index.php 
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Stem cell-like transcriptional reprogramming mediates
metastatic resistance to mTOR inhibition
F Mateo1,49, EJ Arenas2,49, H Aguilar1,49, J Serra-Musach1, G Ruiz de Garibay1, J Boni1, M Maicas3, S Du4, F Iorio5,6, C Herranz-Ors1, A Islam7,
X Prado1, A Llorente1, A Petit8, A Vidal8, I Català8, T Soler8, G Venturas8, A Rojo-Sebastian9, H Serra10, D Cuadras11, I Blanco12, J Lozano13,
F Canals14, AM Sieuwerts15, V de Weerd15, MP Look15, S Puertas16, N García1, AS Perkins17, N Bonifaci1, M Skowron1, L Gómez-Baldó1,
V Hernández18, A Martínez-Aranda18, M Martínez-Iniesta16, X Serrat19, J Cerón19, J Brunet20, MP Barretina21, M Gil22, C Falo22,
A Fernández22, I Morilla22, S Pernas22, MJ Plà23, X Andreu24, MA Seguí25, R Ballester26, E Castellà27, M Nellist28, S Morales29, J Valls29,
A Velasco29, X Matias-Guiu29, A Figueras10, JV Sánchez-Mut30, M Sánchez-Céspedes30, A Cordero30, J Gómez-Miragaya30,
L Palomero1, A Gómez30, TF Gajewski31, EEW Cohen32, M Jesiotr33, L Bodnar34, M Quintela-Fandino35, N López-Bigas36,37,
R Valdés-Mas38, XS Puente38, F Viñals10, O Casanovas10, M Graupera10, J Hernández-Losa39, S Ramón y Cajal39, L García-Alonso5,
J Saez-Rodriguez5, M Esteller30,37,40, A Sierra41, N Martín-Martín42, A Matheu43,44, A Carracedo42,44,45, E González-Suárez30,
M Nanjundan46, J Cortés47, C Lázaro12, MD Odero3, JWM Martens15, G Moreno-Bueno48, MH Barcellos-Hoff4, A Villanueva16,
RR Gomis2,37 and MA Pujana1

Inhibitors of the mechanistic target of rapamycin (mTOR) are currently used to treat advanced metastatic breast cancer. However,
whether an aggressive phenotype is sustained through adaptation or resistance to mTOR inhibition remains unknown. Here,
complementary studies in human tumors, cancer models and cell lines reveal transcriptional reprogramming that supports metastasis
in response to mTOR inhibition. This cancer feature is driven by EVI1 and SOX9. EVI1 functionally cooperates with and positively
regulates SOX9, and promotes the transcriptional upregulation of key mTOR pathway components (REHB and RAPTOR) and of lung
metastasis mediators (FSCN1 and SPARC). The expression of EVI1 and SOX9 is associated with stem cell-like and metastasis signatures,
and their depletion impairs the metastatic potential of breast cancer cells. These results establish the mechanistic link between
resistance to mTOR inhibition and cancer metastatic potential, thus enhancing our understanding of mTOR targeting failure.
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INTRODUCTION
The mechanistic target of rapamycin (mTOR) kinase integrates
cues from nutrients and growth factors and is thus a master
regulator of cell growth and metabolism.1 As such, mTOR is
activated in most cancer types and is frequently associated with
poor prognosis.2 Moreover, oncogenic mTOR signaling has a
direct role in promoting cancer progression by inducing a pro-
invasion translational program.3 This program includes the
downregulation of the tuberous sclerosis complex 2 (TSC2) gene,
whose product, in a heterodimer with the TSC1 product, serves as
a negative regulator of mTOR complex 1 (mTORC1).4 Conse-
quently, loss of Tsc2 in mice promotes breast cancer progression
and metastasis.5 Collectively, current knowledge supports the
notion that mTOR signaling has a key role in cancer initiation,
progression and metastasis.
As mTOR is a key factor in cancer biology, therapies based on its

inhibition have been widely studied6 and are central to the
treatment of advanced metastatic breast cancer.7 However, the
success of monotherapy assays has been limited. Critically, within
a relatively short term, allosteric mTOR inhibition concomitantly
induces upstream receptor kinase signaling, which mediates
therapeutic resistance.8 Thus, therapies that combine allosteric
inhibitors (rapamycin (sirolimus) and rapalogs) with inhibitors of
growth factor signaling have been extensively evaluated.9

Intriguingly, recent studies have further linked mTOR activity to
a stem cell-like cancer phenotype that mediates breast cancer
metastasis10,11 and, using triple-negative (TN) breast cancer cell
lines, have described that mTORC1/2 inhibition spares a cell
population with stem cell-like properties and enhanced NOTCH
activity.12 These results are consistent with previous observations
concerning the required activation of mTOR signaling in breast
cancer stem-like viability and maintenance,13 the enhancement of
NOTCH signaling in poorly differentiated breast tumors14 and the
increase of tumor-initiating capacities with mTOR inhibition in
liver cancer.15 In this scenario, a fundamental question emerges as
to whether relative long-term adaptation or resistance to mTOR
inhibition is functionally linked to tumor-initiating properties and,
eventually, metastasis.
Here, we explored the hypothesis that mTOR signaling supports

metastasis and remains active in therapeutic resistance in
metastatic breast cancer. We found that abnormal mTOR signaling
enhances tumor-initiating properties and metastatic potential.
This activity is dependent on EVI1, which in cooperation with
SOX9 sustains a transcriptional reprogramming response.

RESULTS
Active mTORC1 signaling associates with distant metastasis
mTORC1 is the target of one of the latest drugs approved for the
treatment of breast cancer in the advanced metastatic setting,7

which suggests that this protein complex has a potential role in
supporting metastasis and aggressive features. To study this
relationship, a tissue microarray of primary breast tumors was
assessed for mTORC1 activity by means of immunohistochemical
determination of phospho-Ser235/236-ribosomal protein S6 (pS6),
a well-established downstream target of mTORC1.1 An association
between pS6 positivity and the basal-like tumor phenotype or CK5
positivity was observed (Figure 1a; Mann–Whitney test Po0.01).
Most importantly, an association was also detected between
medium-high pS6 positivity and the development of distant
metastases (Fisher’s exact test P= 0.02; odds ratio (OR) = 2.64, 95%
confidence interval (CI) 0.95–7.35). Intriguingly, whereas the
analyses by tumor subtypes were underpowered, both estrogen
receptor (ER)-positive and ER-negative cases suggested a trend
toward increased metastatic risk (ORs = 4.44 and 1.96, respec-
tively). Thus, enhanced mTOR activity and breast cancer meta-
static potential appear to be linked.

Metastasis dependence on mTORC1 signaling
To test the contribution of mTOR signaling to metastasis, we used
the well-defined MDA-MB-231 breast cancer cell line, including its
parental poorly metastatic population and the lung metastatic
derivatives LM1 and LM2.16 Western blot analyses showed
increased levels in LM2 cells of several components of the
mTORC1 signaling pathway, and particularly of RAPTOR and RHEB
across the sub-populations (Figure 1b). The enhanced signaling in
LM2 cells compared with the poorly metastatic parental popula-
tion was confirmed by quantification of immunohistochemical
staining of pS6 in the lung metastases that developed the cells
upon tail vein injection (Figure 1c). Expanding on these
observations, analysis of TCGA data showed negative correlations
between TSC1/2 and an upregulated gene set whose expression
was clinically and experimentally associated with breast cancer
metastasis to lung (lung metastasis signature (LMS)-up; Pearson’s
correlation coefficients (PCCs) o − 0.25; P-values o10− 8). Nota-
bly, this set was derived from the study of LM2 cells.16

Next, we tested the causal role of mTOR activity in the
experimental model of lung metastasis. The capacity of LM2 cells
to colonize the lung was assessed in the presence or absence of
an allosteric mTOR inhibitor. LM2 cells stably expressing green
fluorescent protein (GFP) and luciferase were injected into the
lateral tail vein of immunocompromised mice, which were then
randomly allocated to a group treated with dimethyl sulfoxide
(DMSO) or a group treated with everolimus, both for 38 days.
A significant reduction of lung colonization (and, as expected, of
pS6 intensity) was observed in the latter group, both by
measurements of in vivo photon flux and the relative lung
metastasis area ex vivo by histology (Figure 1d). Collectively, these
data suggest that mTORC1 signaling is associated with breast
cancer metastatic potential and that inhibition of mTOR prevents
lung metastasis. However, it is unclear whether this association
persists in settings of resistance to mTOR inhibitors.

Metastatic resistance to mTOR inhibition
To evaluate the mechanisms responsible for resistance to mTOR
inhibitors, we used two independent metastatic tumor models,
namely a human TN BRCA1-mutated breast tumor orthotopically
engrafted in nude mice (hereafter ortho-xenograft; Supplementary
Figure 1) and the TN 4T1 murine breast carcinoma cell line
engrafted in syngeneic background mice. Cells from both tumor
models showed substantial mTORC1 signaling activity, particularly
at the tumor invasive front (Supplementary Figure 1).17 Unexpect-
edly, although systemic treatment with sirolimus or everolimus
blunted primary tumor growth in each model, it did not reduce
the number or size of lung metastases (Figure 2a). In addition, and
contrary to expectations, the intensity of pS6 staining at the
invasive tumor fronts of the primary lesion and in the lung
metastases of the sirolimus-treated ortho-xenografts was sig-
nificantly higher than in the control animals (Figure 2b). Similarly,
a key factor in cancer metastasis initially identified in LM2 cells
and human data analyses (thus included in LMS-up), FSCN1,16,18

was found to be significantly overexpressed in both experi-
mental models exposed to mTOR inhibitors (Figure 2c).
Subsequent gene expression analysis of the treated tumors
revealed coordinated changes concurrent with mTOR inhibition
that were associated with LMS activation (Supplementary
Figure 2). These changes included overexpression of LMS-up in
the sirolimus-treated ortho-xenografts and underexpression
of LMS-down in the everolimus-treated 4T1 tumors (as measured
by the gene set expression analysis (GSEA), P-valueso0.05;
Supplementary Figure 2).
To further study resistance to allosteric mTOR inhibition, we

subjected MCF7 ER-positive and HCC1937 TN cells to long-term
exposure to 50 and 150 nM of everolimus, respectively. After a
period of sensitivity defined by undetectable or very low levels of
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pS6, both cell lines recovered canonical mTORC1 signaling in
90–120 days (Figure 2d, top panels). Similarly to the in vivo
observations, FSCN1 increased concurrently with adaptation to
everolimus in both cell settings (Figure 2d, bottom panels).
Subsequently, transcriptome analyses showed a significant
change of the LMS in both cell lines, and particularly of the
LMS-up in HCC1937 cells (Supplementary Figure 3).
Interestingly, both everolimus-adapted cell models showed

significantly higher colony-forming capacity, with the higher
relative difference found in HCC1937 cells (Figure 2e). Accordingly,
fluorescence-activated cell sorting revealed an increase of CD49f+
and of CD44+/CD24− cells in everolimus-adapted MCF7 and
HCC1937 cultures, respectively (Figure 2f). Although MCF7 did not
show an increase in CD44+/CD24− , CD49f positivity has been
linked to cancer stem cell-like properties.19 In addition, quantita-
tive gene expression analysis revealed a significant increase of
SOX2 in everolimus-adapted MCF7 cells and, in turn, an increase of
NANOG and OCT4 (but not SOX2) in everolimus-adapted HCC1937
cells (Supplementary Figure 4). Notably, an increase in SOX2, but
not the two additional stem cell-like markers, has also been
described in MCF7 cells resistant to tamoxifen.20 Therefore, by
combining in vivo and in vitro models of breast cancer, we reveal
that exposure to allosteric mTOR inhibitors consistently promotes

metastatic and tumor initiation properties. However, the precise
regulators of this aggressive reprogramming remain to be
determined.

TSC1/2 expression correlates negatively with tumor-initiating
features
Given that differences in colony formation assays and tumor
initiation properties were observed in mTOR inhibitor-resistant cell
populations, we then explored the association between mTOR
signaling and cancer cell initiation features in gene expression
profiles from patient samples. To this end, we computed the
expression correlations between TSC1 or TSC2 (TSC1/2) and 20
previously defined gene expression signatures using breast
cancer data from The Cancer Genome Atlas (TCGA).21 The
signatures (full annotation is provided in Supplementary Table 1)
include a consensus set derived from the study of embryonic stem
cell-like cells (sESCs),22 a consensus set of correlated master
regulators of breast cancer stemness-like functions (hereafter
sMRS),23 and a MYC-centered regulatory network (sMYC);24

importantly, these signatures were originally associated with poor
prognosis and/or metastatic potential of ER-negative breast
cancer and other types of cancer.22–24 The expression profiles of

Figure 1. mTORC1 activity concurrent with enhanced metastatic potential. (a) Left panels, representative immunohistochemical scores
(0, negative, to 3, highest expression) of pS6 staining in the tissue microarray (TMA) of primary breast tumors. Right panel, results for the
association between pS6 staining and distant metastasis. (b) Increased expression of mTORC1 pathway components with enhanced
metastatic potential of MDA-MB-231 cells. The loading control (α-tubulin, TUBA) is shown. Bottom panel, graph showing quantifications of
protein levels relative to parental and TUBA (per sample). (c) Increased pS6 expression in lung metastases developed by LM2 cells. The arrows
mark magnified fields. Right panel, box-and-whisker plots for the quantification (pixels/area, p/a) of pS6 intensity; three mice and three similar
lung metastases were analyzed in each setting. The P-value of the two-tailed Mann–Whitney test is shown. (d) Left panel, graph showing the
in vivo photon flux quantification in mice injected with LM2 and treated with DMSO or everolimus. Representative images from
bioluminescence in lungs from DMSO- or everolimus-treated mice are shown. The scale bar depicts the range of photon flux values as a
pseudo-color display, with red and blue representing high and low values, respectively. Right top panels, quantification of lung colonization
(total metastasis area normalized per total lung area, based on HE). Right bottom panels, representative immunohistochemical results for pS6
and quantification of normalized intensities.
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TSC1/2 were found to be negatively correlated (PCCs o − 0.10; P-
values o0.05) with most of the signatures (Figure 3a). In turn,
positive correlations were observed with the downregulated
genes that characterize mammary epithelial basal and luminal
progenitor cells (Figure 3a).25 Moreover, the expression of TSC1
was positively correlated with a downregulated gene expression
signature associated with oncogenic PI3KCA activity in breast
cancer.26,27 Collectively, these results confirmed that mTOR activity
is associated with stem cell-like gene expression profiles in breast
cancer.
Next, we observed that the sESC, sMRS and sMYC largely

distinguished the expression profiles of mTOR inhibitor-treated
tumors from those treated with DMSO (Figure 3b). The regulators
of the sMRS (originally defined as Core-9)23 were commonly
overexpressed upon mTOR inhibition (Figure 3c). Furthermore, a
strong overexpression of the three signatures was detected when
the ortho-xenografts were allowed to re-grow following treatment
with sirolimus (relative to the DMSO-treated re-growth, GSEA P-
values o0.001; Figure 3d and Supplementary Table 2). Analysis of
the three signatures defined above did not reveal significant

changes in the cell line models, but most of the regulators of sMRS
were found to be overexpressed in HCC1937 cells (Figure 3e).
These results were confirmed by western blot analysis of HMGA1
(Figure 3f), which has been associated with poor prognosis and
metastatic breast cancer.28 The observed differences between the
in vitro and in vivo expression changes may be due to the
molecular specificity and/or biological conditions involved in each
setting. Globally, however, inhibition of mTOR appears to be
coupled to the transcriptional reprogramming that sustains
metastatic and tumor initiation features.

EVI1 couples mTOR signaling to metastasis
Feedback activation of known mediators of resistance to rapalogs
was not observed in the sirolimus-treated ortho-xenografts, but an
increase in phospho-Thr202/Tyr204 ERK (pERK) was detected in
4T1 tumors treated with everolimus (Supplementary Figure 5).
Exome sequence comparison between one DMSO- and one
sirolimus-treated ortho-xenograft did not identify acquired muta-
tions affecting components of the canonical TSC/mTOR pathway
(Supplementary Table 3). In vitro, only modest time-dependent

Figure 2. Metastatic resistance to mTOR inhibition. (a) Left panels, graphs showing the average and standard deviation of micro- and macro-
metastases observed in the lungs of the DMSO- and sirolimus- or everolimus-treated orthoxenografts and 4T1 tumors, respectively. The results
correspond to the last day of treatment, and micro- versus macro-metastases were defined using a 2 mm width threshold, and by examining
at least three tissue levels separated by 4 20 μM. Right panels, growth rates of the DMSO- and sirolimus- or everolimus-treated tumors.
(b) Representative immunohistochemical results for pS6 at the invasive tumor fronts (magnifications; top right panels) and the lung
metastases (right panels) of DMSO- or sirolimus/everolimus-treated mice. The middle panels show quantifications, which correspond to three
tumors, three equal front areas, and three metastases in each case. (c) Representative immunohistochemical tumor results for FSCN1/Fscn1 in
DMSO- or sirolimus/everolimus-treated mice; quantifications are shown in right panels. (d) Recovered pS6 signal with concurrent FSCN1
overexpression through adaptation to everolimus in MCF7 and HCC1937 cells. Days of treatment are shown. (e) Left panel, graph showing the
quantification of colonies from untreated and everolimus-adapted cells (12 culture fields were analyzed). The one-tailed t-test
P-values are shown. Representative images of cell cultures are shown in right panels. (f) Flow cytometry results showing the cell counts
for CD49f/EpCAM and of CD44/CD24 positivity in untreated or everolimus-adapted MCF7 and HCC1937 cells, respectively.
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changes of phospho-S473 AKT (pAKT) and phospho-Y703 STAT3
(pSTAT3) were observed (Supplementary Figure 6). Although the
lack of detection of known factors of resistance in our in vitro and
in vivo analyses may be due to long-term treatments, we next
sought to analyze a different mechanism that could be common
to all models.
Given the transcriptomic changes observed across the in vivo

and in vitro models, the data were analyzed to identify alternative
regulators. A significant association (false discovery rate o5%)

was observed in the gene expression profiles from ortho-
xenograft samples and a target gene set of the ecotropic viral
integration site-1 (EVI1) proto-oncogene (Transfac V$EVI1_02;
Supplementary Figure 7). Similar associations for predicted EVI1
target sets were observed using data from the 4T1 tumors and
MCF7 cells (Supplementary Figure 7). Importantly, expression
analysis using TCGA data revealed positive correlations between
EVI1 and stem cell-like signatures (sMYC and from mammary
stem and progenitor cells),25 in addition to metastatic signatures,

Figure 3. Co-expression analysis and stem cell-like signatures. (a) TCGA network of significant co-expression levels (PCC P-values o0.05)
between TSC1 or TSC2 and signatures derived from stem cell-like cell studies (Supplementary Table 1). The nodes represent TSC1/2 and the
signatures, and the edges positive (red) or negative (green) correlations. Edge width is proportional to the corresponding PCC value.
(b) Clustering correlation of sESC, sMRS and sMYC. The ortho-xenografts are differentially clustered relative to the treatment, and a similar
trend is observed for 4T1 tumors. (c) The master regulators of the sMRS (that is, Core-9) are found to be relatively overexpressed upon mTOR
inhibition. (d) Significant overexpression of sESC, sMRS and sMYC in regrown ortho-xenografts after sirolimus treatment. The GSEA ESs and
the nominal P-values are shown. (e) Most of the regulators of sMRS are relatively overexpressed in everolimus-adapted HCC1937 cells.
(f) HMGA1, which is encoded in Core-9, is upregulated upon adaptation to mTOR inhibition, particularly in HCC1937 cells.
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including LMS-up,16 a signature from low-burden breast cancer
metastatic cells,10 and of breast cancer multipotency promoted by
oncogenic PI3KCA26,27 (Figure 4a). Moreover, a set of 79
commonly overexpressed genes (40.25 log2; Supplementary
Table 4) across the in vivo and in vitro models of mTOR inhibitor
resistance showed significant positive co-expression with EVI1
(Figure 4b). Of note, this set included LEF1, which regulates stem
cell maintenance in different contexts and is functionally
connected to SOXs.29 In addition, this set showed over-
representation of gene products involved in actin-cytoskeleton
remodeling (Supplementary Table 4).
EVI1 is essential for hematopoietic stem cell self-renewal30 and

its overexpression has been associated with worse recurrence-
free, overall and distant metastasis-free survival of ER-negative
breast cancer.31 In vitro depletion of EVI1 reduced the levels of
pS6, particularly in everolimus-adapted HCC1937 cells (60%
reduction, and MCF7 showed a reduction of 10% in any condition;

Figure 4c), whereas GFP-EVI1 overexpression conferred higher
cellular viability in response to everolimus (Figure 4d). Of note, the
levels of pS6 in the GFP-EVI1 overexpression assays were relatively
low (Figure 4d), which could be due to the lack of full adaptation
and/or the need for EVI1 co-factors.
To further validate the direct transcriptional role of EVI1,

chromatin immunoprecipitation (ChIP) assays of predicted tran-
scriptional targets were performed. This analysis revealed
increased (one-tailed P-valueso0.01) EVI1 binding at the follow-
ing loci with adaptation to everolimus in at least one cell model:
FSCN1 and SPARC (from the LMS-up); SCUBE3 and TCF4 (from V
$EVI1_02); and RHEB, RPS6KA1 and RAPTOR (from the mTOR
pathway) (Figure 4e). In addition, RAPTOR and RHEB were found to
be overexpressed as a function of everolimus adaptation in MCF7
and HCC1937 cells, respectively (Figure 4f; RAPTOR showed
transitory underexpression in HCC1937), and EVI1 depletion
reduced the expression of both proteins in the everolimus-

Figure 4. EVI1 couples stemness, metastatic potential and resistance to mTOR inhibition. (a) TCGA network of significant co-expression (PCC
P-values o0.05) between EVI1 and signatures derived from stem cell-like cells and/or metastatic settings (Supplementary Table 1).
(b) Distributions of PCCs between EVI1 and the commonly overexpressed 79 genes across the studied models or the complete microarray
gene list as background control. The P-value of the Mann–Whitney test for the comparison of the distributions is shown. (c) Reduced pS6
levels with EVI1 depletion in cell models. The quantification of pS6/S6 signal ratios is show at the bottom (relative to siControl). (d) Ectopic
overexpression of GFP-EVI1 in MCF7 (left panels) and HCC1937 (right panels) cells provides higher viability upon exposure to everolimus,
relative to GFP-only overexpression. Also shown are the western blot results for defined markers across the drug-exposed cell cultures. The
quantification of pS6/S6 signal ratios is show at the bottom (relative to TUBA per sample). (e) Increased EVI1 binding at predicted target
promoters/gene loci with adaptation to everolimus. The fold changes are relative to the immunoglobulin control and the promoter gene
targets are shown in the X axis. (f) Relative overexpression of RAPTOR and/or RHEB with adaptation to everolimus in MCF7 and HCC1937 cells.
The quantification is show at the bottom (relative to untreated and TUBA per sample). (g) Relative reduction of RAPTOR and RHEB expression
following EVI1 depletion, in particular in the everolimus-adapted setting.
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adapted settings (Figure 4g). However, the expression of FSCN1
was not significantly reduced with EVI1 depletion (Figure 4g) and,
in turn, EVI1 was found to be overexpressed with FSCN1 depletion
(Supplementary Figure 8). Therefore, these results may reflect the
initial response towards mTOR inhibition; in fact, a similar effect
was observed for RAPTOR and RHEB when EVI1 was depleted in
parental HCC1937 cells (Figure 4g, right panels).

EVI1 cooperates with SOX9
Based on the strong association between EVI1 and stem cell-like/
tumor initiation gene expression signatures, we searched for
potential EVI1-transcriptional target genes mediating such

functions. The V$EVI1_02 gene set and several other stem cell-
like cells and/or metastasis-associated gene signatures were
positively co-expressed with a key regulator of these functions,
SOX9 (Figure 5a).32,33 Subsequently, whole-genome EVI1 ChIP data
corroborated the positive correlation between EVI1 and SOX9
binding sites in HCC1937 cells (Supplementary Figure 9). Interest-
ingly, EVI1 ChIP data also showed a positive correlation with SLUG
targets34 in both cell models, and with SNAIL targets34 in HCC1937
(Supplementary Figure 9). Notably, MCF7 differentiation to a basal-
like phenotype requires SLUG activity.35

Expanding on the above results, sirolimus-treated ortho-
xenografts and everolimus-adapted cells showed increased
SOX9 expression compared with their corresponding controls

Figure 5. EVI1 cooperates with SOX9 and regulates its expression. (a) TCGA network of significant co-expression (PCC P-values o0.05)
between EVI1 or SOX9 and signatures derived from stem cell-like cells and/or metastatic settings (Supplementary Table 1). (b) Increased SOX9
expression in ortho-xenograft tumor fronts of mice treated with sirolimus; the results correspond to at least three ortho-xenografts of each
group. (c) Increased SOX9 and ALDH1 expression in everolimus-adapted cells. (d) Graph showing the results from the analysis of the complete
drug panel for the correlation between IC50 profiles and the expression of the V$EVI1_02 gene set; drugs are ranked according to PCC log
P-values. Negative and positive PCCs are indicated with different colors, and the mTOR inhibitors in the panel are denoted. (e) Left panel,
unsupervised clustering and correlation analysis of the difference in EVI1 ChIP results at the SOX9 locus between everolimus-adapted and
untreated cells. Right panels, results of ChIP assays targeting a predicted EVI1-binding site in the SOX9 promoter (Supplementary Table 5);
the input, control immunoglobulin immunoprecipitation (IP), and EVI1-IP results are shown. The control results for the binding site in FSCN1
are also shown. (f) Depletion of EVI1 leads to a reduction of SOX9 expression in three cell conditions (the results correspond to Figure 4c; the
ratios are relative to siControl and TUBA per sample). (g) Depletion of EVI1 leads to a reduction of colony-forming capacity. The results of
the one-tailed t-test are shown. (h) Depletion of Evi1 impairs the tumorigenic potential of 4T1 cells. The log-rank P-value is shown for the
comparison between the shControl and short hairpin RNA (shRNA)-EVI1 #1; note that transduction with shRNA-EVI1 #2 completely impaired
tumor formation so a P-value could not be computed (n.a.).
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(Figures 5b and c, respectively; the same antibody did not
recognize mouse Sox9). The expression of ALDH1—canonical
stem/progenitor marker in normal breast tissue and tumors, and
also associated with poor prognosis36—was also detected to be
increased with adaptation to everolimus in both MCF7 and
HCC1937 cells (Figure 5c). The higher expression at the tumor
invasive front is consistent with previous observations of invasive
leader cells showing positivity for basal/stem cell-like markers.10,37

In addition to the results from the models, the analysis of data
from hundreds of cell lines38 revealed significant positive
correlations between EVI1 and SOX9 expression, and with EVI1
locus copy number (PCCs 40.20, P-values o10− 4). Moreover, in
this data set, both EVI1 and SOX9 expression correlated positively
(that is, linked to resistance) with the half maximal inhibitory
concentration (IC50) of temsirolimus (PCCs = 0.22 and 0.24,
respectively, P-values o10− 4). In fact, a ranking-based analysis
using the V$EVI1_02 gene set as a surrogate of EVI1 activity
showed equivalent results, and the second and fourth most
correlated drugs, respectively, were BX-795 (inhibitor of PDK1
activity) and rapamycin (Figure 5d). To further assess these
findings, an ER-positive and HER2-positive breast cancer cell
model, BT-474, was exposed to 150 nM of everolimus for
approximately 100 days and subsequently profiled for gene
expression changes; the results showed significant associations
with EVI1 and SOX9 targets, and with the commonly over-
expressed genes detected across the above in vitro and in vivo
models (Supplementary Figure 10).
Further analysis of the predicted functional relationship

between EVI1 and SOX9 revealed a positive correlation in the
differential (between control and everolimus-adapted) binding of
EVI1 at the SOX9 locus (Figure 5e, left panel). Next, targeted ChIP
assays confirmed that EVI1 binds at the SOX9 locus in untreated
HCC1937 and both everolimus-adapted cell models (Figure 5e,
right panel). Thus, depletion of EVI1 reduced the expression of
SOX9 in three out of four conditions; however, it remains to be
determined which co-factor(s) may maintain SOX9 expression at
normal levels in everolimus-adapted HCC1939 cells (Figure 5f). In
parallel, depletion of EVI1/Evi1 reduced the colony-forming
capacity of both models of everolimus adaptation (Figure 5g)
and impaired in vivo tumorigenic potential of 4T1 cells (Figure 5h).
Collectively, ChIP, gene/protein expression analyses and in vivo
functional assays depict a link between EVI1 and SOX9 in the
regulation of stem cell-like and tumor initiation features.

In vivo evaluation of the EVI1, SOX9 and mTOR relationship
The functional cooperation between EVI1 and SOX9 was evaluated
in vivo using LM2 and 4T1 cells transduced with a short-hairpin
RNA scrambled control or directed against EVI1, and with or
without concomitant overexpression of Sox9 (mouse protein).
Thus, EVI1 depletion significantly reduced the capacity to colonize
the lungs, and concurrent Sox9 overexpression partially rescued
metastatic potential (Figures 6a and b). As shown in everolimus-
adapted cell lines, EVI1/Evi1 depletion caused a significant
decrease of both SOX9 and pS6 expression in the corresponding
metastasis (Supplementary Figure 11). Concurrent Sox9 over-
expression recovered pS6 signal in 4T1 but not in LM2 cells
(Supplementary Figure 11), which suggest differences in the
precise regulation of mTOR activity between the models.
In addition to EVI1, depletion of SOX9 in LM2 cells led to a

significant decrease in lung colonization capacity and, conversely,
Sox9 overexpression increased this capacity (Figure 6c and
Supplementary Figure 12). Depletion of Sox9 in 4T1 cells and
everolimus treatment of both cell models also reduced lung
colonization (Figures 6c and d). In addition, depletion of FSCN1 in
both models also led to a substantial impairment of lung
colonization (Figures 6e and f). Moreover, a greater effect was
observed when the animals were simultaneously treated with

everolimus (Figures 6e and f), which fully suppressed pS6 signal
(Supplementary Figure 11). Collectively, these results indicate that
transcriptional reprogramming mediated by EVI1-SOX9 is one of
the key factors in metastatic resistance to mTOR inhibition.

DISCUSSION
We provide evidence of the association between EVI1-SOX9
function, mTOR inhibition resistance and metastasis in breast
cancer. We also show that EVI1-SOX9-mediated transcriptional
reprogramming drives the molecular processes that support
breast cancer tumor initiation features and metastatic potential
in therapeutic resistance (Figure 7). These data are coherent and
expand on the concept that cancer stem cell-like cell populations
have high tumor-initiating capacity and are frequently the source
of therapy resistance and metastasis.39 Data from hundreds of cell
lines38 suggest that the proposed mechanism is relevant in
settings beyond breast cancer. Importantly, EVI1 maps in a
genomic region (including PI3KCA and SOX2) whose amplification
is an independent predictor of breast cancer recurrence.40 This
region is frequently found to be amplified in basal-like and BRCA1-
mutated breast cancer,21 as well as in non-small cell lung and
ovarian cancers.41 In addition, EVI1 amplification is independent of
PIK3CA mutations,41 which further reinforces the link with basal-
like breast cancer and is consistent with a role in resistance to
allosteric mTOR inhibition. It remains to be determined whether
EVI1 expression is upregulated through genomic amplification
and/or whether its function is enhanced by biochemical
modifications by casein kinase II42 and/or ERK signaling as seen
to be activated in our 4T1 assays.
Our preclinical findings and mechanistic model are consistent

with and expand on recent observations across different
neoplastic settings. EVI1 contributes to epithelial-to-mesen-
chymal transition (EMT) and invasion of acute myeloid
leukemia,43 and influences EMT in ovarian cancer cells,44 whereas
EMT mediates resistance to rapamycin.45 In the latter study, MCF7
cells transfected with constitute active SNAIL showed increased
ERK signaling and decreased sensitivity to rapamycin. Thus, our
study provides a mechanistic explanation for these observations.
In addition, it has recently been shown that SOX2 and SOX9
mediated the maintenance of latent metastatic stem cell-like
cells,46 and it was previously demonstrated that SLUG and SOX9
cooperatively determine mammary stem cell state,32 and that
SOX9 function links tumor initiation and invasion.33 Moreover, a
stem cell-like cancer phenotype that mediates breast cancer
metastasis is predicted to exhibit abnormal mTORC1 signaling10

and, in turn, mTORC1/2 inhibition promotes stem cell-like
properties and enhanced NOTCH1 activity in TN breast cancer cell
lines.12 Thus, enhanced mTOR signaling impairs cell differentiation
by potentiating NOTCH1 activity, and this signaling is found to be
increased in poorly differentiated breast tumors.14 Intriguingly,
NOTCH may also regulate SOX9 expression,47 which, in turn, is a
master regulator of stem and progenitor cells.48 In parallel,
allosteric mTOR inhibition increases the number of tumor-
initiating cells in a model of liver cancer15 and the metastatic
potential in a model of pancreatic neuroendocrine cancer.49 In this
scenario, our study proposes that EVI1 and SOX9 functionally
cooperate to sustain mTORC1 activity, EMT and metastatic
potential, thereby providing new insights into therapeutic
resistance.
Our findings—particularly those from MCF7 cell assays—may

have clinical implications for the established use of mTOR
inhibitors in endocrine-resistant ER-positive advanced metastatic
breast cancer,7 in which resistance to treatment is eventually
reported. Our results indicate that exposure to allosteric mTOR
inhibition selects a stem cell-like cancer cell population with
metastatic capacity, which may therefore promote disease
progression. Although in vivo assays may be warranted to further
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assess this observation, and while we cannot rule out that the
specific population may arise through the acquisition of new
mutations, it is noteworthy that the Breast Cancer Trials of Oral
Everolimus-2 (BOLERO-2) study for the efficacy of everolimus plus
exemestane in endocrine resistance showed similar benefits for
patients with or without visceral metastases.50 Nevertheless, full
and durable pathway inhibition—such as obtained that by the
next generation of targeted drugs51—may fully impair metastatic
resistance.

MATERIALS AND METHODS
Tissue microarray
The tissue microarray included 138 infiltrating ductal breast carcinoma
tumors collected at the Department of Pathology of the MD Anderson
Cancer Center, Madrid (Spain). The patients underwent surgery between
2003 and 2004, and all tumors were classified as grade 3. According to the
TNM system, 45 tumors belonged to stage I, 48 to stage II and 45 to stage
III-IV. The linked data included ER (n= 104), progesterone receptor (n=127)
and epidermal growth factor receptor 2 (HER2; n=125) status, and CK5
expression (n= 128), absence/presence of lymph node metastasis (n=124),
and absence/presence of distant metastasis (n= 127). The tissue microarray
contained duplicated cases and normal tissue, and the immunohisto-
chemical results were scored independently and blindly (to molecular and

clinical status). Selection of the highest value for a given case, blindly to its
status, solved discordant scores. The study was approved by the ethics
committee of the MD Anderson Cancer Center and written informed
consent was obtained from all patients.

Gene expression analyses
Pre-processed and normalized data of human breast cancer were taken
from the corresponding publication16 and from the TCGA repository
(http://tcga-data.nci.nih.gov/tcga/tcgaHome2.jsp).52 RNA samples were
extracted using TRIzol Reagent (Invitrogen, Karlsruhe, Germany) and
RNeasy Kit (Qiagen, Venlo, Netherlands), and quality was evaluated in an
Agilent Bioanalyzer (Foster City, CA, USA) 2100. The RNAs were amplified
using the Ribo-SPIA system (NuGEN Technologies Inc., San Carlos, CA, USA)
and subsequently hybridized on the Human Genome U219 microarray
platform (Affymetrix, Santa Clara, CA, USA; IRB Core Facility, Barcelona,
Spain). Gene expression data from the ortho-xenograft, and MCF7 and
HCC1937 cell lines have been deposited under the GEO reference
GSE39694. Gene expression data from the 4T1 tumors and BT-474 cells
have been deposited under the GEO references GSE50712 and GSE85801,
respectively. The GSEA and DAVID (for functional term analyses) tools were
used with standard parameters.53,54 The signature correlations were
computed by selecting genes with s.d. 41.0 and using the average Z-
score value per gene set. The quantification of NANOG, OCT4 and SOX2
gene expression was performed as previously described.55

Figure 6. In vivo assessment of the role of EVI1 and SOX9. (a, b) Depletion of EVI1/Evi11 expression (using two different short hairpin RNAs
(shRNAs)) in LM2 and 4T1 cells reduced lung colonization, and Sox9 overexpression partially recovered this potential, left panels. (a) Right
panels show representative images of lungs and their respective HE staining. (c) Depletion of SOX9 and overexpression of Sox9 reduced and
increased, respectively, lung colonization of LM2 cells. Treatment with everolimus of shControl LM2 cells also reduced lung colonization.
(d) Depletion of Sox9 or treatment with everolimus of 4T1 cells reduced lung colonization. (e, f) Depletion of FSCN1/Fscn1 expression in LM2
and 4T1 cells reduced lung colonization, and concurrent treatment with everolimus further impaired this potential.

Resistance to mTOR inhibition
F Mateo et al

2745

Oncogene (2017) 2737 – 2749
125

http://tcga-data.nci.nih.gov/tcga/tcgaHome2.jsp


Antibodies
Anti-total and pAKT (#9272 and #9271, respectively, Cell Signaling
Technology, Danvers, MA, USA; #4060 for immunohistochemistry assays),
anti-ALDH1 (#611194, BD Biosciences, Oxford, UK), anti-4EBP1 (#9452, Cell
Signaling Technology), anti-p4EBP1 (#2855 and #9451, Cell Signaling
Technology), anti-ER (#IR151, Dako, Glostrup, Denmark), anti-total and
phospho-Thr202/Tyr204 ERK (#4695 and #4376, respectively, Cell Signaling
Technology), anti-EVI1 (#2265 and #2593, Cell Signaling Technology; and
#A301-691A, Bethyl Laboratories, Montgomery, TX, USA), anti-FSCN1
(#SC-56531, Santa Cruz Biotechnology, Dallas, TX, USA), anti-GFP ChIP
grade (#ab290, Abcam, Cambridge, UK), anti-GLUT1 (#652, Abcam), anti-
HER2 (#790-100, Ventana, Tucson, AZ, USA), anti-HMGA1 (#129153,
Abcam), anti-pIGF1R (#39398, Abcam), anti-IRS1 (#2382 and #9451, Cell
Signaling Technology), anti-KI67 (#IR626, Dako), anti-CK19 (#IR615, Dako),
anti-PR (#IR168, Dako), anti-RAPTOR (#SC-81537, Santa Cruz Biotechnology),
anti-RHEB (#SC-6341, Santa Cruz Biotechnology), anti-S6 (#SC-74459, Santa
Cruz Biotechnology), anti-pS6 (#4858, Cell Signaling Technology), anti-S6K
(#9202, Cell Signaling Technology), anti-pS6K (#9205, Cell Signaling
Technology), anti-SOX9 (#5535, Abcam), anti-total and pSTAT3 (#9132
and #9145, respectively, Cell Signaling Technology), anti-TUBA (#44928,
Abcam) and anti-VCL (V9131, Sigma-Aldrich, St Louis, MO, USA). The
antibodies used for fluorescence-activated cell sorting were anti-CD24-PE,
anti-CD44-APC, anti-CD49f-Alexa-647, and anti-EPCAM-FITC (#555428,
559942, 562473, and 347197, respectively; BD Biosciences).

Immunohistochemistry
The assays were performed on serial paraffin sections (3–4 μm thick) using
the EnVision (Dako) or Ultraview (Ventana) systems. Antigen retrieval was
performed using citrate- or EDTA-based buffers. Endogenous peroxidase
was blocked by pre-incubation in a solution of 3% H2O2 and blocking was
performed in 1X phosphate-buffered saline with 5% goat serum or 1%
bovine serum albumin and 0.1% Tween 20 (Sigma-Aldrich). In all
experiments, equivalent sections were processed without incubation with
the primary antibody, which did not reveal immunostaining in any case.
Sections were hematoxylin and eosin (HE)-counterstained and examined
with an Olympus BX51 (Tokyo, Japan) microscope. The immunohisto-
chemistry microscopic images were color deconvoluted and quantitated
using the regions of interest methodology in ImageJ (http://rsb.info.nih.
gov/ij). Quantification of tumor fronts was based on rectangular areas of
25 μM×50–300 μM. When quantifying the results from lung metastases, the
complete metastatic area was considered because the fronts were often
difficult to outline histologically.

Cell culture
The LM2 cell derivative is a lung metastatic sub-line originated from MDA-
MB-231 breast cancer cells from the laboratory of Professor Massagué.16

The 4T1 cells derived from a spontaneous BALB/c mouse breast cancer
tumor56 and were obtained from the ATCC (Rockville, MD, USA). The LM2
cells were cultured in Dulbecco's modified Eagle's medium (GIBCO,
Karlsruhe, Germany) supplemented with 10% fetal bovine serum (GIBCO),
1x L-glutamine (Biowest, Nuaillé, France) and 1% penicillin/streptomycin
(Biowest). The 4T1 cells were cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine
serum, 1x L-glutamine and 1% penicillin/streptomycin. All MDA-MB-231
cells/sub-lines were stably transfected with a thymidine kinase and GFP
luciferase construct and sorted for GFP expression. The MCF7 and
HCC1937 cell lines were obtained from ATCC and cultured in supplemen-
ted Dulbecco's modified Eagle's medium and RPMI-1640 medium,
respectively. The Matrigel (BD Biosciences) colony formation assays were
performed using standard protocols with 5% fetal bovine serum.
Everolimus was purchased from Selleck Chemicals (Houston, TX, USA)
and LC Laboratories (Woburn, MA, USA). Fluorescence-activated cell
sorting was performed using FACS Canto (Becton Dickinson, Franklin
Lakes, NJ, USA) and Diva software (Becton Dickinson) package, and
antibody-based cell labeling was performed as previously described.55

Western blotting
To analyze extracts, cells were lysed in standard 150 mM NaCl buffer
supplemented with protease inhibitor cocktail (Roche Molecular Biochem-
icals, Mannheim, Germany) and, in some instances, a phosphatase inhibitor
was added (1 mM NaF, Sigma-Aldrich). Lysates were clarified twice by
centrifugation at 13 000× g and protein concentration was measured
using the Bradford method (Bio-Rad, Solna, Sweden). Lysates were
resolved in sodium dodecyl sulfate–polyacrylamide gel electrophoresis
gels and transferred to Immobilon-P (Merck Millipore, Billerica, MA, USA) or
PVDF membranes (Roche Molecular Biochemicals). Target proteins were
identified by detection of horseradish peroxidase-labeled antibody
complexes with chemiluminescence using the ECL Western Blotting
Detection Kit (GE Healthcare, Amersham, UK).

Lung colonization assays
The Animal Care and Use Committee of IRB Barcelona approved the
following animal studies. Female BALB/c nude (MDA-MB- 231 cells) or
BALB/c wild-type mice (4T1 cells) were used. For tail vein injections, cells
were suspended in 1x phosphate-buffered saline (GIBCO; 200 μl per
mouse) and injected into the lateral tail vein of mice using a 26G needle, as
previously described.57 Before the injection of cells, mice were anesthe-
tized with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg
body weight), and immediately after injection they were imaged for
luciferase activity by injecting 50 μl of beetle luciferin potassium salt
(Promega, Madison, WI, USA) at 15 mg/ml. To induce the expression of
short hairpin RNA in vivo, doxycycline (1 mg/ml, Sigma-Aldrich) was
administered ad libitum in drinking water containing 25 mg/ml sucrose
(Sigma-Aldrich). When indicated, DMSO solution (at the same concentra-
tion as for the compound test, 5%) or everolimus (5 mg/kg; SC-218452,
Santa Cruz Biotechnology) was administered daily by intraperitoneal
injection. Mice were monitored weekly using IVIS imaging, unless
otherwise indicated. Lung tumor development was followed up once a
week by bioluminescence imaging of the upper dorsal region that
corresponds to lung position. Bioluminescent images were quantified with
Living Image 2.60.1 software (Perkin-Elmer, Waltham, MA, USA). All values
were normalized to those obtained at day 0. The HE staining of lung
sections scored the lung colonization capacity of 4T1 cells 3 weeks post-
inoculation. Five sections, separated by 50 μm, per mouse lung were
counted. The average of the total metastatic area normalized to total lung
area was measured. The average total lung metastasis area for all mice was
then plotted. The tissue was dissected, fixed in 10% buffered formalin
(Sigma-Aldrich), and embedded in paraffin. Sections (3 μm thick) were
stained with HE. To analyze the metastatic area, images were taken with a
scanner, and the area of each metastatic lesion was quantified with the
ImageJ software. Five images per section/animal were evaluated, and the
average area was plotted. The Fiji Trainable Weka segmentation, an ImageJ
plugin based on the Weka58 Java machine learning library, was used to
classify images on the basis of local colorimetric, textural and structural
features in the neighborhood of each pixel. Images were processed with a
custom macro created at the Microscopy Core Facility of IRB Barcelona.

Figure 7. Proposed mechanistic model. In untreated cancer, low
TSC1/2 expression is associated with enhanced mTORC1 activity and,
therefore, with a primary metastatic and stemness phenotype. In
cancer treated for mTOR inhibition, EVI1-SOX9 become activated (in
part by overexpression) and positively sustain the following
features: mTOR signaling (through upregulation of RHEB and
RAPTOR), metastatic potential (through LMS-up and other signa-
tures) and stemness (through at least SOX9).
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The two-tailed non-parametric Mann–Whitney test was used to assess
significance of the immunohistochemical staining results.

Ortho-xenograft
The patient was a 33-year-old woman with a pathological germline BRCA1
mutation and diagnosed with breast cancer shortly after pregnancy. At
diagnosis she presented a locally advanced TN ductal infiltrating
carcinoma of the breast (T4) with involvement of ipsilateral nodes (N2)
and lung metastasis. Primary systemic chemotherapy was initiated with
TAC regimen for four cycles, followed by mastectomy to prevent local
complications because of extensive breast involvement. Following surgery,
the patient received further chemotherapy with the same regimen. The
patient was diagnosed with brain metastases shortly after and died
8 months post-diagnosis as a result of disease progression. Mutational
analysis of BRCA1 was carried out by the Molecular Diagnostics Unit
(Catalan Institute of Oncology, Barcelona, Spain) following standards for
genetic testing and pathological determination. The patient provided
written informed consent, and the study was approved by the IDIBELL
Ethics Committee. Female athymic (nu/nu) mice (Harlan, Harlan Labora-
tories, Barcelona, Spain) between 4 and 6 weeks of age were used for
engraftment. The orthotopic model developed histologically detectable
lung metastases in a period of approximately 50 days after engraftment.
The protocol was reviewed and approved by the IDIBELL Animal Care and
Use Committee. A daily oral treatment with sirolimus (Rapamune) or
control solution (DMSO, Sigma-Aldrich) was applied.

Exome analysis
The National Centre for Genomic Analysis (CNAG) carried out exome
sequencing. Sequence capture and amplification was performed using
Agilent (Agilent Technologies, Palo Alto, CA, USA) SureSelect Human All
Exon kit (Agilent) according to the manufacturer’s instructions. Paired-end
sequencing was performed on a HiSeq2000 instrument (Illumina, San
Diego, CA, USA) using 76-base reads. Reads were aligned to the reference
genome (GRCh37) and BAM files were generated using SAMtools.
Duplicates were removed using SAMtools and custom scripts, and
single-nucleotide variant calling was performed using a combination of
SAMtools and Sidrón algorithms as described previously.59 The reads were
first aligned to mouse genome (mm9), and those read-pairs that did not
align to mouse were then aligned to the human genome following the
same pipeline as above. Only mismatch variants were taken into account
and small insertions and deletions were not counted. Common variants,
defined as those present in dbSNP135 with a minor allele frequency4 1%,
were filtered out.

4T1 tumors
The animal studies were conducted using protocols that had undergone
appropriate review and approval at the New York University School of
Medicine. Balb/C mice were injected subcutaneously with 5 × 104 4T1 cells,
measured for tumor size at day 10, and randomly organized in two
equivalent groups that were treated with DMSO solution (the same
concentration as for the compound test) or everolimus (5 mg/kg;
SC-218452, Santa Cruz Biotechnology) daily by intraperitoneal injection.
Tumors were excised at day 23 and processed. Half of each tissue sample
was used for immunohistochemistry and half for gene expression
microarray analysis. For the tumorigenicity assays, 250 000 4T1 cells were
injected at the orthotopic site, mixed with growth factor-reduced Matrigel
(BD Biosciences) before inoculation (1:1). Once palpable, tumors were
measured with a digital caliper, and the tumor volume was calculated. The
ethics committee of the CIC bioGUNE approved these assays.

ChIP assays
Assays were prepared using 107 cells of each cell line per condition.
Chromatin was fragmented by sonication (Bioruptor, Diagenode, Denville,
NJ, USA) for 30 min (30-s pulses, 30-s pauses) and assays were carried out
following the manufacturer’s protocol (kch-mahigh-A16, HighCell# ChIP Kit,
Diagenode), using anti-EVI1 (#2593, Cell Signaling Technology) or an equal
amount of IgG isotype as negative control (#2729, Cell Signaling
Technology). The amount of DNA was analyzed by real-time polymerase
chain reactions using SYBR Green-based assays (Applied Biosystems, Life
Technologies, Foster City, CA, USA). The results were calculated using the
ΔCt method. A genomic region of the GAPDH gene was used as negative
control (Diagenode). The corresponding human genome coordinates,

EVI1-binding sites and primers designed for the assays are detailed in
Supplementary Table 5. Whole-genome ChIP data were obtained by
hybridization to SurePrint G3 Human Promoter 1x1M microarrays
(IRB Core Facility) and analyzed by MACS (version 2.0.9).60 The data
have been deposited under the GEO reference GSE50905. The complete
ranking of differential EVI1 binding between adapted and sensitive
MCF7 or HCC1937 cells was used as input for the GSEA of transcription
factor targets.

Gene expression alterations
Stable LM2 and 4T1 cell lines expressing short hairpin RNAs were
generated as described previously.57 The shFSCN1/Fscn1 (that is, targeting
both human and mouse gene expression) #1 and shEVI1/Evi1 #2 were
encoded in lentiviral vectors (inducible pTRIPZ lentiviral short hairpin RNAs,
GE Dharmacon, Lafayette, CO, USA). The short hairpins were induced by
1 μg/ml doxycycline for 72 h. The shControl and shEVI1/Evi1 #1 were
encoded in a retrovirus pGFP-V-RS (OriGene, Rockville, MD, USA). The
shFSCN1/Fscn1 #1 was encoded in a pSUPER (Addgene, Cambridge, MA,
USA) vector. The shSox9 (against mouse gene sequence) and shSOX9
(human) were obtained from the MISSION library (SHCLND-NM_011448
and SHCLND-NM_000346, respectively; Sigma-Aldrich). An additional
shSOX9 was obtained from Addgene, catalog #40644. For Sox9 over-
expression, the corresponding coding sequence was cloned into a
lentiviral pWXL vector. Stable cell lines expressing the various constructs
described above were generated under puromycin selection for 48 h. The
siRNA against EVI1 expression was an ON-TARGETplus SMARTpool
(L-006530-02-0010, Dharmacon). The following primer sequences were
used to assess gene expression changes in real-time (using SYBR Green,
Applied Biosystems) polymerase chain reaction assays: EVI1, 5′-CATT
GGGAACAGCAACCAT-3′ and 5′-GGTCACCAAAGCCTTTTCAT-3′; Evi1, 5′-CAC
AGAAAGTCCAAATCACAGG-3′ and 5′-GCCACACGTTGGAGGAAC-3′; Sox9,
5′-GTACCCGCATCTGCACAAC-3′ and 5′-CTCCTCCACGAAGGGTCTCT-3′; ACTB,
5′-GGAGTGGGTGGAGGCAG-3′ and 5′-AACTAAGGTGTGCACTTTTGTTC-3′; and
mL32, 5′-GAAACTGGCGGAAACCCA-3′ and 5′-GGATCTGGCCCTTGAACCTT-3′.

Genomics of drug sensitivity data analyses
For the correlation analysis between the basal expression of EVI1, its
predicted target genes and the drug responses across cancer cell lines,
data were downloaded from the GDS project (web-release April 2012).38

This data set included IC50 values for 131 drugs that were assessed in a
panel of 638 human cancer cell lines. The basal gene expression data were
downloaded from ArrayExpress reference E-MTAB-783. Non-annotated
probes were removed and expression values were averaged when multiple
probes mapped to the same gene. Correlation scores and P-values were
computed using the PCC. The EVI1 target set included 20 genes that were
represented by at least one microarray probe (Supplementary Table 6). The
extent of the basal expression of the EVI1 targets was quantified using an
enrichment score (ES) computed with a Matlab implementation of the
GSEA algorithm. To estimate ES significance, a null model was created by
generating 10 000 random gene sets (of the same size as the EVI1 target
set) and used to query the data set through GSEA. Next, two inverse
Gaussian distributions (for positive and negative ES values) were fitted on
the resulting empirical distribution and used to compute P-values. The
correlations between IC50 profiles and ESs were computed by considering
only cell lines whose basal expression profile yielded a significant ES
(Po0.05), according to the null model. The enrichment P-values of mTOR
inhibitors among drugs whose IC50 profile was anti-correlated with the
EVI1 target ES were computed using Fisher’s exact test and considering the
total set of 131 drugs.
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Abstract 

Taxane-based regimens constitute the most common therapeutic option in patients with triple-

negative breast cancer (TNBC). Resistance to treatment often arises leading to death, although the 

molecular mechanisms responsible for this process are unknown. To unravel chemoresistance 

mechanisms, exome sequencing was performed on matched sensitive and docetaxel resistant TNBC 

patient-derived xenografts (PDX). Multiple mutations, small insertion/deletions and copy number 

variation (CNV) changes were detected in the original human metastatic samples, and most of them 

were maintained in serially passaged TNBC PDX models even after long term treatment with 

docetaxel, with very few changes being detected between paired sensitive and resistant tumors.. 

However, we identified a chromosomal amplification of chr12p arm present in the metastatic 

sample and chemosresistant PDXs of one BRCA1 mutant models which was absent in docetaxel-

sensitive PDXs. Increased expression levels of genes located at chr12p correlated with amplificacion 

in chemoresistant tumors. Clinical data from TCGA and METABRIC studies confirmed that chr12p 

amplification was associated with a small subset of TNBC/basal-like breast cancer patients with 

increased gene expression of genes from that region and poor survival after chemotherapy. Our 

findings suggest that there is a subset of TNBC/basal-like breast cancer harbouring chr12p 

amplification that may be associated with resistance to docetaxel treatment in clinical setting. 
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Introduction 

Triple negative breast cancer (TNBC) is the most aggressive subtype of this disease and most tumors  

display basal-like features (Dent et al., 2007; Ismail-Khan and Bui, 2010; Oakman et al., 2010). As no 

targetable therapies are available, chemotherapy is the most common treatment for TNBC patients, 

mostly using taxanes in combination with other drugs (Oakman et al., 2010). De novo or intrinsic 

chemoresistance to taxanes consistently occurs in TNBCs (Oakman et al., 2010), leading to resistant 

relapse or distant metastasis that cause death in TNBC patients (Dent et al., 2007; Oakman et al., 

2010). Some mechanisms of resistance to taxanes have been described as potentially targetable 

(Balko et al., 2012, 2014; Bauer et al., 2010) with little success in the clinic, so better understanding 

of these mechanisms is essential to improve patient outcome. 

Tumors from the basal-like and HER2+ subtype display higher chromosomal aberrations and 
mutational rates per megabase than luminal subtypes (Hu et al., 2009; Network, 2012). A lot of 
mutations in several genes and rearregements involving different chromosomal locations have been 
elucidated (Banerji et al., 2012; Network, 2012; Shah et al., 2012; Stephens et al., 2012). Mutated 
cancer driver genes are relatively subtype-specific, i.e. significantly mutated genes in luminal tumors 
are near absent in basal-like breast tumors (Network, 2012). Thus, while tumor suppressor genes 
TP53, RB1 and BRCA1 are frequently mutated in basal-like tumors whereas the oncogenes PIK3CA, 
MAP3K1 and GATA3 are preferentially mutated in luminal breast tumors (Network, 2012). 
Furthermore, germline mutations in BRCA1 and BRCA2 genes have been associated with up to 15% 
of TNBC, and TNBC accounts for 70% of breast tumors arising in BRCA1 mutation carriers (Foulkes et 
al., 2010; Stevens et al., 2013). 

Genomic alterations inducing drug resistance have been described in breast and other cancer types 
(Li et al., 2013; Paolillo et al., 2017; Walerych et al., 2016). For example, point mutations involving 
ESR1 (Jeselsohn et al., 2015; Li et al., 2013) and downstream signaling pathways of HER2 (Rexer and 
Arteaga, 2012) have been reported to induce resistance to endocrine and HER2-targeted therapy, 
respectively. Furthermore, chromosomal alterations have been shown to induce resistance to 
antiestrogen therapy (Miller et al., 2011) and targeted therapy (Scaltriti et al., 2011; Sun et al., 
2015). In TNBC/basal-like tumors some genomic alterations have been identified and associated to 
sensitivity to some drugs, indicating a potential benefit in the outcome of these patients (Balko et 
al., 2016; Geenen et al., 2017). However, mutations and chromosomal rearrangements in 
TNBC/basal-like tumors have been poorly associated with resistance to chemotherapy, probably 
because there are no clean studies with single chemotherapy as most patients are treated with drug 
combinations. 

Nowadays, integrative genomics combining molecular data as DNA copy number alterations, mRNA 
and protein expression are emerging approaches in the study of tumor aggressiveness and response 
to therapy facilitating an easier translation into clinics (Kristensen et al., 2014). Gene signatures 
extracted from sensitive and resistant breast cancer cell lines have demonstrated to be useful in 
elucidating mechanisms of resistance (Györffy et al., 2005; Lee et al., 2007), but most of the in vitro 
cell line-derived signatures  are not able to predict response in the clinical setting (Liedtke et al., 
2010). 

In this regard, patient-derived xenografts (PDX) represent a better model for the study of tumor 

progression, tumor clonal evolution and for assessing novel therapies (Byrne et al., 2017; Dobrolecki 

et al., 2016; Hidalgo et al., 2014). PDX models have been described as important tools for 

translational research, as they maintain the main features from patient tumors, as transcriptomic, 
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genomic and histologic patterns (Byrne et al., 2017; Dobrolecki et al., 2016; Hidalgo et al., 2014). 

Interestingly, treatment response to drugs as chemotherapy or targeted compounds is also closely 

correlated with patients from which PDX models derived (Byrne et al., 2017; Dobrolecki et al., 2016; 

Hidalgo et al., 2014).Thus, PDX models have been reported to be suitable models for the study of 

chemoresistance acquisition. 

Using a panel of breast cancer PDX we have shown previously that unlike luminal tumors, basal-like 

PDX models were initially sensitive to docetaxel (IDB-01S and IDB-02S) but they progressively 

acquired resistance after continuous in vivo docetaxel treatment (IDB-01R and IDB-02R), mimicking 

the clinical scenario (Gómez-Miragaya et al., 2017). A gene expression signature predictive of 

residual disease after anthracycline/taxane-based therapy in patients with basal-like disease was 

identified using our paired sensitive and resistant basal-like PDX models, highlighting the clinical 

relevance of these models (Gómez-Miragaya et al., 2017). 

In this study, we hypothesized that acquisition of genomic changes could underlie docetaxel 

resistance in TNBC patients. Using matched sensitive and docetaxel resistant TNBC PDXs models, 

association of point mutations, small INDELs and copy number variation with resistance was 

investigated. We identified an amplification in chr12p in the BRCA1-mutant IDB-02R model that 

correlates with overexpression of the genes encoded in that genomic region. Finally, validation in a 

clinical setting revealed that this amplification is associated with a subset of TNBC/basal-like tumors 

with decreased overall survival, highlighting the clinical value of our findings. 
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Materials and methods 

Patient Characteristics and Generation of PDX 

IDB PDX were generated by orthotopic transplantation of cancer cells isolated from pleural effusions 

and transplanted into the fat pad of immunodeficient mice, as previously described (Gómez-

Miragaya et al., 2017). Generation of resistant TNBC PDX models from the original sensitive ones and 

maintenance of PDX models by serial transplantation in the intact fat pad of Nod/Scid mice was 

described (Gómez-Miragaya et al., 2017). All experimental procedures were performed according to 

Spanish regulations. Informed consent was obtained from all subjects and the study received 

approval from the institutional Ethics Committee. Additional models were generated following 

similar procedures (Bruna et al., 2016). All research involving animals was performed at the IDIBELL 

animal facility in compliance with protocols approved by the IDIBELL Committee on Animal Care and 

following national and European Union regulations. 

Whole exome sequencing 

Exome sequence capture and amplification was performed using Agilent SureSelect Human All Exon 

kit (Agilent, Santa Clara, CA, US) according to the manufacturer’s instructions. Paired-end sequencing 

was performed on a HiSeq2000 instrument (Illumina) using 100-base reads. Reads were aligned to 

the reference genome (GRCh37) using BWA (Li and Durbin, 2009) and a BAM file was generated 

using SAMtools (Li et al., 2009). PCR duplicates were removed using SAMtools and custom scripts, 

and somatic substitutions and indels were called using Sidrón as described previously (Puente et al., 

2011). For orthoxenograft-derived samples, reads were first aligned to mouse genome (mm9), and 

those read-pairs which did not align to mouse were then aligned to the human genome following 

the same pipeline as above. This procedure removed murine-derived reads, which might interfere in 

the analysis by artificially increasing the number of variants. CNVs were determined using 

exome2cnv (Valdés-Mas et al., 2012) by comparing each tumor sample or PDX to its normal 

counterpart or a normal sample in case of IBD-01 model. 

Therapeutic in vivo PDX assays 

Short term treatments with 2 to 5 doses of docetaxel (Hospira/Actavis, 20 mg/kg) administered 

intraperitoneally, followed 24 hr later by Fortecortin (Dexametasona, 0.132 mg/kg, Merck), every 5-

7 days for a period of 10 to 30 days, depending on tumors response were performed in tumor 

bearing mice. Mice were then sacrificed and tumors were collected 3-5 days after the last dose of 

docetaxel. Tumors were frozen at -80ºC prior to DNA or RNA extraction. 

RNA extraction, DNAse treatment and qRT-PCR  

Total RNA from tissue was prepared with Tripure Isolation Reagent (Roche). Frozen tumor tissues 

were fractionated using the POLYTRON® system PT 1200 E (Kinematica) and treated with DNA-free 

DNase I kit (Ambion, AM1906). cDNA was produced by reverse transcription using 1 μg of DNA-free 

RNA in a 35 μL reaction following TaqMan™ Reverse Transcription instructions (Applied Biosystems, 

N8080234). 20 ng/well of cDNA were used for the analysis performed in triplicate. Quantitative PCR 

was performed using the LightCycler® 480 SYBR green. Primer sequences are indicated below. Ct 
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analysis was performed using LightCycler 480 software (Roche). All primers indicated below are in 5’ 

 3’ direction. 

hA2ML1 Forward GGCAGCAAGTGTATTTCCGC 

hA2ML1 Reverse ATGCCTTGCTCAGGTACCAC 

hCMAS Forward AGAAAAGAAATGGGCCTGTGC 

hCMAS Reverse TAGAACAGGCATCAGCAGGAG 

hDERA Forward AACAGAAGCTTGGTGCTGACA 

hDERA Reverse GCCTTGCGAAACTGACGAATC 

hETV6 Forward TGACAGCAACACGTTTGAAAT 

hETV6 Reverse AGGAGTTCATAGAGCACATCACC 

hGABARAPL1 Forward ACCATGGGCCAACTGTATGA 

hGABARAPL1 Reverse TGGGCTTCCAACCACTCATTT 

hITPR2 Forward CCTTGGGGTTAGTGGATGACAG 

hITPR2 Reverse TGGCTTGCTTTGCTTTCCAAT 

hKLHL42 Forward CGCCCTTACCCAATCCTCTG 

hKLHL42 Reverse GTCCACATGTCGGAAGAGGG 

hM6PR Forward GCTACTCCAGTTTCCCACGA 

hM6PR Reverse GTAGCAGTCCAGTCCTCCAG 

hMGST1 Forward AATTGTATTTCTGTCCCCGTGC 

hMGST1 Reverse TCCATTACCTGGGTGAGGTCAA 

hSTRAP Forward ACAGCAGCTGCAGATTTCACA 

hSTRAP Reverse CCTGTCCCCCGGTTAACAA 

hPPiA Forward ATGCTGGACCCAACACAAAT 

hPPiA Reverse TCTTTCACTTTGCCAAACACC 

 

DNA extraction and RNAse treatment 

Total DNA from tissue was prepared with in house lysis buffer (100mM NaCl, 10mM Tris-Cl pH 8, 

25mM EDTA). Frozen tumor tissues were fractionated using the POLYTRON® system PT 1200 E 

(Kinematica) and incubated 12-16 hours with 0.25% SDS (Invitrogen, 24730020), 0.25 mg/ml 

Proteinase K (Sigma Aldrich, P4850) and RNAse A (Sigma Aldrich, R5503) at 55ºC in a termal block. 

For DNA purification, the homogenized sample was transferred to a phase lock gel heavy tube (VWR, 

713-2538). Two steps of removal of proteins from nucleic acids using Phenol:Chloroform:Isoamyl 

Alcohol 25:24:1 (Sigma Aldrich, P3803) and three steps of nucleic acid washing with chloroform 

(VWR, 1024311000) were performed, centrifuging each time at 1500G during 5 minutes. After last 

spinning, remaining volume containing DNA was recovered and transferred to a solution containing 

2.5x absolute ethanol (Merck Millipore, 1009832500) and 30 mM of sodium acetate pH 5.2 (Sigma 

Aldrich, S2889), mix and centrifuge at maximum for 5 minutes. Wash two times with 70% ethanol 

centrifuging at maximum for 5 minutes. Finally resuspension in TE buffer (10 mM Tris-HCl, 1 mM 

disodium EDTA, pH 8.0) or ultrapure water (MilliQ purification system) was performed. DNA 

concentrations were determined using a Nano Drop ND-1000 Spectrophotometer (Thermo 

Scientific, Inc. USA). The DNA was diluted to a final concentration of 50 ng/μL prior to conventional 

PCR and to 5 ng/μL prior to quantitative real-time PCR. 
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qRT-PCR using Taqman probes and data analysis 

GABARAPL1 (Life Technologies, 4400291, Hs02787462_cn), ETV6 (Life Technologies, 4400291, 

Hs02036151_cn) and KLHL42 (Life Technologies, 4400291, Hs01571843_cn) pre-designed copy 

number assays with a FAM™ dye labeled MGB probe were used and a RNase P pre-designed copy 

number reference assay with a VIC® dye-labeled TAMRA™ probe (TaqMan® Copy Number Reference 

Assay RNase P, Life Technologies, 4403326) was used. RNase P is recommended as the standard 

reference gene in CNV experiments. Copy number assays were performed in a duplex real-time PCR 

reaction with the TaqMan® Copy Number Reference Assay for RNase P, using a QuantStudio 5 Real-

Time PCR System (Life Technologies) in a standard 384 well format in a total volume of 10 μl. The 

PCR was carried out using 5 μl 2x TaqMan® Universal PCR Master Mix (cat. no. 4304437, Life 

Technologies), 0.5 μl 20x TaqMan® Copy Number Reference Assay RNase P (Life Technologies), 0.5 μl 

20x TaqMan® Copy Number Assay mix, 2 μl DNase free water and 2 μl genomic DNA (initial 

concentration 5ng/µl). The final concentration of genomic DNA was 20 ng/μL in all reactions. All 

samples were amplified in three replicates and one non-template control per primer pair was 

included in each run together with a calibrator sample. The cycling conditions comprised 10 minute 

polymerase activation at 95°C followed by 40 cycles of 95°C for 15 s and 60°C for 1 minute. 

The amplification curves were analyzed using QuantStudio 5 software (Life Technologies). To 

determine the copy number for the targets in each sample, the real-time PCR data were exported 

into an Excel and calculated manually in a comparative quantification cycle (Cq) relative 

quantification on the real-time data manner to determine the calculated copy numbers. First, the 

difference between the Cq of the target and reference assay is calculated (ΔCq) in each sample for 

both the patient sample and the calibrator sample. Then, the method compares the ΔCq values of 

the patient sample and the calibrator sample (ΔΔCq). With this approach, the predicted copy 

number of normal samples with two copies of each gene will be 2 for all assays. The predicted copy 

number of a sample with one gene deleted will be 1 in the respective assay. Due to the mathematics 

of the 2-ΔΔCq method, the calculated copy numbers deviates from whole numbers. Predicted copy 

numbers are based on the calculated copy numbers and are specified as whole numbers. 

Sanger sequencing 

PCR reactions were set up using 25 µL final volume according with Immolase DNA Polymerase 

manufacturer’s recommendations (Bioline, BIO-21047), and 1 µl of template DNA (initial 

concentration 50 ng/µl) with specific primers for each point mutation or small INDEL and performed 

on an Applied Biosystems 2720 thermal cycler machine using the following conditions: 95°C for 10 

min, 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension of 5 min at 72°C. 

PCR products were separated by electrophoresis on a 2% agarose gel. Successful PCR products were 

cleaned with in house ExoSAP mix of Exonuclease I (New England Biolabs, M0293S) and Shrink 

Anctarctic Phosphatase (New England Biolabs, M0289S) heating them at 37ºC for 15 minutes and 

inactivating both at 80ºC for 15 minutes. The purified PCR reactions were finally amplified with the 

BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, 4337455) using manufacturer’s 

instructions on an Applied Biosystems 2720 thermal cycler machine using just one specific primer 

and the following conditions: 96°C for 3 minutes, 25 cycles of 96°C for 15 s, 50°C for 10 s, 60°C for 2 

minutes, and a final extension of 4 min at 60°C. Final step with the Big Dye X-Terminator was carried 

out (Applied Biosystems, 4376487) with agitation in dark during 30 minutes and a last centrifugation 
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of 2 minutes at 1000G. Capillary sequencing was then performed in the Applied Biosystems 3730 

DNA analyzer and analysis of the retrieved sequences was performed with Chromas software 

(Technelysium Pty Ltd.). Primers are indicated below in 5’  3’ direction. 

hKLHL42 Forward AGCAGCAGATGGTGTCTGTG 

hKLHL42 Reverse CCCTTGGAATGGGACACCAC 

hBRCA1 Forward GCTTCTCTTTCTCTTATCCTGATG 

hBRCA1 Reverse AATCCAAATTACACAGCCTCTC 

 

Databases analysis 

The largest METABRIC data set (n = 2509) and TCGA data set (n = 825), which includes patients with 

copy number, gene expression and follow-up, among other data, within the cBioPortal database 

(Cerami et al., 2012; Gao et al., 2013) (http://www.cbioportal.org/) was extracted. 

Statistical Analyses 

All data are expressed as mean ± SEM. Statistical comparison was performed by Student’s t test 

using GraphPad Prism version 5.04. p ≤ 0.05 was considered statistically significant. The statistical 

significance of difference between groups is expressed by asterisks: *0.01 < p < 0.05; **0.001 < p < 

0.01; ***0.001 < p < 0.0001; ****p < 0.0001. 
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Results and discussion 

Stable exome profiles in breast cancer PDX during implantation, passaging and resistance 

acquisition 

Whole exome sequencing was performed using DNA from paired sensitive and resistant IDB-01 and 

IDB-02 TNBC PDX models at different passages and “branches” (passages are indicated in 

Supplementary Figure S1A), the metastatic sample of origin in both models and primary tumor and 

normal lymphocytic DNA from the patient from whom IDB-02 models were originated. Mean 

coverage for all samples was 95x and more than 84% of target bases had 15x coverage in all 

samples. 

Metastatic sample of origin from IDB-01 model showed mutations in the most significantly mutated 

genes in basal-like breast cancer (Network, 2012), including TP53 (p.N238fs) and PIK3CA (p.E545K) 

(Table 2). Although germline DNA was not available for this patient to establish the somatic status of 

these mutations, they were recurrent mutations present in the COSMIC database, suggesting that 

they constitute bona fide somatic mutations. 

We observed a very low number of somatic substitutions and small insertions/deletions (INDEL) 

between the primary breast tumor of model IDB-02 and normal lymphocytic DNA (Table 1), probably 

reflecting a low percentage of tumor cells in the sample, so we conclude that it mostly represents 

peritumoral tissue. This finding highlights the need to perform microdissection in tumor samples to 

prevent low sensitivity due to contamination with normal DNA from non-tumor cells. 

The comparison of point mutations between metastatic sample of origin from model IDB-02 and 

normal lymphocytic DNA revealed that there were 91 somatic point mutations accumulated during 

breast carcinogenesis in whole exome (Table 1). This data shows that the mutation burden of the 

TNBC metastatic sample from whom IDB-02 was originated (1.82) is similar to the mutational rate 

described for primary TNBC from the TCGA data (1.68) (Network, 2012). Interestingly, analysis of 

germline variants revealed the presence of a heterozygous frameshift mutation in BRCA1 

(p.Q1777fs) in both normal lymphocytic DNA and in the primary tumor from the patient (Table 1) 

that was validated as heterozygous by Sanger sequencing,however, in the human metastatic sample 

as well as in IDB-02 PDX tumors this mutation was present in homozygosis (Figure 1A). 

These data evidence enrichment of a population carrying BRCA1 mutation in metastatic pleural 

effusion of IDB-02 model and suggests that an aggressive subclone harbouring common oncogenic 

mutations present in breast tumors from origin could be selected during engraftment in mice as well 

as during metastatic events in patients. Moreover, itn correlates with the fact that most aggressive 

tumors are the ones with higher rates of engraftment (Dobrolecki et al., 2016; Whittle et al., 2015). 

In the last years, it has been described that breast cancer PDXs stably maintain genomic features 

present in initial primary and metastatic breast tumors from patients, with different percentages of 

subclonal intratumor selection (Bruna et al., 2016; Eirew et al., 2015). Accordingly, a high level of 

similarity in point mutations and small insertions/deletions (INDELs) was observed between 

metastatic human samples of origin and breast cancer PDX tumors during tumor engraftment but 

also during serial transplantation in mice of IDB-01 (more than 96% of genotype was shared; 

Supplementary Figure S1B) and IDB-02 (more than 87% of genotype was shared; Figure 1B) PDX 
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tumors. This observation confirms a conserved, stable genotype between metastatic sample of 

origin and PDX tumors and during serial transplantation of PDX in mice, demonstrating the genomic 

stability of basal-like breast cancer PDX despite the high rate of mutations and CNVs.  

In order to identify point mutations or small INDELs that could be acting as drivers of docetaxel 

chemoresistance, comparisons of whole exome-sequencing data between paired sensitive and 

resistant samples from each TNBC PDX model were carried out. The results showed that more than 

95% in IDB-01 model (Supplementary Figure S1B) and 97% in IDB-02 model (Figure 1B) of the 

genotype was shared between sensitive and resistant tumors. Next, mutations present in homo- or 

heterozygosis in chemoresistant tumors and absent in chemosensitive PDX and metastatic sample in 

both IDB-01 and IDB-02 models were screened (Supplementary Figure S1C). Very few point 

mutations or small INDELs were shared between resistant tumors from each model and absent in 

sensitive tumors. Point mutations or small INDELs that could be potentially affecting protein function 

(non‐synonymous changes, frameshift, or insertion/deletion of amino acids) were selected in IDB-01 

and IDB-02 PDX models (Figure 1C), but only one point mutation was shared by all chemoresistant 

tumors from IDB-02 model (Figure 1C). This mutation was affecting KLHL42 gene and it was detected 

as a heterozygotic mutation in resistant IDB-02R tumors, while it was not detected in sensitive IDB-

02S tumors. However, validation by Sanger in the exome-sequenced and in independent sensitive 

and resistant IDB-02 tumors showed that it was a false negative, as by Sanger sequencing all tumors 

showed equally the heterozygotic mutation (Supplementary Figure S1D). 

Taken together, our results reveal that very few point mutations appear de novo in the exome of 

TNBC PDX models during engraftment, serial passages in mice and with the acquisition of resistance 

to docetaxel. Although TNBC PDX models show mutations in key DNA mismatch repair genes, as a 

germline mutation in BRCA1 in IDB-02, or they pertain to the subtype showing the highest 

mutational rates per megabase (Network, 2012), TNBC PDX models do not acquire novel mutations 

or small INDELs during engraftment, serial passages or after long term treatment with docetaxel, 

showing a very stable genome. However, it is important to note that a more homogeneous 

population is present in the IDB-02 PDX model than in the human metastatic sample of origin. This 

result was unravelled due to the higher genotype similarity between sensitive PDX tumors than 

between sensitive PDX and metastatic sample of origin and by the selection of a BRCA1 

homogeneously mutated population in the PDX models. High genomic similarity between breast 

tumors of origin and matched PDX has been previously described, as well as that breast cancer PDX 

models are genomically very stable models during serial transplantation in mice (Bruna et al., 2016; 

Li et al., 2013). Also, it was described that alterations in oncogenic drivers or tumor suppressors are 

not enriched in chemotherapy-resistant breast tumors (Goetz et al., 2017). Our data supports these 

findings in breast cancer PDX, mimicking what happens in clinics and validating matched PDX models 

for genomic studies. 

Amplification in chromosome 12p is detected in metastatic and chemoresistant-derived PDX 

tumors, but not in sensitive PDX tumors 

It has been demonstrated that copy number variation (CNV) is involved in the acquisition of drug 

resistance in breast cancer (Gay‐Bellile et al., 2016; Järvinen et al., 2000). CNV can be inferred from 

whole-exome sequencing data (Kadalayil et al., 2015; Serratì et al., 2016; Valdés-Mas et al., 2012). 

Thus, CNV was studied aiming to elucidate chromosomal changes modulating docetaxel response in 
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our TNBC PDX models. Note that due to the low fraction of tumor cells in patient’s primary tumor of 

IDB-02 PDX model, very few CNVs were detected when compared to normal lymphocytes 

(Supplementary Figure S2A). In contrast, analysis of CNV in metastasis of origin from IDB-02 PDX 

model showed a high number of chromosomal abnormalities compared to the normal lymphocytic 

DNA (Figure 2A and Table 3). In the case of IDB-01 model, the absence of non-tumor DNA avoided 

the comparison, but an estimation of CNV done using a human normal DNA sample of reference, 

also showed an aberrant chromosomal landscape (Supplementary Figure S2B), although with less 

genomic alterations in agreement with IDB-02 bearing a BRCA1 mutation. 

Comparison of CNV from metastatic sample of origin and the corresponding TNBC PDX models 

revealed that most of the chromosomal variations detected in the human metastatic samples were 

maintained in the corresponding TNBC PDX models (Figure 2A and Supplementary Figure S2B and 

Table 3 and 4), once again indicating a stable chromosomal copy number change during PDX 

generation and passage in mice as occurs with point mutations. It is important to highlight that all 

tumors from IDB-01 PDX model compared to the metastatic sample of origin showed amplification in 

chromosome 5p15.2-p12 of 35 megabases and, interestingly, duplication in ERBB2, suggesting that 

these changes have been selected during xenograft expansion (Table 4). Duplication in ERBB2 does 

not seem to be correlated with increase in protein expression as shown in (Gómez-Miragaya et al., 

2017). IDB-02 model showed a CNV profile characterized by amplifications in 1q, 8q and 10p and 

losses of 1p, 4p, 5q, 10q, 15q and Xp (Figure 2A and Table 3). This profile is associated to basal-like 

tumors (Natrajan et al., 2009a; Network, 2012), making our PDX model a valuable tool to study the 

importance of these chromosomal aberration patterns in basal-like breast cancer. 

To find differential CNV that could mediate chemoresistance acquisition, comparisons between 

sensitive and resistant tumors from each TNBC PDX were conducted. Again very few changes at CNV 

level were detected in resistant IDB-01 tumors and none shared between resistant and absent in 

sensitive tumors (Supplementary Figure S2B and Table 4). However in IDB-02, two CNV were 

consistently shared between resistant but absent in sensitive tumors. These were amplifications of a 

region of chromosome 3p, including around 50 exons from 4 genes, and a region of chromosome 

12p including 23 megabases, from 12p13.31 to 12p11.21 and 225 genes (chr12p, Figure 2B and 

Table 3). Amplification of the same chr12 region was also detected in the human metastatic sample 

of origin (Figure 2B and Table 3). Chr12p amplification includes two small regions that were initially 

amplified in sensitive tumors with three copies (Figure 2B – C and Table 3), but they were 

overamplified in resistant IDB-02 tumors and also in metastatic sample of origin (Figure 2B and Table 

3) and a central region showing amplification only in the resistant tumors and the human metastasis. 

Then we focused on this chr12p amplified region. 

Gene expression analysis was previously conducted in both sensitive and resistant TNBC PDX models 

by Agilent platform (unpublished data). Using this microarray data obtained from three sensitive and 

three resistant independent IDB-02 tumors indirect validation of chr12p amplification was carried 

out. Taking into account the overexpressed genes from the entire chromosome 12 in resistant 

tumors as compared to sensitive (25 out of 1382), and the overexpressed genes located at chr12p 

amplified region (16 out of 225), a statistical analysis estimated that there was a correlation 

between amplification and overexpression (Supplementary figure 2C). A direct validation of DNA 

amplification was performed in additional sensitive and resistant IDB-02 tumors not previously 
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characterized by exome sequencing. For this purpose three different exonic Taqman probes against 

exonic regions of genes located at different positions in the chr12p amplified region were selected 

(Figure 2C) taking into account three criteria: distribution throughout the chr12p amplified region; 

genes with potential function in resistance; and localized in the diploid or amplified copy number 

region in sensitive IDB-02 tumors (Figure 2C). Then the GABARAPL1, ETV6 and KLHL42 exonic probes 

were selected accomplishing these criteria. The three genomic probes demonstrated to be amplified 

in chemoresistant compared to chemosensitive IDB-02 tumors (Figure 2D), validating chr12p region 

as amplified. 

Amplification in chr12p is a common chromosomal alteration detected in different types of cancer, 

as testicular germ cell tumors (Litchfield et al., 2016), CLL (Coll-Mulet and Gil, 2009), ovarian 

(Network, 2012), but also in some breast tumors (Natrajan et al., 2009a). Here we show for the first 

time that chr12p amplification in basal-like breast cancer associates with docetaxel resistance in 

paired sensitive and resistant TNBC PDX tumors. 

Identification of gene expression changes associated to chr12p during resistance and residual 

disease 

Amplification is one known mechanism of many that cancer uses to overexpress genes involved in 

oncogenesis and drug resistance in breast and other types of cancer (Lockwood et al., 2008; 

Reichenberger et al., 2005; Suriano et al., 2005). Gene expression data suggested that genes located 

in the amplified chr12p region were associated with being overexpressed. Then, trying to find 

functional candidate genes involved in chemoresistance,gene expression analysis from genes located 

in amplified chr12p region in additional sensitive and resistant IDB-02 tumors were conducted. For 

that purpose, 6 out 16 genes differentially expressed by microarray data and 4 additional ones 

scattered, functionally interesting genes in the amplified chr12p region (Figure 2C) were selected. As 

shown in Figure 3A all the analyzed genes showed a trend to be overexpressed in chemoresistant 

IDB-02R tumors as compared to IDB-02S, which was significant for GABARAPL1, ETV6 and MGST1 . 

Taking into account that amplification of chr12p in resistant IDB-02 tumors implies one copy gain 

(Figure 2B), expected gene expression changes will be minimal. The fact that all the analyzed genes 

from chr12p amplified region come in the same direction strengthen the idea that chr12p 

amplification leads to gene overexpression, as not always CNV associates with changes in gene 

expression (Jia et al., 2016). 

Intratumoral heterogeneity in breast cancer is an accepted phenomenon and breast tumor 

subclones harbouring different genomic profiles show different grade of response to treatment, 

being enriched the chemoresistant subclones after neoadjuvant chemotherapy treatment (Yates et 

al., 2015; Yu et al., 2007). Suggested by the presence of the amplification in the human metastasis 

which was heavily treated with taxanes, we hypothesized that chr12p amplification was diluted 

during engraftment and serial passages in the absence of docetaxel, being undetectable in IDB-02S 

tumorsand enriched after continuous exposure to docetaxel treatment. To test this hypothesis DNA 

copy number and mRNA expression levels were analyzed by qPCR and qRT-PCR, repectively, in IDB-

02 sensitive tumors after three to four doses of docetaxel treatment, when tumors were shrinking 

(Supplementary Figure S3A). We found that in residual disease there was no chr12p copy number 

gain associated to the three screened genes, but copy number variability was highly reduced  

compared to untreated tumors  (Supplementary Figure S3B). However, some genes located at 
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chr12p amplified region showed increased gene expression in docetaxel treated compared to 

untreated tumors (Figure 3B). Decrease in copy number variability in residual disease of sensitive 

IDB-02 tumors demonstrates a selection of a definite population. This population has no 

amplification of chr12p region but it shows overexpression of genes encoded in that chr12p region. 

To evaluate whether genes located in chr12p region are overexpressed in residual disease from 

other TNBC PDX tumors, expression analysis in residual disease after short-term in vivo treatment 

with docetaxel in 2 additional TNBC PDX tumors was conducted (VHIO98 and the BRCA1 mutant 

VHIO127 (Gómez-Miragaya et al., 2017)). A gene expression increase in most of the analyzed genes 

located in the chr12p region was found in these additional basal-like PDXs (Figure 3C) indicating a 

common pattern between different TNBC PDX tumors during residual disease. These data 

suggestthat overexpression of some chr12p-located genes  is selected after taxane treatment in a 

subset of TNBC. Interestingly, the gene encoding the mannose-6-phosphate receptor (M6PR) was 

overexpressed in chemoresistant but also in all residual disease PDX models, suggesting a potential 

role for this gene in taxane resistance. 

Taken together, these results evidence an association between docetaxel resistance tumors and 

chr12p amplification and/or overexpression of genes encoded in that region. The fact that chr12p 

amplification is present in the human metastasis of origin, diluted masked in sensitive IDB-02 tumors 

and reappears in resistant IDB-02R tumors suggests that the amplification identifies a subclonal 

population that is overcome by the non-amplified chr12p population during long term drug 

interruption. We recently described for the first time in breast cancer this phenomenon called “drug 

holidays” for chemotherapy regimens using TNBC PDXs (Gómez-Miragaya et al., 2017). No selection 

of a population harbouring chr12p amplification was shown after docetaxel treatment in IDB-02 

tumors but overexpression of chr12p-located genes was observed. It has been recently described 

that genomic “targetable” alterations were not enriched in tumors after neoadjuvant chemotherapy 

during residual disease (Goetz et al., 2017), what could be related with no chr12p amplification 

detection during residual disease in our model. It has been proposed that modulation of gene 

expression has a central role and that it is different and dynamic during cellular adaptation to short- 

or long-term environmental changes, with extensive regulation occurring at both the transcriptional 

and post-transcriptional level (López-Maury et al., 2008). So in an evolutionary manner, at short 

term it will be easier to select a population expressing genes just to survive to short-term 

chemotherapy treatment (residual disease state); while after a long-term exposure to the drug, it 

will be easier to select the population harbouring the amplification for the survival genes to get a 

rapid response to treatment (chemoresistant tumor state), similar to what occurs with memory 

immune cells. For that, we propose chemoresistance acquisition in a two-step model: first, selection 

of a population overexpressing genes associated to taxane resistance , and second, selection of a 

population with chr12p amplification as a mechanism to maintain high expression of these genes. 

Basal-like breast cancer tumors harbouring chr12p amplification show a gene expression signature 

of chemoresistance to docetaxel 

In the last years, curated datasets of breast cancer have been widely used to demonstrate 

association of genes or sets of genes with clinical outcomes and to elucidate useful biomarkers (Wu 

et al., 2017; Xu et al., 2016; Yen et al., 2017). To better understand the importance of chr12p 

amplification in the clinical setting, we queried the cBioPortal (Cerami et al., 2012; Gao et al., 2013) 
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for patients from TCGA and METABRIC studies with alterations in genes located at different regions 

of chr12p. We selected GABARAPL1, ETV6 and KLHL42 genes for the study due to their location at 

different chr12p regions, their amplification and overexpression in chemoresistant IDB-02 tumors 

and that trend to be overexpressed in TNBC PDX during residual disease. Similarly to  chr12p 

amplification, amplification of   GABARAPL1, ETV6 and KLHL42 occurred in a high proportion of 

testicular germ cell tumors, ovarian and lung tumors (Supplementary Figure S4A). In around 4% of 

breast tumors amplifications of these 3 genes were detected, with relative consistency between 

breast cancer datasets (Supplementary Figure S4A). 

METABRIC dataset was selected because it includes a higher number of samples and more curated 

information about tumor subtype, patient status and follow-up. Amplification of ETV6, GABARAPL1 

and KLHL42 tends to co-occur in METABRIC  breast cancer patients (Supplementary Table 1), but also 

there is a significant co-occurrence of amplification between these three genes and all the genes 

from the chr12p amplified region (Supplementary Table 2),. Analyses of breast cancer samples in 

METABRIC (or TCGA) did not revealed amplification of minimal region, suggesting that the  whole 

12p arm is co-amplified. This data also suggest that selection of these three amplified genes can be 

used as markers of chr12p amplification in METABRIC breast cancer patients, simplifying the 

analysis. 

To know if this amplification was enriched in any molecular breast cancer subtype using not only 

invasive ductal carcinomas, 3 gene-classifier subtype and PAM50 subtype were used in the whole 

cohort of METABIRC breast cancer patients. Association between chr12p amplification and ER- 

status (5 – 10% vs 2%, Supplementary Figure S4B) and basal-like and claudin-low subtypes (5 – 10% 

vs 2%, Figure 4B), the most aggressive subtypes among breast cancer, was found. Also the tumors 

harbouring amplification of chr12p showed increased gene expression of those amplified genes 

(Supplementary Figure S4C). These results are in agreement with previous finding of  Natrajan et al 

using an immunohistochemical panel of markers (Natrajan et al., 2009b). Moreover, basal-like 

tumors with amplification on chr12p had associated other chromosomal alterations, such as chr5q 

(Natrajan et al., 2009b) which is also observed in IDB-02R PDX model. In our study we have heavily 

increased the number of breast cancer patients analysed (Natrajan et al., 2009, n=95; METABRIC, 

2016, n=2051) and we have associated this genotype to BRCA1-mutated breast cancer patients (data 

not shown). 

Overall survival was predicted to be 50% lower in breast cancer patients retaining amplification and 

gain in chr12p (Figure 4C). If the analysis is performed specifically in the basal-like and claudin-low 

subtypes, where the amplification and gain is more frequent, chr12p seems to predict a lower 

percentage of overall survival mainly between 50 and 150 months (Supplementary Figure S4DB), 

indicating again the high aggressiveness of tumors harbouring chr12p amplification even within the 

basal-like subtype. 

Finally, for the purpose to extract a gene expression signature related with amplification of chr12p 

that could be associated with chemotherapy resistance to docetaxel, gene expression data from 

METABRIC was screened. Comparison of basal-like and claudin-low tumors harbouring or not chr12p 

amplification revealed many genes detected as differentially expressed with statistically significance 

(Supplementary Table 3). DAVID bioinformatics analysis (https://david.ncifcrf.gov/) conducted with 

the 500 most differentially expressed genes demonstrates that there is a subset of ER-, basal-
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like/claudin-low breast cancer tumors harbouring chr12p amplification that show a gene expression 

profile enriched for cell cycle, mitosis, cell division and cytoskeletal pathways (Supplementary Figure 

4E and Supplementary Table 4). 

Ten different integrative clusters (IntClust) have been described on breast cancer clinical tumors 

based on germline variants and somatic aberration that were associated with alterations in gene 

expression (Curtis et al., 2012; Dawson et al., 2013). Each IntClust correlates with different CNV and 

gene expression changes, affecting CNV not only to cis but also to trans gene expression changes. 

Also each IntClust associates with distinct clinical features and outcomes (Dawson et al., 2013). 

IntClust10 includes mostly triple-negative/basal-like tumors with poor prognosis characterized by 5q 

loss and 8q, 10p and 12p gain. This group of tumors represent a high-risk group during the first 5 

years after diagnoses but they also show better pCR, associate to young women, high histological 

grade, high Nothingam prognostic index, poorly differentiated tumors and high mitotic index. Also 

Curtis and colleagues showed that these tumors are enriched for DNA damage repair and apoptosis 

genes, as BCL2, IGF1R and AURKB (Curtis et al., 2012). Here our investigation suggest that patients 

classified as IntClust10 and with chr12p amplification may not respond to taxane therapy and we 

hypothesize that they would benefit from treatment with other chemotherapy regimens, mainly 

DNA damaging agents. We hypothesize also that chr12p amplification is the key as the rest of the 

IntClust10 associated CNV were present in the sensitive PDX IDB-02. Clinical trials dividing tumors 

harbouring all CNV of IntClust10 and with chr12p amplification in arms treated with or without 

taxanes would be needed to validate this hypothesis. 
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Figure legends 

Figure 1. Point mutations or small INDELs are not associated to docetaxel chemoresistance 

acquisition in TNBC PDX. A) Sanger sequencing traces for BRCA1 point mutation inducing a 

frameshift in IDB-02 PDX tumors and samples from patient. L, lymphocytic DNA; PT, primary tumor 

DNA; M, pleural effusion metastases. B) Unsupervised hierarchical clustering using genotype 

similarity extracted from whole-exome sequencing data between the human metastatic sample of 

origin, sensitive and resistant TNBC PDX tumors from IDB-02. Note sensitive and resistant samples 

do not cluster separately. The percentage of similarity between metastasis and the IDB-02 PDX 

model is framed. C) Venn’s diagrams showing the comparisons between point mutations or small 

INDELs potentially affecting protein function present in the three resistant PDX tumors and absent in 

metastases or sensitive PDX tumors from IDB-01 (left) and IDB-02 (right). 

Figure 2. High copy number stability during passages and acquisition of resistance to docetaxel in 

model IDB-02 and amplification of chr12p in resistant tumors. A) Copy number analysis performed 

in the human metastasis of origin (M) and sensitive (S) and resistant (R) IDB-02 PDX tumors 

compared to normal lymphocytic DNA from the pacient.. B) Zoom in on chromosome 12 of the 

primary tumor (PT), metastasis of origin (M) and sensitive (S) and resistant (R) tumors from IDB-02 

compared to normal lymphocytic DNA. Amplifications are indicated in red while deletions are 

indicated in blue.  Chromosome 12p amplified region in chemoresistant tumors was indicated, as 

well as chr12p and chr12q regions. C) Idiogram showing chromosome 12 relative size and its banding 

pattern used to describe the location of genes in the chromosome. Amplified region in IDB-02R 

tumors is highlighted and genes analyzed by Taqman probe (in italics and underlined) and qRT-PCR 

are distributed across the amplification. The amplified regions in IDB-02S and overamplified in IDB-

02R tumors are also highlighted by red boxes and genes included in that region are indicated (in 

italics, underlined and red). D) Copy number analysis by qPCR using three different Taqman probes 

for the indicated genes located at different genomic positions of chr12p in sensitive and resistant 

IDB-02 tumors relative to RNAase P copies. Number of copies was divided by half, as RNAase P is 

located in 5p which losses 1 copy. Number of analyzed tumors, mean values, box and whiskers (min 

tomax) and t test p values are shown. 

Figure 3. Overexpression of genes located at chr12p amplification in IDB-02R and IDB-02S and 

additional basal like PDX models during residual disease. mRNA expression levels of indicated 

genes located at chr12p amplification relative to PPiA in IDB-02S and IDB-02R tumors (A) or in IDB-

02S control and after short term treatment (B) by qRT-PCR. Each dot represents a tumor. Mean, SEM 

and t-test p-values are indicated. C) mRNA expression levels of indicated geneslocated at chr12p 

amplification relative to PPiAin sensitive control and after short term treatment in two additional 

basal-like PDX models VHIO-98 and VHIO-127 (BRCA1 mutant). Each dot represents a tumor. Mean, 

SEM and t-test p-values are indicated. 

Figure 4. Integrative genomic analysis using cBioPortal of samples from METABRIC and TCGA 

clinical setting. A) Representation of breast tumors from METABRIC dataset harbouring 

amplification and gain of three selected genes located at chr12p amplified region. B) Association 

between copy number of three selected genes located at chr12p amplified region and PAM50 + 

claudin-low molecular subtype in METABRIC dataset. C) Overall survival analysis of METABRIC 

dataset patients separated by harboring or not the amplification and gain of ETV6, GABARAP and 

173



KLH42 genes located at chr12p amplified region. Number of cases, median month’s survival and log-

rank  t-test p value are indicated. 

Supplementary Figure S1. BRCA1 mutation validation in IDB-02 model and common point 

mutations or small INDELs present in docetaxel chemoresistance TNBC PDX. A) Diagrams showing 

the transplant history from IDB-01 and IDB-02 TNBC PDX models. Black spheres indicate the passage 

of a tumor to another set of mice. Clear lines correspond to sensitive tumors while dark lines 

correspond to docetaxel treated tumors during chemoresistance acquisition. Tumors used for whole 

exome sequencing are indicated with a yellow circle and the name. Tumors used for Sanger 

sequencing validation are indicated with a line under genealogical tree. B) Unsupervised hierarchical 

clustering using genotype similarity extracted from whole-exome sequencing data between 

metastatic sample of origin, sensitive and resistant TNBC PDX tumors from IDB-01. Note sensitive 

and resistant samples do not cluster separately. C) Venn’s diagrams showing the comparisons 

between point mutations or small INDELs present in the three resistant PDX tumors and absent in 

metastases or sensitive PDX tumors from IDB-01 and IDB-02 . D) Sanger sequencing traces for 

KLHL42 point mutation in sensitive (left) and resistant (right) IDB-02 tumors. Arrows indicate the 

changed base and expected > alternative nucleotide was indicated at the top.  

Supplementary Figure S2. High copy number stability during passages and acquisition of resistance 

to docetaxel in model IDB-01 and indirect validation of chr12p amplification using microarray data 

for IDB-02 model. A) Copy number analysis performed between primary tumor and normal 

lymphocytic DNA in IDB-02.. Note high normal stromal DNA in primary tumor drives genotype. B) 

Copy number analysis performed in metastasis of origin (M) and sensitive (S) and resistant (R) IDB-01 

PDX tumors compared to a human non transformed genome of reference C) Venn’s diagrams 

showing the comparisons between all genes located and overexpressed in chromosome 12 and 

specifically in chr12p amplification in IDB-02 model. Chi square t test p value demonstrating 

significance is shown.  

Supplementary Figure S3. Tumor regression during docetaxel treatment in sensitive IDB-02 

tumors. A) Relative tumor volume over time in sensitive untreated (pink) and sensitive docetaxel-

treated (red) IDB-02 tumors. Mice were sacrificed one week after the last dose and at end point 

tumors were collected. Each line represents a tumor and arrows indicate the doses of docetaxel. 

B) Copy number analysis using three different Taqman probes for the indicated genes of the 

amplifiedchr12p region in IDB-02S control and after short term treatment by qPCR. Each dot 

represents a tumor. Mean, SEM are indicated. 

Supplementary Figure S4. Integrative genomic analysis using cBioPortal of samples from 

METABRIC and TCGA clinical setting. A) Representation of the most common cancer types harboring 

amplification of three selected genes located in chr12p amplified region. Black line indicate 

amplifications in breast cancer samples in different databases. B) Association between copy number 

and mRNA expression levels of three selected genes located at chr12p amplified region in METABRIC 

dataset. Each dot represents a tumor. Box and whiskers (min to max) and SEM are shown. C) 

Association between copy number of three selected genes located at chr12p amplified region and 3-

gene classifier subtype in METABRIC dataset. D) Overall survival analysis of basal-like and claudin-

low subtype METABRIC dataset patients separated by harboring or not the amplification or gain of 

three selected genes located at chr12p amplified region. Number of cases, median survival and log-
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rank t-test p value was indicated. E) Representation of the most significantly altered pathways by 

differential gene expression between breast cancer tumors with or without chromosome 12p 

amplification from METABRIC. 

Table 1. Somatic point mutations in the human metastatic sample of origin and derived PDX from 
model IDB-02. L, lymphocytes; PT, primary tumor; M, metastasis; IDB-02S, sensitive PDX tumors; 
IDB-02R, PDX tumors with acquired resistance to docetaxel . 
 
Table 2.Putative somatic point mutations estimated in the human metastatic sample of origin and 
derived PDX from model IDB-01. M, metastasis. IDB-01S, sensitive PDX tumors; IDB-01R, PDX tumors 
with acquired resistance to docetaxel . 
 
Table 3. Copy number variations (CNV) in the human metastatic sample of origin and derived PDX 
from model IDB-02.  M, metastasis; IDB-02S, sensitive PDX; IDB-02R, resistant PDX. Colors indicate: 
Grey, common CNV between metastasis and PDX tumors; green, common CNV between PDX tumors 
absent in metastasis; red, specific CNV present in resistant PDX tumors and absent in sensitive PDX 
tumors. 
 
Table 4. Copy number variations (CNV)estimated in metastatic sample of origin and PDX model IDB-
01. Green, common CNV between PDX tumors absent in metastasis.M, metastasis; IDB-01S, sensitive 
PDX; IDB-01R, resistant PDX. 
 
Supplementary Table 1. Co-ocurrence and mutual exclusivity analysis of alterations in queried 
genes: ETV6, GABARAPL1 and KLH42. 
 
Supplementary Table 2. Analysis of co-ocurrence and mutual exclusivity enrichment of copy number 
variation in breast cancers with alteration in the queried genes ETV6, GABARAPL1 and KLH42. 
 
Supplementary Table 3. Analysis of differential gene expression enrichment in breast cancers with 
alterations in the queried genes ETV6, GABARAPL1 and KLH42 compared to unaltered breast 
cancers. 
 
Supplementary Table 4. Analysis of KEGG pathways and gene ontology terms of differentially 
expressed genes in breast cancers with alteration in the queried genes ETV6, GABARAPL1 and 
KLH42 compared to unaltered breast cancers. 
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Abstract 

Chemotherapy is a general treatment for most breast tumors and depending on breast cancer 

subtype combination with targeted anti-hormonal or anti-HER2 therapy is conducted. 

Chemoresistance relapse and metastatic disease are common events and count on being the 

main cause of death. Aiming to elucidate docetaxel-associated chemoresistance mechanisms, 

genome-wide DNA methylation and gene expression analysis have been performed in 

preclinical breast cancer patient-derived xenograft (PDX) models with primary and acquired 

chemoresistance. These analyses revealed that DNA methylation patterns from breast cancer 

PDX are closer to breast cancer clinical samples than breast cancer cell lines (BCCLs) and they 

maintain subtype specific methylation patterns. Triple negative PDX tumors show very stable 

methylation patterns accompanying chemoresistance acquisition but some critical 

genes/pathways were unraveled as differentially methylated. Transcriptomically, triple 

negative PDX tumors accumulate gene expression changes during chemoresistance acquisition 

with some common pathways between different triple negative PDX models. Integrative 

analysis reveals correlation of some differentially methylated genes as differentially expressed 

in resistant triple negative breast cancer PDX tumors. These findings identify a set of promising 

pathways that may contribute to the acquisition of chemoresistance in TNBC patients. 
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Introduction 

Breast cancer chemotherapeutic treatment is a systemic anticancer therapy that affects whole 

body, killing cancer cells at the original cancer site and those that may have spread to another 

part of the body (Rapoport et al., 2014). Different chemotherapy regimens are used in 

combination, and also combined with targeted therapies for the treatment of some breast 

cancer subtypes (Rapoport et al., 2014). Triple-negative breast cancer (TNBC), the most 

heterogeneous and aggressive subtype of breast cancer, is associated with poor prognosis 

(Dent et al., 2007; Foulkes et al., 2010) and has higher rates of response to neoadjvant 

chemotherapy than other breast cancer subtypes (Liedtke et al., 2008).  Despite initial 

responses, complete cure is not assured and relapse or metastatic disease become 

chemoresistant in some patients. Although new treatments have been developed during last 

years, metastatic resistant form of breast cancer has a 5-year survival rate of around 25% (Tai 

et al., 2004; http://seer.cancer.gov/csr/1975_2010/). In order to benefit outcome and survival 

rates from patients, it is essential to elucidate the mechanisms of chemoresistance. 

In cancer, epigenetics, which includes methylation, has been revealed as an important 

mechanism responsible for disease. Methylation changes can contribute to cancer 

development through inactivation of tumor suppressor genes and, conversely, through 

activation of oncogenes (Stefansson and Esteller, 2013). The main breast cancer-associated 

methylation change is hypermethylation of tumor suppressor genes, as BRCA1, but also other 

genes as CDH1, RARB2 and GSTP1 (Stefansson and Esteller, 2013). Methylation has been also 

revealed as an important clinical marker of drug treatment and resistance in breast cancer, as 

acquired methylation of BRCA1 is an epigenetic marker of good response to PARP inhibitors 

(Stefansson and Esteller, 2013) and DNA methylation of several other genes has been 

consistently associated with prognosis, acting as promising biomarkers in patients with distinct 

breast cancer subtypes (Győrffy et al., 2016). That points out the importance and relevance of 

DNA methylation in breast cancer studies in clinics. 

Patient-derived xenografts (PDX) have been proposed as a preferred tool for conducting basic 

and translational preclinical research, being closer to patient tumors and recapitulating intra- 

and inter-tumoral heterogeneity that is reflected in human cancers (Byrne et al., 2017; 

Dobrolecki et al., 2016). Breast cancer PDX maintain not only histopathological features from 

human tumors but also retain main genomic, transcriptomic and proteomic profiles and drug 

response (Byrne et al., 2017; Network, 2012). However, methylation patterns of breast cancer 

PDX and their correlation with human breast tumors have never been studied. Multiple studies 

support the relevance of PDX models as powerful preclinical tools for the study of resistance 

mechanisms but it is necessary to determine if breast cancer methylation patterns are 

represented and maintained in PDX to establish their suitability for preclinical methylation 

studies. 

Taxanes are considered among the most active classes of compounds against TNBC and 

metastatic breast cancer (King et al., 2009; O’Shaughnessy, 2005). Docetaxel, a taxane 

chemotherapeutic agent used broadly for treatment of different cancer types, acts by binding 

to microtubuls and avoiding tubulin subunits depolimerazation, inducing cell cycle arrest and 

apoptosis (Herbst and Khuri, 2003). Many general mechanisms have been suggested to confer 
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docetaxel resistance for different cancer types, as prostate (Lohiya et al., 2016), gastric (Kubo 

et al., 2016), ovarian (Duran et al., 2017) and non-small cell lung cancer (Wang et al., 2017a). In 

breast cancer, the most well known chemoresistance mechanism is the modulation of drug 

efflux proteins, which limits drug efficacy by removal at their site of action (Brooks et al., 2003; 

Murray et al., 2012). Circumvention or blocking resistance using small molecule inhibitors of 

drug efflux proteins have being tried in clinics with limited success (Murray et al., 2012). Other 

molecular mechanisms of docetaxel resistance implying gene expression deregulation or 

epigenetic mechanisms have been proposed (Dong et al., 2015; Kastl et al., 2010; Kulkarni et 

al., 2009; Rouzier et al., 2005; Wang et al., 2017a). However, most of these studies were 

performed in vitro using breast cancer cell lines (BCCL), the predictive value of which has been 

discussed because of the absence of correlation between BCCLs and clinical outcome (Byrne et 

al., 2017; Dobrolecki et al., 2016). Therefore, mechanisms of resistance to docetaxel are 

understudied and further investigations are urgently required. However, paired clinical 

samples before and after acquisition of resistance are difficult to obtain, limiting the viability of 

these studies. 

We have generated a panel of five breast cancer PDX comprising all histopathological 

subtypes: two TNBC (IDB-01 and IDB-02, being the last one BRCA1 mutant), two luminal (IDB-

03 and IDB-04, being the first one BRCA2 mutant) and an ER+PR+HER2+ (IDB-05) PDX models. 

Mimicking the clinical scenario, TNBC PDX models respond to docetaxel treatment while 

luminal PDX models proved to be resistant. Moreover, after in vivo continuous exposure to the 

chemotherapeutic agent, initially sensitive TNBC PDX models become resistant and do not 

respond to treatment  (Gómez-Miragaya et al., 2017). These paired sensitive and resistant 

TNBC PDX models solve the gap between in vitro results and clinical samples, and constitute 

powerful tools to differentiate passenger from driver changes contributing to docetaxel 

chemoresistance. 

We hypothesize that epigenetic and transcriptional changes contribute to the acquisition of 

chemoresistance to docetaxel in TNBC patients. Here we performed genome-wide DNA 

methylation and transcriptional analysis in our panel of PDX models and in chemoresistant 

derived TNBC PDX tumors. We demonstrate that human breast cancer methylation patterns 

are conserved in breast cancer PDX models and that global methylation is preserved during 

chemoresistance acquisition, with some gene-specific methylation changes detected. 

Transcriptionally, some genes were differentially expressed between sensitive and resistant 

TNBC tumors. Differentially methylated/expressed genes were associated to some important 

pathways. Similar pathways were found between methylation and expression analysis, 

suggesting that some gene expression changes are controlled by methylation during 

chemoresistance acquisition to docetaxel in TNBC PDX tumors, although most of the 

transcriptional changes identified were not related to methylation.  

 

 

 

 

182



Materials and methods 
 
Patient Characteristics and Generation of PDX 

IDB PDX were generated by orthotopic transplantation of human fresh tumoral tissue or 

injection of cancer cells isolated from pleural effusions into the fat pad of immunodeficient 

mice, as described previously (Gómez-Miragaya et al., 2017). Generation of resistant TNBC PDX 

models from the original sensitive ones and maintenance of PDX models by serial 

transplantation in the intact fat pad of Nod/Scid mice was described previously (Gómez-

Miragaya et al., 2017). All experimental procedures were performed according to Spanish 

regulations. Informed consent was obtained from all subjects and the study received approval 

from the institutional Ethics Committee. All research involving animals was performed at the 

IDIBELL animal facility in compliance with protocols approved by the IDIBELL Committee on 

Animal Care and following national and European Union regulations. 

DNA extraction and RNAse treatment 

Total DNA from tissue was prepared with in house lysis buffer (100mM NaCl, 10mM Tris-Cl pH 

8, 25mM EDTA). Frozen tumor tissues were fractionated using the POLYTRON® system PT 1200 

E (Kinematica) and incubated 12-16 hours with 0.25% SDS (Invitrogen, 24730020), 0.25 mg/ml 

Proteinase K (Sigma Aldrich, P4850) and RNAse A (Sigma Aldrich, R5503) at 55ºC in a termal 

block. For DNA purification, the homogenized sample was transferred to a phase lock gel 

heavy tube (VWR, 713-2538). Two steps of removal of proteins from nucleic acids using 

Phenol:Chloroform:Isoamyl Alcohol 25:24:1 (Sigma Aldrich, P3803) and three steps of nucleic 

acid washing with chloroform (VWR, 1024311000) were performed, centrifuging each time at 

1500G during 5 minutes. After last spinning, remaining volume containing DNA was recovered 

and transferred to a solution containing 2.5x absolute ethanol (Merck Millipore, 1009832500) 

and 30 mM of sodium acetate pH 5.2 (Sigma Aldrich, S2889), mix and centrifuge at maximum 

for 5 minutes. Wash two times with 70% ethanol centrifuging at maximum for 5 minutes. 

Finally resuspension in TE buffer (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0) or ultrapure 

water (MilliQ purification system) was performed. All DNA samples were quantified by the 

fluorometric method (Quant-iT PicoGreen dsDNA Assay, Life Technologies, CA, USA), and 

assessed for purity by NanoDrop-1000 Spectrophotometer (Thermo Scientific, MA, USA) 

260/280 and 260/230 ratio measurements. DNA integrity of samples was checked by 

electrophoresis in an agarose gel. 

Bisulfite conversion and genome-wide DNA methylation microarray 

Two ug of purified genomic DNA were treated with sodium bisulfite using the EZ DNA 

methylation kit (Zymo Research, CA, USA). The incubation profile was 16 cycles at 95°C for 30 

s, 50°C for 60 min and a final holding step at 4°C. 4 μl of bisulfite-converted DNA (50 ng/ul) 

were used for hybridization on Infinium HumanMethylation 450 BeadChip, following the 

Illumina Infinium HD Methylation protocol. This consisted of a whole genome amplification 

step followed by enzymatic end-point fragmentation, precipitation and resuspension. The 

resuspended samples were hybridized on HumanMethylation 450 BeadChips at 48°C for 16 h. 

Then unhybridized and non-specifically hybridized DNA were washed away, followed by a 
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single nucleotide extension using the hybridized bisulfite-treated DNA as a template. The 

nucleotides incorporated were labeled with biotin (ddCTP and ddGTP) and 2,4-dinitrophenol 

(DNP) (ddATP and ddTTP). After the singlebase extension, repeated rounds of staining were 

performed with a combination of antibodies that differentiated DNP and biotin by fixing them 

different fluorophores. Finally the BeadChip was washed and protected in order to scan it. 

The Illumina HiScan SQ scanner (Illumina, CA, USA) is a two-color laser (532 nm/660 nm) 

fluorescent scanner with a 0.375 μm spatial resolution capable of exciting the fluorophores 

generated during the staining step of the protocol. The intensities of the images were 

extracted and raw IDAT files were processed with Illumina’s GenomeStudio software. The 

methylation score for each CpG was represented as a β-value according to the fluorescent 

intensity ratio. β-values may take any value between 0 (nonmethylated) and 1 (completely 

methylated) and they were used for all downstream analyses. All downstream analysis was 

conducted using the hg19/GRCh37 human genome assembly. 

Methylation clustering 

Scatter plots of mean β-values for PDX models were produced to check if there was a degree 

of difference between the models. Afterwards, a variability filter, comparing PDX models was 

applied to β-values obtaining a total of 35,367 CpGs. An unsupervised heatmap representation 

of the PDX models was generated using those CpGs. Organizing the values by applying a 

hierarchical clustering method based on Manhattan distances aggregated by Ward’s linkage. 

Methylation difference between at least one of the groups equal or higher to 75% and p-value 

<0.01. Among the reduced group of 35367 CpGs, 743 were differentially methylated between 

TNBC vs luminal subtype from TCGA breast cancer BCCLs, PDX models and TCGA clinical 

patients. Data from primary tumor samples were obtained from TCGA data portal 

(https://portal.gdc.cancer.gov/).  

Unsupervised heatmap representation of the PDX models and 100 human normal mammary 

gland samples (from TCGA) was generated using randomly selected 1% of the CpG sites and 

organizing them by applying a hierarchical clustering method based on Manhattan distances 

aggregated by Ward’s linkage 

Correlation between Gene Expression Array and Methylation Array.  

To study the association between gene expression and DNA methylation at gene level, data 

derived from both arrays was filtered to obtain the mean methylation value for each gene 

found in the expression array and annotated in the 450k Mehtylation Array. In the case of 

Methylation, CpG site probes falling on the promoter region of the known genes were 

considered, i.e., TSS1500, TSS200, 5’UTR, and 1st exon. Methylation beta values of CpG islands 

were averaged across CpG sites. A Pearson correlation test was performed for all the genes in 

the Expression Array, first correlating the genes intra models IDB-01 and IDB-02 and later 

calculating the correlation within the sensitive and resistant samples independently. Density 

plots were created with the correlation values per model, or based on the sensitive/resistant 

conditions. Also, for those genes that were previously considered as differentially expressed 

(logFC >=1.5 and adj.P.Val <=0.05). A heatmap with the most differentially expressed genes 

was generated organizing the mean expression values by applying a clustering method based 
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on Manhattan distances, and drawing its equivalent mean methylation values with its 

corresponding   gene.  

Statistical analysis and graphical representation were performed with R  programming 

language (version 3.4 2017-04-21)  and limma (version 3.30.13) and ggplot2 libraries. 

Significant differences between samples/models were assessed using Wilcoxon, Pearson or 

Chi-tests were appropriate with values of p<0.05 considered to be significant.  

Pyrosequencing 

Pyrosequencing assays were designed to analyze and validate the results obtained from the 

array under different scenarios. Sodium bisulfite modification of 1 μg of genomic DNA isolated 

from breast cancer PDX tumors was carried out with the EZ DNA Methylation Kit (Zymo 

Research Corporation) following the manufacturer's protocol. Bisulfite-treated DNA was eluted 

in 30-μL volumes with 2 μL used for each PCR. The set of primers for PCR amplification and 

sequencing were designed with a specific program (PyroMark assay design version 2.0.01.15). 

Primer sequences were designed to hybridize with CpG-free sites to ensure methylation-

independent amplification. PCR was performed with primers biotinylated to convert the PCR 

product to single-stranded DNA templates. We used the Vacuum Prep Tool (Biotage) to 

prepare single-stranded PCR products according to the manufacturer's instructions. 

Pyrosequencing reactions and quantification of methylation were performed in a PyroMark 

Q24 System version 2.0.6 (QIAGEN). Primers indicated below are in 5’  3’ direction. 

Primers 

hSLC25A30 Forward AGTTTTTATTGGTTTTTGTTAGTATTAGT 

hSLC25A30 Reverse 
Biotinylated 

[Btn]TTCCCCAAATTTCTCTTCCACC 

hSLC25A30 Forward 
PyroSeq 

TGATAGTTTTAGATGGGGATA 

 

RNA extraction and gene expression microarray 

Total RNA from tissue was prepared with Tripure Isolation Reagent (Roche). Frozen tumor 

tissues from sensitive and resistant IDB-01 and IDB-02 TNBC PDX models were fractionated 

using the POLYTRON® system PT 1200 E (Kinematica). Two-hundred-nanogram aliquots of total 

RNA were used for the production of fluorescent complementary RNA following the Two-Color 

Microarray-Based Gene Expression Analysis v. 6.5 (Agilent) protocol under manufacturer’s 

instructions. All samples were hybridized to the SurePrint G3 Human Gene Expression 8 × 60 K 

microarray (Agilent Technologies). The signal values were extracted using the Feature 

Extraction software (Agilent Technologies). After scanning and normalization processes, all the 

statistical treatment was realized under an R programming environment using Bioconductor’s 

package for gene expression analysis: Limma, RankProd, Marray, affy, pcaMethods, EMA y 

RamiGO. 

Differentially expressed genes, after Limma analysis, were represented as a mean-centered 

gene expression graphs using web-based tool Morpheus from Broad Institute. 
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Gene Ontology/Pathway Analysis. 

To identify functional clusters of genes differentially methylated and/or differentially 

expressed, we performed Functional Annotation Clustering using DAVID (Huang et al., 2009) 

on the candidate genes obtained from comparisons between sensitive and resistant tumors 

from IDB-01 and IDB-02 TNBC PDX models. 

GSEA analysis 

Gene Set Enrichment Analysis (GSEA) is freely available and is supported by the Broad Institute 

website (http://www.broadinstitute.org/gsea/index.jsp) [2] and includes versions compatible 

with Java, R or Gene Pattern. All GSEA analyses presented here were performed using the R 

GSEA implementation. 

DNAse treatment and qRT-PCR  

Prior to cDNA conversion, RNA was treated with DNA-free DNase I kit (Ambion, AM1906). 

cDNA was produced by reverse transcription using 1 μg of DNA-free RNA in a 35 μL reaction 

following TaqMan™ Reverse Transcription instructions (Applied Biosystems, N8080234). 20 

ng/well of cDNA were used for the analysis performed in triplicate. Quantitative PCR was 

performed using the LightCycler® 480 SYBR green. Primer sequences are indicated below. Ct 

analysis was performed using LightCycler 480 software (Roche). All primers indicated below 

are in 5’  3’ direction. 

hEGFR Forward CCTGTCTGGAAGTACGCAG 

hEGFR Reverse GCGATGGACGGGATCTTAGG 

hERBB3 Forward CCGCTTGACTCAGCTCACC 

hERBB3 Reverse CACGATGTCCCTCCAGTCAAT 

hSLC25A30 Forward ACTGCTGAGTGCGGTACATT 

hSLC25A30 Reverse GTCCTCTTGTCCCCTCTTGC 

hPPiA Forward ATGCTGGACCCAACACAAAT 

hPPiA Reverse TCTTTCACTTTGCCAAACACC 

 

Western blot 

Total protein was isolated from sensitive and resistant tumors from IDB-01 PDX model using 

radioimmunoprecipitation assay (RIPA) with 1% NP-40, Complete protease inhibitor cocktail 

(Roche Diagnostics GmbH) and PhoStop inhibitor cocktail (Roche Diagnostics GmbH). Lysates 

were separated by 10% SDS-PAGE and blotted onto a nitrocellulose membrane. The 

membranes were blocked with 5% of non-fat milk and then blotted with the antibodies for 

anti-phosphorylated ERK1/2 antibody (Sigma, #M8159), anti-ERK1/2 antibody (Cell Signaling, 

#9102), monoclonal anti-phosphorylated EGFR antibody (Cell Signaling, #3777) and 

monoclonal anti-EGFR antibody (Cell Signaling, #4267). Home-made Ponceau S () was used for 

control staining of total protein normalization. 
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Statistical Analyses 

All data are expressed as mean ± SEM. Statistical comparison was performed by Student’s t 

test using GraphPad Prism version 5.04. p ≤ 0.05 was considered statistically significant. The 

statistical significance of difference between groups is expressed by asterisks: *0.01 < p < 0.05; 

**0.001 < p < 0.01; ***0.001 < p < 0.0001; ****p < 0.0001. 
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Results and Discussion 

Methylation patterns fidelity between subtypes of breast cancer PDX and human primary 

breast tumors 

More than five hundred breast cancer PDX models have been established around the world 

(Dobrolecki et al., 2016), but to our knowledge whole-genome DNA methylation analysis has 

not yet been conducted. DNA methylation status was analyzed for each of our breast cancer 

PDX models. Two tumors from each TNBC PDX model sensitive to docetaxel, luminal and 

ER+PR+HER2+ PDX models were analyzed, and also three resistant tumors derived from each 

TNBC PDX model, using Infinium HumanMethylation 450k BeadChip Array from Illumina. The 

array contains 485,512 probes covering 99% of RefSeq genes. 

A first approach comparing whole-genome DNA methylation using all CpG sites β-values 

between both sensitive TNBC PDX models (Figure 1A) or between a TNBC and a luminal PDX 

model (Figure 1B) displayed a higher correlation between tumors from the same breast cancer 

subtype. Then, unsupervised analysis of most differentially methylated CpGs between breast 

cancer PDX models showed two major clusters that correlate with hormone receptor 

expression: a cluster for estrogen receptor (ER) negative and a cluster for ER positive breast 

cancer PDX (Figure 1C). Interestingly, model IDB-03, which has lost hormone receptor 

expression in the PDX model (Gómez-Miragaya et al., 2017) clusters with TNBC PDX models 

(Figure 1C), but it is virtually as close to the ER- as to the ER+ cluster (Figure 1C, dendogram). 

This result suggests that loss of ER expression is accompanied by subtle methylation changes in 

the PDX model.  Selection of an ER- population from tumor of origin during engraftment could 

explain this result. The disparity in clustering could be solved by analizing methylation status 

from adjacent ER+ and ER- cells from luminal tumors. Importantly, this result shows that the 

segregation in two major DNA methylation clusters based on hormone receptor expression 

observed in breast cancer patients (Network, 2012) is maintained in our breast cancer PDX 

models. 

In order to know if methylation patterns from different TCGA breast cancer subtypes are 

conserved in our breast cancer PDX models and if they are closer to the clinical behaviour than 

breast cancer cell lines (BCCL), BCCLs, our breast cancer PDX and breast cancer primary tumors 

from TCGA (Network, 2012) were compared. A supervised cluster using the subtype 

methylation patterns extracted from TCGA (Network, 2012) revealed that each PDX model was 

classified with human breast cancer samples from the same subtype (Figure 1D), as well as 

BCCLs (Figure 1D). Most of our breast cancer PDX models were mixed with TCGA tumors, while 

virtually all BCCLs classify separately from TCGA tumors (Figure 1D). This result indicates that 

DNA methylation from breast cancer tumors is conserved in breast cancer PDX models and 

they are closer to clinics than BCCLs. Thus, BCCLs have accumulated irreversible methylation 

changes probably caused by long-term ex vivo culture that maintains subtype-specific 

methylation but induces other methylation changes not observed when tumors are passaged 

in mice. Note that here the IDB-03 model, despite the loss of ER expression, classifies with 

luminal TCGA tumors, suggesting that selected CpGs from TCGA classify better for subtype 

specific methylation than global methylation. 
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Distinctive DNA methylation patterns for the different breast cancer subtypes that correlate 

with clinical implications have been previously described (Stefansson et al., 2015). A 

supervised hierarchical clustering of our breast cancer PDX using these methylation signatures 

resulted in the classification of our TNBC models as EpiBasal and the luminals and HER2+ as 

EpiLumB (Supplementary Figure S1A). This data supports the idea that the subtype-specific 

methylation patterns showed in primary breast tumors are maintained in breast cancer PDX 

models with clinical significance. 

Alterations in DNA methylation patterns between normal tissue and matched tumors for 

breast cancer and other cancer types have been described (Baylin et al., 2001; Narayan et al., 

1998). Genome-wide DNA methylation status of our breast cancer PDX were compared with 

human normal mammary glands revealing a general hypomethylation pattern in breast cancer 

PDX while hypermethylation in some gene-specific CpG sites (Supplementary Figure S1B), 

which is also observed in patient´s tumors. This result shows that variations in methylome 

between normal mammary gland and human breast cancer are also conserved in breast cancer 

PDXs models. 

Breast PDX tumors have demonstrated to resemble the heterogeneity, drug response, invasive 

capabilities and growth rates of human cancers better than established BCCLs (Byrne et al., 

2017; Dobrolecki et al., 2016). Our results point out the relevance of the use of breast cancer 

PDX for methylation studies, as shown for other PDX tumors (Poirier et al., 2015; Tomar et al., 

2016; Wang et al., 2017b). Genome-wide DNA methylation patterns of breast cancer PDX 

models are closer to primary breast tumors and breast cancer subtypes are preserved in breast 

cancer PDX models. These data reinforce the relevance of breast cancer PDXs to accelerate the 

translation into clinics of DNA methylation studies. 

Genome-wide DNA methylation comparisons from sensitive and chemoresisant-derived 

TNBC PDX models. 

Methylation studies have been conducted for different tumor PDX models showing their 

potential to investigate drug resistance mechanisms and to identify drug response biomarkers 

(Gupta et al., 2016; Min et al., 2017; Wong et al., 2014), however methylation studies in breast 

cancer PDX models unraveling chemoresistance mechanisms are still missed. As DNA 

methylation changes in BCCLs have also been shown to contribute to taxane chemoresistance 

(He et al., 2016; Kastl et al., 2010; Si et al., 2016), we investigated whether changes in DNA 

methylation patterns could be associated with chemoresistance acquisition in our TNBC PDX 

models. 

DNA methylation patterns in paired sensitive and resistant TNBC PDX tumors were analyzed. 

Unsupervised methylation cluster using the ten thousand most variable CpGs between both 

TNBC PDX models showed a clear separation between the two TNBC PDX models (Figure 2A). 

Then an unsupervised methylation cluster using the ten thousand most variable CpGs between 

samples within each TNBC PDX model was performed. Separation between sensitive and 

resistant samples for IDB-01 (Figure 2B) but not for IDB-02 (Supplementary Figure 2A) was 

observed. Next, an analysis and comparison of methylomes using all CpG sites β-values 

between sensitive and resistant groups from IDB-01 and IDB-02 were accomplished (Figure 
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2C). CpG site methylation levels of paired sensitive and resistant tumors were strongly 

correlated in both models (Figure 2C), to a similar extent to that achieved when both sensitive 

tumors were compared between them (Figure 2C). Finally, a comparison of whole genome 

DNA methylation of sensitive and resistant groups from IDB-01 and IDB-02 (Figure 2D and 2E 

and Supplementary Figure 2B and 2C) based on CpG genomic region and CpG context was 

done. Interestingly, a significant genome-wide DNA methylation increase was found in the 

promoter (Figure 2D) and CpG island context (Figure 2E) in both chemoresistant TNBC PDX 

models, while some changes in other CpG genomic regions or CpG contexts between both 

chemoresistant TNBC PDX were not consistent between TNBC PDX models (Supplementary 

Figure 2B and 2C). 

Together this data demonstrate that although acquisition of chemoresistance to docetaxel is 

not driven by global methylation changes but a few acquired methylation changes associated 

with hypermethylation of both promoter and CpG islands were observed in resistant TNBC PDX 

models. 

Gene specific DNA methylation changes in TNBC breast cancer PDX are poorly associated 

with gene expression changes 

Specific methylation changes in some critical genes have been described to directly mediate 

docetaxel acquired resistance in breast cancer, but also in other cancer types (Dong et al.; Tao 

et al., 2015; Yan et al., 2013). Then specific gene methylation changes in both TNBC PDXs that 

could provide chemoresistance to TNBC tumors were studied. 

To identify key DNA methylation changes associated with response to docetaxel, differentially 

methylated CpGs between sensitive and resistant groups from both TNBC PDX models were 

extracted. Comparison of DNA methylation at single base pair resolution using a minimum 

methylation difference of 30% revealed a total of 262 and 1264 differentially methylated CpGs, 

corresponding to 148 and 622 genes, in resistant tumors of IDB-01 and IDB-02, respectively 

(Figure 3A and Table 1). Same number of differentially methylated sites was found to be hypo- 

and hypermethylated in resistant IDB-01 PDX tumors (Figure 3A), whereas hypermethylation 

was detected as predominant phenomenon in differentially methylated sites from resistant 

IDB-02 (86%, Figure 3A). Most of the differentially methylated sites in the IDB-01 were in 

promoter and in CpG island context (Supplementary Figure 3A) while in the IDB-02 were 

intergenic and open sea sites (Supplementary Figure 3A). Hypomethylated sites in IDB-01 

resistant tumors were located preferentially in body and CpG island context while the 

hypermethylated sites were located preferentially in promoter, CpG island site and open sea 

(Supplementary Figure 3B). In the case of IDB-02, the whole resistant methylome is defined by 

the hypermethylated sites (86%, Figure 3A, Supplementary Figure 3A and 3B), mainly 

intergenic and open sea sites. 

Comparison of differentially methylated CpGs between both resistant TNBC PDX models 

revealed that just one CpG was in common (Supplementary Figure 3C). It was a CpG island 

from an intergenic location and it was methylated in opposite direction between both models. 

The absence of common changes between both resistant TNBC PDX models may be explained 
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due to the high heterogeneity of the TNBC subtype and the multiple mechanisms that can 

influence chemoresistance. 

It is well known the machinery and relationship between epigenetic changes, that includes 

methylation, and gene expression control in cancer (Perri et al., 2017; Pouliot et al., 2015). In 

order to know if methylation is controlling gene expression in chemosensitive and 

chemoresistant TNBC PDX, whole gene expression microarray analyses were performed. Three 

paired sensitive and resistant tumors from each TNBC PDX model using SurePrint G3 Human 

Gene Expression Microarray v2 platform from Agilent were analyzed. Correlations between 

methylation and gene expression were extracted for IDB-01 and IDB-02 TNBC PDX models 

showing that there are mostly a lineal positive correlation [Figure 3B (blue lines), Table 2]. This 

result demonstrates that global methylation is not driving gene expression in basal, global 

conditions. When sensitive or resistant PDX models were looked separately, no clear negative 

correlation was shown [Supplementary Figure 3D and 3E (blue lines)] except for IDB-01R, 

which clearly showed that half of the genes seem to be controlled by methylation 

(Supplementary Figure 3D, right). Taken together, these results do not show a general negative 

correlation between methylation and expression in basal conditions or during chemoresistance 

acquisition in TNBC PDX models, but some genes could be controlled by methylation, mostly in 

chemoresistant tumors from model IDB-01R. 

In order to characterize the significance of changes in DNA methylation on gene expression 

during chemoresistance acquisition, a simple, initial parametric test was applied to infer most 

differentially expressed genes between sensitive and resistant IDB-01 and IDB-02 PDX and 

correlate it with methylation. Analysis revealed that most differentially expressed genes (adj. 

p-value < 0.05, LogFC > |1.5|) were negatively correlated with methylation in IDB-01 PDX 

model [Figure 3B (red lines) and 3C] and it was most clear when IDB-01S and IDB-01R were 

analyzed separately, as around half of the genes are negatively correlated [Supplementary 

Figure 3D (red lines)], suggesting a gene expression control by methylation. In the case of the 

IDB-02 model, there was not clear negative correlation between methylation and gene 

expression [Figure 3B, Supplementary Figure 3E (red lines) and 3F]. Taken together, these 

results show some gene-specific association between methylation and expression during 

chemoresistance acquisition in IDB-01 TNBC PDX model, while no correlation was found in the 

case of IDB-02 TNBC PDX model. 

Finally, pair-wise comparisons between sensitive and resistant IDB-01 and IDB-02 PDX models 

were performed using limma test, a more complex ANOVA test that stabilizes the gene-specific  

variance estimates (Gentleman et al., 2004; Ritchie et al., 2015), to identify strongly, 

differentially expressed genes (adj. p-value < 0.05, fold change > |1.5|). A total of 702 

candidate genes in IDB-01, 304 downregulated and 398 overexpressed (Figure 3D and Table 3), 

and 769 genes in IDB-02, 445 downregulated and 324 overexpressed (Figure 3D and Table 3), 

were identified in chemoresistants compared to chemosensitive. When differentially 

expressed genes between both chemoresistant TNBC models were compared, a common set 

of 35 genes were identified (Supplementary Figure 3G), 7 of them in the same direction in both 

TNBC PDX models (Supplementary Figure 3G). 
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Crosstalk between methylation- and gene expression-altered pathways reveal 

chemoresistance-involved pathways 

For the purpose to know if methylation and expression altered genes were associated to 

common pathways, analysis from Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways were conducted on DAVID bioinformatics web-based tool 

(https://david.ncifcrf.gov/). The analysis of the differentially methylated genes in resistant IDB-

01 PDX model revealed alterations in some interesting pathways such as focal adhesion, 

ribosome and transport (Figure 4A and Table 4). In the other hand, analyses of expression 

changes in IDB-01R highlighted extracellular space as significant (Figure 4B and Table 5), but 

other pathways were deregulated (mitochondrion, amino acid transport, regulation of nitric 

oxide). In IDB-02R PDX model, methylation altered genes converge in some important 

pathways, as GABAergic synapse, cell junction, glutamaergic synapse and MAPK signaling 

pathway (Figure 4C and Table 4) and expression changes were related mainly with immune 

reponse pathways, but also with extracellular matrix organization and cell adhesion (Figure 4D  

and Table 5). Similar pathways were identified between methylation and gene expression data 

from each resistant TNBC PDX model. Interestingly, one of the gene expression pathways 

altered in chemoresistant tumors was shared between both TNBC PDX models, the 

extracellular space (Figure 4B and 4 D, Table 5). 

In breast cancer, association between chemoresistance and mitochondria and ribosomal 

pathways has been demonstrated (Candas et al., 2014; Dave et al., 2017). In MCF7 breast 

cancer cell line, a breast cancer population overexpressing mitochondrial and ribosome-

related proteins was consistently associated with an anabolic breast cancer stem-like 

phenotype (Lamb et al., 2015). Important mitochondrial proteins are solute carrier 

transporters (SLC) and ATP-binding proteins (ABC), which mediate the efflux and influx of 

different substrates, including cytotoxic drugs (Joyce et al., 2015). Some of these transporters 

have been associated with chemoresistance to many drugs in breast cancer, as BCRP/ABG2. 

SLC25A30 pertains to the family of solute carrier transporters and it appears to be consistently 

associated with ribosomal, mitochondrial and transport pathways. We identified that 

SLC25A30 is differentially methylated and expressed significantly in omics analysis from 

resistant IDB-01 TNBC PDX model, pyrosequencing and gene expression analysis in sensitive 

and resistant IDB-01 PDX tumors were performed. The analysis revealed that SLC25A30 

promoter was differentially methylated, showing a hypomethylation pattern in IDB-01R (Figure 

4E). Next we asked if differential promoter methylation of SLC25A30 was associated with 

changes in gene expression in resistant IDB-01 tumors. Analysis by qRT-PCR showed higher 

mRNA expression levels of SLC25A30 in resistant IDB-01 PDX models (Figure 4F). This data 

supports that SLC25A30 expression is controlled by promoter methylation and increased 

expression in resistant IDB-01 PDX could contribute to chemoresistance acquisition. 

Globally, some gene specific changes between sensitive and resistant tumors in both TNBC 

PDX models were unraveled. In IDB-01, half of the methylation changes were 

hypermethylations and the other half hypomethylations; in IDB-02, the methylation changes 

were mainly to CpG hypermethylation in chemoresistant TNBC PDX tumors. We have 

identified novel methylation and gene expression altered pathways between sensitive and 

resistant tumors from both IDB-01 and IDB-02 PDX models that could contribute to 
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chemoresistance acquisition. In IDB-01 SLC25A30 appears to be hypomethylated and 

overexpressed in docetaxel resistant PDX tumors. Chemoresistance properties of ABC 

transporters have been extensively studied for different types of cancer and chemotherapeutic 

compounds. Thus, ABC transporter inhibitors could be interesting chemosensitizers used in 

combination with standard chemotherapeutic agents to enhance their therapeutic efficacy  

(Kathawala et al., 2015). The BCRP/ABCG2 is the most known ABC transporter playing a major 

role in breast cancer multidrug chemoresistance (Doyle et al., 1998; Kathawala et al., 2015). 

Solute carrier transporter (SLC) with similar functions, as movement of drugs across the cell 

membrane bidirectionally, has been less studied (Joyce et al., 2015). Further studies using 

paired breast cancer patient samples or bigger collections of TNBC PDX have to be performed 

to precisely select the most important pathways and to study the role of SLC transporters in 

acquired chemoresistance to taxanes. 

Whole gene expression analysis independent on DNA methylation in TNBC PDX models 

revealed chemoresistance-associated pathways 

Breast cancer PDXs  recapitulate global gene expression patterns from tumors of origin 

(DeRose et al., 2011; Dobrolecki et al., 2016). Gene expression changes can increase 

chemoresistance to taxanes and other drugs (Ajabnoor et al., 2012; Antoon et al., 2012; 

Duhachek-Muggy et al., 2017). Taking into account that most gene expression changes 

identified in our sensitive/resistant pairs cannot be explained by methylation alterations, we 

studied gene expression changes independently of methylation. 

GSEA revealed that resistant samples from IDB-02 showed enrichment in genes associated to 

pathways of regulation of mitosis, replication and cell cycle (Figure 5A and Table 6). Resistant 

samples from model IDB-01 showed enrichment in pathways involved in ECM receptor 

interaction, focal adhesion and cell differentiation, being the most enriched the EGFR pathway 

(Figure 5B and Table 6). EGFR and HER2 pathways, both tyrosine kinase receptors (TKR) 

pathways, have been associated with poor response to chemotherapy (Abdelrahman et al., 

2017; Murray et al., 2012) and clinical combinations of taxanes plus TKR inhibitors regimens 

are under current study for the treatment of TNBC patients (Nabholtz et al., 2014, 2016). 

Differential mRNA expression levels were found by qRT-PCR from EGFR (Figure 5C) but also 

other partners of the pathway, as ERBB3 (Figure 5C), between sensitive and resistant IDB-01 

PDX tumors. No different expression of HER2 was found between sensitive and resistant IDB-

01 PDX tumors (Gómez-Miragaya et al., 2017). Validation of the EGFR pathway result by 

western blot was conducted showing an increase in EGFR expression and downstream 

activation of the pathway in chemoresistant IDB-01 tumors (Figure 5D). 

Together these data evidence multiple changes in gene expression between sensitive and 

resistant TNBC PDX tumors. Some clinically relevant pathways, as tyrosine kinase receptor 

pathway, have been unravelled using our paired PDX models, pointing out the reliability of PDX 

models in the study of chemoresistance acquisition to chemotherapy drugs.  

In conclusion, our findings demonstrate that sensitive/resistant matched breast cancer PDX 

are suitable models for elucidating mechanisms of drug resistance related to methylation and 

gene expression. These models are closer to clinical samples than cell lines; results obtained in 
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these matched models are easier to interpret than those obtained using heterogeneous 

patient´s populations under complex and variable drug regimens. Several key genes and 

pathways that could mediate chemoresistance in TNBC have been identified. Further studies 

using additional paired sensitive and resistant TNBC PDXs and clinical trials will be required to 

illustrate the translational relevance of our findings.  
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Figure legends 

Figure 1. Global DNA methylation patterns of breast cancer PDX resemble breast cancer 

human samples and stratify in subtypes. A, B) Scatter plot of groupwise mean genome-wide 

DNA methylation levels analyzed by GenomeStudio between both sensitive TNBC PDX models 

(A) or between a TNBC and a luminal PDX model (B). Correlations are indicated as r2. C) 

Unsupervised hierarchical clustering using 35.367 most differentially methylated CpGs 

between breast cancer PDX models. Methylation difference between at least one of the 

groups equal or higher to 75% and p-value < 0.01. Breast cancer PDX models and two major 

clusters, an ER+ and an ER-, are indicated. D) Supervised hierarchical clustering applying 743 

selected CpGs that discriminate TNBC vs luminal subtype from TCGA breast cancer to BCCLs, 

PDX models and TCGA clinical samples. Breast cancer PDX models are indicated. Chi-square 

indicating association between TCGA breast tumors and PDX models from the same subtype is 

indicated below.  

 

Figure 2. Genome-wide methylation patterns between docetaxel sensitive and resistant IDB-

01 PDX model. A, B) Unsupervised hierarchical methylation clustering using the 10.000 most 

variable CpGs between TNBC PDX models (A) or between sensitive and resistant IDB-01 PDX 

tumors (B). C) Scatter plot of groupwise mean genome-wide DNA methylation levels analyzed 

by GenomeStudio between sensitive and resistant IDB-01 (top left) and IDB-02 (top right) PDX 

models and between sensitive tumors from IDB-01 (bottom left) and IDB-02 (bottom right) 

PDX models. Correlations are indicated as r2. D, E) Mean methylation levels of CpGs located in 

promoter (D) and CpG island (E) in sensitive and resistant IDB-01 and IDB-02 PDX models. 

Mean, SEM and statistical significance are represented. 

 

Figure 3. Association between point methylation and gene expression changes in sensitive 

and resistant TNBC PDX tumors. A) Representation of differentially methylated sites indicating 

direction of change when comparing sensitive and resistant TNBC PDX tumors from IDB-01 

(left) and IDB-02 (right) PDX models. Percentage from total is indicated above. Total number of 

differentially methylated CpGs and genes for each TNBC PDX model are indicated. CpGs were 

selected by a methylation change higher than 30% and a standard deviation lower than 0.05 

between samples from the same group. B) Mean-centered gene expression of differentially 

expressed genes between sensitive and resistant tumors from IDB-01 PDX model after limma 

test analysis. Genes are ordered vertically with regard to their expression. Overexpression 

(yellow) and underexpression (blue) are indicated. C) Density plot for correlation scores of 

methylation and gene expression for global, basal gene expression (blue line) and differentially 

expressed genes (red line) between sensitive and resistant IDB-01 PDX model. Number of 

genes used for correlations are indicated. D) Average methylation levels and gene expression 

of differentially expressed genes between sensitive and resistant tumors from IDB-01 PDX 

model. Genes are ordered vertically with regard to their expression. 

 

Figure 4. Altered pathways by gene specific DNA methylation and gene expression changes 

and validation of SLC25A30. A, B, C, D) Representation of the most significative altered 

pathways by differential gene methylation  (A, C) or gene expression (B, D) in resistant tumors 

from IDB-01 (A, B) and IDB-02 (C, D). p-value (left) is indicated, as well as number of genes 
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from each pathway. E) Mean methylation levels of 4 CpG islands from SLC25A30 promoter in 

sensitive and resistant tumors from IDB-01 measured by pyrosequencing. Mean, SEM and 

statistical significance are represented. F) SLC25A30 mRNA expression levels relative to PPiA in 

sensitive and resistant tumors from IDB-01 measured by qRT-PCR. Mean, SEM and statistical 

significance are represented. 

 

Figure 5. Gene expression analysis independent of methylation and EGFR pathway 

validation. A, B) Representative plots of GSEA analysis showing enriched pathways derived 

from gene expression data from resistant IDB-01R (A) and IDB-02R (B) PDX models.  C) EGFR 

and ERBB3 mRNA expression levels relative to PPiA in sensitive and resistant tumors from IDB-

01 measured by qRT-PCR. Mean, SEM and statistical significance are represented. D) Western 

blot for EGFR pathway from sensitive and resistant IDB-01 tumors.  

 

Supplementary Figure 1. Clinical methylation signatures applied to breast cancer PDX models 

and comparison with human normal mammary glands. A) Supervised hierarchical clustering 

applying 202 and 254 CpGs that discriminate between EpiBasal and EpiLumB subtypes, 

respectively, to our PDX models. Breast cancer PDX models and two major clusters are 

indicated with luminal PDX samples being classified as EpiLumB signature and basal PDX 

models being classified as EpiBasal. B) Unsupervised hierarchical clustering from breast cancer 

PDX models and 100 human normal mammary gland samples using a representative 1% of the 

captured CpGs in the Infinium HumanMethylation450k  from Illumina. Breast cancer PDX 

models are indicated. 

 

Supplementary Figure 2. Methylation patterns between docetaxel sensitive and resistant 

IDB-02 PDX model. A) Unsupervised hierarchical methylation clustering using 10.000 most 

variable CpGs between sensitive and resistant IDB-02 PDX tumors. B, C) Mean methylation 

levels of the CpGs by genomic region (B) and CpG context (C) in sensitive and resistant IDB-01 

and IDB-02 PDX models. Mean, SEM and statistical significance are represented. 

 

Supplementary Figure 3. Dissection of point methylation changes between sensitive and 

resistant TNBC PDX tumors. A) Representation of differentially methylated sites between 

sensitive and resistant tumors from model IDB-01 (left) and IDB-02 (right) classified by 

genomic region (top) or CpG context (bottom). B) Representation of differentially methylated 

sites between sensitive and resistant tumors from model IDB-01 (left panels) and IDB-02 (right 

panels) classified by genomic region (top) or CpG context (bottom). CpG  methylation change 

in resistant TNBC PDX tumors is indicated. C, D) Venn’s diagram comparing differentially 

methylated CpGs (C) or differentially expressed genes (D) found in the comparisons between 

sensitive and resistant TNBC PDXs. Direction of the change in methylation and gene expression 

as well as TNBC PDX model is indicated. E, F) Density plot for correlation scores of methylation 

and gene expression for global, basal gene expression (blue line) and differentially expressed 

genes (orange line) in sensitive (left) and resistant (right) tumors of IDB-01 (E) and IDB-02 (F) 

PDX models. Number of genes used for correlations are indicated. G) Average methylation 

levels and mean-centered gene expression of differentially expressed genes between sensitive 

and resistant tumors from IDB-02 PDX model. Genes are ordered vertically with regard to their 

expression. 
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Tumor and Stem Cell Biology

RANK Signaling Blockade Reduces Breast
Cancer Recurrence by Inducing Tumor Cell
Differentiation
Guillermo Yoldi1, Pasquale Pellegrini1, Eva M. Trinidad1, Alex Cordero1,
Jorge Gomez-Miragaya1, Jordi Serra-Musach2,William C. Dougall3,
Purificaci�on Mu~noz1, Miguel-Angel Pujana2, Lourdes Planelles4, and
Eva Gonz�alez-Su�arez1

Abstract

RANK expression is associated with poor prognosis in breast
cancer even though its therapeutic potential remains unknown.
RANKL and its receptor RANK are downstream effectors of the
progesterone signaling pathway. However, RANK expression is
enriched in hormone receptor negative adenocarcinomas, sug-
gesting additional roles for RANK signaling beyond its hormone-
dependent function. Here, to explore the role of RANK signaling
once tumors have developed, we use the mouse mammary
tumor virus-Polyoma Middle T (MMTV-PyMT), which mimics
RANK and RANKL expression patterns seen in human breast
adenocarcinomas. Complementary genetic and pharmacologic
approaches demonstrate that therapeutic inhibition of RANK
signaling drastically reduces the cancer stem cell pool, decreases

tumor and metastasis initiation, and enhances sensitivity to
chemotherapy. Mechanistically, genome-wide expression anal-
yses show that anti-RANKL therapy promotes lactogenic dif-
ferentiation of tumor cells. Moreover, RANK signaling in
tumor cells negatively regulates the expression of Ap2 tran-
scription factors, and enhances the Wnt agonist Rspo1 and the
Sca1-population, enriched in tumor-initiating cells. In addi-
tion, we found that expression of TFAP2B and the RANK
inhibitor, OPG, in human breast cancer correlate and are
associated with relapse-free tumors. These results support the
use of RANKL inhibitors to reduce recurrence and metastasis in
breast cancer patients based on its ability to induce tumor cell
differentiation. Cancer Res; 76(19); 5857–69. �2016 AACR.

Introduction
Multiple lines of evidence support the existence of tumor-

initiating cells (TICs) or cancer stem cells (CSC) in breast cancer
(1). Recent efforts to develop CSC-related therapies explored
elimination of the CSC population, removal of their self-renewal
capability, and forced terminal differentiation. The first differen-

tiation agent successfully used in the clinic was all-trans retinoic
acid in acute promyelocytic leukemia (2). Retinoid signaling also
regulates breast CSC self renewal and differentiation (3).

RANK ligand (RANKL) is expressed in progesterone receptor-
positive (PRþ) mammary epithelial cells and acts as a paracrine
mediator of progesterone in mouse and humanmammary epithe-
lia (4–9).Overexpression of RANKL's receptor, RANK inmammary
epithelial cells enhances proliferation, impairs lactation, and
induces the accumulation of mammary stem cells (MaSC) and
progenitors (9–12). In humanadenocarcinomas, RANK is predom-
inantly expressed in hormone receptor-negative (HR�) tumors,
supporting a progesterone-independent role. In contrast to RANK,
RANKL is rarely expressed on tumor cells, but it is expressed in
tumor-infiltrating lymphocytes (7, 11, 13). RANK expression in
human adenocarcinomas is associated with reduced overall sur-
vival (13, 14). However, the mechanisms underlying these aggres-
sive tumor phenotypes and the therapeutic potential of RANKL
inhibition once tumors have developed remain unexplored.

The MMTV-PyMT breast cancer mouse model displays wide-
spread transformation of the mammary gland and a high inci-
dence of lung metastasis (15, 16). Tumor cells of invasive PyMT
adenocarcinomas do not express hormone receptors or RANKL,
but do express high levels of RANK (7, 9). RANKL inhibitors are
currently used for the treatment of bone-related pathologies,
osteoporosis, and bone metastasis. Here we demonstrate that
inhibition of RANK signaling acts as a differentiation therapy in
breast cancer, depleting the cancer stem cells population and
reducing recurrence and metastasis.
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Materials and Methods
Animals, RANKL, RANK-Fc, and docetaxel treatments

All research involving animals was performed at the IDI-
BELL animal facility in compliance with protocols approved
by the IDIBELL Committee on Animal Care and following
National and European Union regulations. MMTV-PyMT
(FVB/N-Tg(MMTV-PyVT)634Mul) were obtained from the

Jackson Laboratory (15). MMTV-PyMT�/þ;RANK�/� mice were
obtained by backcrossing the MMTV-PyMT (FvB/N) strain
with RANKþ/� mice into the C57BL/6 background (17).
RANKL (1 mg/kg, Amgen) and RANK-Fc (10 mg/kg, Amgen)
were injected subcutaneously three times a week (7, 10).
Docetaxel (Actavis) was administered at 25 mg/kg intraperi-
toneally twice per week.
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Figure 1.

RANKL decreases MMTV-PyMT tumor cell differentiation. A, representative images of RANK and RANKL protein expression. Note that in carcinomas, RANKL
is not expressed in tumor cells but in tumor-infiltrating lymphocytes. B, Rank and RanklmRNA expression relative to K8 or b-actin in seven WT, eight MMTV-PyMT
tumors, and three draining lymph nodes of MMTV-PyMT tumor-bearingmice. C, Rank and RanklmRNA expression relative to Rpl38 in FACS-sorted (Supplementary
Fig. S2) tumor cells (TUM) CD45�, macrophages (TAM) CD45þCD11bþF4/80þGr1�, CD4þ, and CD8þ T lymphocytes (CD45þCD11b�CD3þCD4þ or CD8) from
four MMTV-PyMT tumors. D, schematic overview of short-term (2 weeks) RANKL treatment in MMTV-PyMT tumor-bearing females. E, tumor volume normalized to
the first day of treatment of five MMTV-PyMT tumor-bearing mice undergoing RANKL treatment and controls. F, percentage of secretory areas relative to
total tumor area in (3–5) MMTV-PyMT primary tumors after RANKL treatment. G, representative images of hematoxylin and eosin and milk protein staining in
MMTV-PyMT primary tumors. B, E, F, mean, SEM, and t test probabilities are shown (� , 0.01 < P < 0.05; �� , 0.001 < P < 0.01; ��� , 0.001 < P < 0.0001).
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Tumor cell isolation, tumor and metastasis initiation assays
Tumor cells were isolated as described (18). For orthotopic

transplants and tumor-limiting dilution assays (LDA), tumor cells
were mixed 1:1 with Matrigel matrix (BD Biosciences) and ortho-
topically implanted in the inguinal mammary gland of 6- to 10-
week-old syngeneic females. For metastasis assays, tumor cells
resuspended in cold PBS were injected intravenously in 6- to 10-
week-old Foxn1nu females.

Tissue histology and immunostaining
Tissue samples were fixed in formalin and embedded in par-

affin. Three-micrometer sections were cut for histologic analysis

and stained with hematoxylin and eosin. Entire lungs were step
sectioned at 100 mmand15 cuts per lungwere quantified. Antigen
heat retrievalwith citratewas used for PR (DAKO), SMA-1 (Sigma-
Aldrich), mRANKL (R&D Systems), Ki67 (Thermo Scientific),
cleaved caspase-3 (Cell Signaling) antibodies, and rabbit anti-
milk serum (kindly provided by Prof. Nancy E. Hynes). mRANK
(R&D Systems) immunostaining was performed, pretreating sec-
tions with Protease XXIV 5 U/mL (Sigma-Aldrich) for 15 minutes
at room temperature. All antibodies were incubated overnight at
4�C, detected with biotinylated secondary antibodies and strep-
tavidin horseradish peroxidase (Vector), and revealed with DAB
substrate (DAKO).

*

Tumor spheres

*

Group N cells N fat pad N tumors TIC frequency

CTRL

100,000 4 4
1/ 206 

(CI 599–70.9)
10,000 6 6
1,000 6 5
100 6 6

Post-RANK-Fc

100,000 6 6
1/ 466 

(CI 1,138–190.7)
10,000 6 6
1,000 6 4
100 6 4

Pre-RANK-Fc

100,000 6 6
1/ 1,929 

(CI 5,431–685.1)
10,000 6 5
1,000 6 5
100 6 2

Pre & post
RANK-Fc

100,000 6 6
1/ 2,353 

(CI 6,378–868.3)
10,000 6 5
1,000 6 3
100 6 3

GROUP P 2

CTRL vs. post RANK-Fc
0.13 2.27

CTRL vs. pre RANK-Fc 2.99 E–5 17.4

CTRL vs. 
pre & post RANK-Fc

7.48 E–6 7.41

Pre RANK-Fc vs. 
pre & post RANK-Fc 0.701 0.147

χ

E

B

A

RecurrencePosttreatment
(passage 2)

Occult 
diseaseSurgery Pretreatment

(passage 1)

24 h 2 weeks

Pre & post-RANK-Fc

Pre-RANK-Fc

Post-RANK-Fc

CTRL
Mock

24 h 2 weeks

RANK-Fc

24 h 2 weeks

Mock

24 h 2 weeks

RANK-Fc
24 h

24 h

24 h

24 h4 weeks

4 weeks

Mock

RANK-Fc

 LDA

 LDA

 PyMT 
tumor cells

Passage 1 Passage 2

Tumor growth

Days

Tu
m

or
 v

ol
um

e 

1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

CTRL
RANK-Fc

Passage 1
C

D

%
 C

as
pa

se
-3

/n
uc

le
i

CTRL

Pos
t-R

ANK-F
c

Pre-
RANK-F

c

Pre 
& po

st-
RANK-F

c
0

1

2

3

4

5 Apoptotic cells

CTRL

Pos
t-R

ANK-F
c

Pre-
RANK-Fc

Pre 
& po

st-
RANK-Fc

N
 o

f S
ph

er
es

60

40

20

0

Figure 2.

Inhibition of RANK signaling depletes
the pool of MMTV-PyMT TICs. A,
schematic overview of RANK-Fc
treatments in orthotopic MMTV-PyMT
tumors. One million cells isolated from
one MMTV-PyMT carcinoma were
orthotopically injected into syngeneic
WT mice (FVB), which were
randomized 1:1 for RANK-Fc
(10 mg/kg, 3 times per week, 4 weeks)
or mock treatment starting 24 h later
(passage 1). Cells isolated from three
tumors from each treatment arm were
pooled and orthotopically injected into
WT (passage 2) mice in limiting
dilutions and randomized 1:1 for
additional RANK-Fc or mock treatment
(2 weeks). Total number of tumors was
scored after 26weeks.B, tumor growth
of passage 1 tumors. C, percentage of
positive cleaved caspase-3 cells in
passage 2 tumors. D, TIC frequencies
(with confidence intervals), x2 values,
and associated probabilities. E, number
of secondary tumorspheres formed by
RANK-Fc-treated MMTV-PyMT tumors.
Each bar represents data from four
tumors plated in triplicates. B, C, E,
mean, SEM, and t test statistics are
shown (� , 0.01 < P < 0.05).
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Tumorsphere culture
Cells isolated from primary tumors were resuspended in

serum-free DMEM F12 mammosphere medium containing
20 ng/mL of EFG, 1� B27, and 4 mg/mL heparin (Sigma-
Aldrich), as previously described (19) with 2% of growth
factor–reduced matrigel. Primary tumorspheres were derived
by plating 20,000 cells/mL in 2 mL of medium onto cell-
suspension culture plates. After 14 days, tumorspheres were
isolated by 5 min treatment with PBS-EDTA 1 mmol/L þ 5 min
of trypsin at 37�C and plated for secondary tumorsphere
formation at a concentration of 5,000 cells/mL in triplicate.
Individual spheres from each replicate well were counted under
a microscope.

Flow cytometry
Single cells were resuspended and blocked with PBS 2% FBS

and IgG blocking reagent for 10 min on ice and incubated for 30
min on ice with CD45-APC-Cy7 (30-F11), CD4-PE-Cy7 (RM4-5),
CD11b-APC (M1/70), CD8-PE or CD8-FITC (53-6.7), Gr1-FITC
(RB6-8C5), F4/80-PE (BM8), CD49b-Alexa 647 (1HMa2), CD45-
PECy7 or –APCCy7 (30-F11), and CD31-PECy7 (390), all from
Biolegend, CD24-FITC (M1/69), CD61-FITC (2C9.G2), Sca-1-
APC (Ly-6A/E) from BD Pharmingen, CD90-PE (HIS51; Biosci-
ence) and CD49f-AF647 (GoH3; R&D Systems). FACS analysis
was performed using FACS Canto, FACS Aria (Becton Dickinson)
and Diva software. Cells were sorted using MoFlo (Beckman
Coulter) at 25 psi (172 kPa) and a 100-mm tip.
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Figure 3.

RANKL inhibition induces differentiation of tumor cells into milk secreting cells. A, expression profile in mammary gland development of differentially
expressed genes between RANK-Fc-treated tumors and controls (21). Genes further validated by reverse transcription-PCR are shown in red. B, GSEA graphical
output for the association between lactation overexpressed genes and RANK-Fc treatment. The top genes contributing to this association are listed.
C, mRNA expression levels of indicated genes relative to HPRT. Each bar is representative of three tumors. D, representative images of milk staining in
RANK-Fc–treated tumors. E, fold change of mRNA expression levels of indicated genes in RANKL-treated acinar cultures of MMTV-PyMT tumor cells relative
to untreated controls. Three tumors were analyzed. B and E, mean, SEM, and t test P values are shown (� , 0.01 < P < 0.05).
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RNA labeling and hybridization to Agilent microarrays
Hybridization to SurePrint G3 Mouse Gene Expression

Microarray (ID G4852A; Agilent Technologies) was conducted
following manufacturer's protocol (Two-Color Microarray-
Based Gene Expression Analysis v. 6.5; Agilent Technologies),
and dye swaps (Cy3 and Cy5) were performed for RNA ampli-
fied from each sample. Microarray chips were washed and
scanned using a DNA Microarray Scanner (Model G2505C;
Agilent Technologies).

Microarray analysis
Microarray data were feature extracted using Feature Extraction

Software (v. 10.7) available from Agilent, using the default vari-
ables. Outlier features on the arrays were flagged by the same
software package. Data analysis was performed using Bioconduc-
tor package, under R environment. Data preprocessing and dif-
ferential expression analysis was performed using limma and
RankProd package, and latest gene annotations available was
used. Raw feature intensities were background corrected using
normexp background correction algorithm.Within-array normal-
ization was done using spatial and intensity-dependent loess.
Aquantile normalization was used to normalize between arrays.
The expression of each gene is reported as the base 2 logarithm of
ratio of the value obtained of each condition relative to controls. A
gene is considered differentially expressed if it displays a pfp
(proportion of false positives) less than 0.05 by nonparametric

test. TheGSEAwas runusingdefault values for all parameters. Raw
microarray data has been deposited in GEO, access number
GSE66085. The mature luminal and stem cell gene sets were
taken from the original publication (20). The differentially
expressed genes between lactation and pregnancy were identified
using the GEO GSE8191 dataset (21) and the TFAP2C-regulated
genes in breast cancer cells using the GEO GSE8640 dataset (22).
Cox proportional hazard regression analyses were applied to
evaluate associations with prognosis (relapse or distant metasta-
sis) at the level of microarray probes.

Statistical analysis
Differences were analyzedwith a two-tailed Student t test or an F

test, one sample t test against a reference value of 1. Two-way
analysis of variance was used to compare tumor growth curves. The
Mantel–Cox test was used for tumor-free survival studies. Frequen-
cy of tumor initiating was estimated using the extreme limiting
dilution software (ELDA; ref. 23). The statistical significance of
difference between groups is indicated by asterisks (�, 0.01 < P <
0.05; ��, 0.001 < P < 0.01; ���, 0.001 < P < 0.0001; ����, P < 0.0001).

Results
RANKL stimulation promotes tumor growth in MMTV-PyMT
primary tumor cells

MMTV-PyMT preneoplasic lesions and adenocarcinomas
expressed high levels of RANK (Fig. 1A and B). RANKL expression
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Figure 4.

Constitutive deletion of RANK increases tumor latency, decreases tumor incidence, and prevents lung metastasis of MMTV-PyMT tumors. A, kinetics of
palpable tumor onset with age in 18 PyMT;RANKþ/þ and 10 PyMT;RANK�/� mice. Log-rank test (���� , P < 0.0001). B, number of palpable lesions detected at
necropsy in 17 PyMT;RANKþ/þ and 10 PyMT;RANK�/� mice. C, number of preneoplasic regions per mammary gland detected in mammary whole mounts of
9 PyMT;RANKþ/þ and 5 PyMT;RANK�/� mice 13 to 22 weeks old. Each dot represents one mammary gland. D, percentage of PyMT;RANKþ/þ (n ¼ 6) and
PyMT;RANK�/� (n ¼ 7) mice with lung metastasis. The total number of metastatic foci per mouse is indicated. x2 ¼ 6.96, as calculated by contingency
2 � 2, P ¼ 0.01. B and C, mean, SEM, and t test P values are shown (� , 0.01 < P < 0.05).
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was found in nontumorigenic ducts and hyperplasias (Fig. 1A)
but was lost in MMTV-PyMT adenocarcinomas, consistent with
the loss of PR positivity (Fig. 1A and Supplementary Fig. S1;
ref. 24). RANKL was expressed in draining lymph nodes and
tumor-infiltrating leucocytes of tumor-bearing mice (Fig. 1A
and B). Rankl mRNA was predominantly found in tumor-infil-
trating CD4þ and CD8þ T lymphocytes (CD45þCD11b�CD4þ

and CD45þCD11b�CD8þ), whereas Rank mRNA was found in
tumor cells and macrophages (Fig. 1C and Supplementary Fig.
S2), consistent with the expression of RANK and RANKL in
human breast adenocarcinomas (7, 11, 13), highlighting the
relevance of the MMTV-PyMT tumor model to the study of
human pathology.

Administration of RANKL resulted in increased acinar size in
MMTV-PyMT tumor acini (Supplementary Fig. S3A and S3B;
refs. 25, 26). No significant changes in proliferation were
found, but decreased apoptosis was observed in RANKL-treated
tumor cultures (Supplementary Fig. S3B). RANKL-treated acini
showed an "invasive-like" phenotype, with isolated cells sur-
rounding the acini (Supplementary Fig. S3A). Remarkably, 2-
week RANKL-treated acini gave rise to faster growing tumors
and more metastasis than untreated controls when injected in
immunodeficient mice (Supplementary Fig. S3C and S3D).
These results demonstrate that activation of RANK signaling
could promote tumor growth and metastasis in MMTV-PyMT
primary tumor cells.

Inhibition of RANKL signaling decreases the frequency of
tumor-initiating cells

No significant changes in tumor growth, tumor cell prolifera-
tion, or apoptosis were observed after 2 weeks of RANKL treat-
ment in vivo on tumor-bearing MMTV-PyMTmice (Fig. 1D–E and
Supplementary Fig. S3E; ref. 10), but tumor cell density was
higher in RANKL treated lesions, in contrast to control mice,
where extensive areas of dilated ducts and hyperplasias full of
milk secretions were observed (Fig. 1F–G). These results indicate
that short-term in vivo activation of RANK signaling is not suffi-
cient to change the growth of established tumors, but appears to
prevent secretory differentiation of tumor cells.

The putative benefit of pharmacologic RANKL inhibition
with RANK-Fc in tumor recurrence was interrogated (Fig. 2A;
ref. 7). No significant differences in tumor growth or the
frequency of apoptotic cells were observed after RANK-Fc
treatments (Fig. 2B and C). However, LDAs revealed that
tumor cells pretreated with RANK-Fc at passage 1 showed a
10-fold decrease in tumor-initiating ability, whereas RANK-Fc
treatment only at passage 2 did not significantly change tumor-
initiating cell (TIC) frequency (Fig. 2D). Concomitantly, the
ability to form secondary tumorspheres was significantly
impaired in cells derived from the RANK-Fc-pretreated pool
(Fig. 2E), consistent with a reduction in the CSC population

(19). These results demonstrate that pretreatment with RANK-
Fc reduces tumor-initiating ability, and suggests that in clinics,
RANKL inhibition may reduce the risk of relapse by depleting
the population of CSCs.

Pharmacological inhibition of RANK signaling induces
lactogenic differentiation of tumor cells

To investigate the molecular mechanism underlying the reduc-
tion in tumor-initiating ability, we analyzed global gene expres-
sion profiles from all RANK-Fc treatment arms. Genes induced by
RANK-Fc included milk proteins such as Pip, caseins, Wap, or Lpl,
which are expressed during differentiation of mammary cells into
milk-secreting alveoli (21) and multiple members of the secre-
toglobin family (Scgb1b27, Scgb1b30, Scgb2b2), which are asso-
ciatedwith differentiation and low risk of relapse in human breast
cancer (Table S1 and Fig. 3A; refs. 3, 27). In fact, genes upregulated
during lactation (21) were significantly overexpressed in the
RANK-Fc-treated tumors (Fig. 3A–B). Upregulation of Csn2, Pip,
Scgb1b27, and Scgb2b27 mRNA was confirmed in the RANK-Fc
-treated tumors (Fig. 3C). Immunostaining with an anti-milk
antibody confirmed that RANKL inhibition induced differentia-
tion of late-adenocarcinoma cells into milk secreting cells (Fig.
3D). Conversely, tumor acini cultured with RANKL showed lower
Csn2, Pip, and Scgb2b27 expression (Fig. 3E), in correlation with
the reduced milk protein found in vivo (Fig. 1F–G). These results
demonstrate that pharmacological inhibition of RANK signaling
in PyMT tumor-bearing mice promotes tumor cell differentiation
into an apocrine, milk-secreting phenotype that mimics mam-
mary lactogenesis, concomitantly with the reduction in tumor-
initiating ability.

RANK deletion increases tumor latency, decreases tumor
incidence, and impairs lung metastasis in MMTV-PyMT mice

Genetic deletion of RANK in the MMTV-PyMT background
significantly delayed tumor onset and reduced tumor incidence
(Fig. 4A–B and Supplementary Fig. S4A). In accordance with their
multifocal origin (24), PyMT;RANKþ/þ palpable lesions showed
multiple stages of tumor progression, whereas one predominant
stage was found throughout the whole PyMT;RANK�/� palpable
mass (Supplementary Fig. S4B-C). Accordingly, the number of
preneoplasic lesions quantified in mammary gland whole
mounts was significantly reduced in PyMT;RANK�/� compared
with control mice (Fig. 4C). PyMT;RANK�/� lesions contained
extensive areas of early and/or late carcinoma, indicating that
tumors can progress to the invasive stage in the absence of RANK.
However, most of PyMT;RANK�/- mice were devoid of lung
metastasis, whereas all PyMT;RANKþ/þ mice with early/late car-
cinomas developed lungmetastasis, and several showed30 to 200
metastatic foci per lung (Fig. 4D). Thus, RANK deletion increases
tumor latency, decreases tumor incidence, and impairs lung
metastasis in the MMTV-PyMT tumor-prone model.

Figure 5.
RANK-null tumors contain fewer tumor andmetastasis-initiating cells have enhanced apoptosis and aremore sensitive to docetaxel.A, latency to tumor formation of
PyMT;RANKþ/þ andPyMT;RANK�/� tumor cells orthotopically implanted inWTandRANK�/� syngeneicmice. Twenty-two tumors fromeachgroupwere quantified.
B, representative pictures of cleaved caspase-3 staining in transplants. C, percentage of nonviable areas versus total tumor area and of cleaved caspase-3–positive
nuclei in transplants. Each dot represents one tumor. D, relative tumor volume (length � width/100) of PyMT;RANKþ/þ and PyMT;RANK�/� tumors treated with
docetaxel (25 mg/kg) twice per week. #, docetaxel doses. E, number of tertiary tumorspheres. Each bar represents four tumors. F–G, tumor-initiating
(F) and metastasis-initiating frequencies (G; with confidence intervals) and x2 values. Cells from two tumors per genotype were pooled for injections and
metastasis was scored after 8 weeks. H, absolute number of lung metastatic foci. Each dot represents the lung of one mouse. A, E, H, mean, SEM, and t test
(F test for H) probabilities are shown (� , 0.01 < P < 0.05; �� , 0.001 < P < 0.01; ��� , 0.001 < P <0.0001; ����, P < 0.0001).
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RANK loss in tumor cells depletes the tumor and metastasis-
initiating cell pools and increases apoptosis and sensitivity to
docetaxel

To rule out the progesterone/RANKL-mediated effects acting in
early tumorigenesis (7) and the influence of the RANK-null
microenvironment (17), PyMT;RANK�/� and PyMT;RANKþ/þ

tumors cells, isolated from established carcinomas were ortho-
topically implanted in syngeneic wild-type (WT) females. PyMT;
RANK�/� tumor cells showed a significantly longer latency to
tumor formation than did PyMT;RANKþ/þ tumor cells, indicating
a tumor cell autonomous defect (Fig. 5A). Longer latency was also
observed when PyMT;RANKþ/þ tumor cells were implanted in
RANK null mice compared with WT, but no synergic effect after
implantation of PyMT;RANK�/� in RANK null hosts was found
(Fig. 5A).

PyMT;RANK�/� tumors growing in WT hosts contained more
apoptotic cells and extensive nonviable areas relative to PyMT;
RANKþ/þ tumors (Fig. 5B–C). No significant differences in tumor
cell survival were observed when the same tumor, either PyMT;
RANKþ/þ or PyMT;RANK�/�, was implanted on WT and RANK
null hosts supporting a tumor cell intrinsic mechanism (Fig. 5C).
This demonstrates that tumor cell survival is impaired in the
absence of RANK, which may contribute to the delayed tumor
formation observed. Moreover, the absence of RANK on tumor
cells sensitized tumors to docetaxel (Fig. 5D).

Next, we aimed to determine whether loss of RANK signaling
exclusively on tumor cells reduced the CSC pool as observed after
RANKL inhibition. PyMT;RANK�/� tumor cells gave rise to less
tumorspheres than controls, independently of the initial host
(Fig. 5E), highlighting an extenuation of a self-renewal capability
that is tumor cell-autonomous. LDA in WT hosts also revealed a
significant reduction in the frequency of TICs in the absence of
RANK (Fig. 5F). PyMT;RANKþ/þ tumor cells efficiently colonized
the lung of Foxn1numice and abundantmetastatic foci were found
(Fig. 5G–H). Strikingly, in the PyMT;RANK�/� pool a 10-fold
decrease in the frequency of metastasis-initiating cells (MIC) was
observed with very fewmetastatic foci (Fig. 5G–H), implying that
RANK expression in tumor cells is determinant for metastasis.
Thus, RANK loss in advanced adenocarcinomas depleted the pool
of tumor and MICs, decreased survival and sensitized tumors to
docetaxel.

RANKL negatively regulates the Ap2 transcription factors,
drivers of luminal differentiation, and induces Rspo1

To further understand the molecular mechanism underlying
tumor cell differentiation after RANKL inhibition, we focused
on genes specifically induced in tumors that received RANK-Fc

treatment at passage 1 such as Tfap2b (Supplementary Table S1).
The AP2 transcription factor family is a set of retinoic acid
inducible genes that governs the luminal epithelial phenotype
in mammary development and carcinogenesis (28, 29) and
whose expression is associated with survival (30, 31). Consistent
with a tumor cell-luminal differentiation phenotype, GSEA
analyses of the genes that characterize mammary differentia-
tion hierarchy (20), revealed that the mature luminal upregu-
lated set and the MaSC downregulated set, were overexpressed
on the RANK-Fc-treated tumors (Fig. 6A). Spdef, which also
promotes luminal differentiation (32) was the top gene in these
associations (Fig. 6A). Genes upregulated by TFAP2C in human
breast cancer cells (22) were significantly overexpressed in
RANK-Fc-treated tumors (Fig. 6B). Moreover, an increase in
Tfap2a and Tfap2b was observed in the RANK null mammary
epithelia and RANKL treatment significantly reduced the
Tfap2a, Tfap2b, and Tfap2c mRNA expression in tumor cultures
of PyMT cells (Fig. 6C–D and G).

Gene expression analysis in the pre-RANK-Fc-treated tumors
confirmed upregulation of Tfap2b, the luminal genes Spdef and
Fbp1 and cdkn1a/p21 (known to be induced by Tfap2; ref. 29) and
downregulation of the basal genes p63, Krt14. No significant
changes were detected between groups in Krt8, Foxa1, Gata3, Esr1,
Elf5, and Rspo1 (Fig. 6E). Higher levels of Tfap2b, Tfap2c, and p21
and lower levels ofKrt14 andRspo1were found in PyMT;RANK�/�

tumor cells isolated from transplants as compared to controls
(Fig. 6F). R-spondin1 (Rspo1), aWnt agonist that has been shown
tobe expressed on luminal progenitors andmediate RANK-driven
expansion ofmammary progenitors in the healthy gland (33, 34),
was strongly induced by RANKL on PyMT acini cultures (Fig. 6G).
Tfap2b-overexpressing and knockdown PyMT tumor cells were
obtained as little is known about the specific role of Tfap2b on
mammary tumors (Supplementary Fig. S5A and S5B). Gene
expression analyses confirmed that Spdefwas positively regulated
by Tfap2b (Supplementary Fig. S5C). Analyses of PyMT tumor
acini cultured for 2 weeks revealed that RANKL led to an increase
on acini size irrespectively of Tfap2b expression (Supplementary
Fig. S6A–B). However, in Tfap2b-overexpressing PyMT acini
treated with RANKL, Rspo1 mRNA expression was 30% lower
than in RANKL-treated control acini. Conversely, in shTfap2b
PyMT acini treatedwith RANKL,Rspo1 expressionwas 50%higher
than in controls, demonstrating that Tfap2b interfered with
RANKL-driven increase in Rspo1 (Fig. 6H). Rspo1 expression
decreased, whereas Tfap2b and Spdef expression increased in
PyMT tumor cells infected with shRANK, further supporting
that RANK pathway negatively regulates luminal differentiation
(Supplementary Fig. S5D).

Figure 6.
RANK loss or inhibition induces the expression of AP2 transcription factors and reduces Rspo1. A and B, GSEA graphical outputs for the association between
mammarymature luminal (upregulated genes) andmammary stem (downregulated genes) cells gene sets (A) and TFAP2C upregulated genes sets in human breast
cancer (B) and RANK-Fc treatment. The top genes contributing to the association are listed. C, fold changes in mRNA expression of indicated genes in PyMT tumor
acini cultures treated with RANKL for 24 h relative to untreated cultures. Each bar is representative of three tumors. D,mRNA expression levels of indicated genes
relative to Krt8 in PyMT RANKþ/þ and PyMT;RANK�/� mammary glands. Each bar is representative of three mammary glands. E, fold changes in mRNA
expression of indicated genes in RANK-Fc treated PyMT tumors at passage 1 relative to expression in the other treatment arms. Each bar is representative of six
tumors. F, fold changes in mRNA expression of indicated genes in PyMT;RANK�/� relative to expression in PyMT;RANKþ/þ sorted tumor cells. Each bar is
representative of three-four independent tumors. G, fold change of Rspo1 and Tfap2b mRNA expression levels in PyMT acini tumor acini cultured with RANKL
for 3 and 14 days relative to untreated cultures. H, relative induction of Rspo1 mRNA expression in Tfap2b-knockdown or -overexpressing PyMT tumor
acini culturedwith RANKL for 14 days relative to the induction in RANKL-treated controls (normalized as 100%). Induction ofRspo1mRNA in Rank-Knockdown PyMT
acini is included. I, association between TFAP2B and TNFRSF11B tumor expression and distant metastasis in lymph-node negative breast cancer patients (GSE2034).
Graphs show the proportion of distant metastasis-free patients over time (months) and are stratified according to the first (low expression) or the third (high
expression) tertiles. C, D, E, F, mean, SEM and t-test statistics are shown. (� , 0.01 < P < 0.05; �� , 0.001 < P < 0.01; ��� , 0.001 < P < 0.0001; ����, P < 0.0001).
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To investigate the clinical relevance of TFAP2B, we analyzed an
expression dataset from lymph-node negative breast cancer
patients that developed distant metastasis (35). The expression
of TFAP2B was found to be significantly associated with the
absence of distant metastasis: Cox regression HR ¼ 0.25; 95%
confidence interval (CI), 0.11–0.57; P ¼ 0.001 (Fig. 6I). Similar
results were observed in tumors with a luminal phenotype (ERþ):
HR¼ 0.24; 95%CI, 0.09–0.63, P¼ 0.004, and the same trend for
(ER�) tumors: HR ¼ 0.24; 95% CI, 0.04–1.29; P ¼ 0.09. Con-
sistent with the proposed cancer-promoting role for enhanced
RANK signaling, associations with relapse free were observed for
TNFRSF11B (OPG), the canonical negative regulator of the RANK
pathway: HR ¼ 0.49; 95% CI, 0.31 – 0.78; P ¼ 0.002 (Fig. 6I); in
luminal tumors (ERþ): HR ¼ 0.33; 95% CI, 0.17–0.62; P ¼
0.0006. Accordingly, TFAP2B and TNFRSF11B were found to be
significantly coexpressed (Pearson's correlation coefficient ¼
0.14, P ¼ 0.018). Together these data indicate that RANKL
inhibition leads to tumor differentiation, metastasis impairment,
and good prognosis.

RANK signaling inhibition depletes the pool of Sca1� TICs
Next, we aimed to identify the CSC population regulated by

RANK in our models, which remains elusive in the MMTV-PyMT
model (36–38). The levels of CD49f, CD49b, CD61, and CD90
within epithelial cells were comparable for all RANK-Fc treatment
arms; in contrast, Sca1þ/hi cells were more abundant in tumors
pretreated with RANK-Fc, which show a lower tumor-initiating
ability (Fig. 7A and B). In the normal mammary gland, Sca1þ

identifies a population enriched in ERþ/PRþ luminal mature cells
(37). However, we could not detect an increase in PRþ cells
after RANK-Fc treatment (Fig. 7C). Similarly, an increase in the
Sca1þ/hi population, but none of the othermarkers, was found in
PyMT;RANK�/� tumors as compared to controls (Fig. 7D). Sec-
ondary tumorspheres of Sca1�/lo tumor cells were larger and five
times more numerous as those of Sca1þ/hi cells (Fig. 7E–F).
Strikingly, LDA assays revealed the TIC frequency is significantly
enhanced by 200-fold in Sca1�/lo comparedwith Sca1þ/hi tumor
cells (Fig. 7G), indicating that the Sca1�/lo population is enriched
in CSCs. Altogether these results demonstrate that RANK loss or
RANKL inhibition reduced the frequency of the Sca1�/lo CSC
population.

Discussion
The work presented here reveals a central role of RANK

signaling promoting recurrence and metastasis in aggressive
breast tumors, providing a rationale for additional therapeutic
applications of RANK inhibitors beyond its current use for the
management of skeletal-related events. We found that consti-
tutive deletion of RANK in MMTV-PyMT mice increases tumor
latency and decreases tumor and lung metastasis incidence, as
observed in MMTV-neu mice upon RANK-Fc preventive treat-
ment (7), reinforcing the role of RANK signaling in early stages
of tumorigenesis (8).

Our previous data showed that enhanced RANK activation
promotes stemness in human and mouse mammary epithelia,
leading to the accumulation of MaSC and progenitors (11, 12,
39). Importantly, now we demonstrate that inhibition of RANK
signaling reduces CSC in invasive mammary tumors decreasing
recurrence andmetastasis, and induces tumor cell differentiation.
LDA assays aim to mimic occult disease that remains in breast

cancer patients after surgery. Our results suggest that neoadjuvant
RANKL inhibition may be more efficient in reducing recurrence
andmetastasis than adjuvant treatment, as a significant reduction
in the CSC population was observed on tumors treated at passage
1.Alongwithour previous data demonstrating that overactivation
of RANK signaling at midgestation disrupts lactogenesis (12, 39),
current results suggest that RANK signaling regulates the balance
between self-renewal and differentiation not only during mam-
mary gland development but also in breast adenocarcinomas.

The impaired tumor and metastasis initiation ability observed
in RANK null tumor cells growing in WT hosts demonstrates that
tumor cell intrinsic mechanisms mediate the observed reduction
in CSC. However, we cannot discard that tumor cell extrinsic
mechanisms induced by RANK signaling inhibition in the micro-
environment can also contribute to reduce recurrence (40).

Mechanistically, we demonstrate that RANK signaling nega-
tively regulates the AP2 transcription factor family that can
mediate retinoic acid responsiveness (41, 42). TFAP2A functions
as a tumor suppressor in several solid tumors including breast
cancer (43, 44). Overexpression of Tfap2a and Tfap2c mimics
the mammary phenotype of RANK null mice (5, 45, 46). Tfap2a
and Tfap2c maintain the luminal phenotype (28, 29) and neg-
atively regulate cancer stem cell markers (28). Although little is
known about TFAP2B in mammary epithelia, our results suggest
that, similarly to other members of the family, TFAP2B promotes
luminal differentiation and is associated with good prognosis.
The positive correlation between the RANKL inhibitor, OPG, and
TFAP2B expression in human breast tumors and their association
withmetastasis-free phenotype support the clinical implication of
our findings.

Although enhanced Tfap2b expression alone cannot prevent
RANKL-driven increased in acinar size, it interferes with the
induction of the Wnt agonist Rspo1. Rspo1 together with Wnt4
promote MaSC self-renewal and Rspo1 rescues some of the
mammary developmental defects in RANK null epithelia (33,
34). Similarly to our previous results onmammary epithelial cells
at midgestation where RANKL induces the expression of Rspo1,
leads to the expansion of basal and bipotent cells and prevents
lactogenic differentiation (39), we now observe that on PyMT
tumor acini, RANK pathway also enhances Rspo1 and interferes
with differentiation. Our results evidence a complex regulatory
loop between RANK, Tfap2, and Rspo1 underlying the reduction
in the CSC pool observed upon RANK pathway inhibition (Fig.
7H). Further experiments will be required to clarify their contri-
bution to the protumorigenic role of RANK in cancer. Sca-1/Ly6A
is found in the luminal differentiated ERþ/PRþ cell cluster and
according to our data it is likely to be induced by Tfap2, whereas
Rspo1 is expressedon luminal Sca1�progenitor cells (33, 34). The
decrease in Sca1� cells upon RANK loss or inhibition and their
enhancedmammosphere-forming and tumor-initiating potential
demonstrate that this population is enriched in CSCs in the PyMT
tumors, as shown in the MMTV-wnt model (47). A negative
regulationof Sca1þbyRANKhasbeenobserved duringmammary
gland development (12, 34). The relevance of Sca1/Ly6a as a CSC
marker in human luminal adenocarcinomas deserves further
investigation.

Mortality in breast cancer is due to tumor recurrence and
metastasis, which is driven by surviving CSC. RANKL inhibitors,
although unable to reduce tumor growth, can be used as differ-
entiation therapy of CSC (Fig. 7H). Moreover, RANK null tumor
cells aremore susceptible to taxanes than RANK-expressing tumor
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Figure 7.

RANK-Fc pretreatment reduces the Sca1� tumor cell population. A, frequency of the indicated populations within tumor CD45-CD31-CD24þ cells. Each bar
represents data from four mice in two independent experiments. B, representative histograms of Sca1þ/hi and Sca1�/lo populations. C, representative images of
PR immunostaining. D, frequency of the indicated populations within tumor cell transplants. Each bar is representative of 3-5 tumors. E and F, representative
images (E) and number (F) of tumorspheres derived from FACS-sorted Sca1þ/hi and Sca1� tumor cells. Each bar is representative of two tumors quantified in
triplicates. G, tumor-initiating frequency (with confidence intervals), x2 values, and associated probabilities. H, graphical abstract indicating the multiple effects
observed after therapeutic inhibition of RANK pathway in MMTV-PyMT tumors. A, D, F, mean, SEM and t-test statistics are shown (�� , 0.001 < P < 0.01).
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cells, supporting the use of neoadjuvant RANKL inhibitors in the
clinical setting to reduce the frequency of tumor relapse and
metastasis and to increase sensitivity to chemotherapy. FDA-
approved RANKL inhibitors are currently used in clinic for the
management of skeletal-related events, therefore patients may
quickly benefit from this therapeutic strategy to combat advanced
breast cancer.
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Top genes  upregulated in tumors pre-treated with RANK-Fc  (more than 4-fold) 
    

          Genbank EntrezGeneID GeneSymbol GeneName 
      NM_013467 11668 Aldh1a1 aldehyde dehydrogenase family 1, subfamily A1 

   NM_177744 245282 Apol10a apolipoprotein L 10A 
     NM_001025574 433492 Bpifb9b BPI fold containing family B, member 9B 

   NM_009802 12353 Car6 carbonic anhydrase 6 
     NM_009886 12614 Celsr1 cadherin, EGF LAG seven-pass G-type receptor 1 (flamingo homolog, Drosophila) 

NM_001164320 214685 Chadl chondroadherin-like 
     NM_001164320 214685 Chadl chondroadherin-like 
     NM_021386 58187 Cldn10 claudin 10 

      NM_022319 64085 Clstn2 calsyntenin 2 
     NM_007729 12814 Col11a1 collagen, type XI, alpha 1 
     NM_007730 12816 Col12a1 collagen, type XII, alpha 1 

    NM_198711 77018 Col25a1 collagen, type XXV, alpha 1 
    NM_001113515 12824 Col2a1 collagen, type II, alpha 1 

     NM_053185 94216 Col4a6 collagen, type IV, alpha 6 
     

NM_013496 12903 Crabp1 
cellular retinoic acid binding protein 
I 

    NM_021282 13106 Cyp2e1 cytochrome P450, family 2, subfamily e, polypeptide 1 
  NM_019910 13184 Dcpp1 demilune cell and parotid protein 1 

    NM_001077633 620253 Dcpp3 demilune cell and parotid protein 3 
    NM_001159743 100294583 Fam150b family with sequence similarity 150, member B 

   NM_001162532 100038347 Fam174b family with sequence similarity 174, member B 
   NM_019395 14121 Fbp1 fructose bisphosphatase 1 

    NM_176959 448987 Fbxl7 F-box and leucine-rich repeat protein 7 
   NM_133862 99571 Fgg fibrinogen gamma chain 

     NM_001081416 68655 Fndc1 fibronectin type III domain containing 1 
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NM_010251 14397 Gabra4 gamma-aminobutyric acid (GABA) A receptor, subunit alpha 4 
  NM_017370 15439 Hp haptoglobin 

      BC108385 626347 Igkv3-4 immunoglobulin kappa variable 3-4 
    NM_033373 94179 Krt23 keratin 23 

      NM_028973 74488 Lrrc15 leucine rich repeat containing 15 
    NM_019471 17384 Mmp10 matrix metallopeptidase 10 
    NM_008607 17386 Mmp13 matrix metallopeptidase 13 
    NM_001012323 381530 Mup20 major urinary protein 20 

     NM_001039544 17842 Mup3 major urinary protein 3 
     NM_008648 17843 Mup4 major urinary protein 4 
     NM_008649 17844 Mup5 major urinary protein 5 
     NM_023456 109648 Npy neuropeptide Y 
     NM_001167891 100042150 Nrg2 neuregulin 2 
     NM_020252 18189 Nrxn1 neurexin I 

      NM_198410 68957 Paqr6 progestin and adipoQ receptor family member VI 
   NM_146086 225600 Pde6a phosphodiesterase 6A, cGMP-specific, rod, alpha 
   NM_008843 18716 Pip prolactin induced protein 

    BC051068 18798 Plcb4 phospholipase C, beta 4 
     NM_144828 19049 Ppp1r1b protein phosphatase 1, regulatory (inhibitor) subunit 1B 

  NM_008644 17830 Prol1 proline rich, lacrimal 1 
     NM_028903 71145 Scara5 scavenger receptor class A, member 5 (putative) 

   NM_001270543 545948 Scgb1b20 secretoglobin, family 1B, member 20 
    NM_009596 11354 Scgb1b27 secretoglobin, family 1B, member 27 
    NM_001256073 384585 Scgb1b3 secretoglobin, family 1B, member 3 
    NM_001099330 100043868 Scgb1b30 secretoglobin, family 1B, member 30 
    NM_001281523 624439 Scgb2b15 secretoglobin, family 2B, member 15 
    NM_207262 381970 Scgb2b2 secretoglobin, family 2B, member 2 
    NM_001009952 494519 Scgb2b20 secretoglobin, family 2B, member 20 
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NM_178308 110187 Scgb2b26 secretoglobin, family 2B, member 26 
    NM_001100464 233099 Scgb2b27 secretoglobin, family 2B, member 27 
    NM_009136 20284 Scrg1 scrapie responsive gene 1 
    NM_009189 20471 Six1 sine oculis-related homeobox 1 
    NM_022411 20500 Slc13a2 solute carrier family 13 (sodium-dependent dicarboxylate transporter), member 2 

NM_026183 67473 Slc47a1 solute carrier family 47, member 1 
    NM_001025305 21419 Tfap2b transcription factor AP-2 beta 
    NM_177839 329278 Tnn tenascin N 

      NM_146010 216350 Tspan8 tetraspanin 8 
     NM_026323 67701 Wfdc2 WAP four-disulfide core domain 2 
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Supplemental Figure 1 
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Supp. Figure 2 
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Supplementary Fig S6
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SUPPLEMENTARY TABLE AND FIGURE LEGENDS

SupplementaryTable  S1.  Genes  differentially  regulated  by  adjuvant  and  neoadjuvant

RANK-Fc treatments. 

Genes mentioned in the text or further validated by RT-PCR analyses are shown in bold letters. 

Supplementary Figure S1. RANK and RANKL expression during MMTV-PyMT tumor

progession

Representative pictures of hematoxylin eosin (H&E), PR (progesterone receptor), Sma-1, Rank

and Rankl protein expression in MMTV-PyMT palpable lesions by immunostaining. Note the

loss of PR (nuclear staining) and RANKL expression in adenoma and loss of a continuous layer

of Sma-1 in the transition to carcinoma and late carcinoma. 

Supplementary Figure S2.FACS gating scheme.

Dot-blots and histograms representing the hierarchy identified by flow cytometry analyses for

the  selection  of  tumor  infiltrating  leucocytes  and  epithelial  cells  in  MMTV-PyMT  tumors.

Positive populations or mean values are defined based on isotope or FMO (“fluorescence minus

one”) controls. 

Supplementary  Figure  S3.  RANKL  treatment  decreases  apoptosis  in  MMTV-PyMT-

derived tumor cells in vitro. 
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A. Representative pictures of MMTV-PyMT tumor acini cultured in Matrigel with or without

RANKL (1 g/mL) for 15 days.

B. Diameter (µm), percentage of cleaved caspase 3+ and percentage of ki67+ nuclei of MMTV-

PyMT tumor acini cultured in Matrigel, treated or not treated with RANKL for 15 days. Each dot

represents one acinus, and results from three independent tumors (T1, T2 and T3) are shown.

SEM and t-test statistics are shown.

C. Tumor growth curves derived from MMTV-PyMT tumor cells cultured for 15 days with or

without RANKL after injection in the fat pads of Scid/Beige mice. Tumor volume is normalized

to the first measurement. 100,000 cells per mammary gland were injected. Each mean and SEM

is representative of six tumors and t-test statistics are shown.

D. Quantification of lung metastatic foci derived from tumor cells cultured for 15 days with or

without RANKL after intravenous injection in Nod/Scid mice. 100,000 cells were injected and

mice were sacrificed 9 weeks after tumor-cell injection. Each dot represents one mouse. Entire

lungs were step-sectioned at 100 m and individual metastases identified. The total number of

metastatic foci per mouse is indicated.

E. Percentage of tumor cell proliferation (Ki67) and apoptosis (cleaved caspase-3) after 2 weeks

of  RANKL  or  control  of  MMTV-PyMT  tumor-bearing  mice.  Each  dot  represents  one

independent tumor from one mouse. Six sections per tumor were quantified. The mean and SEM

for each group is shown.

(*, 0.01 <P < 0.05; **, 0.001 <P < 0.01)

Supplementary Figure S4. Constitutive deletion of  RANK decreases  tumor incidence in

MMTv-PyMT
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A.  Cumulative  number  of  palpable  lesions  per  mouse  in  18  PyMT;RANK+/+  and  10

PyMT;RANK-/-  mice  with  age  (in  weeks).  Tumors  were  classified  by  diameter.  All

PyMT;RANK+/+ and PyMT;RANK-/- mice died after week 21 and 31, respectively; for mice

dying before, total number of tumors detected at necropsy was considered.

B. Pie charts representing quantification of histological areas as defined in Supplemental Fig. S1

of PyMT;RANK-/- and PyMT;RANK+/+ tumors. Tumor size at sacrifice was similar for the two

genotypes (1 cm diameter).

C.  Shannon-Wiener  diversity  test  of  palpable  PyMT;RANK-/-  and PyMT;RANK+/+ lesions.

Each bar represents the mean of 6 tumors and t-test statistics are shown. (**, 0.001 <P < 0.01).

Supplementary Figure S5. Knock-down and overexpression of Tfap2b and knock down of

Rank

A. mRNA expression levels of Tfap2b and Rank relative to Hprt in MMTV-PyMT tumor cells

infected  with  control  vectors  pGIPZ,  pLKO1,  pLKO-scramble,  and  the  indicated  shRNA

sequences  against  Tfap2b  and  Rank,  and  the  overexpressing  vectors  pSD69-Tfap2b  (PGK

promoter) and plenti6-Tfap2b (CMV promoter). 

B. Protein expression levels of Tfap2b determined by western blot in PyMT tumor cells infected

with  the  indicated  vectors  using  the  anti-mouse  Tfap2b  antibody  (SIGMA).  Mouse  Rank

expression on PyMT cells could not be detected by western blot with the anti-mouse Rank (R&D

Systems), data not shown. Beta-actin is used as a loading control.  

C. Fold change in the mRNA expression of the indicated genes in MMTV-PyMT cells infected

with  pLKO-shTfap2b-5427  and  5428  knock-down  and  pSD69-Tfap2b  and  pCMV-Tfap2b

overexpressing vectors relative to cells infected with the corresponding control vectors growing
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in plastic. Each bar is representative of two-three independent tumors infected. Mean, SEM and t

test statistics for knock-down and overexpressing vectors are shown. 

D. Fold change in the mRNA expression of the indicated genes in MMTV-PyMT cells infected

with pLKO-shRANK-698 knock-down, relative to cells infected with the corresponding control

vectors growing in plastic after selection with puromycin. Each bar is representative of four or

five independent tumors infected. Mean, SEM and t test statistics are shown. 

(*, 0.01 <P < 0.05; **, 0.001 <P < 0.01; ***, 0.001<P < 0.0001; ****, P<0.0001).

Supplementary  Figure  6.  Tfap2b  expression  does  not  interfere  with  Rankl-driven

proliferation or apoptosis of MMTV-PyMT acini

A.  mRNA expression levels of indicated genes relative to  Hprt in MMTV-PyMT tumor acini

infected with the indicated vectors and cultured on matrigel, with or without RANKL for 14

days.  Results  are  representative  of  two  independent  tumors  infected.  Measurements  were

obtained in triplicates, and mean and SD values are shown.  

B. Acini size in MMTV-PyMT tumor acini infected with the indicated vectors and cultured on

matrigel, with or without RANKL for 14 days. Each dot represents one acinus. Results for two

independent  tumors  infected are shown.  They are representative  of  four  independent  tumors

infected. Mean, SEM and t-test statistics for RANKL-treated vs untreated cultures are shown.

Significant differences between RANKL treated vs untreated cultures are indicated and were

consistent in all infected tumors. Other significant comparisons (ie: bigger acini in shTfap2b-

5427 RL vs pLKO RL) were not observed in all tumors. Note that in freshly isolated tumor cells

RANKL  treatment  leads  to  reduced  apoptosis,  whereas  in  infected  tumor  cells  RANKL
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treatments  leads  to  increased  proliferation.  This  was  observed  in  three  independent  infected

tumors. 

(*, 0.01 <P < 0.05; **, 0.001 <P < 0.01; ***, 0.001<P < 0.0001; ****, P<0.0001).
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SUPPLEMENTAL MATERIALS AND METHODS

Animals

Littermates with the same genetic background were used as controls in all experiments.

Mice  were  backcrossed  for  at  least  five  generations  with  RANK+/- (C57BL/6)  before

transplantation into syngeneic C57BL/6 mice. Foxn1nu, Scid/Beige and Nod/Scid mice were

obtained from Charles River. 

Whole-mounts analysis

Preneoplasic lesions were quantified in the mammary glands of mice between 90 and 150

days of age by fixation with Carnoy’s solution (ethanol 95%, chloroform and glacial acetic

acid at 6:3:1) 2 hours at RT. Then, they were washed 15 minutes with ethanol 70% and

rinsed in distilled water. Overnight staining was performed at 4ºC with carmine alum at

0,002% and then dehydrated at RT.

Tumor cell isolation

Fresh  tissues  were  mechanically  dissected  with  a  McIlwain  tissue  chopper  and

enzymatically digested with appropriate medium (DMEM F-12, 0.3% Collagenase A, 2.5

U/mL dispase, 20 mM HEPES and antibiotics) for 30 min at 37°C. Samples were washed

with Leibowitz L15 medium containing 10% fetal bovine serum (FBS) between each step.

Erythrocytes  were  eliminated  by  treating  samples  with  hypotonic  lysis  buffer  (Lonza

Iberica). Single epithelial cells were isolated by treating with trypsin (PAA Laboratories)

for 2 min at 37°C. Cell aggregates were removed by filtering the cell suspension with a 40-

µm filter and counted.
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Orthotopic transplants, metastasis and limiting dilution assays

For  orthotopic  transplants  and tumor-limiting  dilution  assays  tumor  cells  isolated  from

MMTV-PyMT  (FVB),  MMTV-PyMT;RANK+/+ (C57BL/6)  or  MMTV-PyMT;RANK-/-

(C57BL/6) mice were mixed 1:1 with Matrigel matrix (BD Biosciences) and orthotopically

implanted in the inguinal mammary gland of 6-10-week-old syngeneic females. Mice were

monitored for tumor formation for a maximum of 38 weeks. In all assays, tumor-initiating

potential was defined as the ability to form palpable, growing tumors of ≥2 mm diameter.

For metastasis assays, the indicated number of tumor cells were resuspended in 200 µL of

cold  PBS  and  injected  intravenously  in  6-10-week-old  Foxn1nu females.  Lungs  were

recovered 8-10 weeks later for histological analysis. For metastasis scoring entire lungs

were step-sectioned at 100 µm and individual metastases identified histologically.

Tumor acinar cultures and growth/metastasis assays from acinar cultures

For 3D acinar cultures, isolated MMTV-PyMT tumor cells were seeded on top of growth

factor reduced matrigel (10,000 cells/well in 8-well chamber slides; 500,000 cells/well in 6-

well  paltes)  in  growth  medium (DMEM-F12,  5% FBS,  10  ng/ml  of  EGF, 100  ng/ml

cholerin toxin, 5 µg/ml insulin and 1x Penicillin/Streptomycin with or without RANKL (1

µg/mL).  After 24 h cells  were collected for RNA analyses or medium was changed to

differentiation  medium  containing  DMEM  F-12,  prolactin  3  µg/mL  (Sigma-Aldrich),

hydrocortisone  1  μg/mL,  ITS  (Sigma-Aldrich),  cholera  toxin  100  ng/mL  and

penicillin/streptomycin, as previously described (1) with or without RANKL (1 µg/mL).

Medium was replenished three times a week and maintained in culture for 15 days. Acinar

diameters  were  quantified  with  ImageJ  software  (Wayne  Rasband,  NIH).  Matrigel  was

241



dissolved by treatment with cold PBS-EDTA 5 mM for 25 min on ice, washed with PBS,

and tumor cells were obtained after digestion with trypsin for 5 min at 37°C. 

Immunofluorescence

Immunofluorescence of Ki67 and cleaved caspase-3 in acinar cultures were performed as

previously  described  (2).  Briefly,  acini  were  fixed  in  2% paraformaldehyde  (20  min),

permeabilized with PBS containing 0.5% Triton X-100 (15 min), and washed with PBS-

Glycine 100 mM (three washes of 15 min each). Antigens were blocked with IF buffer

(PBS, 7.7 mM NaN3, 0.1% bovine serum albumin, 0.2% Triton x-100, 0.05% Tween-20) +

10% goat serum for 1 h and then with IF buffer + goat serum + 20 µg/mL F(ab’) fragment

(Jackson ImmunoResearch) for 30 min. Primary antibodies were incubated overnight in a

humid chamber. Antibody-antigen complexes were detected using Alexa-488-conjugated

anti-rabbit (Invitrogen) diluted 1:500 in IF buffer + 10% goat serum and incubated for 40

min. Acini were then washed with IF buffer and the nuclei stained with DAPI. Confocal

analysis was carried out using a Leica confocal microscope. Images were captured using

LasAF software (Leica). The percentage of Ki67 or caspase-3+ cells was calculated with

ImageJ software.

RNA extraction and RT-PCR

Total RNA of tissue, sorted cells and acinar cultures were prepared with Tripure Isolation

Reagent (Roche); Matrigel cultures were dissolved with cold PBS-EDTA (5 mM) on ice for

30  min.  Matrigel-free  cell  suspensions  were  then  pelleted  at  maximum  speed  and

resuspended in TriPure Isolation Reagent for RNA isolation.  Frozen tumor tissues were

fractionated using glass beads (Sigma-Aldrich) and the PrecCellys® 24 tissue homogenizer
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(Berting Technologies). cDNA was produced by reverse transcription using 1 μg of RNA in

a  35  μL  reaction  following  the  kit  instructions  (Applied  Biosystems).  20  ng/well  of

RNA/cDNA were  used  for  tissue/acinar  cultures  and  5,000  cells/well  for  sorted  cells.

Analyses were performed in triplicate. Quantitative PCR was performed using TaqMan or

LightCycler® 480 SYBR green.Primer sequences and TaqMan probes are indicated below.

Primers 

NAME   SEQUENCE 5'→3' 
mRANK TaqMan Mm00437135_m1
mRANKL TaqMan Mm00441908_m1
mACTINβ TaqMan 4352341e-1003012

Rank 
FWD CAGATGCGAACCAGGAAAGT
REV TCTTCATTCCAGGTGTCCAAG

 
Rankl

FWD TCCTGAGACTCCATGAAAACG 
REV CCCACAATGTGTTGCAGTTC 

Rpl38
FWD AGGATGCCAAGTCTGTCAAGA 
REV TCCTTGTCTGTGATAACCAGGG 

Csn2
FWD TCCACAACATTCCGTTTCTG
REV AGCATGATCCAAAGGTGAAAA

Pip
FWD TCAGTGCTGTGACACTCTTCT
REV GTGTTTCAACTGTAACTTGCACA

Scgb1b27
FWD TCTGATAGGACCTTGACCGAG
REV GGCAATTGGTTTCCGTGAGA

Scgb2b27
FWD AGGGGACACTTCTTCTGCTG
REV TGGGGACTCTTTAATTTGGTGG

p21
FWD CGCGGTGTCAGAGTCTAGG
REV GGACATCACCAGGATTGGAC

Hprt
FWD TCAGTCAACGGGGGACATAAA  
REV GGGGCTGTACTGCTTAACCAG  

Rspo1
FWD CTGAGCTGGACACACATCG
REV AACAGAGCTCACAGCCCTTG

Krt14
FWD TGAGAGCCTCAAGGAGGAGC
REV TCTCCACATTGACGTCTCCAC
FWD GAGTGGGGAAGGAGTTGGAC
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Krt5 REV GCCACTGCCAACACCAAT

p63
FWD GCATGGGAGCCAACATTCC
REV TGTCTCCAGCCATTGGCAT

Axin2
FWD TGTGAGATCCACGGAAACA
REV GTGGCTGGTGCAAAGACATA

Tfap2a
FWD CTTACCTCACGCCATCGAG
REV TTGCTGTTGGACTTGGACAG

Tfap2b
FWD GACAGCCTCTCGTTGCAC
REV TGACTGACTGGTCCAATAGGTTC

Tfap2c
FWD AGTATGAAGAGGATTGCGAGGA
REV CGCGGGACTGTAGAGATGTT

Krt8
FWD ATTGACAAGGTGCGCTTCCT
REV CTCCACTTGGTCTCCAGCATC

Gata3
FWD GCAGGCATTGCAAAGGTAGT
REV AGCACAGGCAGGGAGTGT

Foxa1
FWD CACGCAGGAGGCCTACTCCT
REV TGTTGGCGTAGGACATGTTG

Esr1
FWD GGAAGCTCCTGTTTGCTCCT
REV CGGAACCGACTTGACGTAG

Spdef
FWD AGGTGCAATCGATGGTTGTG
REV AAAAGCCACTTCTGCACGTT

Fbp1
FWD CGCTACCTGTGTTCTTGTGTCT
REV CACAAGGCAGTCAATGTTGG

Elf5
FWD GGACTCCGTAACCCATAGCA
REV TACTGGTCGCAGCAGAATTG

Plasmid construction

Knockdown of Tfap2b and Rank expression was performed using MISSION short hairpin

RNA (shRNA) of Dharmacon or Sigma in pLKO1 vector with puromycin or neomycin

selection.  Tfap2b  overexpressing  plasmids  were  prepared  using  Gateway  technology.

Briefly, the ORFeome collaboration sequence of mouse Tfap2b inserted in a pENTR223.1

vector (clone ID: 100015850) was inserted into pSD69 (PGK promoter, generously donated

by S Duss  and M Bentires-Alj)  expressing vector  and pLENTI-CMV (CMV promoter,

Addgene, #17452) expressing vector using Gateway LR Clonase Enzyme Mix (Invitrogen).
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The resultant plasmids were designated pSD69-Tfap2b or pLENTI-Tfap2b, respectively.

Control vectors were generated inserting lacZ from a pLENTI6-v5-lacZ vector into p201

donor vector using Gateway BP Clonase Enzyme Mix (Invitrogen) and then, into pSD69

and pLENTI-CMV using Gateway LR Clonase Enzyme Mix (Invitrogen). 

NAME SEQUENCE 5´           3´

shTfap2b

sh5424 (TRCN0000095424) TTATCAGATAAATGTAGCCGG
Sh5425 (TRCN0000095425) AACTGAGTAGAGATAAACGGC
sh5426 (TRCN0000095426) TTTCTAGCCTTTCTCTCAAGG
sh5427 (TRCN0000095427) TTAGTGGTGTTGTTCAAGAAC
sh5428 (TRCN0000095428) AATCCCGAGCTAAGTGAACAG

shRank

sh698 (TRCN0000065698) TATTTCCACTTAGACTACTGC
sh699 (TRCN0000065699) CGACAGTTTAAGCCAGTGTTTC
sh700 (TRCN0000065700) CCAGCAGGGAAGCAAATCTAT
sh701 (TRCN0000065701) AATGGTCCACATTTCAGGGAC
sh702 (TRCN0000065702) TTTATGCAGCAAGCATTTATCT

Lentiviral infection

Lentiviral infection was done following the manufacturer´s indications (Invitrogen). Briefly

293FT cells were used for the production of the virus. 293FT cells (5x106) were transfected

with correspongding vectors and packaging (gag-pol, vsvg, rev) plasmids (Addgene) by

calcium phosphate method. HEPES was added 24 h later. Virus was harvested 72 h post

transfection and concentrated by centrifugation. Tumor cells were isolated from MMTV-

PyMT mice 24 h before infection and 600,000 cells per well were plated in 6-well plates

(BD). Cells  were transduced with the different vectors in a ratio 1:3 with fresh growth

medium and with 8 µg/ml of polybrene. Plates were centrifuged 1 h at 1000 rpm at 37ºC.

After 24 h cells were lifted up with trypsin (Labclinics) and plated (20,000 cells/well in 8-

well  chamber slides (BD);  500,000 cells/well  in  6-well  plates)  on matrigel.  After  24 h

medium was changed for differentiation medium and RL (1 µg/mL) was added. Puromycin
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(Sigma-Aldrich, 1.5 μg/ml) or neomicin (sc-29065A, Santa Cruz, 500 μg/uL) were added

48h  later.  The  resulting  stable  cell  lines  infected  were  maintained  with  0.75  µg/ml  of

puromycin or 250 μg/uL of neomycin during two weeks. Medium was replenished three

times a week. Acinar diameters were quantified from 6-well plates after 2 weeks of culture

with ImageJ software (Wayne Rasband, NIH). For RNA analyses, acini were collected 3

days and 2 weeks after infection from 6-well plates. 

Western blot

Infected PyMT tumor cells in 6-well plates were isolated and total protein lysates were

prepared. Cells were lysed with RIPA buffer (50 mM Tris-HCl at pH 7.6, 150 mM NaCl,

1%  NP-40,  0,5%  Sodium  deoxycholate,  0,1%  SDS,  5  mM  EDTA).  Proteases  and

phosphatases inhibitors (Roche) were added freshly to the lysis buffer. Western blotting was

performed with standard protocols. In brief, blots were blocked for 1 h at room temperature

with  5% milk  in  10  mM Tris-HCl  pH 7.5,  150 mM NaCl  containing  0.1% Tween 20

(TBST) and incubated overnight with primary antibody at 4°C. Primary antibodies reactive

to mouse Tfap2b (SIGMA-6178) and  -actin (AC-74, Sigma) were used. After washing,

blots were incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000)

for 1 h at 20–25 °C, and revealed with enhanced chemiluminescence.
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Abstract 

Receptor activator of NF-κB (RANK) is expressed in human breast tumors and has been associated 

with aggressive breast cancers. In this study we used breast cancer PDX models to investigate the 

functional role of RANK and its ligand (RANKL) in clinical human breast cancer. RANK expression in 

human breast cancer is more frequent in ER/PR-negative than in hormone receptor positive tumors 

and that is maintained in breast cancer PDX models. RANKL is generally poorly expressed in human 

breast cancer, but some RANKL-positive breast cancer PDX models were identified. Selection of 

RANK/RANKL-positive breast cancer PDX models expressing different levels of RANK or RANKL was 

done in order to functionally study the role of RANK signalling in human breast cancer. In vitro 

RANKL treatment on breast cancer cells isolated from RANK/RANKL-positive PDX models show 

modulation of NF-κB pathway, even in tumors where RANK expression was very low. 
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Introduction 

RANK/RANKL signaling pathway has an essential role controlling activation and survival of 

osteoclasts (Kearns et al., 2008). Knockout mice lacking either RANK or RANKL develop osteopetrosis 

resulting from a block of osteoclasts differentiation and absence of bone resorption (Dougall et al., 

1999; Kang et al., 2003). Because of the key function of these players in bone remodeling 

misregulation of RANK/RANKL signaling pathway has been associated with postmenopausal 

osteoporosis, cancer-associated bone disease and bone metastasis (Dougall, 2012). Denosumab, a 

monoclonal antibody against human RANKL  (Kostenuik et al., 2011), is currently approved for the 

treatment of osteoporosis associated with postmenopausal period (Kostenuik et al., 2011; Ominsky 

et al., 2011) and also for bone metastasis associated to several solid tumors, as breast and prostate 

cancer among others (Coleman, 2012; Fizazi et al., 2009; Henry et al., 2011). 

In the mammary gland RANK participates in the normal epithelial development and RANK 

overexpression or deletion originate a similar phenotype, a defect on lactation (Cordero et al., 2016; 

Fata et al., 2000; Gonzalez-Suarez et al., 2007). RANKL is expressed on ER/PR positive cells and its 

expression is induced by progesterone, mediating the proliferative effect of this hormone on 

mammary gland (Gonzalez-Suarez et al., 2010; Tanos et al., 2013). Paracrine signaling through 

RANKL binding on RANK-positive/ER-negative cells maintains and expands the niche of mammary 

stem cells (Asselin-Labat et al., 2010; Joshi et al., 2010; Schramek et al., 2010).  

RANKL also mediates the protumorigenic effect of progesterone in the mammary gland (Gonzalez-

Suarez et al., 2010; Schramek et al., 2010) and the inhibition of RANK signaling prevents or 

attenuates mammary carcinogenesis in multiple tumor prone mouse models or mouse under 

chemical carcinogenic protocols (Gonzalez-Suarez et al., 2010; Nolan et al., 2016; Sigl et al., 2016; 

Yoldi et al., 2016). In oncogene-driven mammary tumors  expressing high levels of RANK (MMTV-neu 

and MMTV-PyMT), inhibition of RANK signaling  by pharmacological or genetic approaches also 

reduces the number of lung metastasis (Gonzalez-Suarez et al., 2010; Yoldi et al., 2016). 

Previous studies demonstrated that RANK-KO mammary tumors from the MMTV-PyMT tumor model 

have higher sensitivity to the chemotherapeutic agent docetaxel than the corresponding  RANK-WT 

breast tumors (Yoldi et al., 2016).   RANK-KO tumor cells gave rise to less tumorspheres than RANK-

WT, highlighting an extenuation of a self-renewal capability. Limiting dilution assays also revealed a 

significant reduction in the frequency of tumor initiating cells in the absence of RANK. These results 

confirm that the absence of RANK in spontaneous murine mammary tumors depletes the pool of 

breast cancer stem cells, sensitizing tumors to chemotherapy treatment. Mortality of breast cancer 

patients is mainly due to treatment failure and tumor recurrence, which is driven by intrinsically 

resistant breast cancer stem cells (Creighton et al., 2009; Li et al., 2008). The achieved observation 

suggests that treatment with RANKL inhibitors  in the clinical setting could reduce the frequency of 

tumor relapse and increase sensitivity to taxanes. 

RANK overexpression in human, non-transformed breast cell lines induces epithelial-to-

mesenchymal transition, acquisition of stem cell features and a transformed phenotype, increases 

migration capacity (Palafox et al., 2012). On the other hand, RANK overexpression in breast cancer 

cell lines induces in vitro invasiveness, tumorigenicity, metastatic capacity and increases the 

CD44+/CD24- breast cancer stem cell population (Palafox et al., 2012). In human breast cancer, RANK 
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expression has been associated to more aggressive, triple negative breast cancer, high histological 

grade, high proliferative index and metastatic ability (Palafox et al., 2012), and  decreased survival 

(Pfitzner et al., 2014; Santini et al., 2011). However, these associations were biased by the high 

frequency of RANK expression in the ER-PR- subgroup, which has poor prognosis as compared to ER+ 

PR+ tumors. 

Encouraging results obtained in mouse models prompted us to evaluate the functional role of the 

pathway in the clinical breast cancer disease using breast cancer PDX models. 
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Materials and methods 

RANK and RANKL immunohistochemistry 

RANK and RANKL expression was evaluated by immunohistochemistry (IHC) in formalin-fixed 

paraffin-embedded (FFPE) sections from human breast adenocarcinomas and  in house-generated 

PDX models and other PDX models from collaborations. Dried tissue sections were deparaffinized, 

hydrated, and prepared by heat retrieval in Diva Decloaker (Biocare Medical) at 90ºC overnight in a 

water bath. Tissue sections were blocked against endogenous proteins and staining reagents. Tissue 

sections were stained with a mouse anti-human RANK antibody, Amgen N1H8 (5 μg/mL; Amgen Inc.) 

and mouse anti-human RANKL antibody, Amgen M366 (0.75 mg/mL; Amgen Inc.) with goat anti-

mouse secondary antibody. An isotype control mouse IgG1 slide was analyzed for each specimen 

and each antibody. The streptavidin–biotin peroxidase detection system was used with 3,3′-

diaminobenzidine as a substrate (DAKO), and counterstaining was performed with hematoxylin 

before adding a coverslip and imaging on a Zeiss upright microscope using Zen software (Zeiss). The 

positivity and distribution of RANK and RANKL-positive cells in the tumor specimen were assessed 

for all samples. 

RNA extraction and qRT-PCR 

Total RNA from tissue was prepared with Tripure Isolation Reagent (Roche). Frozen tumor tissues 

from in house-generated PDX models and other PDX models from collaborations were fractionated 

using the POLYTRON® system PT 1200 E (Kinematica). cDNA was produced by reverse transcription 

using 1 μg of DNA-free RNA in a 35 μL reaction following TaqMan™ Reverse Transcription 

instructions (Applied Biosystems, N8080234). 20 ng/well of cDNA were used for the analysis 

performed in triplicate. Quantitative PCR was performed using the LightCycler® 480 SYBR green. 

Primer sequences are indicated below. Ct analysis was performed using LightCycler 480 software 

(Roche). All primers indicated below are in 5’  3’ direction. 

hRANK Forward GCAGGTGGCTTTGCAGAT 

hRANK Reverse GCATTTAGAAGACATGTACTTTCCTG 

hRANKL Forward TGATTCATGTAGGAGAATTAAACAGG 

hRANKL Reverse GATGTGCTGTGATCCAACGA 

hPPiA Forward ATGCTGGACCCAACACAAAT 

hPPiA Reverse TCTTTCACTTTGCCAAACACC 

 

Breast cancer cells isolation, culture and treatments 

Fresh PDX tumors were mechanically cut using the McIlwain tissue chopper and enzymatically 

digested with appropriate medium (Dulbecco’s modified Eagle’s medium [DMEM] F-12 (BioWest, 

Product #L0093), 0.3% Collagenase A (Roche Diagnostics, S.L.), 2.5U/mL Dispase (Gibco), 20 mM 

HEPES (Sigma-Aldrich), and antibiotics) 60 minutes at 37ºC with shacking. Samples were washed 

with Leibowitz-L15 medium (Gibco) supplemented with 10% fetal bovine serum (FBS) and 

penicillin/streptomycin (PAA) between each step. Erythrocytes were eliminated by treating samples 

with hypotonic lysis buffer (ACK lysing buffer, Lonza Iberica) and incubated overnight at 4ºC in the 

aforementioned Leibowitz-L15 medium. The following day, single epithelial cells were isolated by 
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treating with trypsin (PAA Laboratories) 5 minutes at 37ºC and a mix of Dispase (Gibco life 

technologies, Invitrogen) and DNAse (Invitrogen) for 10 minutes at 37ºC. Dead cells were first 

excluded by centrifugation with Lympholyte (Cedarlane laboratories) 800xg for 20 minutes and then 

250xg for 10 minutes at room temperature. Cell aggregates were removed by filtering cell 

suspension with 40 μm filter and counted with Trypan Blue. Cells were plated in 6-well plates 

(Corning, Product #353046) with medium DMEM-F12 w/ L-Glutamine w/ 15 mM Hepes (BioWest, 

Product #L0093) supplemented with 5% fetal bovine serum (FBS), epidermal growth factor (10ng/ml, 

Sigma-Aldrich #E9644), choleric toxin (100ng/ml, Sigma-Aldrich #C8052), insulin (5ug/ml, Sigma-

Aldrich #I1882) and penicillin/streptomycin (PAA) during 24 hours at 37ºC and 5% CO2. Next day, 

non-attached cells were collected, centrifugated during 5’ at 250xg and replated in 2 millilitres of 

starving medium DMEM-F12 w/ L-Glutamine w/ 15 mM Hepes supplemented with 0.5% fetal bovine 

serum (FBS), choleric toxin, insulin and penicillin/streptomycin (PAA) during 24 hours at 37ºC and 5% 

CO2. Next day, cells were treated with RANKL (500 ng/ml) and total proteis from control and RANKL 

treated cells was extracted. 

Western blot 

Total protein from PDX cell cultures was isolated using radioimmunoprecipitation assay (RIPA) with 

1% NP-40, Complete protease inhibitor cocktail (Roche Diagnostics GmbH) and PhoStop inhibitor 

cocktail (Roche Diagnostics GmbH). Lysates were separated by 10% SDS-PAGE and blotted onto a 

nitrocellulose membrane. The membranes were blocked with 5% of non-fat milk and then blotted 

with the antibodies for anti-phosphorylated p65 antibody (Cell Signaling, #3033), anti-p65 antibody 

(Cell Signaling, #8242), anti-phosphorylated IκB antibody (Cell Signaling, #9246), anti-IκB antibody 

(Santa Cruz, #sc-371) and anti-β-tubulin antibody (Abcam, AB21058). Home-made Ponceau S 

[Poceau S 0,2% (w/v), Glacial acetic acid 0,5% (v/v)] was used for control staining of total protein 

normalization. 

 

Flow cytometry 

Breast cancer single cells were isolated as described before. Single cells were resuspended and 

blocked with PBS 2% fetal bovine serum (FBS), 2 mM EDTA, and immunoglobulin G blocking reagent 

for 10 min on ice. Then they were labelled with antibodies against CD24-PE (555428), CD44-APC 

(559942), EpCAM-FITC (347197), CD10-PECy5 (555376), and CD49f-A647 (562473) (all from BD 

Pharmingen), CD133/1-PE (130-098-826 from Miltenyi Biotec), CD49f-APC (FAB13501A from R&D 

Systems) and CD45-PE (304008 from BioLegend). Mouse cells were excluded in flow cytometry using 

H2Kd-PECy7 (116622 from BioLegend). Gating was based on ‘‘Fluorescence Minus One’’ controls. A 

population of 10,000 living cells was captured in all FACS experiments. FACS analysis was performed 

using Gallios (Beckman Coulter) flow cytometer. Data was analyzed using the FlowJo software. 
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Results and discussion 

Analyses of a collection of 300 breast adenocarcinomas demonstrated that 46% of ER-PR- and 21% 

of ER+PR+ tumors expressed RANK, and only 3% of ER-PR- and 5% of ER+PR+ expressed RANKL (Fig 

1A). These results are in accordance with previous data generated in our laboratory and others 

(Azim et al., 2015; Palafox et al., 2012; Pfitzner et al., 2014). 

In order to study the relevance of RANK/RANKL pathway in human breast cancer, RANK and RANKL 

expression screening at mRNA and protein was performed in breast cancer PDX models generated in 

house or obtained through collaborations (DeRose et al., 2011; Eyre et al., 2016; Zhang et al., 2013; 

Joaquín Arribas). Frequency of RANK-positivity in breast cancer PDX was slightly lower than the 

frequency found in clinical tumors (Figure 1A) but RANK expression was more frequently found in 

hormone receptor-negative breast cancer than in luminal tumors. 

In the case of RANKL, its expression was exclusively restricted to hormone receptor-negative PDX 

models (Figure 1A), and the frequency of RANKL-positive breast tumors was increased in PDX models 

compared to clinical samples (Figure 1A Thus, as engraftment has been considered by itself as a 

prognostic marker, RANKL expression in breast cancer may be associated with increased 

aggressiveness. . No RANK expression was detected in tumor cells from RANKL positive tumors 

suggesting an unexplored mechanism of action. This subgroup of patients with RANKL+ breast 

tumors could benefit treatment with the RANKL inhibitor, denosumab. 

PDX models indicated in Figure 1B-C were selected for functional studies based on the RNA and 

protein expression of RANK and RANKL. Further characterization of the models based on surface 

markers and histology revealed that B0047, a strongly RANK+ PDX, and IDB-07, a RANKL+ PDX, were 

lymphoproliferative lesions and not breast adenocarcinomas.  Both models expressed human CD45 

and lack the common epithelial marker EpCAM (Fig 1D).  Although these models were originally 

derived from patients harbouring breast adenocarcinomas, during the process of engraftment and 

selection, a human lymphoproliferative lesion that was kept under control by the immune system of 

the pacient, got amplified and expanded once implanted in animmunodeficient environment 

overgrowing the breast tumor. This “selection” has been repeatedly observed in several collections 

of solid adenocarcinomas (Bondarenko et al., 2015; Chen et al., 2012; Fujii et al., 2014). Based on the 

high levels of RANK and RANKL, respectively, both CD45+ models were included in the study. In 

addition, RANK-positive PDX from TNBC and luminal subtype were selected (IDB-08 and B3277, 

respectively) as well as a RANKL-positive TNBC PDX (HCI-001) (Figure 1C).  Both CD45+ models 

expressed high levels of CD44. Low levels of CD24 and CD49f were found in B0047, whereas CD49f 

and EpCAM were detected in IDB-07, which may reflect the remaining breast tumor cells. The breast 

adenocarcinomas PDX expressed high levels of CD24, CD49f, EpCAM and CD133 and some expressed 

CD10, expression patterns similar to that observed in the initial PDX collection we generated 

(Gómez-Miragaya et al., 2017).  

 

To confirm functionality of the pathway in breast tumor cells expressing different levels of RANK, 

tumor cells were isolated from each tumor, stimulated in vitro with RANKL and analyzed for NF-κB 

signaling activation (Figure 1E). NF-κB activation, based on increased phosphorylation of p65 and IκB 

was observed in 3 out of the 4 RANK-positive PDX models tested, irrespectively of being from the 
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luminal or the TNBC subtype, or CD45+ (Figure 1D). Expression levels of RANK in IDB-08, where NF-

κB activation was not observed, were higher than in BB3RC32 (Figure 1B – C). These results suggest 

that high variability in the downstream response to RANK pathway activation is driven by intrinsic 

differences between tumors and not only by the expression levels of RANK. Similarly, we have 

observed activation of RANK signaling upon RANKL stimulation even in breast cancer cell lines with 

very low levels of RANK expression (Palafox et al., 2012; unpublished observations). In the case of 

RANKL-positive PDX models high variability between different tumors even within the same model 

was observed. In some cases activation or even inhibition of the pathway was observed (Figure 1E 

and data not shown). Heterogeneity on the stromal content may be responsible of this variability. It 

is unclear how RANKL could signal in these tumors. We cannot rule out that RANK although at very 

low levels could be mediating the effect. RANKL tumor cells could also signal to RANK being 

expressed in stromal cells (macrophages, NK cells, dendritic cells). Other alternatives include RANKL 

binding to other receptors, such as Lgr4 recently described to bing RANKL in the bone suppressing 

canonical signalling. (Luo et al., 2016). . It has been described that RANKL can induce reverse 

signaling in acute myeloid leukemias (Schmiedel et al., 2013). Taken together these results suggest 

that RANK- and RANKL-positive breast cancers may respond to RANKL activation or inhibition. 

Currently functional experiments are undergoing in the laboratory to determine the impact of 

RANKL, RANK-Fc or denosumab treatment on tumor growth, recurrence and chemotherapy 

treatments using the selected RANK+ and RANKL+ PDX. 
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Figure legends 

Figure 1. Establishment, characterization and response to RANKL treatment of RANK + and RANKL+ 

PDX. A) Frequency of RANK and RANKL protein expression determined by immunohistochemistry 

(IHC) in a collection of human breast adenocarcinomas REFand in 65 models of patient-derived 

xenografts (PDX). B, C) RANK and RANKL mRNA expression levels determined by RT-PCR (B) and 

RANK and RANKL protein levels determined by IHC (C) in the selected PDX models. The red-framed 

models are the ones CD45+. D) Frequency of indicated markers within the H2Kd– population in 

RANK+ and RANKL+ PDX models. Total number of tumors analyzed (n), mean values and SDs are 

shown. E) Western blot of canonical NF-κB pathway activation in tumor cells from the indicated PDX 

cultures in starving conditions after activation with RANKL (500 ng/ml).  
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Discussion

Patient-derived xenografts (PDX) have emerged as useful tools to address 

clinically relevant questions and improve translational research and preclinical 

drug testing in breast cancer and other cancer types. This thesis has been mainly

focus on the study of mechanisms of acquired chemoresistance to taxanes in 

human triple negative breast cancer using breast cancer PDX models and the 

selection of PDX models for the study of of the role of RANK/RANKL signalling 

pathway in human breast cancer.

Breast cancer patient-derived xenografts: more 

powerful cancer research tools?

Histopathological features and molecular subtyping in PDX

The importance of using patient-derived xenograft models in the study of cancer 

has been widely recognized, being considered as promising, powerful tools. More

than 1850 PDX models have been established from 14 different cancer types just

in the EuroPDX consortium from Europe (Byrne et al., 2017). From breast cancer, 

more than 500 well established and characterized PDX models have been 

established (and published) around the world (Dobrolecki et al., 2016), and 

probably many more are established but still unpublished. Breast cancer PDX 

models have shown to reflect human tumors of origin, in terms of histology, 

transcriptomics, genomics, signaling pathways, metastasis and response to 

anticancer therapy better than long-term established human breast cancer cell 

lines and transgenic mouse models (Bruna et al., 2016; Cassidy et al., 2015; 

DeRose et al., 2011; Eirew et al., 2015; Li et al., 2013b; Marangoni et al., 2007). 

The key feature of breast cancer PDX models is the fact that they mirror the 

biological features and retain the intratumoral heterogeneity from tumors of 

origin, being used as an ideal model for complex cancer studies representing a 

diverse pool of human breast cancer patients.

In order to generate breast cancer PDX models, fresh tumor pieces from primary 

breast cancers or metastatic breast cancer cells isolated from pleural effusions 

are implanted/injected in the mammary fat pad from immunodeficient mice. 
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Using these procedures, we have been able to establish a panel of breast cancer 

PDX models. As reported in other collections (Dobrolecki et al., 2016) our breast 

cancer PDX models resemble human primary tumors of origin in terms of the 

main histopathological markers and the intrinsic molecular subtypes. That is 

independent if they come from a primary tumor, where there is more 

intratumoral heterogeneity, or from a metastasis, which is more homogeneous 

and enriched in breast cancer stem cells (Krøigård et al., 2015; Tiran et al., 

2017). That indicates that breast cancer cells isolated from pleural effusions are 

able to reconstitute tumors with histopathological and molecular subtype 

features similar to those present in human patients of origin as previously  seen 

(Al-Hajj et al., 2003; Dobrolecki et al., 2016).

There is just a PDX that does not correlate exactly with the histopathological 

markers and the molecular intrinsic subtype from the tumor of origin. This breast

cancer PDX model derives from a solid tumor piece. This tumor in the patient 

was hormone receptor-positive/HER2-negative and was classified as Luminal B 

subtype. The hormone receptor expression was maintained at early passages in 

mice, but during progressive, late passages ER and PR expression were lost, 

hormone independency to grow was achieved and molecular intrinsic subtype 

changed to HER2-enriched without overexpression of HER2.

In clinics, hormone receptor expression in at least 1% of tumor cells is enough to 

determine the tumors as hormone receptor positive (Hammond et al., 2010; 

Prabhu et al., 2014), while the vast majority of the tumor cells from hormone 

receptor-positive tumors could be hormone receptor-negative. In the process of 

xenografting and during serial passages, clonal selection events that can range 

from a minor to a extreme clonal selection can result in the selection of a 

population that was scarce in the original patient´s tumor (Eirew et al., 2015). As 

the hormone receptor-positive population was maintained during generation of 

the breast cancer PDX model, the selection of this hormone receptor-negative 

population takes place during later passages, indicating that the hormone 

receptor-negative population has an advantage to grow in mice.

The change in intrinsic molecular subtype from tumor of origin to breast cancer 

PDX model, to the best of our knowledge, has never been reported (DeRose et 

al., 2011; Ma et al., 2012; Petrillo et al., 2012; Reyal et al., 2012). Two 

hypotheses may explain that phenomenon: the correlation of the hormone 
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receptor-negative population in the tumor of origin with a HER2-enriched intrinsic

molecular subtype and the expansion of this population in the PDX model during 

late passages or a complete gene expression switch in the PDX model.  Single 

cell clonal analyses in the tumor of origin studying this hormone receptor-

negative population are required to validate these hypotheses.

Initially, immunodeficient mouse strains used were Foxn1nu, originated at the 

NIH in the 60s, being them unable to produce mature T cells due to thymus 

deficiency. Afterwards, severe combined immune deficient (SCID)/Beige mice 

were generated in the 90s, lacking both the B and T lymphocytes and having 

defective natural killer cells. Closely in time to SCID/Beige mice generation, 

another immunodeficient mice strain was developed: the non-obese diabetic 

(NOD)/SCID mice, which present defects also in dendritic cells, macrophages and

complement system. Nowadays breast cancer PDX are typically generated and 

propagated in highly immunodeficient mice that were developed during 2000s: 

the NOD/SCID-gamma (NSG) mice, which have also defects in signaling of 

multiple cytokines, resulting in significantly improved engraftment of human 

tissues, hematopoietic stem cells, and peripheral blood mononuclear cells (The 

Jackson Laboratory; https://www.jax.org/). Our studies using these different 

strains demonstrate that some tumors can grow equally in mouse strains with 

different grades of immunodeficiency whereas others exclusively grow or grow 

better in the most immunodeficient strains. 

Early breast cancer PDX studies using mainly Foxn1nu mice suffered from low 

xenografting rates, with around 10% of positive xenografting, and consequently 

a limitation in diversity of breast cancer panels occurred. It was also described 

that the most aggressive breast cancers show higher xenografting rates, as triple

negative breast cancers (TNBC) and high histological grade tumors (DeRose et 

al., 2011; Zhang et al., 2013), being xenografting by itself an independent 

prognostic marker of patient outcome. 

Our breast cancer PDX models come from different, clinically relevant subtypes, 

demonstrating that the limitation in diversity of breast cancer PDX subtypes can 

be solved at least partially by using  more immunodeficient mice. We confirm 

better xenografting from more aggressive tumors (TNBC, grade 3 and metastasis

derived models) Similar xenografting rates to those published were obtained 

during generation of our breast cancer PDX panel, around 10%. The better 
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engraftment that has been usually shown for metastasis correlates with the idea 

of enrichment in breast cancer stem cells, with anchorage-independent growth 

ability, stromal-independent growth and suffering EMT processes.

The lower number of established, hormone receptor-positive PDX models in our 

collection compared to TNBC is in concordance with the aforementioned 

overrepresentation of TNBC/basal-like tumors in breast cancer PDX collections 

(Dobrolecki et al., 2016, 2016). That point may be explained because the 

hormone receptor-positive cells from luminal tumors show a disadvantage to 

xenotransplant or to be maintained as stable breast cancer PDX models.

Another important point during xenografting of breast cancer PDX models that 

could be biasing the establishment of different breast cancer PDX subtypes, 

affecting mainly hormone receptor-positive and HER2-positive breast tumors, is 

the lack of human stromal component, such as fibroblasts, endothelial cells and 

adipocytes, as it is rapidly replaced by mouse stroma after xenotransplantation 

(DeRose et al., 2011). The tumor microenvironment has newly recognised crucial 

and roles in breast cancer disease and metastasis have been described 

(Gangadhara et al., 2012; Hanahan and Weinberg, 2011; Swartz et al., 2012).  

Cancer-associated fibroblasts, tumor-associated macrophages and different 

secreted growth factors, as cytokines, present in human stroma have 

demonstrated to play important roles in tumor initiation, maintenance and 

progression of breast cancer. However, it is uncertain how closely the murine 

stroma and human tumor cell interactions resemble that of the human 

stroma/human tumor. This new murine stroma probably results in changes in 

paracrine regulation of the tumor as well as in physical properties such as 

interstitial pressure. Lack of human stroma can be biasing xenografting rates, 

being the most stroma-independent tumors overrepresented in breast cancer 

PDX models. It has been demonstrated that TNBC/basal-like tumors are enriched 

in breast cancer stem cells and it is widely accepted that breast cancer stem 

cells has the inner ability to grow in anchorage-independent conditions in vitro 

and undergo EMT processes (Chekhun et al., 2015; Ricardo et al., 2011; Schmitt 

et al., 2012). On the other hand, the luminal/ER-positive breast tumors have 

shown lower metabolic activity  but more reverse Warburg effect mediated by 

stroma and also response to an activated stroma microenvironment (Choi et al., 

2013; Merlino et al., 2017). This idea suggests that hormone receptor- and HER2-

positive tumors are more dependent on human stromal cross-talk signaling and 
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its removal during xenografting can be reducing its xenografting rates, again 

concomitantly with the idea of the biasing against ER-positive and Her2-positive 

breast tumors xenotransplantation in mice.

To be useful as preclinical models, the early bias towards aggressive TNBCs had 

to be overcome and panels of different breast cancer subtypes achieved. In this 

context, the use of more immunodeficient mice strains and some new 

implantation protocols, as co-implantation of Luminal/ER-positive breast tumors 

with estrogen/progesterone-releasing pellets, have demonstrated to dramatically

increase engraftment and maintainance rates especially in less aggressive, low-

dividing breast tumors, from up to 20% of all tumors engrafted (DeRose et al., 

2013; Ishikawa et al., 2005; Sflomos et al., 2016; Shultz et al., 2005; Telli et al., 

2016). It does not seem a high rate increase but it is approximately the double 

than initial xenografting rates. Moreover, the injection of ER-positive breast 

tumors intraductally into the mouse mammary gland increases the xenografting 

rates without estrogen supplementation, allowing them to maintain ER signaling 

and response to steroid hormones and endocrine therapy, being the resulting 

breast cancer PDX faithful to the primary tumors that they arise from (Sflomos et

al., 2016). A prospective analysis implementing novel methodology would be 

necessary to validate whether the less aggressive luminal subtypes can be 

faithfully represented in PDX collections. 

Most of our breast cancer PDX models evolve to more aggressive phenotype 

during passages in mice, indicated by a reduced latency and higher growing 

rates. That is another sign of malignancy and could be explained because of an 

enrichment in tumor cells and a cleanning of stroma and immune cells from the 

patient that could be fighting the tumors , but also by the selection of a more 

aggressive clonal population present initially in the tumors of origin (Eirew et al., 

2015; Polyak, 2007).

Although limited in number, similarities between patient outcome and PDX 

responses to anti-neoplastic therapies have been reported. Zhang and 

colleagues reported comparable treatment responses in breast cancer PDX 

models as those observed clinically in the tumors of origin (Zhang et al., 2013). 

In another study, Marangoni and co-workers demonstrated that drug response of 
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breast cancer PDX models was concordant with that of the patient's tumor in five

of seven cases (Marangoni et al., 2007). More studies are necessary to confirm 

the power of breast cancer PDX in resistance studies by direct comparison of 

clinical response with that of the corresponding breast cancer PDX to the same 

drug. However, these correlations are difficult to be performed because of the 

complex treatment regimens administered in patients. Once the similarity in 

drug response will be established between primary breast tumors and PDX 

models using high cohorts of both, they will be useful to perform co-clinical trials,

becoming a revolution.

Our breast cancer PDX models mimic clinical behaviour also in terms of drug 

response. In that way, TNBC PDX models are sensitive to docetaxel while luminal 

PDX models are resistant. But we show for the first time that, as occurs in clinics,

continuous exposure in vivo to the drug induce acquisition of chemoresistance in

breast cancer PDX models. This point reinforces the value of breast cancer PDX 

models as useful, reliable and cleaner tools to study chemoresistance acquisition

mechanisms better than breast cancer cell lines or comparisons between 

different cohorts of patients. Thus, breast cancer PDX models constitute a 

superior approach than breast cancer cell lines in terms of the stroma presence: 

murine stroma supports tumor cells by mechanical and secreted factors, being 

closer to clinical scenario. One limitation in PDX models is the role of the immune

system in fighting breast cancer, which has been demonstrated to have an 

important task in drug response, especially on targeted therapies (Bianchini and 

Gianni, 2014; Schmidt et al., 2017; Solinas et al., 2017). The immune system is 

important in terms of initiation and progression, controlling tumor development 

(Boyle and Kochetkova, 2014; Jiang and Shapiro, 2014; Savas et al., 2016). 

However, in our approach the role of immune system is not so important: 

chemotherapy, as docetaxel imposes an immunodeficient environment by 

targeting the rapid dividing cells contained in the bone marrow and blood 

(Fontanella et al., 2014; Mozaffari et al., 2007; Wijayahadi et al., 2007). 

Chemotherapy regimens are also administered in combination with 

glucocorticoids, immune system depressants, to avoid hypersensitivity-mediated

effects and fluid retention (Chouhan and Herrington, 2011; Piccart et al., 1997; 

Weiss et al., 1990). For these reasons, PDX models constitute an ideal scenario 

for the study of chemoresistance, where all the players are present (tumor cells, 

murine stroma cells and chemotherapy) in the same field and under the same 

272



rules (in vivo physiological conditions with attenuation of the immune system) 

than in patients.

Genomic analysis in PDX: genetic stable instability!

The genomic landscape from breast cancer has been extensively studied in the 

last years, taking advantage from next generation sequencing technologies and 

platforms (Ciriello et al., 2015; Network, 2012; Nik-Zainal et al., 2016; Stephens 

et al., 2012). The analysis of all this genomic data generated from human 

primary breast tumors and metastasis has allowed to establish or to improve 

some important aspects in the field of breast cancer genomics.

Since mutations in BRCA1/2 genes can explain just 30% of hereditary breast 

cancer, , the study and identification of new genes with low or moderate 

penetrance conferring risk of hereditary breast cancer, (Economopoulou et al., 

2015; Shiovitz and Korde, 2015), will improve assessment of breast cancer risk. 

The study and analysis of circulating tumor cells or DNA will be useful as a non-

invasive test for the advanced detection of primary tumors (Desmedt et al., 

2016; Esposito et al., 2014; Heidary et al., 2014; Murtaza et al., 2015). The 

identification of subtype-associated mutations (Ciriello et al., 2015; Network, 

2012; Nik-Zainal et al., 2016; Stephens et al., 2012) will benefit the identification 

of subtype-specific drug treatment. The genomic evolution and dynamics of 

breast cancer, from the primary tumor to lymph node and distant metastatis at 

whole tumor or single cell genetic resolution level (Moelans et al., 2014; Wang et 

al., 2014; Yates et al., 2017), showing the plasticity and existence of intratumoral

populations, will benefit the treatment and establish checkpoints of tumor 

evolution as potential targets to be disrupted.

Likewise, other genomic entities, involving chromosomal abnormalities, have 

been studied in human breast cancer. Different studies associate genetic 

alterations with gene expression-based, molecular intrinsic subtypes 

(Bergamaschi et al., 2006; Hu et al., 2009), elucidating the relevance of these 

genomic changes and their relationship with different clinicopathological features

and oncogenic pathways in breast cancer. Substantial variability in copy number 

is displayed even inside each molecular intrinsic subtypes, being basal-like 

tumors the ones having the greatest intrinsic diversity (Chin et al., 2006, 2007; 

Kreike et al., 2007; Shah et al., 2012). Genomic diversity combining copy number
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variation (CNV) and transcriptomic analysis allowed the characterization of new 

genome-driven integrative clusters of breast cancer (Ali et al., 2014; Curtis et al.,

2012; Dawson et al., 2013; Pereira et al., 2016; Russnes et al., 2017), refining 

genomic breast cancer classification with clinical implications. Taken together, all

these genomic studies demonstrate a new discovery horizon in our 

understanding of the pathophysiology and genomics of this complex disease.

Different genomic associations have been performed through the analysis of big 

cohort of breast cancer patients. Thus, TNBC/basal-like and HER2+ breast tumors

have been identified as the subtypes displaying the highest number of 

mutational rates and chromosomal aberrations and, as aforementioned, subtype-

associated mutations have been also unrevealed (Network, 2012). Exome-wide 

analysis of single nucleotide variants and CNV in our metastatic samples of origin

revealed somatic mutational rates and copy number alterations similar to those 

described in primary human TNBC/basal-like subtype (Network, 2012). Most 

common mutations associated to primary TNBC have been found in the 

metastatic samples of origin, as mutations in TP53, PIK3CA or BRCA1, while 

mutations associated with other breast cancer subtypes (Network, 2012) were 

not detected. These results indicate that TNBC/basal-like metastasis maintain 

main genomic features from primary breast tumors, in concordance with other 

previous studies (Ding et al., 2010; Moelans et al., 2014; Yates et al., 2017). Also,

the fact of this positive correlation between studies validates the use of exome-

sequencing for breast cancer PDX studies.

Some genomic studies have been also performed in breast cancer PDX models 

(Bruna et al., 2016; Li et al., 2013b; du Manoir et al., 2014; Zhang et al., 2013). 

Most of these genomic studies using breast cancer PDX are related with tumor 

evolution and intratumoral dynamics (Bruna et al., 2016; Eirew et al., 2015), 

which is a consequence of the intratumoral heterogeneity present in breast 

tumors, and with the study of treatment response and resistance (Cottu et al., 

2014; Li et al., 2013b; Ma et al., 2012; Zhang et al., 2013). 

Here, using exome-wide comparisons between both sensitive TNBC PDX models 

and corresponding metastatic samples of origin we showed very similar 

genotypes, with most of the single nucleotide variants and CNV being 

maintained in TNBC PDX models during engraftment and also during early to late

passages in mice. Only a few specific point mutations or chromosomal 
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aberrations have been selected in our models during xenotransplantation, 

showing a minor selective pressure in that process. This point demonstrates that 

despite the high number of DNA alterations, these are stable, evidencing a 

conserved genomic instability that is in equilibrium, with no accumulation of 

point mutations or chromosomal aberrations during passages. These 

observations about stability of DNA alteration during transplantation in mice 

corroborate recent results (Bruna et al., 2016; Eirew et al., 2015).  

Previous literature showed two main possibilities to explain intratumoral 

dynamics: a huge selection during engraftment and then a stable genotype 

during passages in mice or a small selection during engraftment and a huge 

variability/clonal selection during passages in mice (Bruna et al., 2016; Eirew et 

al., 2015). It is important to emphasize again that we have not done single cell 

analysis to clearly conclude stability during intratumoral evolution. But, if a major

clonal dynamics occur and some specific genomic clone/subpopulation 

overcomes the rest during first xenograft or during xenotransplantation in mice, 

it will be detectable at global tumor analysis and that does not seem to be the 

case. An explanation for this discrepancy could be that, while their breast cancer 

PDX models used in these previous studies come from a primary tumor piece at 

surgery or diagnostic core biopsy (Eirew et al., 2015), our sample of origin is a 

pleural metastasis.

Then, a combination of different studies can explain our observation of genomic 

stability not only during PDX model generation but also during 

xenotransplantation in mice. Tumor evolution from primary tumor to metastasis, 

leading to the selection of a more aggressive population from a minority of cells 

within primary tumor (Ding et al., 2010) would be the first step. An enrichment in

breast cancer stem cells in the metastatic population found in pleural effusions 

from patients has also been demonstrated (Tiran et al., 2017). Next, population 

enrichment or selection from primary tumor oftenly occurs during 

xenotransplantation in mice (Bruna et al., 2016; Eirew et al., 2015), being the 

most aggressive tumors the ones with higher percentage of engratment (DeRose

et al., 2011; Zhang et al., 2013). These three points (clonal metastatic 

development, breast cancer stem cell enrichment and clonal selection during 

engraftment) converge in a situation where a first step of selection of a more 

aggressive/CSC population occurs during metastatic event in patient and a 

second, minor round of selection occurs during xenografting in mice.
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We identified an homozygous germline mutation in BRCA1 in the normal 

lymphocytic DNA and the primary tumor from patient. In the metastatic 

population from the patient, this BRCA1 mutation was detected as predominant 

but not homozygous, while in the TNBC PDX model it was observed as an 

homozygous BRCA1 mutation. It is important to highlight two points: first, the 

BRCA1-mutant metastasis of origin showed a lot of chromosomal aberrations, 

showing chromothrypsis, a phenomenon associated to BRCA1-mutant breast 

cancer derived from the loss of the homologous repair machinery (Kass et al., 

2016; Menghi et al., 2016; Moynahan, 2002), what is maintained in TNBC PDX 

model. Second, BRCA1-mutated breast cancer patients have an increased 

propensity for brain relapse (Lee et al., 2011), a metastatic pattern that is shown 

in our BRCA1-mutated, TNBC PDX model (Gómez-Miragaya et al., 2017). Findings

in this BRCA1-mutated model are broadly consistent with previous literature 

showing that an expansion of a more aggressive subclonal population enriched in

oncogenic mutations can take place during engrafment of TNBC PDX models. 

Thus, our BRCA1-mutant PDX model mimics main features associated to BRCA1-

mutated, TNBC in patients.

Methylation analysis in PDX

Genome-wide methylation patterns using high-throughput microarrays of our 

panel of breast cancer PDX models revealed higher correlation between PDX 

models from the same intrinsic molecular or histological subtype than with other 

subtypes . Thus, DNA methylation patterns from breast cancer PDX models 

correlate with intrinsic molecular and histological subtype. Also, breast cancer 

PDX models, but not breast cancer cell lines, cluster together with patient tumors

from the same intrinsic molecular/histological subtype.

Breast cancer cell lines have been widely used for breast cancer methylation 

studies (Fang et al., 2010; Lin et al., 2013; Tang et al., 2006). However, DNA 

methylation profiles of cells grown in culture tend to be distinct from those of 

primary tissues with both random and highly consistent changes in methylation 

being observed (Varley et al., 2013; Ziller et al., 2013). During last years, 

epigenetics, including methylation, has been studied for different PDX cancer 

types (Guilhamon et al., 2014; Poirier et al., 2015; Tomar et al., 2016; Wang et 

al., 2017; Wong et al., 2014). Some studies showed that different small cell lung 

cancer subtypes (Poirier et al., 2015), non-small cell lung cancer subtypes (Wang 
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et al., 2017) and ovarian carcinomas (Ricci et al., 2014) can be differentiated by 

DNA methylation patterns in PDX models. Also the association of methylation 

mechanisms with breast cancer tumorigenesis, tumor progression and 

metastasis, among others, has been elucidated (Baylin et al., 2001; Karsli-

Ceppioglu et al., 2014; Pouliot et al., 2015; Stefansson and Esteller, 2013). 

Recently, The Cancer Genome Atlas identified five distinct DNA methylation 

groups based on methylation arrays of 802 breast tumors (Network, 2012). We 

found that breast cancer PDX models maintain a DNA methylation pattern 

consistent with primary breast cancer from the same molecular subtype even 

after multiple passages. This supports our earlier hypothesis and shows the 

fidelity, stability and diversity of breast cancer methylation patterns in PDX 

models illustrating their superiority as preclinical tools.

Curiously, the luminal PDX model that loses ER expression and changes intrinsic 

molecular subtype show a DNA methylation pattern associated with TNBC/ER-

negative PDX models, but when compared with primary breast tumors it clusters 

with Luminal/ER-positive breast tumors.  This result is confusing and no clear 

response is obvious. Genome-wide DNA methylation from this breast cancer PDX 

model was analyzed at late passage, when it losses expression of hormone 

receptor. In the case of the association with TNBC/ER-negative PDX models, the 

ten thousand most variable CpG islands are used while in the association with 

primary Luminal/ER-positive breast tumors the methylation signature described 

by (Network, 2012) to differentiate breast cancer subtypes was applied. The 

main putative hypothesis include: i) a change in the tumoral population of the 

breast cancer PDX model; ii) a selection of an ER-negative population with a 

corresponding ER-negative methylation profile in the breast cancer PDX model; 

iii) a better discrimination using a curated, supervised methylation signature 

derived from primary breast cancer. Microdissection and analysis of the ER-

positive and ER-negative cells from human tumor of origin will clarify if these 

cells clearly form two different clusters based on ER expression as occurs 

between molecular subtypes.

Chemoresistance acquisition: a competition 

between breast cancer stem cell populations?
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Overall survival of TNBC patients is poorer than for non-TNBC patients. That is 

mostly because after surgery, the majority of TNBC patients have residual 

disease in the breast and lymph nodes, but also because, even after an initial 

good response to non-targeted treatment, resistant relapses and metastasis 

develop (Crown et al., 2012). 

There is a consensus that TNBC shows increased chemosensitivity compared 

with ER-positive breast cancer, although no optimal cytotoxic regimen has been 

identified. The “standard of care” chemotherapeutic approach to treat TNBC is 

based on anthracycline and taxane combinations for the first line (Oakman et al.,

2010).

Recently, signatures predicting chemoresponse were extracted from breast 

cancer cell lines, with very low translation into clinics (Liedtke et al., 2010). PDX 

have been used to extract resistance signatures for targeted therapies (Jiménez-

Valerio et al., 2016; Johnson et al., 2015; Simões et al., 2015), but the value of 

using breast cancer PDX models to investigate chemoresistance acquisition has 

not been shown. Our study using paired sensitive and resistant breast cancer 

PDX models is the first to highlight breast cancer PDX models for in vivo 

chemoresistance studies, accelerating the process to translation from bench-to-

bedside.

Breast Cancer Stem Cell Population: the “intrinsic” resistance

The theory of CSC plasticity to explain tumor evolution as well as drug resistance

has been extensively discussed. This hypothesis implies the existence of a breast

CSC population in the tumor with stem cell characteristics, responsible for tumor 

growth, resistance, and recurrence. Different CSC markers for breast and other 

cancer types have been identified and CSCs have been proposed to be able to 

overpass chemotherapy treatment (Al-Hajj et al., 2004). However, the 

relationship of these BCSC markers with therapy resistance has been poorly 

demonstrated. 

A low or no expression of CD24 in combination with a high expression of CD44 

has been utilized as a CSC marker in breast and prostate cancers (Hermann et 

al., 2010). High CD44 protein levels have been used as a key characteristic of 
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CSCs in solid tumors with epithelial origin, such as breast, colon, prostate and 

pancreas (Zöller, 2011). Thus, the classical BCSCs were initially identified as the 

CD44+/CD24- (Al-Hajj et al., 2003). Also, an expansion of the CD44+/CD24- 

BCSC population has been demonstrated after chemotherapy treatment (Li et al.,

2008). However, in pancreatic cancer, CD44-positive cells expressing CD24 have 

been isolated as CSCs (Hermann et al., 2010). That point indicates that CSC 

and/or their markers can differ depending on the types of cancer. More studies 

conducted not only in CSC markers but also combining CSC populations from 

different cancer types to know if the same gene signatures are altered, seem to 

be required.

Other markers used alone or in combination with the classical BCSC markers are 

commonly used. Thus, expression of EpCAM was utilized as a cell surface marker 

in a combination with CD44 to further identify CSCs, and specifically BCSC (Al-

Hajj et al., 2003; Hermann et al., 2010). CD133, also known as Prominin 1, is 

expressed in stem cells from neural, epithelial, endothelial and hematopoietic 

tissues, but also it is a marker for BCSC, brain, lung, colon, pancreas and liver 

cancers (Hermann et al., 2010). Aldehyde dehydrogenease-1 (ALDH-1) is an 

enzyme oxidizing cellular aldehydes, and its high activity has been a useful CSC 

marker for breast and pancreatic cancers (Hermann et al., 2010; Ma and Allan, 

2011), a population that has been demonstrated to be resistant to some drug 

therapies (Charafe-Jauffret et al., 2009, 2010; Ginestier et al., 2007). 

CD49f/integrin α6, a receptor for laminins, has been presented as a good 

indicator for CSCs in breast, colon and brain cancers (Goel et al., 2013; Klonisch 

et al., 2008; Meyer et al., 2010; Vieira et al., 2012). Many studies looking for 

additional stem cell markers are in progress with the goal to isolate defined CSCs

from different types of cancers (Bachelard-Cascales et al., 2010; Clevers, 2011; 

Liu et al., 2013; Mostert et al., 2012; Osta et al., 2004). And importantly it has 

been demonstrated that different breast cancer subtypes are composed by 

different BCSC populations (Schmitt et al., 2012).

In our study, and in contrast with previous publications, no changes have been 

observed in the classical CD44+/CD24- or ALDH+ populations with 

chemotherapy resistance acquisition using TNBC PDX models. Instead of that, an

expansion of CD49f+ population and an increase in EpCAM+ cells occurred in 

both chemoresistant TNBC PDX models, suggesting some common patterns in 
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the mechanisms of chemoresistance acquisition to docetaxel in TNBC PDX 

models.

It has been proposed that CD49f by itself is an independent prognostic marker in 

ER-negative breast cancer, more than the classical BCSC markers CD44/CD24 o 

ALDH (Ali et al., 2011), but association between CD49f and chemoresistance was

not described. Our associations with clinical features demonstrate that CD49f-

positive population is an aggressive population that correlates with metastasis in 

distant organs and relapse, what could be translated to poor prognosis in 

ER-/basal-like breast cancer in the clinical scenario. 

By definition, disease recurrence originates from residual, treatment-resistant 

cells, which regenerate at least the initial breast cancer phenotype. Treatment of 

breast cancer has demonstrated to enrich in BCSC in residual disease (Phillips et 

al., 2006). In our experiments, the treatment of sensitive TNBC PDX models with 

docetaxel shows that in residual disease, the remaining cells are the CD49f+ 

cells. These docetaxel-resistant BCSC CD49f+ are not completely eliminated and 

then will be the ones with capabilities to give rise to new tumors that likely will 

be resistant to treatment. The increase in CD49f+ population observed in 

residual disease of most sensitive TNBC PDX models reinforces the idea of CD49f 

expansion as a common feature of resistance to docetaxel.

A decrease in the population heterogeneity in in vitro cultured breast cancer cell 

lines compared to clinical samples has been so far demonstrated (Lacroix and 

Leclercq, 2004; Thompson et al., 2008). In an evolutionary manner, breast 

cancer cell lines have drift from the initial primary tumors or metastasis from 

which breast cancer cells were isolated and a subset of clones were selected for 

in vitro propagation and maintenance. Despite this drift, the presence of BCSCs 

in breast cancer cell lines has been shown (Calcagno et al., 2010; Charafe-

Jauffret et al., 2009; Fillmore and Kuperwasser, 2008).

We observed that treatment with chemotherapy in TNBC cell lines kills most 

tumor cells, reducing population heterogeneity and, as occurs with PDX, 

selecting for a population expressing high levels of CD49f. Our results 

demonstrate that the enrichment in a CD49f+ population is observed in most of 

the analyzed TNBC cell lines, highlighting the relevance of this population in 
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breast cancer resistance acquisition not only in in vivo TNBC PDX models but also

in in vitro TNBC cell lines.

Similarly to docetaxel Treatment with paclitaxel selects again for a population 

expressing high levels of CD49f in half of the analyzed TNBC cell lines. Thus, 

CD49f+ population demonstrates resistance to different taxanes, unravelling 

enrichment in CD49f+ population as a general marker of resistance to taxanes. 

These common markers of resistance to different taxanes seem to be the most 

reliable, as they are specifically selecting for BCSCs resistant to more than one 

drug.

Although CSC markers are mainly cell surface markers, some intracellular CSC 

markers have also been described (Badve and Nakshatri, 2012; Bozorgi et al., 

2015; Iqbal et al., 2013; Schmitt et al., 2012). Currently most of the CSC markers 

aforementioned can be used to identify CSCs in various cancer and tissue types. 

Many CSC markers have been extensively studied in clinical settings, providing 

important therapeutic information and potential treatments (Cheng et al., 2009; 

Dean, 2009; Tsang et al., 2012; Zeppernick et al., 2008). However, it is still 

unclear if the clinical relevance of individual CSC markers stems directly from the

specific biological function of the marker, or is incidental to their expression on a 

specific population of tumourigenic cells. Although the expression of markers are 

directly correlated with some clinical outcomes, there are a few instances of 

direct functional correlation with individual CSC markers (Angelastro and Lamé, 

2010; Mallard and Tiralongo, 2017; Tamada et al., 2012).  However, our results 

demonstrate that downregulation of CD49f in TNBC cell lines does not alter 

response to docetaxel, indicating that CD49f by itself do not exhibit 

chemoresistant functions but it is selecting for a more aggressive breast cancer 

population with BCSC properties.

ITGB1 and ITGB4 have been described to be the most common partners of CD49f

when heterodimerization and binding to laminins occur (Chung and Mercurio, 

2004; Mercurio et al., 2001; Shaw, 1999), and their role in tumorigenesis has 

been studied (Goel et al., 2013; Hoshino et al., 2015; Vassilopoulos et al., 2014). 

Interestingly, the β4 partner subunit appears to be expressed at very low levels 

in CSCs compared to non-CSCs, indicating that α6β1 is the dominant α6 integrin 

expressed by CSCs (Goel et al., 2013; Lathia et al., 2010). Although the α6β1 

integrin has been implicated in the function of breast and other CSCs (Cariati et 
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al., 2008; Goel et al., 2013; Lathia et al., 2010), much needs to be learned about 

the contribution of this integrin to the genesis of CSCs. Similar results were 

obtained in our study: very low expression levels of ITGB4 and higher expression 

levels of ITGB1 were observed in whole tumor population of all analyzed TNBC 

sensitive PDX models but no changes in ITGB1 or ITGB4  were observed in 

residual disease or resistant TNBC PDX models. This, together with the lack of 

changes in chemosensitivity after CD49f downregulation speaks against  a 

functional effect of CD49f by itself on our setting. However, we cannot rule out 

that CD49f could have a functional role in chemoresistance acquisition. Previous 

studies revealed that while knockdown of ITGB1 or CD49f alone slightly reduced 

cell migration ability in BRCA1-mutant cancer cell lines, knockdown of both 

genes caused a profound effect, blocking migration, suggesting an overlapping, 

yet critical function of both genes in the migration of BCSCs (Vassilopoulos et al., 

2008). Also, the fact that CD49f exists as two distinct cytoplasmic domain 

variants, α6A and α6B, which are generated by alternative mRNA splicing 

(Hogervorst et al., 1991; Tamura et al., 1991), could be relevant to the 

understanding of the function of this integrin in CSCs, but little is known about 

the relative contribution of these variants to self-renewal and tumor initiation. 

More studies involving downregulation or inhibition of both proteins and/or the 

different isoforms of CD49f, will elucidate if they are only markers or they play a 

functional role in resistance..  Recently an increase of the CD49f-positive 

population has been associated with resistance to radiotherapy (Hu et al., 2016) 

and we also showed that expansion of CD49f+ population occurs in  breast 

cancer cell lines resistant to everolimus, an mTOR inhibitor (Mateo et al., 2017).

Breast CSC properties include not only chemoresistance but also tumor initiating 

ability and assimetric cell division (Badve and Nakshatri, 2012; Smalley et al., 

2013). There are two main assays to determine cancer stem cell ability: in vitro 

culture of CSC in anchorage-independent conditions or in vivo injection in the 

immunodeficient mice, which is the gold standard of CSC assessment (Beck and 

Blanpain, 2013; Magee et al., 2012). These FACS-isolated and injected breast 

CSC have demonstrated to give rise tumors that recapitulate intratumoral 

heterogeneity (Al-Hajj et al., 2003). Upon injection in the mammary fat pad of 

immunodeficient mice of CD49f+/- cells isolated from sensitive TNBC PDX 

models, we observed that CD49f+ cells have higher tumor initiating ability than 

CD49f-. Importantly, both CD49f+ and CD49f- cells are able to generate the other
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population, evidencing high plasticity. However, CD49f+ derived tumors are 

more resistant and present higher levels of CD49f+ cells than tumors derived 

from CD49f- cells or sensitive TNBC tumors of origin.

Recent studies suggest that the state of CSCs is plastic, as CSCs are able to 

differentiate into non-CSC but also non-CSC can give rise to CSC (Gupta et al., 

2011; Nguyen et al., 2012). This phenomenon has been described not only for 

CSC but also for mature, specialized cells that can be reprogrammed by external 

factors to become immature cells capable of developing into all tissues of the 

body (Takahashi and Yamanaka, 2006). The plasticity of the CSC state adds 

complexity to both CSC regulation and cancer in general. More studies aiming to 

identify the factors that can influence this interconversions and drug therapies 

that target these cells are needed.

It is important to note that the resistance to therapy in the CD49f+-derived 

tumors is not so acute as in the really resistant TNBC PDX, showing an 

intermediate phenotype. That could be because CD49f is enriched in breast CSC 

but not all of them are resistant to the therapy or because the CD49f population 

may acquire more specific changes during long term treatments that further 

increases its resistance to chemotherapy. Transcriptional analysis on CD49f+ 

cells from sensitive tumors and from resistant tumors showed that the CD49f+ 

population in resistant TNBC PDX tumors acquire transcriptional changes during 

chemoresistance acquisition, as high proliferation score, that are not present in 

CD49f+ cells from sensitive tumors of origin. Further studies looking for the 

progression of this CD49f+ population from sensitive tumors and studying 

transcriptional and tumor initiating ability changes would shed light CD49f role in

chemoresistance acquisition to taxanes.

Other possibility is an enrichment in a small CD49f+ population defined by 

another marker and present in the sensitive TNBC tumors. It has been 

demonstrated that a combination of CSC markers define better a subpopulation 

enriched in CSC features than just one CSC marker (Al-Hajj et al., 2003; Liu et al.,

2011). Then, a subpopulation inside the CD49f+ cells could be the one enriched 

in CSC features and proliferation. This will be the population selected and 

expanded during treatment. Despite considerable efforts we have not found 

expansion in other integrins, as ITGB1 and ITGB4, or any other CSC marker 

analyzed common to all PDX . Thus, a limitation in our study is the lack of a 
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second CSC marker that would define better the chemoresistant BCSC 

population.

Over the past decades, clinical evidence has suggested a role for unstable, non-

heritable mechanisms of acquired drug resistance pertaining to chemotherapy 

and targeted agents. Reintroduction of the same therapy dates back to the 

1970s with the retreatment using combination chemotherapy in patients with 

Hodgkin lymphoma (Young et al., 1973) and multiple myeloma (Alexanian et al., 

1978). There are many examples of circumstances where patients respond to 

reintroduction of the same therapy in other cancer types after a drug holiday 

period following disease relapse or progression during therapy (Colombo and 

Gore, 2007; Muss et al., 1987; Seruga and Tannock, 2008). But, in the case of 

breast cancer, once the tumors do not respond to a chemotherapeutic regimen, 

this will never be administered again.

Both TNBC PDX models derive from metastatic breast cancer cells isolated from 

pleural effusions that were heavily treated with different chemotherapeutic 

agents, including taxanes, showing minimal clinical response. Nevertheless, 

TNBC PDX tumors prove to be initially sensitive to the treatment. Surprisingly, 

chemoresistant derived TNBC PDX that were left during some passages without 

treatment recover sensitivity to docetaxel and that correlates with a decrease in 

expression of CD49f, showing a shrinking in that chemoresistant population when

no treatment is executing a selective pressure. This result reveals for the first 

time the drug holidays effect in breast cancer for cytotoxic, non-targeted therapy.

This could be also shown in cancer cell lines, where under no selective pressure, 

the sensitive CD49f- population overcomes the resistant CD49f+ population. 

Thus, the drug holidays effect we identified in breast cancer has clear, direct 

clinical implications, as breast cancer patients that respond to taxanes but 

relapse can be also treated with taxanes. Previous studies in prostate cancer 

have shown that intermittent taxane-based chemotherapy regimens may 

prevent selection for taxane-resistant cells, circumventing in some way the 

acquisition of therapeutic resistance (Madan et al., 2011). Some other clinical 

trials have also suggested that intermittent taxane chemotherapy could be a 

valuable approach for increasing survival in patients (Beer et al., 2008; Lin et al., 

2007). These results suggest that intermittent chemotherapy regimens in breast 

cancer would be useful, avoiding the acquisition of chemoresistance, but clinical 
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trials proving that hypothesis have to be performed. Then, “drug holidays” effect 

is important in terms to establish a rationale schedule of treatment.

Taken together this work revealed some important results that demonstrate the 

rationale by which ER-/basal-like CD49f-high tumors are associated with poor 

outcome in patients. It demonstrates, in concordance with other works, that 

there are no universal markers for CSCs. However, once a marker can be 

confirmed to be overly expressed on CSCs, such a marker can be exploited for 

targeted cancer therapy (Karsten and Goletz, 2013). CSC markers are 

informative to understand the population being studied and promising for active 

targeting, but they alone cannot define CSCs (Lathia, 2013). That shows the 

importance to find another markers of CSC and resistance to define properly this 

population.

In fact, a clinical trial using antibody-based therapy (EpCAM-targeting antibody), 

targeting specifically BCSCs, in combination with docetaxel has shown to 

improve clinical benefit in patients with primary refractory advanced-stage 

breast cancer and EpCAM positive relapsed tumors  (Schmidt et al., 2012). 

Similar clinical trials using CD49f antibodies in combination with chemotherapy 

or conjugated CD49f antibody with other chemotherapeutic agents could address

the relevance of these findings in patients.

Clinical trials of TNBC patients treated neoadjuvantlly with taxane-based 

therapies are required to clinically validate our findings. CD49f+ population 

enrichment has to be evaluated both during residual disease, but also during 

relapse. The screening of CD49f during relapse compared to initial levels would 

suggest if retreatment with taxane-based therapies would be beneficial or not for

patients. Then, novel anticancer drugs targeting the CD49f+ population in TNBC 

sensitive tumors combined with chemotherapy would be useful. The performed 

study of the CD49f+ gene expression signature from resistant tumors could allow

to define better this population and  to elucidate new therapeutic targets.

Another important point is that this enrichment in the chemoresistant population 

can also be accompanied by changes in (epi)genomics and transcriptomics, 

associated or not with the enrichment in BCSCs population. So other molecular 

mechanisms could be driving or influencing the acquisition of chemoresistance, 

as it has been described. Then, these three omics were screened. 
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Genetic changes (mutations or CNVs): looking for a resistant 

clone that hides during drug holidays

Genomics on breast cancer has allowed the establishment of different survival 

trends, being for example complex amplifications around 11q in ER-positive 

tumors or PIK3CA mutation predictors of lower survival (Curtis et al., 2012; 

Pereira et al., 2016). Associations between genomic alterations and drug 

resistance has been developed (Ellis et al., 2012; Robinson et al., 2013; Toy et 

al., 2013). Recently the Triple-Negative Breast Cancer Trial (TNT) presented at the

San Antonio Breast Cancer Symposium that, while no statistically differences 

were shown for progression-free survival, patients with BRCA mutations showed 

an overall-response rate better for carboplatin treatment than for docetaxel 

treatment. Other studies showed similar results in response to PARP inhibitors, 

which are more effective in the treatment of TNBC, BRCA1-mutation carrier 

patients (O’Shaughnessy et al., 2011, 2014). These studies highlight the 

importance to investigate genomics in breast cancer prior to establish 

conclusions about biomarkers that could predict treatment benefit for patients 

and that could provide insights into resistance mechanisms.

Nonetheless, despite TNBC tumors are the ones with higher rates of mutations 

and chromosomal abnormalities (Network, 2012), just a couple of clinical studies 

associate genomic alterations with chemoresistance in TNBC (Balko et al., 2014, 

2016; Goetz et al., 2017). More studies are needed to unravel if there are 

targetable mutations causing chemoresistance acquisition in TNBC or 

demonstrating that genomic alterations are or not drivers of chemoresistance.

Regardless of the powerful tools that constitute breast cancer PDX models for the

study of genomics and resistance (Dobrolecki et al., 2016; Hidalgo et al., 2014; 

Marangoni and Poupon, 2014; Whittle et al., 2015), genomics have never been 

studied in matched sensitive and resistant TNBC PDX models to extract 

chemoresistance markers/mechanisms or actionable targets. Aiming to 

overcome these limitations the present study investigates the contribution of 

genomics as mechanism of resistance acquisition to docetaxel in TNBC patients 

using matched sensitive and resistant TNBC PDX models.

A remaining question in the chemotherapy field is whether resistant mutations 

appear de novo spontaneously in the presence of the treatment or they are pre-
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existing mutations present in clonal populations that could be, but not necessary,

rare in the initially sensitive tumor. Here we show that very few mutations have 

been acquired not only during engraftment and passages, but also during 

chemoresistance acquisition and no common mutations between resistant 

tumors absent in the sensitive ones were identified. Then it seems more feasible 

that pre-existing mutations in sensitive tumors enrich/select during 

chemoresistance acquisition. This result converges with the idea of the 

intratumoral heterogeneity (previously discussed) and with recent reports 

demonstrating the emergence of pre-existing populations in metastasis, relapses

or after chemotherapy (Balko et al., 2014; Eirew et al., 2015; Goetz et al., 2017; 

Hoadley et al., 2016; Yates et al., 2017).

Another factor reinforcing the pre-existence of heterogenic intratumoral 

populations, some of them chemoresistance, in the initially sensitive PDX models

is that these PDX models are generally passed in mice as a piece of tumor, not 

dissociated until single cells, acting also the passing methodology as a selection 

of different genomic resistant clones. Then, it is also possible that different 

mutations affecting multiple genes from a common biological pathway could be 

responsible for resistance or that different genomic alterations could induce 

chemoresistance acquisition to the same drug. Unfortunately, in this study we 

have not been able to test these hypothesis and to perform the analysis to know 

if mutations affecting different genes alter the same biological pathway. Further 

genomic studies using our approach with sensitive and resistant derived tumors 

as well as single cell analysis in sensitive tumors to see intratumoral 

heterogeneity and population dynamics during chemoresistance acquisition 

would need to be conducted.

Correlations between copy number alterations and chromosomal abnormalities 

with drug resistance have been previously established for different tumors types,

as small cell lung cancer, ovarian, prostate and colorectal (Abida et al., 2017; 

Carter et al., 2017; Ge et al., 2017; Lee et al., 2017; Suzuki et al., 2017), but not 

for breast cancer. As copy number variation can be inferred from whole-exome 

sequencing data (Kadalayil et al., 2015; Serratì et al., 2016; Valdés-Mas et al., 

2012), in this study we investigate the implication of DNA copy number variation 

on resistance acquisition to docetaxel in TNBC PDX models.
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Comparisons between sensitive and resistant TNBC PDX models revealed that, in

both PDX models, very few CNV were differentially present in resistant tumors, 

supporting the genomic stability during chemoresistance acquisition shown by 

point mutations. However, the BRCA1-mutated TNBC PDX model IDB-02 showed 

two chromosomal amplifications detected in all resistant tumors and in the 

metastasis but absent in sensitive tumors, involving a small fragment of chr3 

and a large fragment of chr12p.

The chr12p amplification is a known, common chromosomal alteration present in

testicular germ cell tumors, nasopharyngeal carcinomas (Almstrup et al., 2005; 

Cheng et al., 2017; Lo et al., 2012) and other cancer types as pancreatic 

carcinomas (Heidenblad et al., 2002) and gastrointestinal stromal tumors 

(Lourenço et al., 2014). Translocations of chr12p resulting in complex gene 

fusions have also been associated to some haematological malignancies, as 

leukaemia and myelodysplastic syndrome (De Braekeleer et al., 2012). It has 

also been associated with poor prognosis after surgery in esophageal squamous 

cell carcinoma (Kwong et al., 2004) and with metastatic events in testicular germ

cell tumors (Kernek et al., 2004). Association of 12p amplification with ER-

negative/TNBC tumors has also been described (Han et al., 2008; Hannemann et 

al., 2006; Natrajan et al., 2009; Turner et al., 2010), but no associations with drug

resistance have been described. 

Genomic and transcriptomic association studies have demonstrated that in 

cancer disease, amplifications can induce a regulation of gene expression (Chin 

et al., 2006; Pollack et al., 2002), but not always CNV associates with changes in 

gene expression (Jia et al., 2016), as amplification of untranslated genes or 

genes transcriptionally repressed will not increase their gene expression. The 

fact that all the expression-analyzed genes from chr12p amplified region tend to 

be overexpressed strengthen the idea that chr12p amplification is inducing gene 

overexpression. All these evidences demonstrate the relevance of the 

amplification of this region in cancer disease and drug resistance.

As discussed previously, intratumoral heterogeneity has become actually a 

trending topic in, but not restricted to, breast cancer (Bruna et al., 2016; 

Dobrolecki et al., 2016; Eirew et al., 2015; Nguyen et al., 2014; Whittle et al., 

2015). The role of genetic heterogeneity within breast tumors is increasingly 

recognized as important for understanding the dynamics of cancer progression, 
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CSC, but also therapeutic resistance (Eirew et al., 2015; Nguyen et al., 2014), 

and there is interest in intratumoral heterogeneity measurements as potential 

biomarkers for risk stratification. The detection of an extra chr12p copy in the 

metastasis of origin and in the chemoresistant TNBC PDX model that it is not 

detected in the initial sensitive model concur with the idea of the intratumoral 

heterogeneity and the selection of a chemoresistant population present initially 

in the metastasis that is masked/overcome by the expansion of another 

population in the sensitive PDX model. 

The “drug holidays effect” shown previously in resistant tumors during absence 

of selective drug pressure is a phenomenon that could explain this clonal 

dynamics. To investigate this possibility, treatment was performed in sensitive 

TNBC PDX model to check if an enrichment in chr12p amplified population takes 

place. Analysis at residual disease for the amplification revealed that there was a

clear selection of a more homogeneous genomic population but this one was not 

carrying chr12p amplification. But when transcriptional analysis were performed, 

overexpression of genes located at chr12p was detected, not only in that model, 

but also a trend of overexpression was detected in residual disease from other 

sensitive TNBC PDX models. These data suggested that overexpression of some 

chr12p-located genes is predominant in TNBC PDX and is selected for by 

chemotherapy. These results establish a clear connection between 

chemoresistance, chromosome amplification and gene overexpression that is 

difficult to explain and has to be unravelled.

I hypothesize some possibilities to explain that point, but most of them are 

starting hypothesis as no concluding data from this thesis can support them. 

Modulation of gene expression has been proposed to play a central role in 

cellular adaptation to short- or long-term environmental changes, demonstrating 

plasticity and dynamics (López-Maury et al., 2008). Gene expression changes can

occur at both transcriptional and post-transcriptional levels (López-Maury et al., 

2008). So in an evolutionary manner, at short term it will be easier to select a 

population expressing genes just to survive to the chemotherapy treatment 

(residual disease state); while after a long-term exposure to the drug, it will be 

easier to select the population harbouring the amplification for the survival 

genes to a more rapid response to chemotherapy treatment, similar to what 

happens with immune system after a pathogenic infection (chemoresistant 

tumor state). For that, we propose chemoresistance acquisition in a two-step 
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model: first, selection of a population overexpressing chemotherapy survival 

genes, and second, selection for population with chr12p amplification as a 

mechanism for maintenance the overexpression of chemotherapy survival genes 

and a faster response to chemotherapy treatment.

Another possibility to explain the amplification and the acquisition of 

chemoresistance relationship are the double minute chromosomes and the 

multinucleation of tumoral cells. Metastatic sample of origin is hugely destroyed, 

as aforementioned, and that could be related with a mutational phenomenon in 

cancer called chromothripsis. Chromothripsis is characterized by extensive 

genomic aberrations and rearrangements and an oscillating pattern of DNA copy 

number levels, which could be restricted normally to a few genes or megabases 

(Kloosterman et al., 2012; Stephens et al., 2011). The origin of chromothripsis is 

unknown, but it could occur through the physical isolation of chromosomes in 

aberrant nuclear structures in the cytoplasm of the cell called micronuclei 

(Crasta et al., 2012) containing the named double minute chromosomes. 

Micronuclei are a common outcome of many cell division defects, including 

mitotic errors that miss-segregate intact chromosomes, and errors in DNA 

replication or repair that generate acentric chromosome fragments, and it has 

been associated in some types of cancer to mutation in mismatch repair genes 

(Nones et al., 2014). After mitosis, chromosomes from micronuclei can be 

reincorporated into daughter nuclei (Crasta et al., 2012), potentially integrating 

mutations from the micronucleus into the genome. This micronuclei during cell 

division, as do not have centromers or telomers found in normal chromosomes 

and similarly to mitochondrial DNA, will be randomly, non-uniformly segregated 

to just one daughter cell but the other one will be normally diploid. Then this 

micronucleated population after serial rounds of cell division will be reduced to a 

minimal population, overcome by the non-micronucleated population. Just in the 

presence of chemotherapy this population can be selected as to be resistant, 

enriching a definite population. 

Double minute chromosomes have been shown to confer resistance to certain 

drugs, but most of these data were obtained by studying amplified mutants 

selected in vitro for their resistance to various cytotoxic drugs. Also, as 

distribution of these micronuclei is independent from mitotic spindle during cell 

division, this process is not altered and cells can continue dividing. All these 
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hypotheses have to be tested to clearly demonstrate if chromothripsis is 

responsible of chemoresistance to taxanes.

In breast cancer patients, the tumors harbouring chr12p amplification when 

compared with the rest of tumors show a gene expression signature enriched in 

cell cycle, cell division, mitosis and cytoskeletal pathways. As these gene 

expression signatures have been associated with chemoresistance to taxanes, 

these chr12p amplified tumors could be intrinsically resistant to taxanes.

Ten different integrative clusters (IntClust) have been described on breast cancer

clinical tumors associating genomic and transcriptomic data, displaying each 

IntClust different CNV and gene expression profiles (Ali et al., 2014; Curtis et al., 

2012; Dawson et al., 2013; Russnes et al., 2017). These CNV affect gene 

expression not only in cis but also in trans, it means that expression of genes 

contained in amplified and deleted regions are affected but also expression of 

genes that are not modified by CNV, that could be located in regions with no CNV

(Curtis et al., 2012; Dawson et al., 2013). It implies that genomic and 

transcriptomic profiles can be used as biomarkers, classifying tumors into 

subtypes as it was done in the past with the histopathological classification 

(Dawson et al., 2013; Russnes et al., 2017), having not only a cause-effect 

relationship the CNVs. The IntClust10 is the subtype including mostly triple-

negative/basal-like tumors with poor prognosis and characterized by 5q loss and 

8q, 10p and 12p gain. This group of tumors represents a high-risk group during 

first 5 years from diagnoses but they also show better pCR, associate to young 

women (what is also associated with hereditary breast cancer/BRCA1 mutations),

high histological grade, high Nothingam prognostic index, poorly differentiated 

tumors and high mitotic index. These tumors also are enriched for DNA damage 

repair genes and apoptotic genes, as BCL2, IGF1R and AURKB (Ali et al., 2014; 

Curtis et al., 2012; Dawson et al., 2013; Russnes et al., 2017). Most of these 

features have been widely associated to taxane resistance, as overexpression of 

Bcl2 and other antiapoptotic genes and the high mitotic index due to mitotic 

arrest scape.

Our results indicate that tumors harbouring chr12p amplification, which are 

mainly included in the IntClust10, are not responders to taxane treatment. Actual

data difficults these associations between IntClust10 and taxane resistance, 

because TNBC are treated with a mix of chemotherapeutic agents, normally 

291



consisting in three or four different chemotherapies. Heterogeneous treatments 

can mask any chemoresistance and IntClust10 relationship, since IntClust10 is 

enriched in DNA damage repair is more sensitive to anthraciclines, PARP 

inhibitors, mTOR inhibitors, etc. The treatment with taxanes in this subtype 

would not be necessary and, in some cases, it would be counterproductive, 

improving patient outcome and diminishing side effects a simple, cost-benefit 

genetic tests based on FISH, saving also time and money in clinical research. 

Clinical trials dividing tumors harbouring all CNV of IntClust10 and with chr12p 

amplification in arms treated with or without taxanes would be needed to 

validate this study.

Together gene expression and genomic results, a loop between mitotic slippage, 

which has been related with resistance to taxanes (Flores et al., 2012; Huang et 

al., 2009; Kolesnick et al., 2007; Mittal et al., 2017; Visconti and Grieco, 2017), 

chromothripsis and cell cycle, mitosis and replication pathways seem to be 

altered, and the chromosome 12p amplification can be a cause or a marker of 

chemoresistance. More studies associating chr12p amplification/IntClust10 

tumors to taxane resistance have to be performed.

Epigenetics: an independent role leading to resistance acquisition

Genome-wide methylation studies using breast cancer cell lines or human breast 

tumors have shown the relevance of methylation in drug response and 

chemoresistance acquisition (Du et al., 2014; He et al., 2016; Klajic et al., 2014; 

Liu et al., 2014; Takada et al., 2017). Ter Brugge and colleagues have studied for 

the first time methylation processes involved in chemoresistance acquisition in 

BRCA1-mutated breast cancer PDX models using methylation-specific multiplex 

ligation-dependent probe amplification (MLPA) (Ter Brugge et al., 2016). They 

demonstrated a novel resistance mechanism in BRCA1-methylated PDX tumors 

involving de novo rearrangements at the BRCA1 locus. The limitation of this 

technique is that an initial  hypothesis is required  to know where to look.

The screening of genome-wide methylation patterns of resistant TNBC PDX 

models showed that resistance acquisition in TNBC PDX models is accompanied 

by very few methylation changes, as evidences the high correlation in 

methylation between resistant and sensitive tumors. This result demonstrates a 

very stable methylation profile during chemoresistance acquisition, but also 
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during passages in mice, as both variables are present in resistant TNBC PDX 

tumors. The methylation stability during passages in mice upon xenografting was

proved in osteosarcoma and colorectal PDX models, but just for two passages in 

mice (Guilhamon et al., 2014). Our results show that global methylation changes 

are not involved in resistance acquisition to docetaxel but demonstrate the 

stability and reproducibility of methylation studies in early or late established 

breast cancer PDX models. This is in contrast with in vitro cultured cell lines, 

which acquire accumulative epigenetic changes with passaging, making some 

late-passage cell lines unusable for therapeutic purposes (Maitra et al., 2005).

Breast CSC enrichment in resistant TNBC PDX tumors showed previously is not 

reflected in changes in global DNA methylation profiles. Two main hypotheses 

can explain that result: the first is that methylation profiles in BCSC and non-

BCSC are similar and the second is an underrepresentation of the BCSC DNA 

methylation in the whole tumor DNA methylation. Very few studies have shown 

different DNA methylation patterns in the promoter of genes between BCSC and 

non-BCSC (El Helou et al., 2014) or mammosphereres relative to their parental 

cells (Hernandez-Vargas et al., 2011). On the other hand, the CSC increase in 

resistant TNBC PDX tumors is probably not high enough to change DNA 

methylation patterns in a crystal clear manner. More studies defining methylation

signatures in BCSC compared to non-BCSC are needed to elucidate that point.

Despite no global changes were detected between sensitive and resistant TNBC 

PDX models, some specific, differentially methylated CpGs could be potentially 

modulating resistance. Differentialmethylation in promoter regions from different

genes has been identified in resistant TNBC PDX models. 

The promoter of the Solute Carrier Family 25 Member 30 (SLC25A30) showed 

decreased methylation in one resistant TNBC PDX model, affecting gene 

expression which is upregulated. There are two main protein superfamilies of 

transporters: the ATP-binding cassette (ABC) transporters and the solute carrier 

(SLC) transporters (Dean et al., 2001; He et al., 2009). Mainly, ABC transporters 

function like efflux transporters, such as p-glycoprotein (ABCB1), the breast 

cancer resistant protein (ABCG2) and the multidrug resistance protein (MRP2) 

(Hee Choi and Yu, 2014) and they have shown to induce resistance to different 

antineoplasic compounds in breast cancer (Nigam, 2015). SLC transporters 

participate as uptake or bi-directional transporters for organic anions and organic

293



cations among other substrates (He et al., 2009). The importance of ABC 

transporters in cancer therapy has been well documented (Deeley et al., 2006; 

Ross and Nakanishi, 2010) being the most studied transporters in drug 

resistance, while the impact of SLC transporters on cancer therapy has not been 

extensively characterized. Our data reveal than in one TNBC PDX model 

acquisition of chemoresistance could be mediated by modulation of transport 

pathways, which includes SLC. That points out the relevance in the study not 

only of ABC transporters, which has been used in clinics to overcome breast 

cancer resistance but showed side effects (Karthikeyan and Hoti, 2015), but also 

the study of the SLCas potential targets to resensitize breast cancer to taxanes.

In the BRCA1 mutated IDB-02 model even less methylation changes between 

sensitive and resistant tumors were observed; these include alteration of calcium

signaling pathways, which includes most of the genes that form both 

glutamaergic and GABAergic neuronal networks, mainly voltage-dependent 

calcium channels, was showed. These calcium channels play a pivotal role in 

proliferation and tumorigenesis of breast cancer cells, and participate in the 

modulation of resistance, yet the underlying mechanism are not completely 

understood (Al-Taweel et al., 2014; Coogan, 2013; Phan et al., 2017; Roger et al., 

2004). In that way, calcium-channel blockers used from 1970s for the treatment 

of heart diseases, such as verapamil, that also blocks ABC transporters 

(Karthikeyan and Hoti, 2015; Timcheva and Todorov, 1996), has been widely 

used for the treatment of breast cancer in combination with other drugs, mostly 

chemotherapy. Verapamil acts as a sensitizer to other chemotherapeutic agents, 

not only in breast cancer cell lines (Chen et al., 2014; Guo et al., 2017; Zhang et 

al., 2007), but also in human breast cancer patients, where a synergistic effect 

and beneficial outcome was observed (Belpomme et al., 2000; Silva et al., 2012).

However, some other large population-based case-control study suggests that 

long-term use of calcium-channel blockers is associated with a greater than 2-

fold increase in the risk of breast cancer in postmenopausal women (Li et al., 

2013a). Additional research is needed to confirm this finding and to evaluate 

potential underlying biological mechanisms before to administer calcium-channel

blockers as standard of care for multidrug resistant breast cancer.

Taken together, our results validate the use of breast cancer PDX models for the 

study of  mechanisms of resistance acquisition at early or late passages, as 

methylation is conserved during passages in mice, and demonstrate a very 
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stable methylation profiles during  chemoresistance acquisition. No global 

methylation changes have been observed in our chemoresistant TNBC PDX 

tumor models while some specific alterations in different genes and pathways 

could explain the different response from patients to therapy. More studies 

increasing number of breast cancer PDX models are necessary to confirm no 

global methylation changes during chemoresistance acquisition.

It has been widely demonstrated that methylation controls gene expression.

Instead very few changes were elucidated affecting epigenomics, gene 

expression was investigated to unravel the role of methylation controlling gene 

expression in chemoresistant tumors, but also transcriptomic mechanisms 

independent from epigenomics.

Gene expression changes in chemoresistant PDX models 

associated with methylation

Gene expression microarray analysis was performed in paired sensitive and 

resistant TNBC PDX tumors, and connection with methylation was assessed. Very

few significant differentially methylated genes in resistant TNBC PDX tumors led 

to differences in gene expression. In concordance with previous works, while 

most gene specific promoter methylation analysis is correlated with gene 

expression (Jiao et al., 2014; Liu et al., 2016; Shargh et al., 2014), global 

methylation status and gene expression do not correlate for breast cancer, or 

other cancer types (Moarii et al., 2015). 

Some methylation- and gene expression-affected pathways from a TNBC PDX

model are concordant, indicating common altered mechanisms, such as 

transport pathway alteration by methylation and mitochondria, aminoacid 

transport and regulation of NOS affected by expression. However, most of the 

methylation- and gene expression-affected pathways are different. There seems 

to be some genes and pathways controlled by methylation, but in the acquisition

of chemoresistance to docetaxel in breast cancer, most gene expression changes

observed between sensitive and resistant tumors were not driven by 

methylationFurther methylation/gene expression studies using different breast 

cancer PDX models from different subtypes and to different drug treatments 

would unravel crossed mechanisms.
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Additional transcriptomic changes in chemoresistant PDX models

Gene set enrichment analysis (GSEA) from gene expression data was performed 

in both resistant TNBC PDX models. Analyses of one chemoresistant model IDB-

01R showed that the most altered network is the upregulation of the EGFR 

pathway. Validation of EGFR upregulation in chemoresistant PDX tumors was 

done, showing correlation with increased downstream pathway activation. 

Around 50% to 70% of TNBC patients have shown to (over)express EGFR 

(Lehmann et al., 2011; Nielsen et al., 2004) and its expression has been 

associated with poor prognosis (Park et al., 2014). Despite some TNBC tumors 

express EGFR, making them potentially susceptible to anti-EGFR therapies, initial

studies have demonstrated minimum benefit or a worsening of clinical outcomes,

associated with their use in the clinical setting alone or in combination with 

chemotherapy (Gelmon et al., 2012; Hsia et al., 2013; Masuda et al., 2012; Press 

et al., 2008), being an ineffective clinical option for breast cancer. However more 

recent studies showed that EGFR-targeted therapy in combination with other 

targeted therapies is a clinically available option for treatment of TNBC patients 

overexpressing EGFR (Jamdade et al., 2015; Scaltriti et al., 2016; Tao et al., 

2014), which will be supported by our findings.

High expression levels of both CD49f and EGFR have been observed in the 

chemoresistant IDB-01R model. In the BRCA1-mutant TNBC IDB-02 model, higher

initial expression levels have been demonstrated for both genes, what could 

correlate with a less responsive phenotype to chemotherapy. Crosstalk and 

crossactivation between EGFR and CD49f has been described (Marcoux and 

Vuori, 2003; Mariotti et al., 2001; Yamada and Even-Ram, 2002). There are many 

mechanisms by which adhesion and growth-factor receptors cooperate to control

cell behaviour. For example, growth-factor receptor and downstream signaling 

intermediates are recruited to sites of integrin ligation (Yamada and Even-Ram, 

2002), what could enhance autophosphorylation of growth-factor receptors 

(Bromann et al., 2004) and then this can activate PI3K intracellular pathway 

(Burridge and Wennerberg, 2004). But also the other way around, integrins can 

induce activation of growth factor receptors independently of growth-factor 

binding. Then integrin activation induce phosphorylation of EGFR different from 

that induced by the binding of EGF to EGFR (Moro et al., 2002). All this 

interactions between growth factor receptors, as EGFR, and integrins participate 
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in signaling pathways required for DNA synthesis, control of receptor turnover, 

cytoskeleton rearrangements, motility and survival.

Overexpression of both CD49f and EGFR genes has been associated with chemo 

and radioresistance in cancer. Thus, non-responding ovarian PDX models to 

cisplatinum have displayed higher expression levels for CD49f and EGFR, a CSC 

and an EMT marker, than the responders (Ricci et al., 2017). Also overexpression 

of EGFR by transcription factors as YAP1 in esophageal cancer results in 

docetaxel and 5-fluorouracil resistance in clinics (Song et al., 2015).  In head and 

neck squamous cell carcinoma, integrin and EGFR targeting has been proposed 

as a powerful and promising approach to overcome radioresistance (Eke et al., 

2015), and CD49f signaling by itself has also been proposed as a radioresistance 

pathway in breast cancer (Hu et al., 2016). Actually, new studies using EGFR 

inhibitors in combination with chemotherapy and other inhibitors, as dasatinib 

and mTOR/PI3K inhibitors,  seem to be more encouraging for the treatment 

(André and Zielinski, 2012; Costa et al., 2017; Masuda et al., 2012), but it is 

important to highlight that there is a need to know the role of CD49f and EGFR in

TNBC to better understand the best way to use targeted therapy.

This data suggest a functional role of CD49f, but, as aforementioned, 

downregulation of CD49f in breast cancer cell lines of CD49f has not shown 

differences in resistance to docetaxel, at least in our hands. We have not studied 

the role of EGFR in resistance to taxanes neither the interaction between other β 

partner subunits and EGFR. More studies unravelling this relationship are 

required.

Taken together our these results show the importance of the cooperation 

between integrins and growth factor receptors in the chemoresistance 

acquisition process in triple negative breast cancer. A good selection and 

characterization of the TNBC patients treated with combination of integrin 

inhibitors and/or EGFR inhibitors with chemotherapy will be essential to 

demonstrate the usefulness of this kind of more target-specific treatment.

GSEA analysis in the BRCA1-mutant, TNBC chemoresistant model associates with

cell cycle, replication and mitosis pathways, which have been described to be 

related to breast cancer chemoresistance in patients (Reeder et al., 2015; 

Sanders et al., 2017; Visconti and Grieco, 2017). Paclitaxel and vincristine are 
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unable to work efficiently in cells, which are halted at the G1 phase of the cell 

cycle thereby promoting drug resistance (Reeder et al., 2015). DNA replication 

inhibition induces a compromised DNA repair and chemosensitization to 

platinum-based regimens (Sanders et al., 2017). 

Mitotic slippage is another mechanism of resistance associated with cell cycle 

and mitosis. It has been suggested that the cells responding to an arrest in 

mitosis can activate the mitotic catastrophe pathway to overcome mitotic arrest 

bypassing the spindle-associated checkpoint (SAC), and exit mitosis without 

dividing in a process termed mitotic slippage (Brito and Rieder, 2006; Orth et al., 

2011). Most cells bypassing mitosis by mitotic slippage, will stop dividing, 

becoming senescent and dying, but a small fraction of cancer cells may continue

dividing through aberrant mitosis, becoming aneuploid but also resistant to 

treatment (Chittajallu et al., 2015; Gascoigne and Taylor, 2009; Orth et al., 2011; 

Topham and Taylor, 2013).

In conclusion, we have demonstrated that gene expression pathways associate 

with chemoresistance in the clinics are also observed using TNBC PDX models. 

Then, these models are useful tools for the study of methylation and gene 

expression, as they correlate with clinical breast cancer. Also these models can 

be used for the study or development of new therapies affecting some important,

here highlighted pathways, shortening the consuming time invested in clinics, 

and reducing the heterogeneity between patients and the use of drug 

combinations that occurs in clinics, maybe masking resistance mechanisms. 

Further studies using breast cancer PDX models for the study of resistance will 

illustrate the relevance of these models in clinical translation.
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Conclusions 

1. Most breast cancer PDX models resemble human primary tumors of origin in terms of the 

main histopathological markers and the intrinsic molecular subtypes, but changes are 

observed in some models (IDB-03), evidencing population selection during xenografting 

and/or serial passages (intratumoral dynamics). 

 

2. Some breast cancer PDX models can grow equally in different immunodeficient mouse 

strains, while other breast cancer PDX models just grow or grow better in the most 

immunodeficient strains.  

 

3. Increased engraftment is observed for the most aggressive tumors, grade 3, metastatis, 

TNBC subtype. 

 

4. TNBC PDX models have similar point mutation and chromosomal aberration rates than 

human tumors from the same molecular subtype. Genomic alterations present in initial 

TNBC PDX models are maintained with serial passages in mice. The most important selection 

was detected during xenografting. 

 

5. Subtype-specific methylation patterns from different breast cancer subtypes are maintained 

in breast cancer PDX models. 

 

6. Breast cancer PDX models mimic clinical behaviour in terms of chemotherapy response: 

luminal PDX models are resistant and triple negative breast cancer PDX models are initially 

sensitive but acquired resistance after continuous exposure to docetaxel in vivo. 

 

7. Expansion of a CD49f+ population, but not of the breast cancer stem cell markers, CD44+ 

CD24- or ALDH activity, are observed during the acquisition of resistance to docetaxel in 

TNBC.  This CD49f+ population is initially present in sensitive TNBC PDX models and breast 

cancer cell lines (BCCLs) and is enriched in residual disease after docetaxel treatment. 

 

8. The CD49f+ population has increased chemoresistance and tumor-initiating properties 

compared to the corresponding CD49f- cells. 

 

9. Resistance to taxanes in TNBC PDX models is reversible in the absence of the drug, the so 

called “drug holidays”, and associates with the dynamics of a CD49f+ population. 

 

10. The CD49f+ population has a gene expression signature associated with resistance in breast 

cancer patients after treatment with anthracycline/taxane-based chemotherapy regimens. 

 

11.  Few genetic changes are found in docetaxel resistant TNBC PDX tumors indicating that 

acquisition of chemoresistance to docetaxel is not driven by the acquisition of point 

mutations or small INDELs. Continuous exposure to docetaxel does not induce genetic 

changes in breast cancer PDX. 
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12. Chr12p amplification may be associated to docetaxel resistance in BRCA1 TNBC tumors. 

Overexpression of genes located in Chr12p was found not only in resistant IDB-02 tumors 

but also in residual disease from this model and additional basal like PDX.  

 

13. In breast cancer patients the chr12 amplification is associated to basal-like disease and is 

associated with poor survival.  

 

Algo respecto a los cambios en mitotic, gene expression signature associated to chr12p 

amplification?¿ 

 

14. Acquisition of resistance to docetaxel does not result in global methylation changes, 

however, changes in methylation and expression of some specific genes, such as SCL25A30 

may contribute to the acquisition of chemoresistance . 

 

15. Increased expression levels of EGFR and overactivation of downstream pathway were 

detected in a chemoresistant TNBC PDX model, similar to clinics. 

 

16. Gene expression changes between sensitive and resistant TNBC PDX models are associated 

with chemoresistance mechanisms described in human breast tumors, highlighting the 

preclinical use of breast cancer PDX models. 

 

17. Breast cancer PDX models and their resistant variants constitute powerful tools for the study 

of chemoresistance in breast cancer. 
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