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Figure 1: Cellular structures of the mammary gland. The ductal epithelium is composed by a 
basal/myoepithelial layer, which is in contact with the basement membrane, and a luminal layer with 
secretory function. Adapted from Santoro et al. EMBO Rep. 2016. 

INTRODUCTION 

1 Mammary gland 

1.1 Biology and anatomy of the mammary gland 

The mammary gland is a quite unique organ developed in mammals with the specific 

function of synthesizing and secreting milk to sustain the newborns1. Both males and 

females have glandular tissue within the breasts; however, in females, the glandular 

tissue further develops after puberty in response to estrogen. The mammary gland is 

comprised by a branched duct epithelial tree immersed in a specialized structure- the 

fat pad. This structure dramatically changes during pregnancy and lactation, with the 

development of the alveoli, the milk producing structures of the mammary gland 1. 

Multiple cell types can be found in the mammary gland, including epithelial, 

fibroblasts, adipose, immune, lymphatic and vascular cells2. Within the epithelial 

compartment, two main layers can be found: an inner (luminal) and an outer (basal) 

layer. Luminal cells are organized with the apical cytoplasm toward the lumen, in 

which they secrete milk during pregnancy, whereas the basal layer is composed by 

myoepithelial cells that surround the luminal cells and have properties of smooth 

muscle cells, being responsible for the contraction of the alveoli and milk secretion3. 

The specific expression of cell surface cytoskeletal keratins allow to classify the basal 

and luminal layers: in mouse, luminal cells express cytokeratin 8 and 18 (K8,K18), 

whereas basal cells express cytokeratin 5 and 14 (K5,k14)3. Mammary stem cells 

(MaSCs) are found within the basal compartment4. The ducts and alveoli are 

embedded in the stroma or connective tissue, where the main components are 

adipocytes, but also fibroblasts, hematopoietic cells and blood vessels (Figure 1). 
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1.2 Mammary gland development 

Unlike most organs of the body, which develop to a relatively mature state during 

embryonic life, the mammary gland reaches a mature functional state only during the 

pregnancy-lactation cycle in the adult female. Breast development during life follows a 

time course cycle of distinct phases which includes fetal growth, puberty, pregnancy, 

lactation and involution5,6. During these stages, the cells of the mammary gland 

proliferate, differentiate or die in response to specific stimuli, hormones and growth 

factors, promoting significant remodeling of the glandular tissue architecture2. 

Mammary gland development starts during embryogenesis with the formation of a 

small primordial epithelial tree initiated in the nipple7. From birth to puberty, the 

mammary epithelium originated at the nipple will remain quiescent (Figure 2A). After 

a complex, hormone-dependent process during embryonenesis7,8, the ductal 

epithelium of the mammary buds invade into the mammary fat pad, and subsequently 

the sex hormones initiate the development and differentiation of a small primordial 

epithelial tree in the nipple (Figure 2B)9,10. At this moment, elongation of the ductal 

tree during pubertal mammary gland development is possible due to the existence of 

high proliferative terminal end buds (TEBs). TEBs are formed at the front of the ducts 

and penetrate deep into the fat pad allowing fat pad elongation. Regular bifurcation 

and branching during ductal elongation produces the main ductal system of the 

mammary tree11. Once the TEBs reach the edges of the fat pad they regress. Further 

side branching occurs off of the previously formed ducts during subsequent estrous 

cycles in response to progesterone signaling in the adult mammal but the growth of 

these side-branches in not driven by TEBs. The final arboreal, bilayered ductal 

structure is composed of apically oriented luminal epithelial cells that are surrounded 

on the basal side by contractile myoepithelial cells. Estrogenis responsible for these 

epithelial ductal tree elongations and side branching into the mammary fat pad or 

stroma in order to form an adult gland (Figure 2C)8. In the virgin mammary gland, the 

epithelium proliferates and involutes though apoptosis during each estrus cycle12. Also, 

this growth is influenced by growth hormone, which is secreted from the pituitary 

gland and is an important regulator of mammary gland development. Growth 

hormone effects are mediated through its downstream insulin-like growth factor-1 

(IGF1) effector13. 

During pregnancy, the alveolar epithelium proliferates in response to circulating 

hormones. Progesterone induces a massive proliferation of ductal branches and the 

formation of alveolar buds. Furthermore, prolactin/JAK-2/Stat5, RANKL, c/EBP and the 

cell cycle proteins CyclinD1 and D2 are critical for these differentiation and 

proliferation events14. During the second half of pregnancy, the alveolar buds 

progressively split and differentiate into single alveoli that will turn into milk-secreting 

lobules during lactation, therefore, at the end of pregnancy, the alveoli fill almost 

completely the mammary gland. At the same time, myoepithelial cells that surround 
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Figure 2: Mammary gland development. A) A small ductal tree is visible in the pre-pubertal mammary gland and 
remains quiescent until puberty. B) During puberty, the ductal tree invades the fat pad upon hormonal stimuli. C) 
The virgin mammary gland is filled with epithelial branching structures. The ducts contain an outer layer of 
myoepithelial cells and an inner layer of luminal epithelial cells. D) During pregnancy and lactation, the alveoli 
differentiate into milk-secreting structures filling the majority of the fat pad. E) After lactation, involution restores 
the “original-like” stage of the adult mammary gland. Scheme reproduced from L.Inman et al., Development 2015. 

epithelial layers acquire contractility in order to mechanically stimulate milk secretion 

after the lactogenic switch15 (Figure 2D). This lactogenic switch is orchestrated by 

prolactin and consists in the differentiation of the alveolar buds into milk-secreting 

structures15. As a result, the epithelial cells secrete milk proteins and lipids into the 

lumen2. Myoepithelial cells facilitate the mechanic stimulation of milk ejection when 

being stimulated by oxytocin15. After lactation, the lack of milk demand at weaning 

causes milk to lie dormant in the mammary epithelium. The mammary gland reverts to 

its initial stage before pregnancy, a process called involution, which is characterized by 

a high grade of apoptosis, re-development of the mammary adipose tissue, remodeling 

and restoring the quiescent stage of the mammary gland before pregnancy (Figure 

2E)16. The metalloproteinase 3 (Mmp3) is the key protease involved in the remodeling 

of the gland during involution17. 

 

Several cellular pathways and key proteins are involved in mammary gland 

development; some of them have been directed related to mammary gland biology 

such as JAK/STAT hormones, Cyclin D1 and D2 or RANK pathway (as will be explained 

in next chapters). Moreover, other signaling pathways such as Wnt, Notch, Rspo and 

Tfap2 are crucial in the formation of the mammary gland18–23.  
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1.3  Mammary epithelial cell hierarchy 

Mammary gland homeostasis has been long believed to be maintained by bipotent 

stem or progenitor cells that are are able to give rise to both basal and luminal 

populations24,25. However, in past years this dogma has been challenged and several 

lines of evidence demonstrate that the lineage hierarchy of the mammary gland is not 

completely understood and established. 

The existence of multipotent mammary stem cells (MaSCs) was demonstrated in mice 

via cleared fat pad transplantation assays26. Deome and colleagues developed a 

technique that is considered as the “gold-standard” for characterization of the MaSC26. 

Briefly, the gland of 3 week-old recipient mouse is cleared by cutting out the 

endogenous epithelium, which at that point, has not yet reached the lymph node. The 

remaining fat pad serves as a receptive environment for portions of normal mammary 

epithelium from the donor mouse. Successful engraftment of the mammary 

epithelium was observed in the recipient mouse, evidencing the auto-renewal ability 

of MaSCs. Subsequent studies demonstrated that successful engraftment could be 

obtained with any segment of the mammary epithelial tree27–29, thereby indicating 

that the repopulating cells, MaSCs, are widely distributed. Moreover, MaSCs can be 

isolated by flow activated cell sorting (FACS) based on cell-surface markers24,30. The 

MaSCs were characterized by exclusion from well-characterized endothelial (CD31) 

and hematopoietic (CD45) antigens and enrichment of basal markers. These cells 

located in the basal layer, are proposed to be bipotent cells able to differentiate in two 

different lineages of progenitors/stem cells (SCs),and competent to give rise to either 

luminal or basal cells31. In the case of the luminal progenitors, which are hormone 

receptor negative (HR-) cells, they would differentiate into both alveolar and ductal 

cells, whereas the basal progenitors would give rise mainly to myoepithelial 

cells32(Figure 3). 
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Heat stable antigen CD24, a membrane glycoprotein, is heterogeneously expressed in 

the mammary gland. Three mammary epithelial cell (MEC) populations, classified by 

their CD24 expression levels, were identified: negative (CD24-), CD24low (CD24lo) and 

CD24high (CD24hi)33. Their cytokeratin expression pattern showed that they represent 

the non-epithelial, myoepithelial/basal and luminal epithelial cell population, 

respectively. Mammary fat pad repopulation assays revealed that the basal CD24lo 

population is enriched in MaSCs33. Further characterization of cell-surface markers 

such as CD29 (β-1 integrin) and CD49f (α-6 integrin) allowed to better identify 

mammary epithelial cell populations. Indeed, CD24lo, CD29hi and CD49fhi cell 

populations are considered enriched in MaSCs since they show increased mammary 

repopulating ability in vivo24,30. These markers were defined as the specific markers 

used to identify MaSCs. However, other markers such as Lrp5/634, Axin235, CD1d32, 

Lgr536, Procr37, α-smooth muscle actin (αSMAor SMA)+ and Myh11+38 have also been 

reported to identify MaSCs. 

Further differentiation among cell types is done based on keratin expression: K8 and 

K18 for luminal cells and K14 for myoepithelial cells, which are also positive for SMA 

and K539,40. Different pathways regulate mammary cell differentiation and mammary 

stem cell pool preservation such as Notch, Hedgehog and Polycomb signaling41,42. High 

levels of progesterone in the estrous cycle have also been described to expand the 

MaSC pool43.  

The luminar layer is classified in two different groups based in their expression of 

hormone receptors44. The hormone responsive cells (HR+) are considered mature 

luminal cells with low proliferation rate and are characterized as CD24hi, CD49flo and 

Sca1+ cells, that express estrogen and progesterone receptors (ER and PR). The other 

group is HR- and is characterized as being CD24hi, CD49flo and Sca1- 45. They are 

considered luminal progenitors with higher proliferating rate and contain the CD61+ 

progenitros with higher proliferating rate and cotain the CD61+ progenitors that 

establish the alveolar lineage during pregnancy46 and is encompassed by the Elf5+, 

common marker for all the luminal progenitors47. The discrepancy between hormone 

receptor expression and proliferation rate suggest that the hormones act by paracrine 

signaling48. The basal layer is characterized as being CD24lo, CD49fhi, Sca1- and CD61+ 

and is mainly composed of contractile myoepithelial cells that surround the ducts and 

alveoli33. 

Figure 3: Model of the hierarchy proposed for mammary epithelial cell differentation. A) Schematic outline of a 
ductal alveolar unit (alveoli) in which the location of the various cell types is indicated. Adapted from Cristea S. et 
al. Nature Communications, 2018. B) Graphic summary of the mammary cells at different differentiation stages. 
Adapted from Santoro A. et al. Embo Reports, 2016. 
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Lineage-tracing studies tracking mammary stem/progenitor cells have re-opened the 

debate denying the existence of bipotent MaSCs in the adult mammary gland and 

favoring the existence of unipotent stem cells that are able to give rise just to luminal 

or basal cells that maintain adult tissue homeostasis49. Reporter genes such as GFP, 

RFP, YFP and mCherry are commonly used in these experiments50. In order to study 

the unipotency of MaSCs, lineage-tracing experiments in embryonic, pubertal, adult, 

pregnant, and involuted mammary glands have been performed49,51. The tools most 

commonly used are: K14-rtTA/TetO-Cre/Rosa-YFP and K5-CreER/Rosa-YFP transgenic 

mice for tracking basal cells and K8-CreER/Rosa-YFP and K18-CreER/Rosa-YFP 

transgenic mice for tracking luminal cells. When YFP expression is driven by K14 or K5 

promoters in embryos, both luminal and basal cells are labeled at puberty, meaning 

that embryonic K14+ and K5+ cells are bipotent. However, when K14 or K5 regulated 

YFP is conditionally induced after birth, exclusive labeling of basal cells is detected, 

indicating that postnatal K14+/K5+ cells are unipotent and do not give rise to the 

luminal cell progeny in adults. Similarly, YFP driven by K8/K18 luminal promoters, 

labels only luminal cells49. In contrast, another report claimed the existence of bipotent 

MaSCs in adult mice using clonal cell-fate mapping studies with a stochastic 

multicolour Cre reporter (confetti) combined with a new three-dimensional imaging 

strategy. Besides restricted luminal and basal progenitors, the authors demonstrated 

the existence of a subset of basal cells with bi-potent ability that were able to give rise 

to luminal and basal cells47. Thus, it is still unclear whether postnatal MaSCs are 

multipotent or there are two different unipotent stem cells populations in charge of 

replenishing the adult mammary gland. 

Further complicating the already complex image of mammary cell hierarchy, three 

independent groups have shown that the luminal layer itself is maintained by 

restricted progenitors, rather than by a common luminal progenitor. Lineage-tracing of 

ER+ cells52 and Notch153,54 demonstrated that the luminal hormone receptor positive 

lineage is independent of the hormone receptor negative thereby challenging the 

dogma of progenitor and differentiated lineages in the luminal compartment. 
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2 Breast cancer 

2.1  Cancer and tumor nomenclature 

Cancer is a broad term that describes diseases resulting from cellular changes favoring 

the uncontrolled proliferation and transformation of cells. Some types of cancer cause 

faster cell growth, while others cause cells to grow and divide at a slower rate. Cell fate 

is tightly regulated by extra and intracellular signaling and abnormal or aged cells are 

instructed to disappear being replaced with fitter cells. Cancer cells lack the ability to 

decode the controlling signals and manage to proliferate unrestrained, invade 

surrounding tissues and metastasize to distant organs55–57. Cancer type is generally 

termed based on the tissue from the body and the type of cell where it originates.  

A tumor is an abnormal mass of cells that can either be benign (non-cancerous) or 

malignant (cancerous). If a tumor remains localized to the area in which it originated 

and does not spread, it is usually considered benign. Although benign tumors 

constitute an abnormal mass of cells, they have not entirely escaped from the 

restrictions imposed by cell growth controls and are not able to invade surrounding 

tissues or spread to secondary organs, being less dangerous than malignant tumors. In 

fact, the most aggressive tumors are those capable of invading and destroying healthy 

tissues; known as malignant tumors. The process by which tumor cells spread and seed 

in distant areas is known as metastasis. Hanahan and Weinberg have established the 

ten distinct biological characteristics acquired by tumors during malignant 

transformation: sustained proliferative signaling, evasion from growth suppressors, 

activation of invasion and metastasis, acquisition of replicative immortality, induction 

of angiogenesis, resistance to cell death, deregulation of cellular energetic, genome 

instability and mutation, tumor-promoting inflammation and escape from immune 

destruction (Figure 4)58,59. 

 

 

 

 

 

 

 

 

Figure 4: Hallmarks of cancer. Adapted from Hanahan and Weinberg, Cell 
2011. 



 

 

27 
 

2.2  Incidence and subtypes of breast cancer  

Breast cancer is the second most common cancer in women after skin cancer60. The 

risk associated with breast cancer can be divided into two groups, genetic or lifestyle 

factors61. The first group includes factors such as age, sex, race, inherited genetic traits 

promoting familial occurrence of the neoplastic disease or the occurrence of benign 

proliferative lesions of the mammary gland. They all constitute independent 

parameters. The second group would include extrinsic factors conditioned by lifestyle, 

including diets or long-term medical interventions such as oral hormone replacement 

therapy, and their influence on the neoplastic process may be modified to a certain 

degree62. 

Breast cancer can be classified following different criteria: histopathology, clinical 

stage, histological grade, receptor status and molecular profile. Besides, there are 

different ways of staging breast cancer, usually its status ranges from stage 0 to 4, 

which may be broken down into additional stages. Briefly, the main characteristics of 

breast cancer stages are the following ones: 

Stage 0: the cells are limited within a duct and have not invaded surrounding tissues, it 

is known as ductal carcinoma in situ (DCIS). Stage 1: the tumor is small and has not 

spread to the lymph nodes. Stage 2: the tumor is small, but it has started to spread to 

nearby lymph nodes. Stage 3: the tumor is up to 5 cm and has spread to axillary lymph 

nodes or internal mammary lymph nodes. However, it has not spread to other parts of 

the body. Stage 4: the tumor can have any size and has spread to other organs, 

especially to the bones, lungs, liver or brain. These are known as metastatic breast 

cancers. 

About 5 to 10% of breast cancer cases are hereditary63,64. The main genes whose 

mutations are associated with higher breast cancer risk are BRCA1 and BRCA2. They 

are tumor suppressor genes that, when mutated, prevent cell death and favor 

uncontrolled cell growth,subsequently leading to cancer65,66. Mutations in other genes 

are also associated with breast cancer, such as those in TP53, PTEN, RAD50, PALB2, 

BRIP1, ATM, among others. These genetic mutations are less common and do not 

increase breast cancer risk as much as BRCA1 and BRCA2 mutations do67,68. 

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 

invasors, the histologic grade, or gene expression patterns69. Histologically, breast 

cancer can be classified in in situ carcinoma and invasive or infiltrating carcinoma70. 

The most common type is originated by epithelial cells within the ducts and lobules, 

known as DCIS, where abnormal cells have been contained in the lining of the duct, 

and invasive lobular carcinoma (ILC), in which the abnormal cells have begun to invade 

surrounding tissue. Further characterization of the type of breast cancer is essential, 

taking into account the status of HR and other molecular markers such as ER, 
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progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2/Neu) 

and p5371. Microarray-based gene expression analysis and unbiased hierarchical 

clustering allowed to identify five molecular subtypes of breast cancer (Figure 5)72: 

luminal A (HR+/HER2-) with low proliferation and better prognosis than other subtypes 

due to slower growth rates and less aggressive, responding favorably to anti-hormone 

therapies; luminal B (HR+/HER2-) and luminal B-like (HR+/HER2+), both of them are 

more proliferative (high staining levels of ki6773)  and with worse prognosis than 

luminal A subtype; HER2-enriched (HR-/HER2+), more aggressive than the luminal 

subtypes and thus associated with worse outcome, although specific antibodies and 

inhibitors targeting HER2 have been developed for its treatment; and basal-like (HR-

/HER2-) characterized by worst short-term prognosis and lack of targeted therapies, 

being chemotherapy the only available treatment up until the recent development of 

immune-based therapies73. The basal-like subtype is sometimes called triple-negative 

breast cancer (TNBC), since these tumors do not express ER, PR, nor HER2. Another 

TNBC subtype is the claudin-low, described as being HR-/HER2- but displaying an 

enrichment in the expression of epithelial-to-mesenchymal transition (EMT) and 

immune-response genes as well as in cancer stem cell-like features, and a slower 

proliferation rate than basal- tumors74,75. Recently, a 50-gene signature, PAM50, has 

been demonstrated to efficiently identify the different breast cancer molecular 

subtypes and can be characterized by qRTPCR faster and cheaper than microarray 

analyses or genome sequencing76. 

 

 

Figure 5: Models of the human mammary epithelial hierarchy linked to breast cancer subtypes. Scheme 
reproduced from Prat and Perou Nature Medicine 2009. 
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Regarding the treatment options for breast cancer, they are associated with the 

molecular subtype defined by ER, PR and HER2 status. In the case of patients 

diagnosed with luminal A and luminal B breast cancer subtypes, they respond poorly to 

chemotherapy and their treatment is based on endocrine therapy (targeting estrogen) 

such as tamoxifen or aromatase inhibitors75. For the HER2-enriched tumors, the 

treatment is based on HER2 pathway inhibitors usually combined with chemotherapy. 

In the case of basal-like and claudin-low subtypes, they lack clear targets, and thus the 

current treatment is (neo)adjuvant combinations of chemotherapeutic agents75. 

Even though important improvements in breast cancer molecular classification and 

treatment have been maded, it is still necessary to find targets to develop novel 

therapies based on biomarkers specific for each subtype to accurately treat breast 

cancer patients and improve their prognosis. 

2.3  Cancer stem cells 

Cancer stem cells (CSCs) are subpopulations of cancer cells sharing characteristics with 

normal stem or progenitor cells, such as self-renewal ability and multi-lineage 

differentiation, that are able to drive tumor growth as well as tumor heterogeneity 

(Figure 6). Since these cells have been found in various types of human tumors, they 

are currently regarded as attractive targets for cancer treatment77. CSCs are mainly 

characterized by the expression of surface markers associated with stem cells, such as 

CD133, CD24, CD44, CD90, CD29, CD49f and, ALDH1. Althought no single marker can 

be used to define the CSC population78, expression of cell surface markers has been 

used to isolate and enrich CSCs from different tumors by FACS79–81.  
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CSCs tumorigenic potential is characterized by their enhanced ability to regenerate the 

original tumor when transplanted into immunodeficient mice even at low clonal 

density (limiting dilution assays). Moreover, an sphere-forming assay was also used as 

an in vitro assay for the identification and enrichment of CSCs, whereby only fractions 

of cells from solids tumors have the ability to form spheres82(Figure 6). In breast 

cancer, these cells are the so-called breast cancer stem cells (BCSCs). 

The expression of CSC surface markers is tissue type-specific. Human BCSCs were 

characterized to have CD44+ and CD24−/low expression83. Several pathways with key 

roles during embryonic development and adult tissue homeostasis have been 

implicated in the regulation of BCSCs self-renewal, including, among others, Notch, 

Hedgehog and Wnt/β-catenin84,85. CSCs are also believe to be responsible for the 

metastatic dissemination of tumors. In line with this, it has been described that BCSCs 

play a crucial role in metastasis,since they show increased motility and invasion 

ability86–88. Therefore, novel therapies targeting CSCs will benefit patient survival and 

outcome. 

2.4  Genetically engineered mouse models of breast cancer 

The intensified research based on genetically engineered mouse models (GEMMs) has 

allowed a deeper understanding of the mechanisms responsible for breast cancer 

development. Recently developed complex GEMMs have allowed to further 

investigate underlying processes such as cancer initiation, invasion and metastasis. 

Moreover, GEMMs have contributed to understand mammary gland biology due to 

mouse evolutional proximity to humans, their short life-span and easy handling. In 

GEMMs, specific genes can be overexpressed (knock-in KI) or deleted (knock-out KO) 

during cancer progression and dissemination. However, experiments with GEMMs are 

time-consuming, expensive, strain background-dependent and, in some cases, the 

results obtained are difficult to interpret89,90. Besides these limitations, GEMMs have 

provided new insights into the characterization of tumor evolution and metastasis, 

representing nowadays an essential tool for preclinical cancer studies.  

Regarding breast cancer, the main drawback is that not a single GEMM by itself covers 

the full spectrum of human breast cancer, whereas individual models address distinct 

aspects. Each GEMM targets particular signaling pathways outside and inside the 

mammary cell, and the disruption of these pathways can be performed at different 

Figure 6: A) Cellular hierarchy in normal tissues or tumors implies that not all cells are equivalent and that only 
stem cells (SCs) present long-term self-renewal and differentiation potential. B) Functional assays, such as in vitro 
clonogenic assays, transplantation and lineage-tracing experiments (marked cells are shown in green), can be used 
to assess the renewal and differentiation potential of SCs, committed progenitors and differentiated cells. Adapted 
from Beck & Blanpain Nature Reviews in Cancer 2013. 
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time points91. Apart from GEMMs, another common model is the human tumor 

xenografts, where human cells are transplanted into immunocompromised mice, 

either under the skin (subcutaneous) or into the organ in which the tumor was 

originated (orthoxenografts)92.  

More than 50 GEMMs of breast cancer have been generated up to date. The Mouse 

Mammary Tumor Virus (MMTV)-long terminal repeat (LTR) is one of the most common 

promoters used to create transgenic mouse models of breast cancer. MMTV is a RNA 

virus with oncogenic potential that belongs to the Retroviridae family. MMTV 

promoter is hormonally regulated by glucocorticoids, progesterone and 

dihydrotestosterone, hormones involved in mammary development, therefore the 

activation of the promoter is increased during mammary gland development and 

lactation93–95. A large number of oncogenes have been expressed under the control of 

the MMTV promoter in mice, such as Neu (a rat orthologue of the human ErbB2 gene 

that is associated with 15-20% of human breast cancer cases), cyclin-D1, Ras, c-myc, 

the Polyoma virus Middle T oncoprotein of SV40 virus (PyMT) and many others 89,96.  

Transgenic mice with mammary gland-specific expression of Neu under the control of 

the MMTV promoter (MMTV-Neu) develop multifocal adenocarcinomas at the median 

age of 5-10 months with lung metastasis in FVB background97–99. ErbB2 (Neu) belongs 

to the EGFR family and encodes a receptor tyrosine kinase. ErbB2 signals downstream 

through the Ras/MAPK cascade, activating c-myc, c-jun and c-fos, and activated 

protein-1 (AP-1). ErbB2 drives cell proliferation, migration, transformation and survival 

through the inhibition of apoptosis100. As previously mentiond, HER2 (ErbB2) 

expression is used to allow clinical stratification of breast cancer and it is associated 

with prognosis101. Analyses of the tumors from MMTV-Neu mice revealed sporadic in-

frame deletions, point mutations, or cysteine residue insertions within the Neu 

extracellular domain. These cysteine insertions lead to receptor dimerization, causing 

receptor activation102,103. These data suggest that activating mutations in Neu are 

essential for mammary tumor initiation in these MMTV-Neu transgenic mice. 

Mammary gland-specific expression of PyMT under the control of the MMTV promoter 

(MMTV-PyMT) results in the transformation of the mouse mammary epithelium and 

the development of multifocal mammary adenocarcinomas and metastatic lesions in 

the lymph nodes and lungs104. Based on the histopathological changes in these mice, 

four different stages leading to malignant carcinoma can be distinguished: hyperplasia, 

adenoma/mammary intraepithelial neoplasia (MIN), and early and late carcinoma105. 

These stages are comparable to human breast disease classified as benign or in situ 

proliferative lesions to invasive carcinomas. MMTV-PyMT mice develop tumors with 

short latency, 100% incidence and secondary lung metastasis at 3 months of age. 

Virgin female mice from the FVB background develop multifocal mammary tumors 

indicating that tumor initiation is independent of pregnancy. A distinct characteristic of 
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this model is that a primary focus of tumor formation occurs early in the epithelium 

next to the nipple, and after some weeks, multiple tumor lesions appear all over the 

mammary gland, showing heterogeneous stages of progression. Tumors derived from 

MMTV-PyMT mice are ER- and express high levels of HER2/Neu and CyclinD198,106. 

Therefore, the MMTV-PyMT model reasonably recapitulates human breat cancer.  

Besides, PyMT and Neu mice models form luminal-like tumors that are highly similar to 

human luminal tumors in terms of cytokeratin expression (K8+, K18+) and molecular 

subtype107, although the tumors lack the expression of hormone receptors in the last 

stages(K8+,ER-,PR-).   



 

 

33 
 

3 RANK/RANKL signaling pathway 

3.1  Members of the pathway 

Receptor activator of NF-κB or RANK, the ligand of receptor activator of NF-κB  or 

RANKL, and the soluble decoy receptor osteoprotegerin (OPG) are the main members 

of the RANK/RANKL signaling pathway. They belong to the tumor necrosis factor (TNF) 

superfamily. The RANK/RANKL/OPG axis was first identified in the late-1990s as a 

pivotal regulator of bone metabolism and the immune system108,109. Subsequently, the 

RANK/RANKL pathway has been found critical for the regulation of epithelial 

differentiation of the mammary gland20,21, hair follicle, thymus and small intestine, as 

well as the thermoregulation of the central nervous system, among others110–113. 

RANK (TNFRSF11A), also known as TNF-related activation-induced cytokine receptor 

(TRANCE-R) or osteoclast differentiation and activation receptor (ODAR), is a type I 

transmembrane protein that does not possess intrinsic kinase activity and relies on the 

recruitment of factors to activate downstream signaling pathways. The full-length 

human RANK cDNA encodes a protein of 616 amino acids (aa) with a cytoplasmic 

domain of 383 aa and a predicted extracellular domain of 184 aa 114. In addition to a 

signal peptide of 28 aa and a transmembrane domain of 21 aa, the extracellular 

domain contains two N-glycosylation sites and four cysteine-rich pseudo repeats115. 

RANK assembles into functional trimers and recruits adaptor molecules to transduce 

the signaling upon RANKL binding116. These adaptor molecules are called TNFR-

associated factors or TRAF's, able to bind to different regions in the cytoplasmic tail of 

the TNF family receptors and transduce the signal downstream. TRAF6 is the main 

adaptor molecule that activates the NF-κB pathway downstream of RANKL signaling, 

required for osteoclastogenesis and osteoclast activation117,118. RANK is widely 

expressed in many organs such as thymus, mammary gland, prostate, bone marrow, 

brain, skeletal muscle, pancreas, liver, colon, kidney, lung and skin20,114,117,119.  

RANKL (TNFSF11), also known as TRANCE, osteoclast differentiation factor (ODF) or 

osteoprotegerin ligand (OPGL), is a type II transmembrane protein with close 

homology to other TNFSF members such as TRAIL, FasL and TNF. The full-length 

murine Rankl cDNA encodes a protein of 316 aa (mRankl) with a predicted cytoplasmic 

domain of 48 aa and an extracellular domain of 247 aa, which shares 83% sequence 

homology with human RANKL. RANKL is found as a transmembrane protein or a 

soluble ligand (sRANKL), generated from a splice variant lacking the transmembrane 

and cytoplasmic domains, or cleaved from the cell surface membrane by proteases120. 

Indeed, three distinct RANKL isoforms have been identified so far, resulting from the 

shedding of the transmembrane protein or alternative splicing120,121. RANKL1 is the 

longest isoforms and contains the extra and intracellular as well as transmembrane 

domains; RANKL2 that has a shorter intracellular domain; and RANKL3, a soluble 

intracellular protein, lacking the intracellular and transmembrane domains120. These 
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three isoforms are differentially expressed and regulated in several cell lines. sRANKL 

arise from either proteolytic cleavage or alternative splicing122. Both the membrane 

bound and sRANKL are assembled into functional homotrimers like other members of 

the TNFSF123. So far, RANKL is the only known ligand for RANK, but RANKL has been 

shown to bind to Leucine Rich Repeat containing G Protein-coupled Receptor 4 (LGR4), 

which competes with RANK for RANKL binding and negatively regulates the pathway124 

and also to OPG, a negative regulator of the pathway (described below). RANKL is 

highly expressed in thymus, lymph node and lung, and, at lower levels, in a variety of 

other tissues, including spleen, bone marrow and by several immune cells114,117,119. 

OPG (TNFRSF11B), alternatively named osteoclastogenesis inhibitory factor (OCIF), is a 

soluble decoy receptor for RANKL that modulates the interaction between RANK and 

RANKL. OPG binds RANKL with a 500-fold higher affinity than RANK125, thus competing 

with RANK for its binding126. Full-length OPG protein has 401 aa and shows features of 

a secreted glycoprotein, such as a hydrophobic leader peptide and four potential sites 

of N-glycosylation. Besides, OPG contains four cysteine rich pseudo repeats located in 

the N-terminus and two death domains127. The mouse and human proteins are around 

85% and 94% identical to the predicted rat protein, respectively, indicating that OPG 

has been highly conserved throughout evolution128. OPG is highly expressed in 

different tissues, including lung, liver, spleen, thymus, ovary, lymph node and bone 

marrow129. 

3.2  RANK/RANKL in bone remodeling and bone metastasis 

RANK pathway is essential for bone-remodeling and it is deregulated in pathological 

processes such as postmenopausal osteoporosis or bone metastasis. RANKL, expressed 

and secreted by osteoblasts, binds to its receptor RANK, expressed on osteoclasts 

precursors that will, in turn, differentiate into activated osteoclasts (bone-resorbing 

cells). OPG is secreted by osteoblasts and can bind to RANKL competing for RANKL-

RANK binding, thus blocking osteoclast activation130,131. The genetic ablation of RANK 

or RANKL in mice (RANK or RANKL KO) leads to defective tooth eruption and severe 

osteopetrosis due to defects in the activation of osteoclasts 130, whereas ablation of 

OPG in mice results in osteoporosis130. 

During menopause, a decrease in OPG and an increase in RANKL expression levels are 

observed130. The resulting enhanced osteoclast activity encourage bone resorption and 

reduces bone mass117. Over time, this process leads to osteoporosis, characterized by 

compromised bone strength and an increased risk of bone fractures. In terms of 

metastasis, bone is greatly irrigated by blood vessels making it accessible for 

circulating cancer cells and therefore a preferential organ for colonization. The 

cooperation among tumor cells and the bone stroma is known as the vicious cycle and 

is essential for bone metastatic seeding and colonization117. 
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Figure 7:  Shematic model illustrating paracrine signaling of RANKL under progesterone stimuli. Progesterone 
binds to its receptor (PR) in the cytoplasm of luminal hormone-sensing cells. PR translocates into the nucleus and 
activates the expression of target genes, such as Cyclin D1 and RANKL. Cyclin D1 induces the proliferation of 
luminal hormone-sensing cells, while RANKL binds to RANK and activates Cyclin D1-mediated proliferation by 
paracrine signaling in mammary stem cells and luminal cells. RANK is constitutively expressed on the surface of 
basal and luminal MECs, whereas RANKL in a subset of luminal HR

+
 cells. 

Based on the critical role of RANK pathway in bone-remodeling and bone metastasis, a 

monoclonal antibody that inhibits bone resorption by binding to and blocking the 

activity of RANKL, called denosumab, has been developed and already approved for 

clinical use to reduce the risk of osteoporosis in postmenopausal women and for 

treatment of skeletal related events, including bone metastasis and several tumor 

types, including breast cancer132–134. 

3.3  RANK/RANKL in the mammary gland development and stemness 

In addition to the crucial role in bone metabolism, RANK signaling is required for 

mammary gland development20. RANK and RANKL expression are relatively low in 

virgin mammary glands, becaming upregulated upon gestation. Both RANK and RANKL 

show a tighly regulated expression profile both spatially and temporally during 

pregnancy and involution20,21. RANK is constitutively expressed in HR- luminal cells and 

myoepithelial cells135, whereas RANKL expression is induced upon progesterone stimuli 

in mature luminal HR+ cells20,135,136 (Figure 7). Moreover, RANK protein expression 

significantly increases during gestation, reaching a peak at mid-gestation (days 14.5-

15.5), and then decreases until day 1 of lactation21, whereas RANKL expression is 

absent in virgin glands, then gradually increases during pregnancy, and decreases again 

to an undetectable levels at  the end of gestation (day 18.5)137. 

  

 

 

 

 

 

 

 

 

Mice deficient in RANK or RANKL show a drastic defect in MEC differentiation and 

survival during gestation, although their mammary glands develop normally until 

puberty. Genetic loss of RANK reduces proliferation and survival of MECs and impairs 

alveoli development and milk production20.  

Mice overexpressing RANK under the MMTV-promoter (MMTV-RANK) show hyper-

proliferative mammary glands and a complete blockade in the differentiation of 

lobulo-alveolar structures and impaired lactogenesis, eventually leading to 
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tumorigenesis after multiple pregnancies21,138. Thus, disrupted mammary gland 

development during pregnancy and impaired lactation are observed not only as a loss 

but also as a consequence of RANK overexpression. 

On the other hand, MMTV-RANKL mice show precocious ductal side-branching and 

alveologenesis in the pubescent mammary gland, with a persistent hyperproliferative 

phenotype in adult virgin and pregnant mammary glands139. These data uncover the 

essential role of RANK/RANKL signaling pathway in the regulation of mammary gland 

development and differentation.  

RANKL is in fact the main mediator of progesterone signaling in the mammary 

epithelium20,21,136 (Figure 7). Progesterone has mitogenic effects on MECs through two 

distinct waves of proliferation. The first wave, faster and weaker than the second, 

affects PR+ luminal epithelial cells and requires Cyclin D1, while the second wave 

affects, indirectly, the HR- luminal progenitors and myoepithelial cells. The second 

wave is more prolonged and intense (around 15% of the MECs proliferate during that 

wave), and takes place around 72h after the progesterone stimuli48. Mechanistically, 

this process is paracrine and RANKL-mediated. Briefly, RANKL is upregulated in the HR+ 

cells as a response to the progesterone stimuli. Then, in a paracrine manner, RANKL 

activates RANK pathway in the RANK expressing HR- luminal progenitors and 

myoepithelial cells, leading to their proliferation136,139. The second wave of expansion 

is Cyclin D1 independent, being the HR- cells are able to proliferate after progesterone 

stimuli relying on the Wnt pathway48,135. 

Regarding the role of RANK in alveoli differentiation and milk production,a key point  

was the identification of the cell populations essential for RANK actions. Previous work 

from our laboratory demonstrated that RANK overexpression led to a decrease in 

Sca1+ luminal mature and PR+cells, and an expansion of the basal (CD24lo, CD49fhi) and 

luminal progenitor enriched (CD24hi, CD49flo, Sca1- and PR-) compartments138. 

Importantly, CD61+ luminal cells, considered to be precursors of mature secretory 

alveolar cells, were dramatically decreased in the luminal fraction of MMTV-RANK 

mammary glands, whereas the CD49b+ luminal progenitors were expanded138. These 

results suggest that RANK pathway controls mammary epithelial cell fate and its 

deregulation alters the distribution of the luminal subpopulations, leading to a failure 

in alveoli differentiation. The lack of normal milk-secreting mammary gland described 

in RANK and RANKL KO mice is also observed in the PR and prolactin KO models140,141, 

indicating that RANK together with progesterone and prolactic signaling are critical for 

MEC differentiation during gestation. Interestingly, the lack of mammary ductal side 

branching and alveologenesis in PR KO mice is rescued by RANKL142, demonstrating its 

crucial role in progesterone-induced mammary proliferation and differentiation. 

RANKL dependence for the progesterone-induced MEC proliferation has also been 

demonstrated in human mammary glands143. 
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Besides, it was postulated that RANK pathway could inhibit the terminal differentiation 

of MECs21. In 3D acinar cultures of MECs derived from midgestant (G16.5) WT and 

MMTV-RANK mice, RANKL treatment led to an impaired secretory differentiation and a 

downregulation in the expression of genes involved in differentiation and lactation was 

observed144. Conversely, in vivo inhibition of RANKL with a recombinant RANKL 

antagonist, RANK-Fc, in midgestant WT females, led to precocious and exacerbated 

lactogenesis144. Using gain and loss of function strategies we demonstrated that RANKL 

inhibits lactogenesis and terminal differentiation by interfering with prolactin-driven 

Stat5 phosphorylation and consequent activation144.  

RANK pathway not only mediates the mitogenic effect of progesterone in the normal 

mammary gland, but it is also involved in mammary stem cell biology43,145. Although 

MaSCs do not express hormone receptors, they are highly responsive to hormones and 

the MaSC population significantly decreases in mice after the removal of ovaries 

(ovarectomization)145. RANK deletion in the mammary gland results in a deficinecy in 

basal and luminal cell expansion driven by progesterone stimuli146. In addition, basal 

cells derived from midgestant mice show decreased colony-forming ability when 

RANKL is pharmacologically inhibited145, indicating that RANK pathway controls 

mammary stem cell function. 

Our group has previously shown that RANK overexpression in the mammary gland 

(MMTV-RANK) leads to the accumulation of progenitor-like K8+K14+ bipotent cells in 

the mammary gland138, as observed in 3D acini of MECs derived from midgestant 

females, where K8+K14+ bipotent cells are accumulated after RANKL treatment147. Also, 

RANK overexpressing MECs have increased amount of MaSCs compared to WT MECs 

as demonstrated by functional assays (mammary repopulating ability), whereas RANKL 

treatment of 3D acini derived from basal MECs increases the frequency of colony 

formation (as happen in MMTV-RANK acini compared to WT acini)138.  

Additionally, the expansion of luminal progenitors and basal cells mediated by RANK 

pathway has been described to involve Wnt signaling, which is related to the self-

renewal ability of stem cells in several tissues84,135. Finally, in humans, data from our 

laboratory demonstrated that RANK overexpression in non-transformed MCF10A cells 

promotes stemness and transformation, as well as EMT148. 

Altogether, these results confirm that RANK pathway expands the pool of MaSCs and 

progenitors in the normal mammary gland, and RANK overexpression increases the 

stemness properties also in human non-transformed mammary cells. 

3.4 RANK/RANKL in mouse mammary tumorigenesis 

Progesterone is essential for the development of the mammary gland during gestation 

since it favors the expansion of the luminal and basal epithelial cell population and 

alveoli formation. Besides, progesterone-driven proliferation also promotes 
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tumorigenesis and PR deficient mice have less breast tumor incidence since they do 

not respond to the mitogenic signals of progesterone149,150.   

To study the role of RANK/RANKL pathway in hormone-induced tumorigenesis, WT and 

MMTV-RANK virgin mice were subjected to a carcinogenic protocol that involved the 

use of an analogous of progesterone, medroxyprogesterone (MPA) and the carcinogen 

7,12- dimethylbenz[α]anthrance (DMBA)151. MPA treatment induced RANKL expression 

in the HR+cells both in the normal mammary gland and in preneoplasic lesions and 

hyperplasias146,152. MMTV-RANK mice under MPA-DMBA treatment showed a clear 

decrease in tumor latency and higher incidence of hyperplasias, MIN and 

adenocarcinomas as compared to WT mice under the same carcinogenic protocol 

(Figure 8A). Furthermore, inhibition of RANKL signaling (by RANK-Fc treatment) not 

only prevented tumor formation in WT mice, but also decreased tumor incidence and 

increased tumor latency in MMTV-RANK mice (Figure 8B)152. RANKL inhibition in 

mammary glands from tumor-bearing WT and MMTV-RANK mice significantly reduced 

the proliferation of the mammary epithelium and preneoplastic hyperplasias, and 

increased apoptosis in MINs and adenocarcinomas. Similarly, genetic deletion of RANK 

in the mammary gland resulted in increased mammary tumor latency and enhanced 

survival after MPA-DMBA treatment146. 

The role of RANK signaling pathway in mammary tumor formation has also been 

investigated in oncogene-driven mammary tumorigenesis using MMTV-Neu mice. This 

model spontaneously develops tumors in the absence of exogenous hormone stimuli. 

RANK expression increases during MMTV-NEU tumor progression, suggesting that 

RANK pathway may also promote tumorigenesis in this model152. In accordance with 

the loss of PR, RANKL expression is undetectable in MMTV-Neu tumor cells being 

confined to the surrounding non-transformed mammary gland and stroma153. The 

blockage of RANK signaling pathway by RANK-Fc treatment before tumor onset does 

not significantly affect tumor latency (Figure 8C); however, it decreases the number of 

pre-neoplastic lesions, tumors and lung metastasis152(Figure 8D). Conversely, RANKL 

treatment increases the incidence of lung metastasis in MMTV-Neu mice153.  

Similarly, genetic deletion of RANK in MMTV-PyMT mice shows that RANK loss 

increases the tumor latency, decreases tumor incidence and impairs lung metastasis 

(Figure 8E,F). 
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Figure 8:  RANKL is the main mediator of the pro-tumorigenic role of progesterone in the mammary gland. A) Tumor 
latency after MPA-DMBA treatment in WT and MMTV-RANK mice. B) Tumor latency after MPA-DMBA treatment in 
WT mice treated with RANK-Fc or PBS. Data are expressed as percentage of mice free of palpable tumors after 
DMBA treatment. C and D) Blocking RANK signaling by injecting RANK-Fc before tumor onset leads to a slightly 
delay in tumor latency in MMTV-Neu mice (C), and decreased the number of pre-neoplastic lesions, tumors and 
lung metastasis (D). E) Kinetics of palpable tumor onset with age from the RANK deletion in PYMT mice. All palpable 
lesions were considered. F) Number of palpable tumor in 18 PyMT;RANK+/+ and 10 PyMT;RANK-/- mice, and 
percentage of PyMT;RANK+/+ (n=6) and PyMT;RANK-/- (n=7) mice with lung metastasis. Statistical differences 
between groups was evaluated by Log-rank test. Adapted from Gonzalez-Suarez et al., Nature 2010 and Yoldi G et 
al., Cancer Research, 2016. 

Thus, RANK/RANKL signaling has a crucial role in tumor initiation and promotes 

mammary tumorigenesis driven by progesterone. 
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3.5  RANK signaling and human breast cancer 

Breast cancer represents the most common cancer among women worldwide154 and 

progesterone and progestins are considered key factors for increased breast cancer 

risk in women. On the other hand, the expression of RANK and RANKL proteins in 

human breast cancer are controversial and different studies expose dissimilar results. 

Whereas some reports have shown high levels of RANK expression in primary breast 

tumors, metastasic lymph nodes and bone metastasis155–157, others have reported high 

levels of RANK just in 14.5%158 or 6% of primary breast tumors152. In the case of RANKL 

most of the studies agree with its lower expression in primary breast tumors compared 

to RANK, but still the range is wide, from 6 to 67% of cases152,155,158, being RANKL also 

detected in sporadic infiltrating mononuclear cells and in fibroblast-like cells (in 67% of 

tumor stromal samples). Nonetheless, all reports agree that RANKL expression in 

tumor cells is higher in HR+ tumors, mainly in the luminal A subtype, with a clear 

connection with progesterone signaling, whereas RANK expression is more frequent in 

TNBC subtype159–161. A study based on genomic databases and tissue microarrays of 87 

primary tumor samples showed that dual RANK and RANKL expression is particulary 

related to poorer relapse-free survival and overall survival in TNBC compared to other 

RANK or RANKL expressing tumors162, but most studies have reported that RANK and 

RANKL are not co-expressed in the same tumors. In the case of OPG, some studies 

indicate that a higher level of OPG is related to increased overall survival in breast 

cancer patients163. 

In breast tumors, mutations of RANK/RANKL have not been identified so far; however, 

a genetic variant of RANK gene (SNP (rs34945627)) has been associated with breast 

cancer risk in women carrying a mutation on BRCA2164 or BRCA1165. Indeed, RANK has 

been described to control progenitor cell expansion and tumorigenesis in BRCA1 

mutation carriers123.  

Screenings of RANK, RANKL and OPG expression have been performed in immortalized 

breast cancer cell lines. In humans, low levels of RANK expression have been described 

in some human breast cancer cell lines. RANK overexpression in immortalized, non-

transformed breast cell lines and breast cancer cell lines causes constitutive activation 

of the pathway, independently of RANKL148. In non-transformed breast cell lines, RANK 

expression induces a stem cell phenotype and favours transformation, EMT, increase 

in migration ability and mammosphere formation, anchorage-independent growth as 

well a endorsing the cells with the ability to reconstitute a murine mammary gland148. 

Several studies have analysed the RANK, RANKL and OPG expression of breast cancer 

cell lines (HCC70, MCF-7, MCF-7 3.1, MDA-MB-231, MDA-MB-435, MDA-MB-453, T47D 

and ZR 75-1) using RT-PCR analyses. MCF-7, MDA-MB-231 and T47D express RANK at 

low levels, and all of them, except for MDA-MB-435, express OPG, whereas RANKL was 

only detected in HCC70166–168. These cell lines, as happens with carcinoma cells that 

express RANK, have increased invasive and migrating abilities in the presence of RANKL 
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in vitro156. Besides, RANK overexpression in human tumor cells with non-functional 

BRCA1 enhances invasiveness in in vitro acinar cultures and increases tumorigenesis 

and metastasis in in vivo assays in immunodeficient mice, which is accompanied by an 

increase in the CD44+/CD24- cancer stem cell population148. 

3.6  RANK/RANKL signaling in other tissues 

In terms of immune-related tissues, RANK signaling is also relevant for the skin, where 

it has been demonstrated to regulate the homeostasis and proliferation of Langerhans 

cells (LC), a subset of dendritic cells of the epidermis169. In fact, RANKL expression in 

skin keratinocytes is strongly upregulated following UV irradiation170. Consequently, 

RANKL activates epidermal Langerhans cells (LCs), which also express RANK. RANKL-

activated LCs trigger an expansion of regulatory T cells (Tregs), responsible for 

maintaining immunological self-tolerance and suppressing excessive immune 

responses to self-antigens, such as in autoimmune diseases or allergies169,171. Also, 

RANK regulates hair renewal and epidermal homeostasis as it is expressed by the hair 

follicle germ and bulge stem cells and the epidermal basal cells, realted to the renewal 

of the epidermopilosebaceos unit172. 

RANK is also determinant for the development and maintenance of the microfold (M) 

cells of the intestine170 and contributes to the survival and maturation of medullary 

thymic epithelial cells, which are mediators of the self-tolerance111. 

3.7  RANK/RANKL downstream signaling pathways 

RANK signaling pathway is the regulator of several downstream signaling pathways 

including PI3K-AKT, MAPK and NF-κB pathways117,129. Transmembrane RANKL is 

cleaved by metalloproteases such as matrix metalloproteinases (MMPs) and 

metalloprotease-disintegrins (ADAMs). Binding of transmembrane or sRANKL to RANK 

induces receptor trimerization, recruitment of adaptor proteins and activation of the 

downstream signaling pathway (Figure 9). These signaling pathways downstream of 

RANK play an important role in mammary gland development152,173.  
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3.7.1  MAPK signaling pathway 

The mitogen-activated protein kinase (MAPK) pathway is involved in fundamental 

cellular processes such as cellular growth, proliferation, differentiation, migration and 

apoptosis172,174,175. Deregulation of this pathway leads to increased or uncontrolled cell 

proliferation and resistance to apoptosis176. Ras, Raf, MEK and ERK are key MAPK 

pathway signaling proteins. Extracellular growth factors activate the pathway by 

binding to receptor tyrosine kinases originating a signaling cascade via MEK signaling 

molecules. Finally, activation of the MAPK pathway leads to the transcription of genes 

that encode proteins involved in the regulation of essential cellular functions174,177,178. 

Extracellular regulated kinase (ERK), p38 MAPK and Jun N-terminal kinase (JNK) 

intracellular signaling cascades regulate the proliferation of MECs. Besides, it has been 

described that ERK signaling pathway is necessary for ductal morphogenesis, 

pregnancy-induced alveolar morphogenesis179 and plays an essential role in breast 

cancer, enhancing tumor cell proliferation and invasiveness, preventing apoptosis and 

inducing resistance to tamoxifen173,179. Several developed drugs targeting this 

pathway, including humanized monoclonal antibodies (as EGFR inhibitors) and small 

molecule inhibitors (RAS, RAF and MEK inhibitors), are currently being tested in clinical 

trials177,180. 

The JNK pathway is mainly activated by cytokines, UV radiation, growth factor 

deprivation and DNA-damaging agents. JNK role has been reported in the normal MECs 

organization during acinus development, in cell polarization and the formation of tight 

junctions and lumen cleareance181. Moreover, JNK contributes to mammary tumor cell 

proliferation by participating in the cell cycle182. A small molecule inhibitor (SP600125) 

of JNK was reported to inhibit JNK activity in vitro and reduces inflammatory responses 

in vivo183. 

Together with the JNK family, p38 MAPKs are known as stress-activated MAP kinases 

(SAPK)184. p38 pathway is activated in response to stress signals or inflammatory 

cytokines. p38 MAPK signaling pathway plays essential roles in the regulation of cell 

proliferation, differentiation, development, apoptosis and response to stress185–187. 

Indeed, p38 MAPK contributes to breast cancer cell progression, invasion and 

metastasis, but also the activation of p38 MAPK signaling cause resistance to 

tamoxifen in HER2+ breast tumors175. The anti-inflammatory drug SB203580 is a 

selective inhibition of p38 MAPK188. 

Figure 9: Signaling pathways activated downstream of RANK/RANKL. Adapted from 
Wada et.al. Trends in Molecular Medicine 2006. 
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3.7.2  NF-κB signaling pathway 

Stimulation of RANK pathways results in strong NF-κB pathway activation189. Nuclear 

NF-κB transcription factors regulate a broad range of biological processes including 

innate and adaptive immunity response, inflammation, stress responses, cell growth, 

survival and development190,191. The NF-κB family of proteins is composed of two 

subfamilies: NF-κB and Rel proteins. NF-κB /Rel proteins include NF-κB2 (p52 and its 

precursor p100), NF-κB1 (p50 and its precursor p105), c-Rel, RelA/p65 and RelB192. All 

proteins from the NF-κB family can form homo or heterodimers, except for RelB, which 

only forms heterodimers193. 

The activity of NF-κB proteins is regulated by the interaction with inhibitory IκB 

proteins. As in NF-κB family, there are several IκB proteins such as IκBα, IκBβ, IκBγ,and 

IκBε192,194. There are two well described pathways leading to the activation of NF-κB, 

canonical and non-canonical or alternative pathways. The common upstream 

mechanism of regulation is the activation of an IκB kinase (IKK) complex, which 

consists of IKKα and IKKβ. The phosphorylation of NF-κB dimers causes the 

degradation of the IκB inhibitor, allowing the nuclear import of the p65-p50 

heterodimer to activate specific target gene expression. In most cases, the activation 

of NF-κB is transient and cyclical in the presence of a continuous inducer. A selective 

inhibitor of IKK, known as IKK-16, shows an anti-inflammatory and endothelial 

protective effect likely mediated by inhibiting the inflammation promoted by NF-κB195. 

NF-κB pathway is not only involved in mammary gland proliferation, architecture and 

branching during early post-natal development196,197, but also participates in the 

initiation and progression of breast cancer198. Genetic deletion of the classical NF-κB 

pathway in PyMT mouse model showed an increase in tumor latency199. In MMTV-Neu 

mice, blockage of NF-κB activity leads to a decrease in tumor formation ability and 

reduces mammosphere growth in vitro200.  

3.7.3 PI3K-AKT signaling pathway 

The pathway PI3K-AKT-mammalian target of rapamycin (mTOR) is frequently activated 

in breast cancer, in around 70% of breast tumors201,202. PI3K is activated by the binding 

of growth factors to receptor tyrosine kinases (RTKs) and catalyzes the production of 

the phosphatidylinositol 3,4,5-triphosphate (PIP3) at the cell membrane203. PIP3 

recruits and activates a wide range of downstream targets, including the serine-

threonine protein kinase AKT204. Phosphatase and tensin homologue deleted on 

chromosome ten (PTEN) is a tumor suppressor which negatively regulates the pathway 

by dephosphorylating PIP3 to PIP2205. PI3K-AKT signaling pathway regulates many 

cellular processes such as metabolism, inflammation, cell survival, motility and cancer 

progression206. Constitutive activation of Akt in the mammary epithelium (MMTV-Akt) 

enhances the accumulation of lipids droplets in pregnancy and delays post-weaning 

mammary involution by inhibiting the apoptosis process207.  
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The PI3K-AKT signaling pathway has been implicated in therapy resistance in preclinical 

breast cancer models208,209. In HER2-overexpressing breast cancer, it has been shown 

that PI3K/AKT pathway promotes trastuzumab resistance210. Reducing PTEN in breast 

cancer cells confers trastuzumab resistance in vitro and in vivo. Patients with PTEN-

deficient breast cancer have a significantly weaker response to trastuzumab-based 

therapy than with normal PTEN211. TNBC tumors, show a high frequency of PTEN loss, 

which correlates with AKT pathway activation212. Inhibitors against RTKs have been an 

active area of drug development to fight cancer and some of them have entered 

clinical trials for breast cancer213. These RTKs inhibitors allow shutting off upstream 

signaling to the PI3K/AKT pathway. 
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4 Senescence 
Decades ago, Hayflick and Moorhead214 first described the phenomenon of “replicative 

senescence” as a stable cell cycle arrest when a certain finite number of divisions has 

been reached, leading to a mitogen-refractory growth arrest of metabolically active 

cells. 

4.1  Features of cellular senescence  

Senescence, or irreversible cell cycle arrest, is characterized by morphological, 

epigenetic and enzymatic cellular changes (Figure 10). As mentioned, cellular 

senescence was first described as the finite proliferative capacity of human fibroblasts 

in culture and it has also been implicated as a major cause of age-related disease215,216. 

Later, it was demonstrated that this “replicative senescence”, was due to telomere 

shortening, induction of the DNA damage response (DDR)217 and cell cycle arrest218.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In vitro, morphologic characteristics of cellular senescence are easily observed. Cells 

appear enlarged, flattened, and granulated, whereas cell growth rate decreases219–222. 

Figure 10: Characteristics of Cellular Senescence. A) Comparing young to aged cells. Adapted from Höhn, et.al. 
Redox Biology 2017. B) Cells exposed to various types of interior and/or exterior stress can go to senescence. 
Adapted from Sun, et. al. Trends in Molecular Medicine 2018. 
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However, the identification of senescent cells in vivo has technical limitations. In vivo, 

senescent cells appear normal without clear morphological changes223,224. Therefore, 

senescence cellular markers have emerged as a tool for in vivo identification of 

senescent cells225,226. Several features were identified as characteristic of the 

senescence state, being the “gold-standard” marker of senescence the presence of 

senescence-associated β-galactosidase(SA-βGal) activity227,228. This marker allows the 

identification of senescent cells due to an increased level of lysosomal β-Gal activity227. 

Cells under normal growth conditions produce acid lysosomal β-Gal, which is localized 

in the lysosome. β-Gal enzymatic activity can be detected at the optimal pH conditions, 

using the chromogenic substrate 5-bromo-4-chloro-3-indolyl β D-galactopyranoside (X-

Gal)229, that turns into an insoluble blue precipitate upon cleavage by β-Gal. During 

senescence, the lysosomal mass is increased and leads to higher levels of β-Gal 

activity. The abundant senescence-associated enzyme is detectable over background 

despite the less favorable pH conditions225. The SA-βGal positive cells are thus stained 

as blue-green cells, which can be scored under bright-field microscopy. Moreover, 

these cells have high levels of autofluorescence due to lipofuscin accumulation230 and 

they are characterized as well by the loss of lamin B1231. Based on their stable growth 

arrest, markers of proliferation like Ki-67 staining and 5-bromodeoxyuridine (BrdU) 

incorporation are also used for the detection of cellular senescence232. Other surrogate 

markers of senescence are DNA damage-related proteins, such as γH2AX, senescence-

associated heterocromatin foci (SAHF), p53/p21, p16INK4A, macroH2A and several 

secreted proteins such as interleukins 6 and 8 (IL-6 and IL-8)220,233–237. An important 

feature of senescent cells is that although they are growth arrested, they remain 

metabolically active215. Therefore, senescent cells are characterized by the secretion of 

cytokines and chemokines -the senescence-associated secretory phenotype (SASP) 
238,239 can affect the surrounding neighbouring cells or cause changes to the tissue 

microenvironment. Finally, senescent cells produce high levels of reactive oxygen 

species (ROS) and contain elevated levels of oxidative DNA damage240(Figure 10). 

However, these markers are not unique or specific of senescent cells, and novel and 

distinctive features are still being actively explored. 

4.2  Role of senescence during cancer initiation and progression 

During the process of epithelial cell transformation into malignant and tumorigenic 

cells, the cells need to overcome several biological processes that trigger growth arrest 

and/or programmed cell death58. Several tumor suppressor genes regulate cancer 

development. Some of these genes permanently halt cell cycle progression and cells, 

no longer able to divide, enter cellular senescence241,242. Essentially, growth arrest is 

controlled by the activation of p53/p21 and p16INK4A/pRB tumor suppressor networks. 

Senescent cells have been shown to inhibit tumorigenesis, acting as a potent tumor-

suppressive mechanism243,244. Senescence is induced by activation of oncogenes and 

certain oncogenic stimuli such as dysfunctional telomeres and DNA damage242. 
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Mutations in p53 or p16INK4A/pRB pathways cause resistance to senescence and 

increase cancer risk245. In mice and humans, the senescence response prevents 

premalignant lesions from progressing to malignant cancers246. Some years ago, it was 

believed that senescent cells would not be found in malignant tumors because of their 

decreased ability to divide. However, the characterization of several senescence, 

epithelial and mesenchymal cell markers reported the presence of numerous 

senescent cells in tumors247,248. Despite the concept that senescence acts as an anti-

tumor mechanism, it has also been suggested to have deleterious effects for cancer 

progression239,249,250. Thus, cellular senescence can have a positive or negative effect 

depending on the physiological context251. 

4.3  Senescence-Associated Secretory Phenotype 

The senescence-associated secretory phenotype (SASP) is one of the several hallmarks 

of senescence252,253.   

As already mentioned, the SASP can be beneficial or deleterious, depending on the 

context, as it can help to eliminate damaged cells254, but can also generate a pro-

inflammatory microenvironment that plays an essential role in promoting the growth 

and/or the invasion of cancer cells255,256. One of the primary functions of the SASP is to 

recruit and activate the adaptative and innate immune cells to eliminate senescent 

cells254. In contrast, the SASP can stimulate tumorigenesis by promoting 

angiogenesis257,258 or tumor growth259, among other mechanisms. Some of the factors 

secreted by senescent cells can reinforce the senescence phenotype, potentially during 

aging, being IL-8, IL-6, GROα and IGBP-7 specific SASP components reinforcing 

senescence253,260,261. SASP factors can also induce senescence in neighboring cells in a 

paracrine manner262, which together with the autocrine reinforcement, could 

potentially explain some of the effects due to the aberrant accumulation of senescent 

cells. Consequently, cellular senescence constitutes a barrier against tumor 

progression but, if senescence cells are not removed quickly, they become deleterious 

due to the SASP and reinforce tumorigenesis, being senescence a double-edged sword 

in cancer263 (Figure 11). 

The SASP components have been classified based on their molecular features264. The 

first group is composed by soluble signaling molecules such as cytokines, chemokines 

and growth factors able to bind to a cell receptor260. The best-known representatives 

of this group are the cytokines IL-6, IL-8 and IL-1α; the chemokines GROα, GROβ, CCL-

2, CCL-5, CCL-16, CCL-26 and CCL-20; and the growth factors HGF, FGF, TGFβ and GM-

CSF. Another group of SASP factors are those able to cleave membrane-bound 

proteins, modifying signaling molecules and remodeling the extracellular matrix in 

order to modify the microenvironment265. This group includes matrix metalloproteases 

MMP-1, MMP-10, MMP-3 and serine proteases, as well as reactive oxygen and 

nitrogen species266. The third group is composed by regulatory factors which lack 
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enzymatic activity and their mode of action is through the binding to factors from the 

first and second groups regulating their function. This group includes tissue inhibitors 

of metalloproteases (TIMPs), the plasminogen activator inhibitor (PAI), and insulin-like 

growth factor binding proteins (IGFBPs). 

 

 

 

 

 

 

 

 

 

The SASP has been described as a phenomenon that arises over time267 and develops 

in several phases 268. The SASP is initiated by several genotoxic senescence-inducing 

stress such as telomere shortening, cytotoxic drugs, radiation, oncogene activation or 

oxidative stress269. Genotoxic stress trigger multiple types of DNA lesions, but severe 

stress is strong enough to generate DNA double-strand breaks (DSBs), which activate 

the DDR270. This first phase is not sufficient to determine the initiation of senescence, 

as the damage could be repaired or cells could enter apoptosis267. After senescence 

induction, not all SASP factors begin to be secreted at the same time; it is a gradual 

transition conserved among cell types and senescence inducers. Genetic alterations, 

such as loss of p53 or gain of oncogenic RAS, lead to faster acquisition of the SASP, 

suggesting that the SASP is triggered by genotoxic stress.  

Multiple signaling pathways, including but not limited to p38MAPK271, cGAS-

STING272,273, TGF-β274, JAK-STAT275, PI3K-AKT-mTOR276, as well as transcription factors 

such as NF-κB277 and C/EBP-β260 regulate and orchestrate the SASP, at least in vitro.  

4.4  The Guardians of the Senescence-Associated Secretory Phenotype: 

Tumor suppressor pathways  

Figure 11: Pro-tumorigenic and anti-tumorigenic effects of Senescence-Associated Secretory Phenotype (SASP). 
From di Mitri D, et.al. Trends in Cell biology 2016. 
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Senescence is established and maintained by p53 and p16INK4A/pRB tumor suppressor 

pathways278,279(Figure 12). Briefly, when activated, p53 inhibits cell proliferation 

through the activation of its transcriptional target p21241. p21 and p16 keep the 

protein pRB in its hypophosphorylated and active state241,280. Active pRB inhibits E2F1 

(a transcription factor) that regulates the expression of genes responsible for the 

progression of the G1/S phase of the cell cycle, thereby blocking cell cycle entry281. 

Remarkably, if senescence occurrs by the activation of the p53-p21 pathway, the 

senescent cell could reenter the cell cycle; however, cells that enter to senescence via 

p16-pRB pathway are unable to resume proliferation235. 

 

 

 

 

 

 

 

 

 

 

 

 

 

p53 (encoded by TP53 gene) is mutated in almost 50% of human tumors, while the 

remaining 50% present alterations in the p53 signaling pathway, confirming its 

essential role in cancer protection282,283. p53 tumor suppressor guards genomic 

integrity regulating numerous cellular processes, such as cell cycle arrest, DNA repair, 

apoptosis and cellular senescence activated by numerous stressors 284–287. The 

induction of p53-dependent senescence has been described to play an essential role in 

limiting tumor progression in vivo286,287. This pathway is regulated at multiple points by 

proteins such as the E3 ubiquitin-protein ligase HDM2 (MDM2 in mice), which 

promotes p53 degradation, and the alternative-reading frame protein (ARF), which 

inhibits HDM2 activity288. p21 is a transcriptional target of p53 and mediator of p53-

Figure 12: Schematic Schematic model of p53 and p16/pRB pathways regulating senescence. From  
Fujita International Journal of Molecular Science 2019. 
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dependent senescence289. Moreover, loss of p53 activity by senescing or damaged 

fibroblasts enhances the SASP and the stimulatory effects of the SASP on malignant 

epithelial cells269 (Figure 13A). 

The INK4A/ARF locus encodes for three tumor suppressor genes: ARF (p19Arf in mouse 

and p14ARF in human; p16INK4A, encoded by the CDKN2A gene; and p15INK4B, encoded by 

CDKN2B245. Both p16INK4A and p19Arf have separate promoters that generate two 

different transcripts with different reading frames; lnk4a from exons 1α, 2 and 3 and 

ARF from exons 1β, 2 and 3, resulting in non-homologous protein products (Figure 

13B). p16INK4A is a G1 cyclin-dependent kinase (CDK) inhibitor that binds to CDK4 and 

CDK6290 and prevents their association with D-type cyclins, in that way allows CDK4/6-

cyclinD-mediated phosphorylation and inactivation of retinoblastoma protein (RB) and 

S-phase entry. p19Arf inhibits MDM2-mediated degradation of p53; so, loss of p19Arf 

thus results in lower p53 protein levels291 (Figure 13A).  

 

 

 

 

 

 

 

 

 

 

 

Importantly, if the stress that triggers senescence is transient, p53 induction can drive 

the cells through a quiescence state and activate DNA repair processes. Upon 

resolution of the stress, cells can resume cell cycle progression235. However, persistent 

stress or additional insults to the cells can activate p16INK4A contributing to a long-

lasting arrest235. It has been suggested that the role of p53/p21 may be limited to the 

onset of senescence, whereas p16INK4A maintains a permanent growth arrest. In 

addition, although p21 induction is important for senescence initiation, its expression 

does not necessary persist in senescent cells292. In line with this, the upregulation of 

Figure 13: Molecular pathways involved in senescence. A) The p53 and pRB pathways during senescence. From 
Valenzuela C. et.al. Frontiers in Oncology 2017. B) Structure of the INK4b and INK4a/Arf genes.From Collins C. et.al. 
Aging Cell, 2003. 
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p21, but not of p53 or p16INK4A, is the driver of developmental senescence, the type of 

cellular senescence that occurs during mammalian embryonic development293,294. 

4.5  Premature senescence 

Besides the replicative senescence dependent on telomere length, a premature 

senescence has been also described, which is telomere length-independent and occurs 

as a consequence of DNA damage and DDR caused by stress, such as elevated ROS, 

activation of oncogenes, telomere dysfunction and cell-cell fusion242 (Figure 14). 

4.5.1  Stress-Induced Premature Senescence 

Acute or chronic sublethal doses of exogenous or endogenous stressors could be 

responsible for causing a state of “stress-induced premature senescence”(SIPS)295. 

Irrespective of the inducer, SISP-cells are irreversibly growth-arrested and positive for 

the expression of markers such as SA-βGal, p16INK4A and telomere-associated 

persistent DNA damage foci296. SIPS is the most important form of cellular senescence 

in vivo, since many cell types never exhaust their maximum replicative potential during 

organism life-span and thus, do not enter replicative senescence. Nevertheless, these 

cells are exposed to varios exogenous and endogenous stressors throughout life, which 

include ROS produced by the cell itself, cytotoxic compounds from the environment, or 

radiation among others (Figure 14). 

4.5.2 Oncogene-Induced Senescence 

Oncogene-induced senescence (OIS) was first described more than 20 years ago by 

Serrano, Collado and coworkers297,298. OIS does not only occur in cell culture in vitro, 

but also in tumors in vivo299. In the tumor context, senescent cells are detectable in 

early-points, but in later invasive tumor stages they are no longer detectable300. OIS 

leads to SIPS in vivo299 and can favour tumor growth by impacting on surrounding 

stroma cells through the SASP, which depends on the type of cancer (Figure 14). OIS 

results from the hyperactivation of oncogenes like H-Ras or the inactivation of tumor 

suppressors such as PTEN297,301. Active mitogenic signaling can also induce DNA 

damage via replication stress, which triggers the collapse of replication forks. OIS is 

conserved not only in fibroblasts302, but also in epithelial cells of human and murine 

origin303,304. The tumor suppressors p16INK4A (inactivates D-type cyclins) and p19Arf 

(inactivates p53) together with the main cell cycle regulators such as pRb among 

others, play a key role in Ras-induced senescence297,305–307. In the case of human 

fibroblasts, p16INK4A seems to have a more prominent role than p19Arf in both Ras-

induced senescence and replicative senescence. However, mouse fibroblasts depend 

on p19Arf, but not on p16INK4A, for replicative senescence and Ras-induced 

senescence308–310. Recent evidence suggests the relevance of OIS in the context of 

induced pluripotency in vitro. At least, two oncoporteins, c-Myc and Klf4, are required 

for the generation of induced pluripotent stem cells (iPSCs). As the INK4a/ARF proteins 

and p53 limit the efficiency of iPSC formation, it has been suggested that cellular 
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senescence counteracts the induced conversion of primary cells into pluripotent stem 

cells311–316. Alternatively, increased proliferation rates associated with p53 loss may 

result in accelerated kinetics of iPSC formation. To the extent that this can be 

extrapolated to an in vivo setting, one could imagine that cancer stem cells arise from 

a similar reprogramming process317. Thus, cellular senescence might suppress tumor 

formation not only by inducing a persistent cell cycle arrest, but also by limiting the 

generation of cancer stem cells. 

4.5.3 Therapy-Induced Senescence 

The progression to malignancy involves bypassing or inhibiting crucial mediators of 

senescence; however, this does not mean that malignant cells have completely lost 

their capacity to undergo senescence318. Therapy-induced senescence (TIS) is another 

type of cellular senescence that has been described to be caused by genotoxic agents 

such as irradiation and chemotherapeutic drugs319 and shares most of the features 

with OIS (Figure 15). In line with this, pharmacological CDK4 inhibitors promote 

senescence in many cancer cells and show promising activity in breast cancer clinical 

trials320–322. However, chemotherapeutic treatments can promote disease progression 

through the induction of senescence and SASP323. 

In a cancer context, senescent cells have an active DDR and rely on antiapoptotic 

pathways, such as the PI3K pathway324, involved in survival regulation, and the Bcl-

2/Bcl-xL proteins which regulate apoptosis325,326. Thus, senescent cells are more 

dependent on pro-survival pathways than non-senescent analogous cells and are 

resistant to apoptosis327. These features are determinant for the rationale behind the 

Figure 14: Induction of cellular senescence by various stimuli. From Reactome database. 
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development of senolytic drugs, aimed at eliminating senescent cells without affecting 

quiescent and proliferative cells328 and thus avoiding undesirable side effects on 

healthy tissue. Senolytics will be discussed below. 

 

 

 

 

 

 

 

 

 

 

 

4.6  Cellular senescence and stemness 

Recently, it has been postulated the relevance of OIS in the context of induced 

pluripotency in vitro, since senescent cells accumulating in response to tissue damage 

can also promote stemness and reprogramming329. Key senescence-relevant signaling 

proteins (such as p16INK4A, p21 or p53) have critical roles in stem cell maintenance, 

suggesting an underexplored interplay between senescence-and stemness-controlling 

signaling networks330,331. Mosteiro et al.332 reported that the induction of the 

reprogramming factors OSKM (Oct3/4, Sox2, Klf4 and c-Myc) triggers two divergent 

cellular outcomes in tissues, cellular reprogramming and damage-induced cellular 

senescence. Expression of the four reprogramming factors triggers senescence by up-

regulating p53, p21 and p16INK4A. They find that SASP promotes in vivo reprogramming, 

as pharmacological elimination of senescent cell decreases the number of pluripotent 

cells and they identify IL-6 as a critical mediator of senescence and in vivo 

reprogramming332. Chiche et al.333 also found a beneficial paracrine effect of tissue-

injury-induced SASP on reprogramming in vivo, where senescence in the muscle 

enhances plasticity in muscle stem cells. 

Figure 15: Therapy-induced Senescence, a double-edged sword?. From Zhang Y. et.al. Acta Pharmacologica Sinica 
2011. 
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In addition, Schmitt and colleagues showed that cellular senescence induced by 

chemotherapy leads to the acquisition of “stemness-like features” by cancer cells, 

which allows them to escape senescence and promote tumor growth334. Interestingly, 

such cells gain elevated tumor-initiating capacity compared with cells that have never 

undergone senescence. The authors used a genetically engineered tumor in mice in 

which a state of cell-cycle arrest could be maintained by the administration of the drug 

tamoxifen. They showed that cells exiting senescence upon tamoxifen removal had 

greater capacity to drive tumor growth than do control tumor cells that did not go 

through a senescent phase. These findings suggest that senescence induction in cancer 

could have an unexpected “dark side” if tumour cells break through the cell-cycle-

arrest barrier. 

Nevertheless, additional confirmation and insights on the connection of this both 

cellular processes and the mechanisms involved are still needed. 

4.7 Cellular senescence and aging 

Cellular senescence has also been linked to aging, because senescent cells can not 

proliferate and gradually deplete the renewal capacity of tissues by exhausting the 

supply of progenitor stem cells. Among others hallmarks described, the senescent cells 

can also contribute to ageing by disrupting the integrity, function and/or homeostasis 

os tissues335 and by secreting degradative enzymes and inflammatory cytokines (Figure 

16). 

Furthermore, the expression of p16INK4A and p19ARF increases with age336–338. High 

levels of p16INK4A in adult stem cells have been shown to impair self-renewal and the 

proper function of some adult stem cell compartments, leading to a decrease in 

regenerative potential335,339. Senescent cells are present at sites of certain age-related 

pathologies, including atherosclerotic lesions, skin ulcers and arthritic joints, as well as 

bening and preneoplasic hyperproliferative lesions in the prostate and liver340. 
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4.8 Pharmacological approaches: Senolytics 

Despite the tumor-suppressive role of senescence, the long-term exposure of 

senescence cells is potentially detrimental. Thus, elimination of senescent cells may be 

fundamental in the therapeutic strategies in cancer341. As mentioned before, there are 

two important problems for the identification, isolation, and characterization of 

senescent cells. First, many of the senescence-associated molecular and morphological 

features are present in other cellular states and conditions342. Second, the phenotype 

of senescent cells is highly heterogeneous and dynamic, possibly a consequence of 

various distinct senescence programs. 

A number of senolytic drugs have been identified (Figure 17), such as quercetin, which 

targets the PI3K pathway, dasatinib, which interferes with EPHB1 receptor, and 

ABT263 or navitoclax, which targets Bcl-2/Bcl-xL proteins328,343. Senolytics present a 

wide range of beneficial effects for senescence-related indications in vitro and in vivo 

and could be crucial to treat disorders related to senescent cell accumulation, for 

instance, atherosclerosis, pulmonary fibrosis, osteoarthritis, cancer, diabetes, kidney 

dysfunction, chronic obstructive lung disease and neurodegenerative diseases279,344–

346. Besides promising results, senolytics are not effective for all senescence cell types, 

and each senolytic has to be tested in each senescent cell type of interest. Therefore, 

finding a safe and effective senolytic drug to use in standard treatments is still under 

development. 

Figure 16: Senescent cells contribute to aging. 
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Figure 17: Targetting senescence cells. Various drugs have been shown specifically to lead senescent cells to 
apoptosis. Particularly, interference with the phosphoinositide 3 kinase (PI3K), Bcl and metabolic pathways seems 
the most effective, but still effectiveness is highly cell-type dependent. From Soto-Gamez et al. Drug Discovery 
Today 2017. 
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OBJECTIVES 
 

The main purpose of this PhD thesis is to characterize the role of RANK overexpression 

in mammary epithelial homeostasis and cancer. We previously demonstrated that 

RANK overexpression delays tumorigenesis in oncogene-driven mouse models of 

breast cancer but increased tumor aggressiveness once tumors developed. Preliminary 

results evidenced SA-beta-galactosidase staining in preneoplastic mammary lesions of 

the double transgenic Rank/PyMT and Rank/Neu mice. SA-beta-galactosidase is the 

most accepted marker of senescence.  

Hence, we hypothesize that Rank-induces senescence attenuating tumor initiation but 

increases tumor growth through the paracrine action of senescent cells. To test this 

hypothesis the following specific objectives were defined: 

1. Evaluate the ability of RANK signaling pathway to induce senescence in non-

transformed mammary epithelial cells 

2. Evaluate the ability of RANK signaling pathway to induce senescence in breast 

cancer cells and the contribution of senescent cells to tumor aggressiveness. 

3. Study the putative association between senescence and stemness driven by RANK 

in the mammary epithelia and in breast cancer. We aim to discriminate between 

paracrine actions (through senescence associated secretory phenotype) or cell 

intrinsic mechanisms which may involve reversible senescence. 
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MATERIALS AND METHODS 

1. Experiments in animals models 

1.1  Mouse models and in vivo experiments: Rankl and Navitoclax 

treatments 

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. MMTV-Neu mice (N202 Mul; FVB 

background) and MMTV-PyMT (FVB/N-Tg (MMTV-PyMT) 634Mul) were obtained from 

Jackson laboratory and have been described previously)347. PyMT+/- (FVB) were 

backcrossed to C57Bl6 mice for at least 15 generations. MECs from PyMT+/- mice in 

C57Bl6 background were used for infections as tumor onset is delayed in this 

background compared to PyMT+/- in FVB. MMTV-RANK mice in FVB background were 

obtained from Amgen Inc. MMTV-PyMT+/-; Rank+/tg and MMTV-Neu+/-; Rank+/tg mice 

were obtained by crossing PyMT-/+ (FVB) and Neu+/+ (FVB) strains with Rank+/tg (FVB) 

mice. p16/p19-/- mice were obtained through a collaboration with M. Serrano (Institute 

for Research in Biomedicine, IRB Barcelona). PyMT+/- males were bred with Rank+/tg 

(FVB) female mice and after birth the pups were fed by a foster mother, as Rank+/tg  

females cannot lactate21,144 and PyMT+/- (FVB) females develop early onset tumors. 

Mice were monitored for tumor formation three times per week and tumors bigger 

than 1 cm in diameter were considered as endpoint criteria for mice sacrifice.  

Treatment with the Bcl-2/Bcl-xL/Bcl-w-inhibitor Navitoclax, also known as ABT-263 

(Selleckchem #S1001), was performed by daily oral gavage (o.p.) for 14 days at 

25mg/kg once dissolved in 15%DMSO/PEG400. Treatments with sRANKL (Amgen) were 

performed three times per week during two weeks by intraperitoneal injection (i.p), at 

0.75 mg/kg. 

    1.2 Mammary epithelial and tumor cell isolation 

Single cells were isolated from mammary glands or tumors as previously described348. 

Briefly, fresh tissues were mechanically dissected with McIlwain tissue chopper and 

enzymatically digested with appropriate medium (DMEM F-12, 0.3% Collagenase A, 

2.5U/mL dispase, 20 mM HEPES, and Penicillin/Streptomycin (P/S)) 45 min at 37°C. 

Samples were washed with Leibowitz L15 medium 10% fetal bovine serum (FBS) 

between each step. Erythrocytes were eliminated by treating samples with hypotonic 

lysis buffer, and fibroblasts were excluded by short-term cultures (1 hour at 37°C) with 

DMEM high glucose containing 10% FBS (the majority of fibroblasts attach to tissue 

culture plastic while most of the epithelial organoids do not). Single epithelial cells 

were isolated by treating with trypsin for 2 min at 37°C. Cell aggregates were 
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dissociated by incubation with 2.5 U/mL dispase (GIBCO), 20U/ml DNase (Invitrogen) 

for 5 min at 37°C. The obtained cell suspension was filtered with a 40 µm filter and 

cells were counted before further processing. 

2. Cell culture protocols 

2.1  Primary cells and cell lines cultures 

All cells were grown in a 37°C 5% CO2 cell culture incubator. MECs were cultured in 

DMEM/F12, 5% FBS (Gibco), epidermal growth factor (EGF) 100µg/mL (Sigma), insulin 

10mg/mL (Sigma), cholera toxin 1mg/L and 1X P/S (PAA Laboratories). MEFs and MCF7 

human breast carcinoma cells were cultured in DMEM high glucose containing 10% 

FBS and 1X P/S. Primary p16/p19-/- and WT MEFs were donated by Dr M. Serrano 

(IRB,Barcelona). For RANKL treatments in vitro, 1µg/mL of RANKL-LZ, (obtained from 

Amgen Inc. Thousand Oaks, CA.USA) was used. 

MEFs were prepared essentially as described302. Briefly, each embryo was dispersed 

and trypsinized in a 10 cm diameter plate and incubated for 2 days in DMEM high 

glucose containing 10% FBS and 1X P/S. At this point, most of the attached cells had 

the appearance of fibroblasts. These cells were frozen in aliquots and considered 

passage 0 (P0). Human breast cancer cell lines were purchased from the American 

Type Culture Collection (ATCC, Rockville, MD). ATCC provides molecular authentication 

in support of their collection through their genomics and proteomic cores by using 

DNA barcoding and species identification, quantitative gene expression and 

transcriptomic analyses. All lines were expanded and frozen within 2 weeks of 

purchase and used for a maximum of 4 months after recovery of frozen aliquots. Cell 

lines were routinely tested for mycoplasma (Biotools, B&M Labs, #4542) every month 

and experiments were done with mycoplasma free cells.   

2.2  Lentivirus production and cell infection 

Lentiviral infection was done following the manufacturer’s indications (Invitrogen). 

HEK 293T cells were transfected with lentiviral empty, Rank or RAS overexpressing 

plasmids and packaging (gag-pol, vsvg, rev) plasmids (Addgene) by the calcium 

phosphate method. 25 mM HEPES was added 16h later. The supernatant containing 

the viral particles was harvested 72h post-transfection, centrifuged at 1500rpm 5min 

and filtered with 0.22µm filters. Non-transformed MECs, MEFs, tumor cells derived 

from Neu+/- or PyMT+/- tumors and human breast cancer cell lines were transduced in a 

ratio 1:4 of the virus and fresh growth medium and 8µg/mL polybrene was added. 

Plates were centrifuged 1h at 600g at 32°C to improve infection and infected cells were 

selected with 5µg/mL of blasticidin (pLenti6/V5-DEST) or 1.5µg/mL puromycin (psd69, 

HRas (G12V)-pcw107 and pCW57.1). After selection, infected cells were maintained in 

0.75µg/mL puromycin or 2.5µg/mL blasticidin. 
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2.3  In vitro reprogramming assays 

For the reprogramming of Rank-overexpressing MEFs, we transfected HEK 293T 

(2x106) cells with Tet-O-FUW-OSKM (Addgene #20321) and packaging vectors using 

Fugene HD (Roche). Viral supernatants were collected twice a day on two consecutive 

days starting 24h after transfection and were used to infect MEFs, previously plated at 

a density of 2x105 cells/well in 6-well plates. Previous to infection, polybrene was 

added to the viral supernatants at a final concentration of 8 µg/mL. Infected MEFs 

were cultured in iPSC medium (DMEM high glucose supplemented with KSR (15% 

Invitrogen), LIF (1 U/mL), non-essential aminoacids, 1X P/S, glutamax and β-

mercaptoethanol) with 1 µg/mL doxycycline and medium was changed every 48h until 

iPSC colonies appeared (between 7 and 14 days). 

Reprogramming plates were stained for alkaline phosphatase activity (AP detection Kit, 

Sigma Aldrich), and AP positive (AP+) colonies were counted. 

2.4  Mammospheres assay 

MECs were isolated as described previously and filtered to obtain single cells. As 

Rank+/tg mammary glands contain more epithelia than WT mice, CD326+ (EPCAM+) cells 

were isolated using the EpCAM Microbeads and LS Columns (Miltenyi Biotec), to 

ensure that the same number of epithelial cells were plated. Briefly, the EPCAM+ cells 

are magnetically labeled with EpCAM Microbeads. Then, the cell suspension is loaded 

onto the MACS® Column, which is placed in the magnetic field of a MACS separator 

and thus magnetically labeled EPCAM+ cells are retained within the column. The 

unlabeled cells run through; being this cell fraction depleted of EPCAM+ cells. After 

removing the column from the magnetic field, the magnetically retained EPCAM+cells 

are eluted as the positively selected cell fraction. EPCAM+cells (25.000 cells/mL in 2mL) 

were resuspended in serum-free DMEM/F12 mammosphere medium containing 20 

ng/mL EFG, 2% B27, 1% P/S and 1% glutamine in ultra-low attachment multiwell 

culture plates. Medium was replenished three times a week with or without Navitoclax 

(0.2 or 0.6µM) or Rankl (1µg/mL). After 7 days, primary mammospheres were isolated 

by 5 min treatment with accutase (Gibco) at 37°C and 25.0000 cells/well were plated in 

triplicates for secondary mammospheres formation. Individual spheres from each 

replicate well were counted under a bright field microscope. 

 

3. Molecular biology techniques and immunostaining 

3.1  Generation of expression plasmids 

Rank overexpressing plasmids were generated using Gateway® cloning system strategy 

following manufacture’s instructions349. The BP Reaction allows the recombination of 

an attB-plasmid (Rank/RANK) with an attP donor vector (pDONR 201, Invitrogen).  
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Briefly, the ORFeome collaboration sequence of human RANK or mouse Rank inserted 

in a pENTR223.1 vector was transferred to the following attR destination vectors by a 

LR reaction: pwpi-GW (modified from the original Addgene plasmid # 12254 to insert 

the gateway cassette by H. Kendrick and M. Smalley), psd69 (donated by M. Bentires-

Alj and S. Duss), pLenti6/V5-DEST (Invitrogen #V49610) or pCW57.1 (Addgene plasmid 

# 41393). The expression plasmids were verified by restriction enzymes and RT-PCR 

analyses. Lentiviral vectors with different strength promoters were used in order to 

achieve different levels of Rank/RANK overexpression: pwpi (EF1a promoter, contains 

GFP expression gene for FACS selection), plenti6/V5-DEST (CMV promoter, blasticidin 

selection), psd69 (PGK promoter, puromycin selection) and inducible vector pCW57.1 

(TRE promoter doxycycline inducible, puromycin selection). 

In addition, the following plasmids were generously provided: (i) pEIZ-PyMT350 

(modified from the Addgene plasmid #18121, HIV-ZSGreen) by B. Welm (Huntsman 

Cancer Institute, UT, USA) (ii) pwpi-NeuN (pSV2) by M. Smalley (Stem Cells Institute, 

Cardiff UK) and HRas-(G12V)-pcw107 by M. Collado (IDIS, Santiago de Compostela) 

modified from the original Addgene plasmid #64603.  

3.2  RNA isolation, RT-PCR and gene expression analyses 

Total RNA from MECs, MEFs, mouse and human breast cancer cells was extracted 

using the RNeasy Mini Kit (Cat.No.74106, Qiagen), sorted cells with RNAeasy Micro kit 

(Cat.No.74004, Qiagen) and reverse-transcribed with SuperScript® II Reverse 

Transcriptase (Cat. No. 18064014, Thermo Fisher Scientific). Quantitative PCR (qPCR or 

qRT-PCR) was performed using the LightCycler® 480 SYBR green (Roche Diagnostics). 

Primer sequences are indicated below. Ct analysis was performed using LightCycler 

480 software (Roche). 

3.3  Primers used for quantitative RT-PCR (qPCR) analyses and for 

genotyping 

 

Primers for SYBR GREEN qPCR 

Rank Fwd   5’ CAAACCTTGGACCAACTGCA 3’ 

Rank Rev   5’ AGGAGCAGAACGATGAGACT 3’ 

Rankl Fwd  5’ CCCACAATTGTGTTGCAGTTC 3’ 

Rankl Rev  5’ TCCTGAGACTCCATGAAAACG 3’ 

Krt14 Fwd  5’ TGAGAGCCTCAAGGAGGAGC 3’ 

Krt14 Rev  5’ TCTCCACATTGACGTCTCCAC 3’ 

Krt8 Fwd   5’ ATTGACAAGGTGCGCTTCCT 3’ 

Krt8 Rev   5’ CTCCACTTGGTCTCCAGCATC 3’ 

p16-lnk4a Fwd 5’ TACCCCGATTCAGGTGAT 3’ 

p16-lnk4a Rev  5’ TTGAGCAGAAGAGCTGCTA 3’ 

p19-Arf Fwd   5’ GCCGCACCGGAATCCT 3’ 

p19-Arf Rev  5’ TTGAGCAGAAGAGCTGCTA 3’ 
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RAS Fwd   5’ TTTGAGGACATCCACCAGTACA 3’ 

RAS Rev  5’ GCCGAGATTCCACAGTGC 3’ 

PyMT Fwd   5’ GGAAGCAAGTACTTCACAAGGG 3’ 

PyMT Rev   5’ GGAAAGTCACTAGGAGCAGGG 3’ 

NeuRat Fwd  5’ CCCAGATCTCCACTGGCTCC 3’ 

NeuRat Rev   5’ TTCAGGGTTCTCCACAGCACC 3’ 

mCXCL1 Fwd  5’ CTGGGATTCACCTCAAGAACATC 3’ 

mCXCL1 Rev  5’ CAGGGTCAAGGCAAGCCTC 3’ 

mCXCL2 Fwd  5’ CCAACCACCAGGCTACAGG 3’ 

mCXCL2 Rev  5’ GCGTCACACTCAAGCTCTG 3’ 

mIL6 Fwd  5’ GTTCTCTGGGAAATCGTGGA 3’ 

mIL6 Rev  5’ GGTACTCCAGAAGACCAGAGGA 3’ 

mIL1α Fwd  5’ TCCATAACCCATGATCTGGAA 3’ 

mIL1α Rev  5’ TTGGTTGAGGGAATCATTCAT 3’ 

mCCL2 Fwd  5’ CATCCACGTGTTGGCTCA 3’ 

mCCL2 Rev  5’ GATCATCTTGCTGGTGAATGAGT 3’ 

mVEGF Fwd  5’ AAAAACGAAAGCGCAAGAAA 3’ 

mVEGF Rev  5’ TTTCTCCGCTCTGAACAAGG 3’ 

mPAI1 Fwd  5’ CCAACATCTTGGATGCTGAA 3’ 

mPAI1 Rev  5’ GCCAGGGTTGCACTAAACAT 3’ 

mNanog Fwd  5’ CAAGGGTCTGCTACTGAGATGCTCTG 3’ 

mNanog Rev  5’ TTTTGTTTGGGACTGGTAGAAGAATCAG 3’ 

mSox9 Fwd  5’ TCAGCAAGACTCTGGGCAAG 3’ 

mSox9 Rev  5’ GTCCGTTCTTCACCGACTTC 3’ 

HK Hprt Fwd  5’ TCAGTCAACGGGGGACATAAA 3’ 

HK Hprt Rev   5’ GGGGCTGTACTGCTTAACCAG 3’ 

HK Pp1a Fwd   5’ CAAATGCTGGACCAAACACAAACG 3’ 

HK Pp1a Rev  5’ GTTCATGCCTTCTTTCACCTTCCC 3’ 

HRANK Fwd   5’ GCAGGTGGCTTTGCAGAT 3’ 

HRANK Rev  5’ GCATTTAGAAGACATGTACTTTCCTG 3’ 

HPP1A Fwd  5’ ATGGTCAACCCCACCGTGT 3’ 

HPP1A Rev  5’ TCTGCTGTCTTTGGGACCTTG 3’ 

HTP53 Fwd  5’ GTCTGGGCTTCTTGCATTCT 3’ 

HTP53 Rev  5’ AATCAACCCACAGCTGCAC 3’ 

HP21 Fwd  5’ GACTCTCAGGGTCGAAAACG 3’ 

HP21 Rev  5’ TAGGGCTTCCTCTTGGAGAA 3’ 

HIL6 Fwd  5’ AGACAGCCACTCACCTCTTC 3’ 

HIL6 Rev  5’ ACCAGGCAAGTCTCCTCATT 3’ 

HTNFα Fwd  5’ AAGCCTGTAGCCCATGTTGT 3’ 

HTNFα Rev  5’ TGAGGTACAGGCCCTCTGAT 3’  
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Primers for genotyping 

Rank Fwd   5’ GGGAGCAGTGGTGGAATGCCT 3’ 

Rank Rev   5’ TCAGGTTCAGGGGGAGGTGTG 3’ 

Neu Fwd  5’ TTTCCTGCAGCAGCCTACGC 3’ 

Neu Rev  5’ CGGAACCCACATCAGGCC 3’ 

HK B965S Fwd  5’ CCTAGCTGTCACCAACCCTTT 3’ 

HK N1227AS Rev 5’ GACGAAGAGCATCACAAGGAG 3’ 

PyMT Fwd  5’ GGAAGCAAGTACTTCACAAGGG 3’ 

PyMT Rev  5’ GGAAAGTCACTAGGAGCAGGG 3’ 

HK PyMT Fwd  5’ TTTCCTGCAGCAGCCTACGC 3’ 

HK PyMT Rev   5’ CGGAACCCACATCAGGCC 3’ 

p16/p19+/+ WT-allele  

      mp16.1   5’ATG ATG ATG GGC AAC GTT C 3’ 

      mp16.2   5’ CAA ATA TCG CAC GAT GTC  3’ 

p16/p19-/- KO-allele  

      oIMR038   5’ CTA TCA GGA CAT AGC GTT GG 3’ 

      R1    5’ AGT GAG AGT TTG GGG ACA GAG 3’ 

 

3.4  Cell sorting by flow cytometry 

Single cells were labeled with antibodies against CD24-PE or CD24-FITC (5 μg/mL, 

M1/69 BD Pharmingen, San Diego, CA, http://www.bdbiosciences.com), CD29-FITC 

(1,25 μg/mL, HMb1-1, BD Pharmingen), CD49f-a647 (2,5 μg/mL, GoH3, BD 

Pharmingen), CD61-PE or CD61-FITC (2,5 μg/mL, 2C9.G2, BD Pharmingen), Sca-1-APC 

or Sca-1-PE (0,5 μg/mL, Ly-6A/E, BD Pharmingen), and CD49b-a647 (1,25 μg/mL, HMa2 

Biolegend, San Diego, CA, http://www.biolegend.com). Lymphocytes and endothelial 

cells were excluded in flow cytometry using CD45-PECy7 (0,125 μg/mL, 30-F11 

Biolegend) and CD31-PECy7 (0,5 μg/mL, 390 Biolegend) antibodies, respectively. 

FACS analyses were performed using FACS Canto (Becton Dickinson, San Jose, CA) and 

Diva software package. Cell sorting was performed using MoFlo (Beckman Coulter) at 

25psi and using a 100 mm tip. 

3.5  Cell apoptosis assessments 

Apoptosis was evaluated using the Annexin A5 Apoptosis Detection Kit from Biolegend. 

The cells were stained with APC Annexin V and 7-amino-actinomycin (7-AAD) according 

to the manufacturer’s instructions to detect early apoptotic cells (7AAD- Annexin V+), 

dead cells (7AAD+Annexin V+) and live cells (7AAD-Annexin V-).Cells were analyzed by 

flow cytometry using a FACS Canto and Diva software for analysis.  
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3.6  RNA sequencing 

MECs were isolated as previously described, and basal (CD24lo CD49fhi) and luminal 

(CD24hi CD49flo) cells within the Lin- population were sorted by FACS from WT and 

Rank+/tg mice.  

Raw sequencing reads in the fastq files were mapped with STAR version 2.6.1b351 to 

the Gencode release 17 based on the GRCm38.p6 reference genome and the 

corresponding GTF file. The table of counts was obtained with FeatureCounts function 

in the package subread, version 1.5.352 The differential expression gene analysis (DEG) 

was assessed with voom+limma in the limma package version 3.40.6352 and R version 

3.6.0. Genes having less than 10 counts in at least 3 samples were excluded from the 

analysis. Raw library size differences between samples were treated with the weighted 

“trimmed mean method” TMM353 implemented in the edgeR package354. The 

normalized counts were used in order to make unsupervised analysis, PCA and 

clusters. For the differential expression (DE) analysis, read counts were converted to 

log2-counts-per-million (logCPM) and the mean-variance relationship was modelled 

with precision weights using voom approach in limma package. 

3.7  GSEA analysis 

Pre-Ranked Gene Set Enrichment Analysis (GSEA) (GSEA 2017) was used in order to 

retrieve functional pathways. The ranked list of genes was generated using the -

log(p.val)*signFC for each gene from the statistics obtained in the DE analysis with 

limma353. Functional annotation was obtained based on the enrichment of gene sets 

belonging to gene set collections (MSigDB 2017). The collections used in this project 

are: 

•c2.all: Gene sets collected from various sources such as online pathway 

databases, publications in PubMed, and knowledge of domain experts. 

•c5.bp: Gene sets derived from the Biological Process Gene Ontology (GO). 

•Hall: Hallmark gene sets. Coherently expressed signatures derived by 

aggregating many MSigDB gene sets to represent well-defined biological states or 

processes. 

3.8  Mouse cytokine array 

The cytokine array was performed using the Mouse Cytokine Array C100 Kit 

(RayBiotech) to measure the relative levels of proteins in mammary epithelial cells 

lysates and cell culture supernatants. The assay was performed according to the 

manufacturer’s instructions. Cell lysates were pooled and an equal amount of total 

protein (500µg) was loaded onto the array kit. Blot images were analyzed with ImageJ 

software. 

3.9  Tissue histology and immunostaining 

For tissue fixation within histology cassettes samples were fixed in 4% formaldehyde 

overnight at room temperature. After fixation, cassettes were placed in 70% ethanol 
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for long term storage. For analyses, the samples were dehydrated following ethanol 

immersions as indicated: 

1. 70% ethanol for 1h at room temperature; 

2. 96% ethanol for 1h at room temperature; 

3. 96% ethanol 45 min at room temperature; 

4. 100% ethanol two times for 45 min each at room temperature; 

5. 2-propanol (isopropanol) (in case of tissues previously processed for SA-βGal 

staining) or in Xylene 45 min at room temperature; and 

6. 2-propanol (in case of tissues previously processed for SA-βGal staining) or in 

Xylene 45 min at 65 C. 

Finally, samples were embedded overnight in paraffin at 65°C. 

For histological analysis, 3 μm sections from paraffin-embedded mammary glands 

were cut and stained with hematoxylin and eosin (H&E). For immunohistochemistry 

(IHC) staining of Ki-67 (Thermo Scientific), 3 μm sections from paraffin embedded 

mammary glands were sectioned, dewaxed and rehydrated. Antigen retrieval was 

performed with citrate buffer (pH6) in a pressure cooker (20 min) prior to overnight 

antibody incubation at 4°C. The antigen-antibody complex was detected with 

streptavidin-horseradish peroxidase (Vector Laboratories) and revealed with DAB 

substrate (DAKO). 

Immunofluorescence (IF) was also performed in 3 m tumor sections. Antigen heat 

retrieval was performed as described above for K8 (TROMA, dshl, Developmental 

Studies Hybridoma Bank, Iowa City, Iowa), K5 (AF-138, Covance, Princeton, NJ) and K14 

(AF-64, Covance). Suitable fluorochrome-conjugated secondary antibodies were added 

upon incubation with primary antibodies. Cell nuclei were stained with DAPI (Sigma) 

and slides mounted with Prolong ® Gold Antifade (Life Technologies). 

3.10 Senescence-associated β-galactosidase staining 

For SA-βGal staining in culture, MECs, MEFs and human breast cancer cell lines were 

seeded in 24-well plates with growth medium (50.000cells/well for MECs and 25.000 

cells/well for MEFs and human cells lines). After 8 days, cells were washed in PBS, fixed 

for 15 min (room temperature) in 2% formaldehyde/0.2% glutaraldehyde, washed, and 

incubated overnight at 37°C with fresh SA-βGal staining solution: 1 mg/mL of 5-bromo-

4-chloro-3-indolyl beta-D-galactoside (X-Gal) (Fisher Scientific), 40 mM citric 

acid/sodium phosphate pH 5.5, 5 mM K3Fe[CN]6, 5 mM K4Fe[CN]6, 150 mM NaCl, and 2 

mM MgCl2.  

 

For whole-mount SA-βGal staining, mammary glands and tumors were washed in PBS, 

fixed for 30min (room temperature in 2% formaldehyde/0.2% glutaraldehyde, washed, 

and incubated overnight at 37°C with fresh SA-βGal staining solution: 1 mg/mL of X-Gal 

(Fisher Scientific), 40 mM citric acid/sodium phosphate pH 5.5 (in case of human 

samples pH 6), 5 mM K3Fe[CN]6 , 5 mM K4Fe[CN]6, 150 mM NaCl, and 2 mM MgCl2
225. 
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Stained mammary glands/tumors were dehydrated in ethanol and embedded in 

paraffin (see below 3.9). 

SA-βGal stained mammary glands and cells were photographed on a bright field 

microscope and the number of positive cells was quantified using ImageJ software. 

 

3.11  Immunofluorescence analysis of primary MECs from mammary 

glands and MEFs 

MECs, MEFs and human breast cancer cell lines were seeded in 8-well chamber slides 

(LabTek) with growth medium (50.000 cells/well for MECs and 25.000 cells/well for 

MEFs and human cell lines). After 48h, the medium was removed and cells were fixed 

in 2% paraformaldehyde and permeabilized using 0.5% Triton X-100 before blocking. 

Cells were incubated overnight at room temperature with the primary antibodies; ki67 

(Thermo Scientific), p19 ARF (5-C3-1, Santa Cruz), anti-phospho-Histone γH2A.X 

(Ser139) (Millipore) and then with Alexa-564-647 conjugated secondary antibodies 

(1:750; Molecular Probes) for 45 min at room temperature or DAPI for nuclear 

staining. Slides were mounted with Prolong® Gold Antifade Reagent. Confocal analyses 

were carried out using a Leica confocal microscope. Images were captured using LasaF 

software (Leica). 

3.12  Protein isolation and western blot analysis 

For total cell extracts, cells were lysed with RIPA buffer (50 mM Tris-HCl pH 7.4, 

150mM NaCl, 1% NP-40, 0,25% Sodium deoxycholate, 0,1% SDS) 30 min at 4°C. 

Phosphatases and proteases inhibitors (Roche 04906837001 and 11697498001) were 

added fresh to the lysis buffer. Total protein quantification was performed with Bio-

Rad DC Protein assay following manufacturer’s instructions (BioRad). A total of 12μg 

whole protein extracts were loaded with Loading Buffer (20% -Mercaptoethanol, 40% 

glycerol, 200 mM Tris pH 6.8, 10% SDS, 0,4% bromophenol blue) and separated on 

8,5% SDS-PAGE at 110V and transferred to PVDF membranes (Millipore) during 1 h at 

400mA. Membranes were first blocked with blocking buffer (5M NaCl, 2mM Tris-HCl 

pH 7.4, 1% Tween 20, 5% BSA) and then incubated overnight at 4°C with primary 

antibodies against anti-phospho-NF-κB p65 (#3033), anti- NF-κB p65 (#8242), anti-

phospho-p38 MAPK (#4631), anti-p38 MAPK (#9218), anti-phospho p44/42 MAPK 

(phospho Erk1/2) (#9101), anti-p44/42 MAPK (Erk1/2) (#9102), anti-phospho-IκB 

(#9246), anti-IκB (#4814), anti-phospho-SAPK/JNK (#4668), anti-SAPK/JNK (#9252). 

Anti-mRANK (AF692) and anti-hRANK (AF683) antibodies were purchased from RD, 

and anti--tubulin antibody from Abcam (ab21058). After washing, blots were 

incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000; 

DAKO) for 1h. Blots were developed with the ECL detection kit (Amersham 

Biosciences). 
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4. Statistical analysis 
Statistical analyses were performed using GraphPad Prism software. Analysis of the 

differences between two mouse cohorts or conditions was performed with a two-

tailed Student’s t-test *** p < 0.001; ** p < 0.01; * p < 0.05; n.s. not significant. Two-

way analysis of variance (ANOVA) was used to analyze tumor growth curves.  
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RESULTS 
 

PART 1 

ROLE OF RANK OVEREXPRESSION IN MAMMARY EPITHELIAL CELLS 

The long latency in mammary tumor formation observed in Rank+/tg mice138 suggests 

that the cooperation of RANK overexpression with oncogenic events may be required 

to induce tumorigenesis. Unexpectedly, previous data from our laboratory (included in 

the thesis of A.Cordero; 2015) showed a longer latency of tumor formation in double 

transgenic mice Neu+/-; Rank+/tg and PyMT+/-; Rank+/tg as compared to the 

corresponding single mutants: Neu+/-Rank+/tg (414 ± 115 days), compared to Neu+/- 

mice (261 ± 87 days) and PyMT+/-Rank+/tg mice (67 ± 16 days), compared to PyMT+/- 

mice (41 ± 7 days) (Figure 18). Moreover, Neu+/-; Rank+/tg mice showed a reduction in 

tumor incidence (only 58% of mice developed tumors), compared to Neu+/-, where 

100% mice developed tumors (Figure 18). 

These observations suggest that high levels of RANK interfere with tumor initiation in 

these oncogene-driven mouse models and may protect from breast cancer. In this 

thesis, we aimed to determine the mechanism underlying these unexpected effects. 

1.1.  Histological analysis of mammary glands from Neu+/-, PyMT+/- and 

double transgenic Neu+/-; Rank+/tg and PyMT+/-; Rank+/tg adult mice 

Histological analysis at different time points (40-55-week-old mice) revealed that 

Neu+/-; Rank+/tg had a higher incidence of hyperplasias compared to Neu+/- mice (Figure 

19A), mimicking the mammary glands of Rank+/tg mice138. Mammary intraepithelial 

neoplasias (MINs) were almost abscent in the single Neu+/- transgenic mice while easily 

detectable in Neu+/-; Rank+/tg double transgenic.  

Figure 18: Kinetics of palpable tumor onset with age in the indicated genotypes. Statistical difference between 
groups was evaluated by log-Rank test. Pie charts represent the total frequency of mice with tumors at sacrifice. 
Note that some Neu

+/-
Rank

+/tg 
mice died or had to be sacrificed without tumors. 
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PyMT+/-; Rank+/tg mammary glands contained multiple hyperplasias but a similar 

number of MINs compared to the mammary glands from single transgenic PyMT+/- 

mice (Figure 19B).  

These observations suggest that constitutive activation of RANK in the mammary gland 

blocks the progression from hyperplasic lesions to MINs, leading to a significant delay 

in tumor onset. 

1.2.  Rank overexpression enhances senescence in preneoplasic lesions 

Given the strong delay in tumor latency observed in double transgenic mice that 

overexpress RANK we decided to evaluate the mechanisms responsible for the delayed 

tumor latency observed in mice. For this purpose, proliferation (ki67) and apoptosis 

(cleaved caspase 3) were analyzed by immunohistochemistry in mammary gland 

samples collected from the different mouse models355,356. No clear differences in 

proliferation or apoptosis were observed between single and double transgenic mice 

at the stage of hyperplasias (Figure 20A).  

Multiple studies suggest that senescence can be an efficient anti-tumor 

mechanism318,327. To investigate whether the delayed latency observed in RANK 

overexpressing mice could be explained by the induction of senescence, we performed 

senescence-associated beta-gal (SA-βGal) staining analyses of mammary glands from 

the different transgenic mice225. In fact, strong SA-βGal staining was detected in the 

Neu+/-; Rank+/tg and PyMT+/-; Rank+/tg mammary glands, mainly within the hyperplasic 

lesions and early MINs. Senescent cells were located in preneoplasic lesions but not in 

Figure 19: A) Representative images of hematoxylin and eosin (H&E) stained sections and quantification of 
hyperplastic lesions and mammary intraepithelial neoplasias (MINs) in mammary glands from 40-55 week-old 
Neu

+/-
 (n=7) and Neu

+/-
; Rank

+/tg 
(n=6) females. Only mammary glands without palpable lesions were considered. 

B) Representative H&E images showing preneoplastic lesions in 12 week-old PyMT
+/-

 and/or PyMT
+/-

; Rank
+/tg 

mice.  



 

 

78 
 

Figure 20: A) Quantification of ki67 and cleaved caspase-3 staining within hyperplasias from mammary glands from 
Neu

+/-
, Neu

+/-
; Rank

+/tg
, PyMT

+/-
and PyMT

+/-
; Rank

+/tg
 mice. B) Representative images of H&E with SA-βGal staining 

and corresponding quantification (right panel, frequency of SA-βGal positive cells relative to MECs) in mammary 
glands of the indicated genotypes containing ducts or preneoplasic lesions. Age of the mice is indicated. Note that 
double transgenic mice are older than single mutants. Three representative pictures of the indicated number of 
mammary glands were quantified and mean and p values are shown. Each dot indicates quantification of a picture. 

invasive carcinomas from Neu+/-; Rank+/tg  and PyMT+/-; Rank+/tg  mammary gland 

epithelia (Figure 20B). A significant increase in the frequency of SA-βGal positive cells 

was found in the mammary glands from the double transgenic mice as compared to 

the single Neu or PyMT mice (Figure 20B). 

 

 

 

 

 

 

 

We therefore hypothized that RANK overexpression induces senescence in the 

mammary epithelium. To address this hypothesis we performed histopathological 

analysis of normal and hyperplasic epithelium from Rank+/tg mammary glands and 

observed multiple senescent structures (Figure 21A). No overlap between senescence 

and the proliferation marker ki67 was observed in the preneoplasic lesions of the 

mammary glands independently of the genotype of the mice (Figure 21B), further 

supporting the senescent status of these cells. A significant increase in the frequency 

of SA-βGal positive senescent cells was found in Rank+/tg MECs plated in vitro (30% of 

the total number of cells), which showed high Rank mRNA expression (Figure 21C,D). 
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Figure 21: A) Representative images of H&E with SA-βGal staining and corresponding quantification of WT and 
Rank

+/tg
 mammary glands containing ducts or preneoplasic lesions. Three representative pictures of the indicated 

number of mammary glands were quantified and mean and p values are shown in the graph below. Each dot 
indicates the quantification from one picture. B) Representative images of ki67 immunohistochemistry (brown) 
and SA-βGal (blue) staining in preneoplasic lesions of the indicated genotypes. No overlap between ki67 and SA-
βGal staining was found. C) Representative images of SA-βGal positive cells in MECs isolated from WT (n=12) and 
Rank

+/tg
 (n=11) females cultured for 8 days and corresponding quantification (right panel). Quantifications were 

performed in triplicates and each dot indicates a replica. Mean, SEM and t test p values are shown. D) mRNA 
expression of Rank relative to krt8 measured by RT-PCR in MECs isolated from WT and Rank

+/tg
 mice (n=3). SA-βGal 

staining is shown in Fig. 4A. 

These results suggest that Rank overexpression is enough to induce senescence in 

MECs. 
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1.3.  Overexpression of PyMT or Neu oncogenes did not induce senescence 

To investigate the contribution of PyMT and Neu oncogenes to senescence in Rank+/tg 

mouse models, MECs of Rank+/tg mice were infected with lentivirus carrying PyMT 

(pEIZ-PyMT) and Neu (pwpi-NeuN) oncogenes. PyMT and Neu overexpression was 

confirmed by qRTPCR (Figure 22A). Next, we analyzed the levels of senescence by SA-

βGal staining of these infected cells. Overexpression of PyMT or NeuN did not induce 

senescence neither in WT, nor had any impact in Rank+/tg MECs (Figure 22B). 

Given the strong senescent phenotype of Rank+/tg mammary epithelia and Rank+/tg 

MECs, we decided to infect non-transformed Neu and PyMT MECs and their 

corresponding WT controls with Rank-overexpressing plasmids. PyMT+/- mice in the 

C57BL6 background were used, as the tumor onset is significantly longer than in the 

FVB background. No differences in the percentage of senescent cells among WT, Neu 

and PyMT MECs were observed (Figure 22C), whereas overexpression of Rank induced 

senescence to a similar extent in MECs of the three genotypes (Figure 22C).  

Altogether, these data show that overexpression of Rank (but not of NeuN or PyMT) in 

vivo and in vitro, irrespective of the presence of other oncogenic stimuli, leads to 

senescence of the mammary epithelial cells (MECs).  
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1.4.  Rank overexpression leads to and “oncogene-induced senescence” 

phenotype in MECs and MEFs through p16/p19 

Although SA-βGal is the most widely accepted marker of senescence, we next analyzed 

additional senescence markers and further address the oncogene-induced senescence 

(OIS) potential of Rank in other cell types. For that, mouse embryonic fibroblasts 

(MEFs) (as one of the most extended cell types to study senescence357,358), as well as 

non-transformed MECs isolated from WT mice were infected in parallel with Rank and 

H-RAS-overexpressing vectors, since RAS is the best-characterized oncogene 

prompting OIS301,302. We evaluate SA-βGal staining of these MECs and MEFs six days 

after the infection. RAS and Rank overexpression led to senescence in MECs and MEFs 

(Figure 23A). Quantification of SA-βGal staining showed that Rank and RAS 

overexpression triggered similar rates of senescent cells in both cell types (about 35% 

in MECs and 40% in MEFs) (Figure 23A,B).  

Three different vectors, that achieved different levels of Rank overexpression, were 

used to transduce Rank in MECs and MEFs by lentiviral infection (Figure 23C). 

Senescence was observed in all cases suggesting that even low levels of Rank 

expression can induce senescence (C). Moreover, a doxycycline dependent inducible 

vector was used to overexpress Rank. Despite the fact that the levels of Rank 

overexpression were much lower than those achieved with the constitutive vectors, 

senescence was found in both MECs and MEFs, although a dose dependent effect was 

observed (Figure 23D). 

The tumor suppressor p16INK4a and p19ARF proteins (encoded by the genetic locus 

Cdkn2a or Ink4a/Arf) are main regulators of senescence, often used as senescent 

markers due to their upregulation in senescent cells300. For this reason, we analyzed 

the expression of both genes in Rank overexpressing MECs and MEFs. We found a 

higher expression of both Cdkn2a or Ink4a/Arf) in Rank overexpressing cells compared 

to the controls as observed after RAS overexpression (Figure 24A). Indeed, expression 

of p19 protein was detected by immunofluorescence in Rank+/tg plated MECs as 

opposed to WT (Figure 24B). Moreover, double immunofluorescence for ki67 and p19 

Figure 22: A) mRNA expression of PyMT, NeuN and Rank relative to hprt measured by RT-PCR in cultured Rank+/tg 
and WT MECs six days after infection with NeuN and PyMT overexpressing plasmids and control (φ) vectors. 
Mean, SEM and t-test p value for 3 independent experiments are shown. Quantifications were performed in 
triplicate and mean values were used in the calculations. B) Quantification of SA-βGal positive cells in cultured 
Rank

+/tg
 and WT MECs 6 days after infection with PyMT and NeuN overexpressing and control (φ) vectors, as well 

as non-infected cells. Each dot indicates a replica, quantifications were performed in triplicates and mean, SEM 
and t test p values for 3 independent experiments are shown. C) Frequency (top panel) and representatives 
images (down panel) of SA-βGal positive cells in non-transformed MECs isolated from Neu

+/-
 (FVB), PyMT

+/-
 

(C57BL6) and corresponding WT MECs six days after the infection with Rank-overexpressing or control (φ) 
plasmids. Total number of infections is shown. For each experiment the mammary gland of an independent mouse 
was used. Quantifications were performed in triplicates and each dot indicates a replica. Mean and t test p values 
are shown.  
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in Rank-overexpressing MECs, showed that approximately 20% of cells were positive 

for p19, twice more than in control MECs; very few MECs were proliferating (less than 

3% were ki67+), and there was no overlap between p19 and ki67 (Figure 24C). In MEFs, 

upon Rank overexpression, p19 was detected in 50% of MEFs compared to 20% in 

control cells. The frequency of proliferating cells (ki67+) decreased from 20 to 3% in 

Rank overexpressing cells and no overlap between p19 and ki67 was observed, 

consistent with a growth-arrested phenotype (Figure 24D,E).  

Next, we assessed whether Rank-driven senescence is mediated by p16/p19. To this 

end, infections with Rank-overexpressing lentivirus were performed on p16/p19 

deficient MEFs (p16/p19-/-). Inded, neither Rank nor RAS were able to induce 

senescence in the absence of p16 and p19 (Figure 24E). Together, these results 

indicate that Rank is a potent inductor of senescence comparable to RAS both in MECs 

and MEFs and that Rank overexpression in vitro induces senescence through p16/p19.  
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Figure 24: A) mRNA expression of p19 and p16 relative to hprt measured by RT-PCR in MECs and MEFs 6 days after 
the infection with Rank and RAS overexpressing plasmids and control (φ) vectors. Mean, SEM and t test p values for 
three independent experiments are shown. Quantifications were performed in triplicate and mean values were 
used in the calculations. Corresponding SA-βGal quantifications are shown in Fig. 6B. B) p19 (red) immunostaining 
in WT (FVB) and Rank

+/tg
 MECs. Nuclei were counterstained with DAPI. Insets (2x) are included to highlight the 

staining in Rank
+/tg

 MECs. C-D) Representative images (C) and corresponding quantifications (D) of ki67 (green) and 
p19 (red) immunofluorescence of MECs and MEFs six days after infection with Rank overexpressing and control (φ) 
plasmids. Nuclei are counterstained with DAPI (blue). E)Representatives images and quantification of SA-βGal 
staining in p16p19KO MEFs 6 days after the infection with Rank or RAS overexpressing and control (φ) lentivirus. 
Quantifications were performed in triplicates and each dot represents a replica of the indicated number of 
experiments. Mean, SEM and t-test p values are shown. 

Figure 23: A-B) Representatives images (A) and quantification (B) of SA-βGal staining in MECs isolated from WT 
mammary glands and WT MEFs 6 days after infection with Rank or RAS overexpressing and control (φ) plasmids. 
Quantifications were performed in triplicates and each dot represents a replica of the indicated number of 
experiments. Mean, SEM and t-test p values are shown. C) mRNA expression of Rank relative to hprt (top panel) in 
MECs and MEFs 6 days after the infection with the indicated Rank-overexpressing plasmids and control (φ) vectors 
and quantification of the corresponding SA-βGal positive cells (bottom panel). Mean, SEM and t-test p values for 
the indicated independent experiments in MECs (pwpi (n=9), plenti6-V5 (n=2) and psd69 (n=1)) and in MEFs (pwpi 
(n=5), plenti6-V5 (n=2) and psd69 (n=1)) are shown. RT-PCR quantifications were performed in triplicate and mean 
values were used in the calculations. SA-βGal quantifications were performed in triplicate and each dot indicates a 
replica. D) mRNA expression of Rank relative to hprt (top panel) and quantification of SA-βGal staining (bottom 
panel) in MECs and MEFs infected with Rank-doxycycline dependent inducible vector, treated with the indicated 
concentrations of doxycycline for 72h. Mean, SEM and t test p values from one representative out of two 
independent experiments are shown. RT-PCR quantifications were performed in duplicates and mean values were 
used in the calculations. 
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To confirm that p16/p19 were also mediators of Rank-driven senescence “in vivo”, we 

crossed Rank+/tg with p16/p19-/- mice308,310 and analyze the mammary glands. SA-βGal 

staining in p16/p19-/- and Rank+/tg; p16/p19-/- mammary glands revealed similar levels 

of senescence in both genotypes (Figure 25A) and a significant decrease of senescence 

in Rank+/tg; p16/p19-/- MECs compared to Rank+/tg MECs (Figure 25B). Thus, Rank-drives 

senescence through p16/p19 in vitro and in vivo. 

1.5. How does Rank overexpression induces senescence? 

The activation of the DNA damage response is associated to OIS217 and regarded as a 

hallmark of the senescence phenotype342. Thus, the presence of DNA damage was 

analyzed by the immunofluorescence detection of γH2A.X foci (a marker of DNA 

double strand breaks) on WT and Rank+/tg MECs cultured in vitro. We found that Rank-

overexpression induces a significant accumulation of DNA damage in MECs and MEFs 

that might result in OIS (Figure 26). 

Besides growth arrest and DNA damage, a significant feature of senescent cells is the 

senescence-associated secretory phenotype (SASP)268,359. Thus, we analyzed the 

cytokine profiles of mammary lysates, as well as supernatants from in vitro cultured 

WT and RANK+/tg MECs for 8 days (Figure 27). Proteins involved in senescence360 such 

Figure 25: A) Representatives images and quantification (lower panel) of the SA-βGal staining in WT, Rank
+/tg

, 
p16/p19

-/-
 and Rank

+/tg 
p16/p19

-/-
 mammary glands. Three representative pictures of the indicated number of 

mammary glands were quantified and mean and p values are shown. Each dot indicates the quantification from 
one picture. B) Representative images and quantification (lower panel) of SA-βGal staining in MECs isolated from 
Rank+

/tg 
and Rank

+/tg
; p16/p19

-/- 
MGs (ex-vivo) cultured for 8 days. Quantifications were performed in triplicates 

and each dot represents a replica from three independent MGs/mice. Mean, SEM and t test p values are shown. 
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as Mmp2, Timp2 and Cxcl15 (one of the murine IL8 homologues) were upregulated in 

RANK+/tg MECs, as well as Mmp3, bFgf , Il7 and Ccl20 compared to WT mammary 

lysates (Figure 27). To validate this signature, we analyzed gene expression patterns of 

selected genes by qPCR (Figure 28). Increased expression of multiple genes known to 

be involved in SASP, was found in the RANK+/tg MECs (Figure 28).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: A-B) Representative images and quantification (C-D) of γH2AX+ (red) foci in WT, Rank
+/tg 

 and non-
transformed MECs and MEFs 6 days after infection with Rank overexpressing and control (φ) lentivirus. The 
number of γH2AX+ foci per nuclei was quantified by ImageJ and nuclei were counterstained with DAPI. Three 
representative pictures of three independent experiments were quantified and mean and p values are shown. 

Figure 27: Cytokine array analysis of WT and Rank
+/tg

 MECs lysates and supernatants from in vitro cultured WT and 
Rank

+/tg
 MECs. Fold change of relative expression in Rank

+/tg
 MECs relative to WT, calculated as the mean of the 

dot density of the two different spots per cytokine. Cytokines are shown form the highest to the lowest fold 
change (only fold chages ≥ 1.5 are represented). 
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1.6.  The senolytic drug Navitoclax targets Rank-induced senescent cells 

Despite the tumor-suppressive role of senescence, the long-term accumulation of 

senescent cells is potentially detrimental and might favor cancer progression361. Thus, 

elimination of senescent cells is nowadays contemplated as a novel therapeutic 

strategy against cancer341. Senolytics are regarded as drugs with wide range of 

beneficial effects for senescence-related indications and could be crucial to treat age 

related disorders linked to senescence362. In the last years, several senolytic drugs have 

been developed, such as ABT263 (Navitoclax), a small molecule inhibitor that 

specifically targets Bcl-2/Bcl-xL pro-apoptotic proteins328,343.  

We assessed the sensitivity of Rank-overexpressing cells to the senolytic drug 

Navitoclax (ABT263)363. Rank+/tg MECs cultured in vitro are more sensitive to Navitoclax 

than WT MECs (Figure 29) which is consistent with the abundance of senescent cells. 

In fact, less SA-βGal staining was detected in Rank+/tg MECs upon Navitoclax treatment 

(Figure 29A,B). Senescence structures were no longer observed in the mammary 

glands of Rank+/tg mice treated in vivo during 14 days with 25mg/Kg of Navitoclax 

(Figure 29C) and the total number of viable MECs isolated show a greater reduction in 

Rank+/tg mice compared to WT mice (Figure 29D). SA-βGal analyses of cultured WT and 

Rank+/tg MECs isolated from Navitoclax-treated mice demonstrated that the frequency 

of senescent cells in MECs from Rank+/tg mice after Navitoclax treatment was 

comparable to those detected in WT MECs demonstrating that Navitoclax 

preferentially kills the senescent cells induced by Rank overexpression (Figure 29E). 

Thus, Rank induced senescent cells are sensitive to the senolytic Navitoclax.  

Figure 28: mRNA expression of the indicated genes relative to krt8 measured by RT-PCR in Rank
+/tg

 and WT MECs. 
Mean, SEM and t-test p value for 3 or 2 in case of Rank

+/tg
 MECs independent experiments are shown. 

Quantifications were performed in triplicate and mean values were used in the calculations. 
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Figure 29: A-B) Percentage of surviving cells (A) and SA-βGal positive cells (B) of WT and Rank
+/tg 

MECs treated in 
vitro with the indicated doses of Navitoclax for 48h. Quantifications were performed in triplicates and mean and 
SEM for 3 independent experiments are shown. Each dot indicates a replica of each experiment. C) Representative 
images and quantification (bottom panel) of the SA-βGal staining in WT and Rank

+/tg 
mammary glands after 14 

days of treatment with Navitoclax (25 mg/Kg). Three representative pictures of the indicated number of mammary 
glands were quantified and mean and p values are shown. Each dot indicates quantification of a picture. Mean, 
SEM and t test p values are shown. D) Number of viable MECs isolated from the MGs of WT and Rank

+/tg
 mice after 

Navitoclax treatment (25mg/kg mice) administered by daily oral gavage for 14 days. The total number of treated 
mice is shown. E) Quantification of SA-βGal staining of WT and Rank

+/tg 
MECs isolated from Navitoclax-treated 

mice and cultured ex vivo for 8 days. Quantifications were performed in triplicates and each dot represents a 
replica. 

 

 

 

 

 

 

 

 

 

1.7. Rank-induced senescence is required for Rank driven stemness 

Previous results from our group have established that Rank induces stemness in 

mouse138 and human148 MECs, as well as in mammary tumor cells. Since we have now 

established that Rank induces senescence in mammary epithelia, we decided to 

analyze whether there is a link, regulated by Rank, between senescence and stemness. 

Indeed, recent findings support that senescence and reprogramming/stemness are 

associated 329,332,364. A significant increase in the amount of secondary mammospheres 

derived from Rank+/tg mammary epithelia compared to WT was observed (Figure 30A), 

confirming the previously reported stemness phenotype driven by Rank in MECs138,148. 



 

 

88 
 

RNAseq analysis was performed in basal and luminal MECs isolated from WT and 

Rank+/tg mice. Single cells were FACs-sorted based on the cell surface markers CD24 

and CD49f following exclusion of lymphocytes and endothelial cells using CD45 and 

CD31 antibodies, respectively. As expected, a 14-fold increase in Rank mRNA 

expression was found in Rank+/tg luminal cells compared to luminal WT cells, while 

1124 genes were differentially expressed (897 up and 227 downregulated in luminal 

Rank+/tg cells compared to WT luminal cells) Supplementary Table 1 . GSEA analyses 

revealed a decrease in the luminal mature signature in luminal Rank+/tg cells as 

compared to luminal WT in accordance with the “stemness” phenotype observed in 

Rank+/tg cells138; a higher expression levels of Wnt related genes (Rspo1, Axin2) and a 

reduction in luminal differentiation markers (Pr, PrlR, Csn). The most prominent 

signatures increased in luminal Rank+/tg were related to cell cycle, proliferation, p53 

senescence/apoptotic pathway, Rb and DNA repair pathway (Figure 30B, 

Supplementary Table 1). An increase in Cdkn2a was also found in luminal Rank+/tg cells 

compared to WT. TLX and EzH2 targets were enriched in luminal Rank+/tg suggesting 

that the stemness/senescence phenotypes may be controlled by epigenetic 

mechanisms327,365,366. 

In the basal compartment, even though no significant differences in the expression of 

Rank mRNA were found between Rank+/tg and WT cells, 476 genes were differentially 

expressed Supplementary Table 1 , highlighting the relevance of the crosstalk between 

basal and luminal populations. Interestingly, an increase in cell cycle and E2F targets 

was found in Rank+/tg basal cells, whereas the p53 pathway, ROS, and p53 senescence 

targets were downregulated, including cdkn1a (p21) Supplementary Table 1 . These 

results suggest that senescence in the luminal compartment may stimulate 

proliferation in basal cells. RNA sequencing results have been uploaded in GEO. To 

review GEO accession GSE139675: 

 

Go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139675  

Enter token yretmeoqppqdhsv into the box. 

https://idibell-my.sharepoint.com/:x:/g/personal/sbenitez_idibell_cat/EUjsLKNnOh9Dnz447Te3BW8Bp-H4wwWr38PE1DBWTdY2bg?e=RCAcBQ
https://idibell-my.sharepoint.com/:x:/g/personal/sbenitez_idibell_cat/EUjsLKNnOh9Dnz447Te3BW8Bp-H4wwWr38PE1DBWTdY2bg?e=RCAcBQ
https://idibell-my.sharepoint.com/:x:/g/personal/sbenitez_idibell_cat/EUjsLKNnOh9Dnz447Te3BW8Bp-H4wwWr38PE1DBWTdY2bg?e=RCAcBQ
https://idibell-my.sharepoint.com/:x:/g/personal/sbenitez_idibell_cat/EUjsLKNnOh9Dnz447Te3BW8Bp-H4wwWr38PE1DBWTdY2bg?e=RCAcBQ
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139675
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Figure 30: A) Representative images of secondary mammospheres and quantification (bottom) derived from WT 
and Rank

+/tg
 EpCAM

+
 MECs. Mean and t test p value for 5 independent experiments are shown. For each 

experiment pools of MECs from 2-3 independent mice were used (13 mice per genotype). B) GSEA graphical 
outputs for the association analysis between RNAseq results from WT and Rank

+/tg
  luminal MECs. Each signature 

was analyzed using the gene subsets corresponding to over-or under-expression. The GSEA enrichment score and 
nominal p values are shown. C) mRNA expression of Rank, p16 and p19 relative to hprt measured by RT-PCR in 
sorted cells of the basal and luminal populations from the mammary epithelial cell compartment from WT and 
Rank

+/tg
 mice. Mean, SEM and t-test p values for the indicated independent experiments are shown. D) Number of 

secondary mammospheres of WT and Rank
+/tg

 EpCAM
+
 MECs after Navitoclax (Navi) treatment in vitro (14 days). 

Mean and SEM for 4 independent experiments is shown. E) Number of secondary mammospheres obtained from 
WT and Rank

+/tg
 EpCAM

+
 MECs after Navitoclax treatment in vivo (25mg/kg). Mean and SEM for 2 independent 

experiments are shown. Quantifications for each experiment were done in triplicates. MECs from 3 mice per 
genotype and treatment were pooled for each experiment. 

In addition, mRNA extracted from sorted luminal, basal and stromal cells from Rank+/tg 

and WT was analyzed by RT-quantitative PCR for p16 and p19 expression. Higher 

expression levels of both genes were found in the luminal compared to the basal cells, 

not only in Rank+/tg but also in WT cells (Figure 30C).  
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Although Rank expression levels in basal Rank+/tg are higher than in the stroma, a 

reduction in p19 and p16 mRNA expression is observed, confirming that there is no 

senescence in the basal population, where mammary stem cells are located. These 

results suggest that senescent cells in the luminal compartment might enhance 

stemness in the basal cells through paracrine mechanisms.  

Next, we directly tested whether Rank-induced senescence is involved in the activation 

and/or acquisition of stemness features. In order to study the functional connection 

between both cellular processes, mammosphere ability was assessed after treatment 

in vitro and in vivo with Navitoclax. The increased frequency of secondary 

mammospheres derived from Rank+/tg epithelia in the presence of 0.2 and 0.6 µM of 

Navitoclax was no longer observed (Figure 30D). Accordingly, whereas Navitoclax 

treatment in vivo did not alter the number of secondary mammospheres in WT, in 

Rank+/tg a significant reduction in mammosphere potential was observed (Figure 30E). 

In fact, similar numbers of mammospheres derived from WT and Rank+/tg MECs 

isolated from Navitoclax-treated mice were observed in contrast with those derived 

from mock-treated control mice (Figure 30E). These results demonstrate that Rank-

induced senescence in MECs is essential for stemness.   

1.8.  Activation of Rank signaling by Rankl leads to senescence in WT MECs 

We then studied whether senescence in MECs could also be achieved by the exposure 

to Rankl. For that purpose, we stimulated WT and Rank+/tg MECS with Rankl in vitro and 

in vivo settings. Rankl treatment (1µg/ml) in cultured WT MECs significantly increased 

senescence to levels comparable to those observed in Rank+/tg MECs (Figure 31A,B). 

Strikingly, Rank+/tg MECs showed a reduction in senescent cells upon Rankl treatment 

(Figure 31A,B). No changes in survival and apoptosis were found in treated WT and 

Rank+/tg MECS in vitro (Figure 31C). A trend to a reduction in mammosphere forming 

ability of Rank+/tg  was detected after Rankl treatment, whereas in WT no changes were 

found (Figure 31D).  

A decrease in the mRNA expression levels of p19 and p16 genes was found in Rank+/tg 

MECs cells upon Rankl treatment compared to the control cells, whereas in WT MECs 

the trend was opposite (Figure 33). Interestingly, upon Rankl treatment the expression 

levels of Rankl mRANK increase in both genotypes (Figure 33). After 8 days of culture 

in the presence of Rankl, Rank expression levels decrease in Rank+/tg (Figure 33) which 

might explain the observed reduction in senescence markers. 

Accordingly, multiple senescent cells were observed in the mammary glands of WT 

mice treated with Rankl (0.75 mg/kg, three times per week) for 14 days in vivo (Figure 

32A,B). Hyperplasic structures were observed in these glands recapitulating the 

phenotype seen in Rank+/tg epithelia, with several senescent cells located within the 

luminal cell compartment (Figure 32A). Quantification of SA-βGal staining in cultured 

MECs isolated from Rankl-treated WT mice revealed senescence in 20% of the cells as 
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Figure 31: A-B) Representatives images (A) and quantification (B) of SA-βGal staining in WT and Rank
+/tg

 MECs 
cultured in vitro in the presence of Rankl (1µg/ml, 7days). Quantifications were performed in triplicates. Each dot 
indicates a replica of 6 independent experiments and mean, SEM and t test p values are shown. C) Graphs showing 
the percentages of live (7AAD

-
AnnexinV

-
) and apoptotic (7AAD

-
AnnexinV

+
) WT and Rank

+/tg
 MECs cultured in vitro in 

the presence of Rankl (1µg/ml). D) Number of secondary mammospheres obtained from WT and Rank
+/tg

 EpCAM
+
 

MECs upon Rankl treatment in vitro (1µg/ml). Mean and SEM for 2 independent experiments are shown. 
Quantifications for each experiment were done in triplicates. MECs from 3 mice per genotype and treatment were 
pooled for each experiment. 

compared to 3% in non-treated controls (Figure 32C). In contrast, in Rank+/tg mammary 

glands a non-significant decrease in senescent cells was observed upon Rankl 

treatment and quantification of SA-βGal staining in cultured MECs isolated from Rankl-

treated Rank+/tg mice revealed a similar trend: a decrease in the number of senescent 

cells upon Rankl; however, these changes did not reach significance (Figure 32A-C).  

The lower levels of senescence in the Rank+/tg MECs after Rankl treatment could 

indicated that overactivation of Rank signaling could prevent or rescue senescence. To 

further explore this hypothesis, non-transformed MECs and MEFs were transduced 

with Rank overexpressing plasmids and cultured in the presence of Rankl for 48h or 6 

days.. In this case no differences in SA-βGal staining were found (Figure 32D). 

Moreover, non-transformed MECs and MEFs were transduced with Rank 

overexpressing lentivirus and after 6 days of infection, these cells were treated with 

Rankl and the expression of genes such as p19 and p16, as well as, survival and 

proliferation assays, are currently being analyzed to explain these controversial results. 

It is important to consider that unlike Rank+/tg, where Rank expression is driven by the 

MMTV promoter, which can be modulated in the infections, the cells infected with 

Rank-overexpressing plasmids cannot downregulate Rank (CMV promoter associated 

to antibiotic selections).  
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Figure 33:  mRNA expression of Rank, Rankl, p19 and p16 relative to hprt measured by RT-PCR in WT and Rank
+/tg

 
MECs cultured in vitro in the presence of Rankl (1µg/ml). Mean and SEM for one experiment are shown. 

Figure 32: A) Representatives images and quantification (B) of SA-βGal staining in WT and Rank
+/tg

 mammary glands 
after 14 days of Rankl (0.75mg/kg, 3 times per week) or mock (CT) (n=3) in vivo treatment. Quantifications were 
done in triplicate. Each dot indicates a replica. Mean, SEM and t test p values are shown. C) Quantification of SA-
βGal staining of MECs isolated from Rankl-treated (0.75mg/Kg, three times per week by intraperitoneal injection for 
two weeks) WT and Rank

+/tg
 mice (n=3) cultured for 8 days (ex vivo). Mean, SEM and t test p values are shown. D) 

Quantification of SA-βGal staining in MECs and MEFs infected with Rank overexpressing plasmids cultured in vitro in 
the presence of Rankl (1µg/ml) for the indicated time. Quantifications were performed in triplicates. Mean and SEM 
are shown (n=1) 
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The fact that the activation of Rank signaling upon Rankl treatment leads to 

senescence in WT MECs, indicates that Rank-induced senescence could play a role not 

only during the early stages of mammary tumor initiation but also during mammary 

gland development. Rank and Rankl expression increase during pregnancy, thus, we 

speculate that it may result in senescence and that senescence may pay a role in 

mammary gland development during pregnancy. Preliminary results have shown that 

in the early stages of gestation (8.5 and 10.5days, where the gland resembles those of 

Rank+/tg mice) SA-βGal is observed (Figure 34A). Rank, but not Rankl expression was 

expressed at involution (day 0-3). However, Rank expression decreased at later 

involution timepoints and did not seem to correlate with SA-βGal staining which was 

strongly expressed at involution day 7 (Figure 34B).   

 

 

 

 

 

 

 

 

1.9.  Rank downstream pathways involved in Rank induce senescence  

We next sought to investigate the signaling pathways that could mediate the RANK-

induced senescence. We analyzed whether the Rank-downstream signaling pathways: 

NF-κB, MAPK and PI3K are altered in Rank overexpressing cells compared to WT cells 

and/or upon Rankl treatment in vitro. Mitogen-Activated Protein Kinase (MAPK) and 

Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways are 

involved in proliferation367, oncogenesis368,369 and oncogene-induced senescence370,371. 

Moreover, the mitogen activated protein kinases (MAPK) ERK and p38 are active in 

MECs and regulate cell proliferation, differentiation and survival372,373, and recent 

studies indicated that p38 MAPK pathway also mediates OIS and tumor 

suppression374,375. The expression of the main proteins involved in these pathways was 

analyzed by western blot in WT and Rank+/tg MECs, but no clear differences were found 

between genotypes were found (Figure 35 A). Lack of differences may result from the 

Figure 34: A) Representative images of H&E with SA-βGal staining in MG of WT mice at the indicated gestation 
time point. B) Representative images of Rank (brown) and SA-βGal (blue) staining in involuted WT MGs at the 
indicated involution days . 
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contamination of non-senescent MECs and other cell types or from the kinetics of 

activation MECS. 

Next, we analyzed by western blot putative changes in these signaling pathways in WT 

and Rank+/tg MECs cultured in the presence of Rankl (1µg/ml) for 48h or 8 days. 

Preliminary results show a moderate increase in p-p65 and p-ERK in WT and Rank+/tg 

MECs cultured in the presence of Rankl (Figure 35B). In untreated MECs, higher levels 

of p-Akt were observed in Rank+/tg compared with WT MECS and these levels 

decreased in the presence of Rankl in both genotypes. The levels of P-p38 were a bit 

higher in untreated Rank+/tg MECs, compared with the other conditions (Figure 35B). 

Finally, we analyzed the downstream pathways in MECs and MEFs infected with Rank 

overexpressing constitutive and inducible vectors. Rank was only detected in MECs and 

MEFS infected with constitutive plasmids (pWPI-Rank) but not in those infected with 

the inducible vector, irrespectively of doxycycline treatment (Figure 35C,D). 

Accordingly, P-p65 levels are higher in MECs and MEFs infected with constitutive Rank-

overexpression vectors. In contrast, a reduction in pERK, P-JNK and P-p38 expression 

were observed in MECs with Rank constitutive expression (Figure 35C). In MECs 

infected with inducible vectors, a clear increase in P-Akt and a slight increase in  and P-

JNK and P-p38, was observed 24h after the induction of Rank expression; these 

changes disappear at later timepoints and a late induction of P-ERK (6 days of culture), 

revealing complex kinetics mediating the Rank-induced senescence phenotype. These 

results are preliminary and further experiments and additional markers are required to 

clarify the role of the downstream pathway in Rank-induced senescence. 

Since the NF-κB pathway plays a pivotal role in promoting the secretory phenotype of 

senescent cells376–378 and increased levels of NF-κB activation were observed in MECs 

and MEFs expressing high levels of RANK, we hypothesized that NF-κB could contribute 

to the RANK driven senescence phenotype observed in these cells. To test this 

hypothesis, we used an inhibitor (IKK-16) of the IKKs, the core kinases of the NF-κB 

cascade379. Thus, we treated WT and Rank+/tg MECs with IKK-16 for 8days in culture 

with several doses of these inhibitor (0.2,0.5,1 and 2.5µM) and analyzed the impact on 

senescence evaluated by SA-βGal staining (Figure 36). A significant decrease in SA-βGal 

staining in Rank+/tg MECs was observed upon NF-κB inhibiton demonstrating that RANK 

induced senescence in MECS partially through NF-κB activation.   

In addition, a slight increase in P-ERK was observed in Rank+/tg MECs or after induction 

of RANK expression in MECs infected with the inducible vector. Moreover, analyses by 

IHC in the mammary gland of Rank+/tg and WT, revealed increased levels of P-ERK 

(Figure 36A,B) and P-ERK is involved in other OIS models, such as RAS. Thus, we 

treated WT and Rank+/tg MECs with the MEK inhibitor (PD98059), 0.2,0.4,0.6 and 1 µM 

for 8 days and senescence cells were quantified (Figure 36C). We observed that 

treatment with PD98059, caused a reduction in SA-βGal staining in cultured Rank+/tg 
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Figure 35: A-B) Western blot analysis of the indicated proteins in whole extracts from WT and Rank
+/tg

 MECs (A) 
and from WT and Rank

+/tg 
MECs cultured with Rankl for 48h or 8 days and untreated controls (B). C-D) Western 

blot analysis of the indicated proteins in constitutive (pwpi) and inducible Rank-overexpressing MECs and MEFs. 
Tubulin is shown as a loading control. 

but not WT MECs (Figure 36C). Differences in our results may be related to the 

sensitivity of the techniques, changes during cell isolation, and will be clarified in the 

future. 
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1.10.  Impact of Rank overexpression in reprogramming 

Senescence is activated in response to different types of cellular damage, 

characterized by an abundant production of cytokines and other molecules that cause, 

together with the recruitment of inflammatory cells, tissue remodeling251,380. Serrano 

and colleagues report that senescence plays an active role in facilitating an in vivo 

reprogramming through the paracrine action of the SASP332,333. Several scientific 

reports demonstrated that the activation of the reprogramming factors OSKM (Oct4, 

Sox2, Klf4 and c-Myc)381 also results in cellular damage and senescence, both in vitro311 

and in vivo332,333. 

Once determined that Rank overexpression induces stemness and senescence, in 

collaboration with Noelia Alcazar and Manuel Serrano (Cellular Plasticity and Disease 

Group, IRB), we evaluated the impact of Rank modulation to in vitro reprogramming. 

To address the effect of Rank on the process of cellular reprogramming, we 

overexpressed Rank in MEFs by lentiviral infection and then we transduced Rank-

overexpressing MEFs whith a tetracycline-inducible cassette expressing the 

reprogramming factors: Oct4, Sox2, Klf4 and c-Myc382 (Figure 37A).  

After 10 days in doxycycline to induce the expression of the reprogramming factors, 

we evaluated the efficiency and kinetics of the reprogramming in MEFs with different 

levels of RANK expression, which was measured by alkaline phosphatase (AP) staining 

of the resulting iPSCs colonies. The number of colonies increased when MEFs 

Figure 36: A) Representative images and quantification (B) of  pERK (brown) and SA-βGal staining in WT and 
Rank

+/tg 
mammary glands. C) Quantification of SA-βGal staining of MECs isolated from WT and Rank

+/tg 
 mice and 

plated in vitro during 8 days treated with the indicated doses of the corresponding inhibitors. Mean, SEM and t-
test p values are shown. 
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overexpressed Rank compared with control vector (Figure 37B). To verify pluripotency, 

colonies were picked and expanded for further analysis. As expected, Rank mRNA 

levels were increased in Rank-transduced MEFs. However, embryonic stem cell 

markers such as Nanog and Sox9 showed similar expression levels between Rank 

overexpressing and control MEFs (Figure 37C). Although preliminary, these results 

suggest that MEFs transduced with Rank and reprogramming factors generated 

induced pluripotent stem cells (iPSCs), but these do not uphold increased pluripotency 

features than those generated in the absence of Rank overexpression. 

 

  

  

Figure 37: A) Schematic representation of the experimental setup to test the effect of Rank overexpression during 
reprogramming on WT MEFs. B) Reprogramming efficiency of iPSCs resulted from the in vitro reprogramming of 
Rank overexpressing MEFs cultured in the presence of 1µg/ml doxycycline (to induce the pruripotency factors) 
compared to control MEFs carrying an empty vector(φ). Alkaline phosphatase (AP) positive colonies were counted 
on day 10. C) mRNA expression of Rank, Nanog and Sox9 relative to hprt in Rank overexpressing MEFs after 
reprogramming with inducible OSKM compared to control MEFs carrying an empty vector(φ). 
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PART 2 

ROLE OF RANK ON MAMMARY TUMOR CELLS 

Even though Rank+/tg mice spontaneously develop mammary tumors, the long tumor 

latency observed 138,152, suggests that additional oncogenic events are required to 

induce tumorigenesis. Unexpectedly, we observed that Rank overexpression delays 

tumor initiation in oncogene-driven mouse models (Neu and PyMT) while promoting 

tumor aggressiveness and enrichment in the cancer stem cell compartment (results 

included in the PhD thesis of Alex Cordero). During the execution of this PhD thesis, we 

found that in non-transformed mammary epithelium, Rank overexpression also 

induces senescence. Indeed, Rank-driven senescence recapitulates the main 

characteristics of a typical “oncogene-induced senescence” (OIS)244phenotype in both 

MECs and MEFs: reduced proliferation, increased SA-βGal staining, dependency on 

p16/p19, DNA damage, SASP induction and sensitivity to senolytics.  

Encouraging previous results from our group showed in A.Cordero thesis 2015, 

revealed that, despite the delayed tumor initiation and reduced incidence, after tumor 

appearance in double transgenic mice (PyMT+/-; Rank+/tg), tumors grew significantly 

faster than in single PyMT mice. These results suggest that increased Rank expression 

in tumor cells favors tumor aggressiveness in the presence of the PyMT oncogene 

(Figure 38A). Moreover, Rank overexpression led to the accumulation of CK14+/CK8+ 

cells in the PyMT+/-; Rank+/tg tumors (Figure 38B), but no changes in CK5+/CK8+ cells 

compared with the single PyMT+/- tumors (Figure 38B), in accordance with previous 

observations in spontaneous Rank+/tg tumors138. Moreover, PyMT+/-; Rank+/tg mice 

presented 100% lung metastasis incidence, with all mice showing more than 10 

metastatic foci per lung; by contrast, only 70% PyMT+/- mice presented lung 

metastasis, and 40% showed less than 10 metastatic foci per lung (Figure 38C). 

FACS analysis revealed a significant increase in CD61+ and CD49b+ cells within the Lin- 

(CD45- CD31-) CD24+ epithelial cell population in PyMT+/- Rank+/tg tumors, compared to 

PyMT+/- (Figure 38D). As CD61+ and CD49b+ cells are described to identify luminal 

progenitors in untransformed MG383,384, their increase in PyMT+/- Rank+/tg tumors may 

indicate an enhanced stem cell population. In fact, more and bigger secondary 

tumorspheres (Figure 38E), and a significantly higher frequency of metastasis initiating 

cells (MICs) (1 in 1064 cells) was observed in PyMT+/-Rank+/tg compared to PyMT+/- (1 in 

6264 cells) (Figure 38F). In contrast, within the Neu background, no clear changes in 

tumor growth (Figure 38G) or in cell populations discriminated by CK staining were 

observed between both genotypes (Figure 38H), but the incidence of lung metastasis 

was higher in Neu+/-; Rank+/tg mice compared with single Neu+/- mutants (Figure 38I). 

All Neu+/-Rank+/tg mice developed lung metastasis (10% of the mice with more than 50 

metastatic foci) as compared to 80% of Neu+/- mice (Figure 38I). Together, these 
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results indicate that once tumor develop, Rank overexpression increases tumor 

aggressiveness. 
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2.1.  Rank overexpression induces senescence in mouse breast tumor cells 

Despite higher levels of Rank expression are detected in Neu+/-; Rank+/tg and PyMT+/-; 

Rank+/tg compared to Neu+/-, and PyMT+/- invasive adenocarcinomas or in cultured 

tumor cells (ex vivo), SA-βGal staining showed similar levels of senescence among 

genotypes (Figure 39A,B). Senescent cells were mainly located in preneoplasic lesions 

but not in the adenocarcinomas of Neu+/-; Rank+/tg and PyMT+/-; Rank+/tg (Figure 20B, 

Figure 39A). These findings suggest that eventually senescence is overcome with full 

transformation. However, when Neu and PyMT tumor-derived MECs were infected 

with Rank overexpressing vectors, an increase in senescence was observed (Figure 

39C).  

As mentioned before, multiple studies suggest that triggering senescence can 

represent an efficient anti-tumor mechanism318. Nonetheless, the persistence of 

senescence cells and the release of pro-inflammatory cytokines via SASP might 

eventually contribute to tumor progression and aggresiveness359,385. We have 

performed gene expression analyses of several spontaneous Rank+/tg, PyMT+/-; Rank+/tg, 

PyMT+/-, Neu+/-; Rank+/tg and Neu+/- tumors to further understand the mechanisms 

underlying the effects observed in tumor latency and growth. RNA seq analyses were 

performed in tumoral cells from Rank+/tg, PyMT+/-; Rank+/tg, PyMT+/-, Neu+/-; Rank+/tg and 

Neu+/- mice. Upon data examination, 134 genes were commonly found between Neu+/-

; Rank+/tg and Neu+/- tumors compared to PyMT+/-; Rank+/tg, PyMT+/- tumors. According 

to GSEA, signatures increased in PyMT+/-; Rank+/tg tumors were related to the p53 

senescence/apoptotic dependent pathway as well as DNA damage386. One of the most 

prominent pathways found upregulated in Neu+/-; Rank+/tg tumors is related to E2F 

Figure 38: : A) Tumor growth curves of the PyMT
+/-

 and PyMT
+/-

Rank
+/tg

 spontaneous tumors. Mean tumor volume 
+/- SEM at each time point relative to their volume on the first day of detection and statistical t-test are shown. B) 
Representative CK14 or CK5 (green) and CK8 (red) immunostaining in PyMT

+/-
 and PyMT

+/-
Rank

+/tg 
spontaneous 

adenocarcinomas. Asterisks indicate magnifications (2X) to highlight double positive CK14
+
CK8

+
 cells. No CK5

+
CK8

+
 

cells were found. C) Percentage of PyMT
+/-

 and PyMT
+/-

Rank
+/tg

 females with lung metastasis. Entire lungs were 
step-sectioned at 75 µm intervals and individual metastases identified histologically. Total number of metastasis 
foci per mouse is indicated. D) Frequency of indicated cells in Lin- (CD45

-
 CD31

-
) population found in PyMT

+/-
 and 

PyMT
+/-

Rank
+/tg

 spontaneous tumors analyzed by FACS. Positive/negative and high
(hi)

/low
(lo)

 populations were set 
according to populations in the normal mammary gland. Mean, SEM and t-test p values for each marker for 5-7 
independent tumors for each genotype are shown. E) Number and size of secondary tumorspheres derived from 
PyMT

+/-
 and PyMT+/-Rank

+/tg 
tumor cells isolated from established tumors. Each bar is representative of a pool of 3 

independent tumors. 5.000 cells/ml from primary mammospheres were plated in triplicate in anchorage-
independent conditions, and tumorspheres were quantified after 2 weeks. Mean, SEM and t-test p value are 
shown. Representative pictures of secondary tumorspheres derived from each genotype are also shown. F) Table 
showing limiting dilution assay to test the metastasis-initiating ability of PyMT

+/-
 and PyMT

+/-
Rank

+/tg
 tumor cells. 

Cells from two independent tumors per genotype were pooled for injections in limiting dilution in the tail vein of 
Foxn1

nu
 females. Presence of lung metastasis was scored 8 weeks after injection. Entire lungs were step-sectioned 

at 100µm and individual metastases identified histologically. The metastasis-initiating cell frequencies (with 
confidence intervals) for each group were calculated by ELDA; p- and chi-square values are shown. G) Tumor 
growth curves of the Neu

+/-
 and Neu

+/-
Rank

+/tg
 spontaneous tumors. Mean tumor volume +/- SEM at each time 

point relative to their volume on the first day of detection are shown. H) Representative CK8 (red) and CK14/CK5 
(green) immunostaining in Neu

+/-
 and Neu

+/-
 Rank

+/tg
 tumor lesions. I) Percentage of Neu

+/-
 and Neu

+/-
Rank

+/tg
 

females with lung metastasis. Entire lungs were step-sectioned at 75 µm intervals and individual metastases 
identified histologically. Total number of metastasis foci per mouse is indicated. 
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transcription factors and TLX-negative targets, suggesting that Rank overexpression in 

these tumor cells drives senescence in accordance with the role proposed for these 

factors in the regulation of senescence387,388(Supplementary Table 2).  

 

In order to investigate whether the differences in tumor growth detected between 

PyMT+/-and PyMT+/-; Rank+/tg mice are tumor cell autonomous389 or influenced by the 

senescent microenvironment390–393, PyMT+/- and PyMT+/-; Rank+/tg tumor cells were 

transplanted to WT mice (Figure 40A). We could not detect differences in tumor 

latency in mice transplanted with PyMT+/-or PyMT+/-; Rank+/tg tumor cells , tumors from 

both genotypes initially grew at similar rates but a later time points PyMT+/-; Rank+/tg 

tumors grew faster (Figure 40A,B). Additional experiments will be performed to 

confirm these results. 

To address whether the removal of senescent cells affects tumor onset and growth we 

treated PyMT+/-; Rank+/tg mice and controls with the senolytic drug Navitoclax 

Figure 39: A) Representative images of SA-βGal staining of Neu
+/-

, Neu
+/-

 Rank
+/tg

, PyMT
+/-

 and PyMT
+/-

 Rank
+/tg 

tumors. Age of the mice is indicated. Note that double transgenic mice are older than single mutants and senescent 
cells are scarce. Non-specific SA-βGal staining was found at the edge of the sections. B) Rank mRNA expression 
relative to hprt (top panel) and quantification of SA-βGal staining (bottom panel) in Neu

+/-
, Neu

+/-
Rank

+/tg
, PyMT

+/-
 

and PyMT
+/-

Rank
+/tg 

tumor cells cultured for 8 days. Quantifications were performed in triplicates. Each dot 
represents a replica and mean and SEM for the indicated independent experiments is shown. C) SA-βGal staining 
quantification (left panel) and mRNA expression of Rank relative to hprt (right panel) in Neu+/- and PyMT+/- (FVB) 
tumor-derived MECs infected with Rank overexpressing and control (φ)lentivirus 6 days after the infection. 
Quantifications were performed in triplicates and each dot indicates a replica. Mean, SEM and t test p values for the 
indicated independent experiments are shown. 

https://idibell-my.sharepoint.com/:x:/g/personal/sbenitez_idibell_cat/EU2KPlG_jgFDqpC3tWjBG7UBS4lRP-U2t2x_6me8l7w0og?e=X8KTx0
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(ABT263). Mice were treated before palpable lesions were detected (4-6 weeks of 

age), during 14 days with 25mg/kg of Navitoclax. As we are not avoiding senescence, 

no differences in tumor onset were observed (Figure 40C,D); however, tumor growth 

rates were attenuates in  PyMT+/-; Rank+/tg mice pretreated with the senolytic drug 

Navitoclax compared to untreated mice, indicating that the senescent cells present in 

the preneoplasic lesions are indeed favouring tumor growth. 

Treatments with the senolytic drug in PyMT+/-; Rank+/tg mice after tumor palpation and 

additional transplants, injecting PyMT tumor cells injected in WT and Rank+/tg, as well 

as PyMT/RANK and PyMT injected in WT mammary glands will be performed to 

determine how senescent cells influence tumor growth. 

Finally, to confirm that Rank-induced senescence could explain this delay in tumor 

onset observed in double transgenic mice for Rank and PyMT we are currently crossing 

p16/p19-/- mice with PyMT+/-; Rank+/tg. 

Altogether, our results reveal unexpected insights and a complex role of RANK 

signaling in mammary tumorigenesis of the oncogene-driven mouse models, MMTV-

PyMT and MMTV-Neu. Mice that overexpress Rank in the mammary gland are more 

susceptible to mammary tumorigenesis driven by carcinogens and spontaneously 

develop mammary tumors after multiple pregnancies with long latency138,152. 

Figure 40: A) Tumor volume growth normalized to the first day of size assessment in 2 WT mice bearing tumors (4 
tumors from each condition: PyMT

+/- 
or PyMT

+/-
 Rank

+/tg
 transplanted tumor cells). Mean and SEM are shown. B) 

Tumor latency of PyMT
+/-

 and PyMT
+/-

 Rank
+/tg

 tumor cells orthotopically implanted in 2 WT mice. C) Latency of 
PyMT

+/-
(n=13), PyMT

+/-
;Rank

+/tg
 (n=8), and PyMT

+/-
; Rank

+/tg
 tumors from mice that received treatment with 

Navitoclax (Navi ttc) (n=6). Mean, SEM and t-test p values are shown. D) Tumor growth curves PyMT
+/-

; Rank
+/tg

 
mice treated or not with Navitoclax (25mg/kg) for 14 days. Mean tumor volumne +/- SEM at each time point 
relative to their volumne on the first day of detection and statistical t-test are shown. The number of mice is 
indicated, and each mouse developed multiple tumors. 
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However, double transgenic mice for Rank and Neu or PyMT have a significant delay in 

tumor onset. These results indicate that eventually Rank-overexpressing MECs evade 

or escape senescence allowing tumor formation. Moreover, tumors derived from 

MECs in double transgenic mice that have undergone senescence are more aggressive 

(faster tumor growth, more metastasis and increased metastasis initiating ability).  

2.2. Rank overexpression induces senescence in human breast cancer cells 

Next, we assessed whether Rank was able to induce senescence in human breast 

cancer cells. To this end, the human luminal-like breast cancer cell line MCF7394, was 

infected with RANK overexpressing constitutive or inducible lentivirus. 

RANK overexpression (either constitutive or inducible) in the luminal breast cancer cell 

line MCF7 also led to senescence (Figure 41A,B). Even low levels of RANK expression, 

as those achieved by the inducible system, rapidly led to senescence in MCF7 cells 

(Figure 41B,C). Moreover, no changes in survival and apoptosis (measured as 7AAD-

/AnnexinV- and 7AAD-/AnnexinV+ by flow cytometry, respectively) were found upon 

RANK overexpression (Figure 41D). 

 

 

 

 

 

 

 

Figure 41: A) Representative images of SA-βGal staining and quantification (bottom panel) of MCF7 human breast 
cancer cells two weeks after infection with RANK overexpressing and control (φ) vectors. Quantifications for each 
experiment were done in triplicate. Each dot indicates a replica. Mean, SEM and t text p values are shown. B) 
Representative images and quantification (bottom panel) of SA-βGal staining in MCF7 cells infected with RANK 
overexpressing inducible lentivirus, 24h and 72h after RANK induction (1µg/ml of doxycycline). Quantifications for 
each experiment were done in triplicate. Each dot indicates a replica. Mean, SEM and t text p values are shown. B) 
mRNA expression of RANK related to PP1a measured by RT-PCR in MCF7 human breast cancer cells 2 weeks after 
the infection with RANK overexpressing and control (φ) and/or with RANK-doxycycline inducible lentivirus (1 µg/ml 
of doxycycline for 24h or 72h). Mean, SEM and t-text p value for 6 independent experiments are shown. Note that, 
in the inducible graph, data of a representative experiment (out of three independent experiments) is shown and 
mean, SEM and t-test p-value was performed for the replicates. D) Graphs showing the percentage of live (7AAD

-

AnnexinV
-
) and apoptotic (7AAD

-
AnnexinV

+
) MCF7 human breast cancer cells with RANK overexpressing and control 

(φ) lentivirus. 
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Figure 42: A) mRNA expression of p53 and p21 related to PP1a measured by RT-PCR in control (φ) and RANK 
overexpressing MCF7 cells 2 weeks after the infection. Data of a representative experiment (out of 3 independent 
experiments) is shown and mean, SEM and t-test p-value was performed for the replicates. B) mRNA expression of 
IL6 and TNFα related to PP1a measured by RT-PCR in MCF7 cells collected 2 weeks after the infection with RANK 
overexpressing and control (φ) lentivirus. Mean, SEM and t-test p value for 7 independent experiments are shown. 
C) Representative images and quantification (bottom panel) of γH2AX (green) foci per nuclei (DAPI) in RANK 
overexpressing or control (φ) MCF7 cells. 

As described in the literature, p16INK4a and p14ARF (p19Arf in mouse) genes are deleted 

in the MCF7 cell lines395–397. For this reason, in MCF7 cells RANK drives senescence 

independently of the cell cycle inhibitors p16INK4a and p14ARF. Thus, we checked the 

expression of p53 and p21 cell cycle inhibitors that can also lead to growth arrest and 

senescence282,283. Our results showed a slight increase in p53 and p21 mRNA levels in 

RANK-overexpressing cells compared to the control ones (Figure 42A). An increased 

expression level of these cell cycle inhibitors may not only denote growth arrest.To 

confirm the senescence phenotype, these changes should be accompanied with other 

senescence markers such as SASP268,359or DNA damage217, in line with our previous 

findings in MECs and MEFs. So, we analyzed the expression of IL6, a one well-known 

senescence-trigger often comprised in the SASP260 and TNFα398, an important pro-

inflammatory cytokine secreted by the senescent cells. Gene expression levels of these 

cytokines reveal an increase of their expression in RANK overexpressing MCF7 cells 

(Figure 42B). Besides, we also detected an accumulation of γH2AX foci per cell in RANK 

overexpressing MCF7 cells (Figure 42C). Together, these results suggest that RANK 

overexpression also induces senescence in human breast cancer cells.  
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2.3. RANK-induced senescence is required for the increased frequency of 

cancer stem cells 

In order to address the connection between senescence and stemness in a human 

setting, tumorsphere ability was assessed in MCF7 cells after treatment in vitro with 

Navitoclax. An increased frequency of secondary tumorspheres was observed in RANK 

overexpressing MCF7 cells, confirming that RANK drives stemness in these breast 

cancer cells; however, no differences between genotypes were observed in the 

presence of 0.6 µM Navitoclax (Figure 43A,B). Importantly, whereas Navitoclax 

treatment in vitro did not alter the number of secondary tumorspheres in the control 

cells, in RANK overexpressing cells a significant reduction in tumorsphere potential was 

observed. Thus RANK driven senescence is required for Rank drive stemness also in 

MCF7 cells. To gain further insights into the mechanisms involved in this regulation the 

tumorsphere ability of RANK overexpressing MCF7 cells and controls was evaluated in 

the presence of conditioned media from senescent and non senescent cells. 

Preliminary analysis evidence that control MCF7 cultured with conditioned-medium 

extracted from senescent RANK-overexpressing MCF7 plated during 8 days, show more 

secondary tumorspheres than those cultured in their own conditioned media (Figure 

43C). Conversely, the frequency of secondary tumorspheres in RANK-overexpressing 

cells cultured with conditioned-medium from control cells was reduced  (Figure 43C). 

These results demonstrate that RANK-induced senescence enhances stemness in MCF7 

through paracrine mechanisms. 
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2.4.  Analysis of RANK downstream signaling pathway  

We next evaluated whether RANKL treatment changes senescence or RANK 

downstream pathways.  

The frequency of senescent cells increased from 10% to 25% SA-βGal positive in RANK 

overexpressing cells but no changes after the treatment with RANKL were detected 

(Figure 44A). The expression of p53, p21, IL6 and TNFα was determined by quantitative 

RT-PCR (Figure 44B,C). In line with the results mentioned above (Figure 44A,B), in 

RANK-overexpressing cells, higher levels of p53, p21, IL6 and TNFα were found (Figure 

44B,C).  

 

 

 

 

 

 

 

 

 

 

Figure 43: A-B) Representatives images (A) and quantification (B) of secondary tumorspheres of RANK 
overexpressing or control (φ) MCF7 cells treated or untreated in vitro with Navitoclax (14 days). Quantifications 
were performed in triplicate and mean, SEM and t text p-values for 3 independent experiments are shown. C) 
Representative images and number of secondary mammospheres derived from RANK overexpressing or control 
(φ) MCF7 cells cultured with condition medium. Note that in control cells medium contained the supernatant 
extracted from RANK-overexpressing MCF7 cells and in RANK-overexpressing cells the condition medium 
contained the supernatant obtained from the control cells 8 days postplate. Quantifications were performed in 
triplicate and mean, SEM and t text p-values for 1 preliminar experiment is shown. 
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2.4.1. Activation of RANK signaling pathway leads to NF-kB and MAPK 

activation 

Next, we evaluated RANK downstream pathways in MCF7 cells infected with RANK 

overexpressing and control lentivirus and treated with RANKL 100ng/ml for 1min, 

10min, 30min and 24h, in order to activate RANK signaling pathway. 

In line with the previous results described in WT and Rank+/tg MECS, we first 

investigated whether NF-κB pathway could be altered in RANK overexpressing MCF7 

cells compared to control cells and/or upon Rankl treatment in vitro. As shown in 

Figure 45A, RANK was properly upregulated in MCF7 cells infected with RANK-

overeexpressing vectors. We found activation of NF-κB canonical pathway after RANKL 

stimulation, as demonstrated by phosphorylation of p65 and IKBα (Figure 45B). p65 is 

phosphorylated after short incubation times (1 and 10 min) with RANKL (Figure 45B). 

After 30 min stimulation with RANKL, p65 is still phosphorylated in RANK-

overexpressing MCF7 cells (Figure 46B) and its phosphorylation decreases after long 

term exposure (24h) to RANKL, when IKBα is re-expressed again (Figure 46B). IKBα 

phosphorylation leads to polyubiquitination and proteasomal degradation of IKBα399. 

As shown in Figure 45C, upon 1 and 10 min of RANKL incubation (100 ng/ml) induces 

IKBα degradation, which is not detected after 30min and it is resynthesized after 24h 

incubation with RANKL (Figure 46B). 

In summary, RANKL activates canonical NF-κB downstream signaling in RANK 

overexpressing MCF7 cells, but not in the parental line, in accordance with the absence 

of RANK expression in these cells. 

Western blot analyses of control and RANK-overexpressing MCF7 cells, treated with 

RANKL, showed activation of ERK, p38 and JNK after 1 and 10 min of RANKL treatment 

(Figure 45D), as determined by their phosphorylation374,400. Upon 24h incubation with 

RANKL, there is a decrease in the phosphorylation levels of ERK, p38 and JNK (Figure 

46C,D). 

Finally, we tried to functionally address the contribution of MAPK to the senescence 

phenotype induced by RANK in MCF7 cells. First, PD98059 (MEK inhibitor) was tested 

at several doses to avoid cell toxicity and cell death. Reduced levels of SA-βGal staining 

in RANK overexpressing cells were observed upon PD98059 treatment in vitro, 

whereas MEK inhibition did not alter SA-βGal staining and cell viability in the control 

Figure 44: A) Quantification of SA-βGal staining and representative images of MCF7 control (φ) and RANK 
overexpressing cells treated with RANKL (100ng/ml). Mean, SEM and t-test p values for two independent 
experiments are shown. B) mRNA expression of p53 and p21 related to PP1a measured by RT-PCR in control (φ) 
and RANK overexpressing MCF7 cells upon RANKL treatment. Data of a preliminary experiment is shown. Mean, 
SEM and t-test p-value was performed for the replicates. C) mRNA expression of IL6 and TNFα related to PP1a 
measured by RT-PCR in MCF7 cells upon RANKL treatment. Mean, SEM and t-test p value for the indicated 
independent experiments are shown. 
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cells. In MCF7 cells treated with IKK-16, an inhibitor of the NF-κB signaling pathway, a 

trend to reduced SA-βGal staining was observed in RANK-overexpressiong MCF7 cells 

but changes did not reach significance(Figure 47). 

Overall, further investigations are required to elucidate the molecular mechanism that 

contributes to the RANK-induced senescence in human breast cancer cell lines. 

 

 

 

 

  

Figure 45: A-E) Western blot analyses of the indicated proteins in whole cell extracts from control (φ) or RANK 
overexpressing MCF7 cells upon RANKL treatment. Tubulin is shown as a loading control. 
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Figure 47: Quantification of SA-βGal staining of MCF7 control and RANK overexpressing cells plated in vitro for 8 
days and treated with the indicated doses (µM) of the corresponding inhibitors. Data of a preliminary experiment is 
shown. Mean, SEM and t-test p-value was performed for the replicates. 

Figure 46: A-D) Western blot analyses of the indicated proteins in whole cell extracts from control (φ) or RANK 
overexpressing MCF7 cells upon RANKL treatment. Tubulin is shown as a loading control. 
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DISCUSSION 
 

The TNF superfamily members RANK/RANKL have play a key role in mammary gland 

biology, being required for normal mammary function (lactation) and playing a crucial 

role in breast cancer development. Our group has previously found that high levels of 

Rank increase proliferation and interfere with differentiation of MECs21,138,144.  

Moreover, we have shown that RANK signaling inhibition could become an efficient 

strategy for breast cancer prevention and treatment as it delays or avoids tumor 

initiation and reduces recurrence and metastasis. Surprisingly, in this thesis we show 

that RANK overexpression also delays mammary tumorigenesis through the induction 

of a potent OIS response; these findings place RANK as a classical oncogene401,402. 

In order to characterize the role of RANK in oncogene driven models of breast cancer, 

we used RANK gain-of-function mouse models as well as in vitro tools. Our previous 

results indicated that RANK pathway activation leads to a significant delay in the 

appearance of tumors in transgenic mice concomitantly overexpressing Rank together 

with Neu or PyMT oncogenes. The objective of this thesis was to elucidate the 

molecular mechanism underlying these paradoxical findings. 

We unveiled that the activation of RANK signaling leads to a potent OIS response that 

acts as a barrier for tumorigenesis, similarly to what has been reported for other 

oncogenes401,402. 

1. Rank loss or overexpression in the mammary epithelia delays tumor onset 

Mice that overexpress Rank in the mammary gland (driven by the MMTV promoter) 

are more susceptible to carcinogen-induced tumorigenesis, showing shorter tumor 

latency compared to WT mice treated with DMBA and MPA carcinogenic 

protocol146,152. Moreover, Rank overexpression in the mammary gland leads to the 

accumulation of bipotent progenitors (CK5+CK8+ or CK14+CK8+), favoring spontaneous 

tumor formation after multiple gestations138. Conversely, pharmacological inhibition of 

RANKL with RANK-Fc, which binds to RANKL and blocks the activation of the pathway, 

completely prevents MPA/DMBA-induced mammary tumor formation in WT mice152. 

Simultaneously, tumor formation upon DMBA/MPA treatment was shown to be 

delayed in mice lacking Rank in the mammary epithelia (MMTV-Cre Rankflox)146. 

Despite multiple evidence supporting a pro-tumorigenic role for RANK pathway 

activation, here we found that double transgenic mice that overexpress Rank and the 

oncogenes Neu or PyMT show a significant delay in the appearance of tumors and a 

reduced tumor incidence. Delayed tumor appearance and a reduction in tumor and 

metastasis incidence were observed after genetic deletion of Rank or pharmacological 
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inhibition of the pathway in the Neu and PyMT tumor models152,403. Thus, either Rank 

loss or Rank overexpression significantly reduced mammary tumor onset and 

incidence. However, the mechanisms underlying this tumor reduction are different. 

Rank pathway is tightly regulated during mammary gland biology; Rank deletion or 

overexpression result in impaired lactation. Rank deletion impairs alveologenesis 

through reduced MECs proliferation and survival. It leads to lactation failure by 

interfering with progesterone signaling20. On the other hand, Rank overexpression 

enhances MECs proliferation and disrupts mammary cell fate resulting in the 

accumulation of MaSCs and intermediate progenitors and induces changes in the 

luminal population (decrease in CD61+ and Sca1+ luminal cells)138. Activation of RANK 

signaling also prevents lactogenesis by interfering with prolactin signaling21,144. Thus, 

RANK plays a dual role on mammary gland development: acting as a positive mediator 

of progesterone but negatively regulating prolactin-driven Stat5 phsophorylation144. 

Given the role of RANK signaling in promoting MEC proliferation and stemness, we 

were surprised to find that despite the accumulation of epithelial hyperplasias driven 

by Rank overexpression in the mammary gland of MMTV-Neu mice (Neu+/-; Rank+/tg), 

the frequency of mammary intraepithelial neoplasias (MIN) and invasive carcinomas 

was reduced compared to those in control Neu+/- mice. An increase in hyperplasias and 

reduction in MINs and tumors was also observed in PyMT+/-; Rank+/tg compare to 

PyMT+/- mice. Thus, constitutive activation of Rank in the mammary glands of 

oncogene-driven models blocks the transition from hyperplasic lesions to MINs and 

adenocarcinomas, leading to a significant delay in tumor formation. These findings 

point to the possibility that Rank behaves as an oncogene, inducing senescence or 

apoptosis.  

2. Rank is a potent inductor of senescence  

During the development of this PhD thesis we have demonstrated that the activation 

of Rank signaling leads to a potent OIS response that prevents or delays tumorigenesis, 

as previously shown for other oncogenes401,402. Several studies have reported that 

certain oncogenes could induce premature cell senescence in a process called 

oncogene-induced senescence (OIS)404,405. OIS can be induced by oncogenes such as 

Ras, BRAFV600E, E2F1, Cdc6, and by the inactivation of tumor-suppressor genes like 

PTEN, p53, p16, p19 or p21, suggesting that OIS is not driven by a unique pathway406. 

Thus, several mechanisms, not necessarily mutually exclusive, have been proposed to 

mediate OIS. Multiple mechanisms possibly cooperate to promote or maintain the 

senescence response in any given cell type. Nevertheless, some signals leading to OIS 

may be restricted to specific genetic events and/or in different tissue types406,407. 

In fact, Rank overexpression leads to OIS in MECs and MEFs similar to the widely 

reported OIS driven by RAS, and share multiple characteristics including induction of 
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p16/p19, DNA damage response and SASP393,404,408. In contrast, neither NeuN nor 

PyMT overexpression could induce senescence in MECs, despite being strong 

oncogenes. RANK overexpression in human breast cancer cells also induces DNA 

damage and senescence. Even low levels of Rank expression, result in senescence in 

MECs, MEFs and MCF7 cells. Previous results from our group showed a significant 

increase in Rank expression in the aged mammary epithelia, as well as during 

transformation in Neu and PyMT mouse models138,403. Our present data suggest that 

enhanced Rank expression could represent a key mechanism to prevent breast cancer 

development in mouse and human, since we show that Rank is highly expressed in 

preneoplasic lesions and significant increase during aging138.  Additionally, we have 

found that activation of Rank signaling pathway, either upon Rank overexpression or 

by stimulation with Rankl, is enough to induce senescence and support a role for 

senescence during mammary gland development and breast cancer initiation, as 

senescence is observed in WT MECs with physiological Rank expression exposed to 

Rankl. Importantly, to confirm that Rank-induced senescence could explain the delay in 

tumor onset observed in double transgenic mice (PyMT+/-; Rank+/tg), experiments to 

analyze tumorigenesis in p16/p19-/-PyMT+/-; Rank+/tg mice are currently in progress. 

Senolytic drugs selectively induce senescent cells death by apoptosis and have been 

proposed as wide-ranging beneficial drugs due to their senescence-related indications. 

Senolytic therapy is already included in several clinical trials to treat age-related 

disorders such as Alzheimer´s disease or cardiac dysfunction362. We assessed the effect 

of the senolytic drug Navitoclax363, a Bcl2 inhibitor, on Rank-overexpressing cells. In 

vitro treatment demonstrated that cultured Rank+/tg MECs are more sensitive to 

Navitoclax than WT MECs, consistent with an increased number of senescent cells 

driven by Rank overexpression. In fact, a decrease in SA-βGal staining was observed in 

Rank+/tg MECs upon Navitoclax treatment. Moreover, senescent structures were no 

longer detected in the mammary glands from Rank+/tg mice treated with Navitoclax 

and the total number of viable Rank+/tg MECs was reduced compared to WT. Finally, 

SA-βGal analyses of cultured Rank+/tg MECs isolated from Navitoclax-treated mice 

indicated that senescence dropped to similar levels as those detected in WT MECs. 

Thus, Rank-induced senescent cells are exquisitely sensitive to Bcl2 inhibitors such as 

Navitoclax. 

Rank-induced senescence promotes stemness 

We previously described that high levels of Rank in mouse and human MECs enhance 

stemness, based on functional assays (mammary reconstitution in limited dilution 

assays (LDA) and colony-forming assays)138,148. Accordingly, now we show that RANK 

overexpression enhances mammospheres and tumorsphere forming ability and leads 

to the accumulation of stem/progenitor populations (CD49b+, Sca1-) and double-
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positive CK14/CK8+ cells, confirming the stemness phenotype of Rank overexpressing 

normal and tumor MECs.  

The ability of Rank to concomitantly increase senescence and stemness seems 

contradictory; however, in the last few years, the relationship between senescence 

and stemness has been explored, and senescence has been shown to promote the 

occurrence of stem cells in their vicinity by paracrine mechanisms329. Stemness is 

regulated by several signals and genes that influence tumor development293,294,409. 

Strikingly, senescence was described as a physiological mechanism in embryonic 

development and as a mechanism of tissue regeneration329,410,411. Thus, senescence 

cells express stem-cell related genes. However, cellular senescence is a non-

proliferative steady state, so senescent cells do not have self-renewal and cannot 

sustain clonogenicity. The SASP promotes an environment in which neighboring cells 

are favored to express stemness markers329. Similar results were found by Chiche and 

Mosteiro332, showing that senescence in the muscle enhances plasticity in muscle stem 

cells329,333,364. Moreover, conditioned media from senescent cells promotes 

clonogenicity and cancer stemness412.  

Several studies have identified genes that allow to bypass senescence, whereas less 

evidences support a true escape of senescence413. There is a cellular state of light 

senescence (characterized by low p16 levels), that allow cells to resume proliferation 

following p53 inactivation235, that is different from a deep senescence state, which is 

irreversible. Cells in a state of senescence express a latent adult stem cell signature 

and present stem cell properties334. Here we found that Rank-induced senescence is 

essential for Rank-driven stemness: upon elimination of senescence cells, the 

enhanced stemness phenotype observed in Rank overexpressing cells is lost. 

Histological and GSEA analyses of RNAseq experiments evidenced that senescence 

occurs in the luminal compartment of Rank+/tg mice, which is in agreement with the 

fact that the MMTV promoter drives Rank expression mainly in luminal cells. In 

accordance with the senescence inhibitory role of TLX387,414, TLX-negative targets and 

EzH2 targets were enriched in luminal cell populations from Rank+/tg mice, suggesting 

that the stemness/ senescence phenotypes may be sustained by epigenetic 

mechanisms327,365,366. Functional assays using WT and Rank+/tg derived MECs show 

enhanced progenitor/stemness activity in both basal (increased mammary 

reconstitution ability) and luminal cell compartments (increased colony-forming 

ability)138, pointing to paracrine mechanisms regulating the link between senescence 

and stemness upon Rank overexpression.  

3. Senescent cells contribute to the enhanced tumor growth and cancer stemness 

observed upon Rank overexpression  

The expression patterns of Rank and Rankl in Neu and PyMT mammary carcinomas 

resemble those found in human breast ER-PR- adenocarcinomas138,403, and therefore 
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these mouse models represent suitable tools to investigate the role of RANK signaling 

in hormone receptor-negative late-stage carcinomas. Inhibition of RANK pathway using 

genetic and pharmacological approaches decreased the incidence of spontaneous 

preneoplasic lesions, tumor, and lung metastasis in PyMT and Neu mice breast cancer 

models152,403, demonstrating that activation of Rank signaling enhances tumor growth 

and cancer stemness. 

Rank+/tg mice are more susceptible to mammary tumorigenesis driven by carcinogens 

and spontaneously develop mammary tumors after multiple pregnancies with long 

latency138,152. These Rank-overexpressing tumors are enriched in progenitor-like tumor 

cells CK14+/CK8+. Despite the initial delayed in tumor onset, tumors from double 

transgenic mice Neu+/-; Rank+/tg and PyMT+/-; Rank+/tg, form more metastasis and grow 

faster (in the case of the PyMT) than the single mutants. Tumor cells double positive 

for CK14+/CK8+ were more abundant in PyMT+/-; Rank+/tg compared with the single 

PyMT tumors, pointing to an increase in tumor stemness. Indeed, PyMT+/-; Rank+/tg 

tumor cells formed more tumorspheres and show a higher frequency of metastasis 

initiating cells. Thus, Rank overexpression promotes cancer stemness and inhibition of 

Rank signaling could help to attenuate tumor progression or metastasis in this context. 

However, no differences in the frequency of senescent cells were found between 

single and double mutants, indicating that Rank-overexpressing MECs eventually evade 

or escape senescence allowing tumor formation. As explain above, tumors derived 

from MECs in double transgenic mice that have undergone senescence are more 

aggressive (faster tumor growth, more metastasis and increase metastasis initiating 

ability). These findings are in agreement with results describing that senescent cells 

able to escape senescence upon inactivation of suv39h1 or p53334. Besides, it is well-

established that senescence promotes the appearance of tumor cells with stemness 

features and favors EMT359,415. In addition, the senescence secretome from tumor and 

primary cells promotes the optimal microenvironment for the invasion of adjacent 

tissues and migration to distant sites. Among the factors secreted by senescent cells, 

those described as crucial for the metastatic process are extracellular matrix 

remodelers359,416,417and angiogenic factors, especially the vascular endothelial growth 

factor (VEGF)418,419. In this direction, targeting cellular senescence and SASP was 

described to reduce metastasis420. 

Alternatively, senescent MECs in the vicinity of PyMT+/-; Rank+/tg tumors could 

contribute to tumor progression and metastasis through SASP as extensively reported 

in other systems238,421. Despite the tumor suppressive role of senescence, the long-

term accumulation of senescent cells is potentially detrimental and might ultimately 

favor cancer progression361. Up until now, whether the induction of cellular 

senescence protects from aberrant growth or represents an integral part of tumor 

progression remains to be elucidated. Additionally, the SASP enhances 
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immunosuppressive signaling, preventing the recognition of tumor cells by the 

immune system and thus favoring tumor progression422.  

Treatment of PyMT+/-; Rank+/tg mice with Navitoclax, which eliminates senescent cells, 

led to an attenuation in tumor growth rate and a reduction in the progenitor-like 

CK14+/CK8+cells. No differences were observed in tumor onset after navitoclax 

treatment, as it does not interfere with RANK-driven senescence. Accordingly, our 

findings using conditioned media from senescent cells support that these senescent 

cells promote cancer stemness by paracrine mechanisms. 

However, we cannot discard that tumor cell-intrinsic mechanisms also contribute to 

the faster tumor growth and metastasis observed in the double transgenic PyMT+/-; 

Rank+/tg mice after senescence is bypassed. Lineage tracing studies will be required to 

determine whether Rank-induced senescence contribute to Rank-driven stemness only 

by paracrine mechanisms or whether there is a direct conversion of senescent cells 

into mammary or cancer stem cells. 

Finally, highlighting the relevance of our findings in clinical breast cancer, we found 

that high levels of RANK expression associate with stemness and senescence in luminal 

breast tumors138. Activation of Rank signaling in combination with senolytic drugs to 

eliminate the senescent cells could help to attenuate tumor progression or metastasis. 

Together these results support that activation of Rank signaling in combination with 

anti-Bcl2 senolytic drugs to eliminate the senescent cells, could attenuate tumor 

progression and metastasis. 

 

4. Concluding remarks 

Rank signaling pathway has recently emerged as a novel target for breast cancer 

prevention and treatment. Paradoxically, we have found that high levels of Rank 

attenuate and delay mammary tumor initiation, based on the ability of Rank to induce 

senescence. Moreover, we have demonstrated that Rank-induced senescence is 

required for Rank-driven stemness in the non-transformed mammary gland as well as 

in cancer (Figure 48). These results open the possibility to use Rank agonists in 

combination with senolytics for breast cancer prevention and treatment. 
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Figure 48: Graphical summary of the proposed role of Rank in senescence and stemness. Rank signaling leads to a 
potent OIS response that acts as a barrier for tumorigenesis. Rank-induced senescence is essential for Rank-driven 
stemness: upon elimination of senescent cells the enhanced stemness phenotype is lost. 
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CONCLUSIONS 
 

1. Rank overexpression in an oncogenic Neu and PyMT background delays tumor 

onset. 

 

2. Rank induces potent oncogene induced senescence (OIS) response that acts as 

barrier for carcinogenesis in oncogene-driven breast cancer models. 

 

3. Activation of the Rank signaling pathway induces senescence in mammary 

epithelial cells (MECs) and mouse embryonic fibroblasts (MEFs), even in the 

absence of other oncogenes. 

 

4. Rank induced senescence in non-transformed cells, MECs and MEFs, is 

dependent on p16&p19 and causes an accumulation of DNA damage. 

 

5. Rank induced senescence in MECs is essential for Rank driven stemness.  

 

6. Once senescence is overcome Rank promotes tumor growth and metastasis. 

Rank driven senescence in MECs promotes mammary tumor growth and cancer 

stemness. 

 

7. RANK overexpression induces senescence and stemness in mouse and human 

breast cancer cells (MCF7). 

 

8. Rank induced senescence contributes to cancer stemness and tumor growth 

through paracrine mechanisms.   
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ANNEX 1: 
 
 “INHIBITION OF RANK SIGNALING IN BREAST CANCER INDUCES AN ANTI-TUMOR 

IMMUNE RESPONSE ORCHESTRATED BY CD8+T CELLS “ 
 
 
ANNEX 2: 
 
“RANK SIGNALING INCREASES AFTER ANTI-HER2 THERAPY CONTRIBUTING TO THE 

EMERGENCE OF RESISTANCE IN HER2-POSITIVE BREAST CANCER” 
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Inhibition of RANK signaling in breast cancer induces an anti-tumor immune 1 

response orchestrated by CD8+ T cells. 2 
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ABSTRACT 49 

Most breast cancers exhibit low immune infiltration and are unresponsive to 50 

immunotherapy. We hypothesized that inhibition of RANK signaling pathway may 51 

enhance immune activation. Loss of RANK signaling in mouse tumor cells increases 52 

leukocytes, lymphocytes, and CD8
+
 T cells, and reduces macrophage and neutrophil 53 

infiltration. CD8
+
 T cells mediate the attenuated tumor phenotype observed upon 54 

RANK loss, whereas neutrophils, supported by RANK-expressing tumor cells, induce 55 

immunosuppression. RANKL inhibition increases the anti-tumor effect of 56 

immunotherapies in breast cancer through a tumor cell mediated effect. Comparably, 57 

pre-operative single-agent denosumab in premenopausal early-stage breast cancer 58 

patients from the Phase-II D-BEYOND clinical trial (NCT01864798) was well 59 

tolerated, inhibited RANK pathway and increased tumor infiltrating lymphocytes and 60 

CD8
+
 T cells. Higher RANK signaling activation in tumors and serum RANKL levels at 61 

baseline predict these immune-modulatory effects. No changes in tumor cell 62 

proliferation (primary endpoint) or other secondary endpoints were observed.  63 

Our preclinical and clinical findings reveal that tumor cells exploit RANK pathway as a 64 

mechanism to evade immune surveillance and support the use of RANK pathway 65 

inhibitors to prime luminal breast cancer for immunotherapy. 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 
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INTRODUCTION  74 

Breast cancer (BC) in young women has a unique biology and is associated with poor 75 

prognosis. Previous results support a role for the receptor activator of nuclear factor B 76 

(RANK) signaling pathway in these tumors
1
. RANK pathway plays a crucial role in 77 

bone remodeling and mammary gland development
2,3

, acting as a paracrine mediator of 78 

progesterone for the expansion of mammary stem/progenitor cells, and mediates the 79 

early steps of progesterone-driven mammary tumorigenesis
4–7

. Denosumab is a human 80 

monoclonal antibody against RANKL, approved for the prevention of skeletal 81 

morbidity associated with metastatic bone disease and the management of treatment-82 

induced bone loss in early postmenopausal BC. Preclinical data reinforce the potential 83 

role of RANKL inhibitors such as denosumab in BC prevention
4,5,8,9

 and treatment due 84 

to its ability to reduce recurrence and metastasis
10

. We previously found that RANK 85 

loss in the oncogene-driven mammary tumor model MMTV-PyMT (PyMT) 86 

significantly reduced tumor incidence and lung metastases
10

. Tumor cells lacking 87 

RANK showed delayed tumor onset and a reduced ability to initiate tumors and 88 

metastasis. Pharmacological inhibition of RANKL also reduced tumor-initiating ability 89 

and led to the lactogenic differentiation of tumor cells
10

.  90 

RANK and RANKL are expressed in a wide variety of immune cells
11

 and are involved 91 

in various immune processes, including lymph node development
12

, the activation of 92 

dendritic cells, monocytes and T cells, and the establishment of central and peripheral 93 

tolerance11,13–22. Thus, RANK pathway regulates innate and adaptive immune responses, 94 

and may promote or suppress immunity, depending on the context.  95 

Tumor cells develop several strategies to evade immune surveillance: infiltration by 96 

cytotoxic T lymphocytes or natural killer (NK) cells is reduced and recruitment of 97 

immunosuppressive cells such as regulatory T cells (Tregs) and different myeloid 98 
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populations such as tumor-associated macrophages (TAMs) and tumor-associated 99 

neutrophils (TANs) is increased
23

. Immune-checkpoint inhibitors (mainly antibodies 100 

against cytotoxic T-lymphocyte associated protein 4, CTLA4, and programmed cell 101 

death protein 1, PD-1, and its ligand, PD-L1) have emerged as potent therapies against 102 

some solid tumors, such as melanoma and advanced non-small cell lung cancer 103 

(NSCLC)
24,25

. Nevertheless, in BC the efficacy of immunotherapy remains limited even 104 

after the inclusion of radiotherapy or chemotherapy
26

, in particular in the immune 105 

“cold” luminal tumors. 106 

Here, exploiting complementary genetic and pharmacological approaches in the PyMT 107 

tumor model27, we investigated the effects of RANK pathway inhibition on mammary 108 

tumor immune surveillance. RANK and RANKL expression patterns in PyMT tumors 109 

resemble those found in human breast adenocarcinomas, with RANK being expressed 110 

in tumor cells and myeloid cells and RANKL in tumor-infiltrating lymphocytes 111 

(TILs)4,10,28,29. We found that RANK deletion in tumor cells, but not in myeloid cells, 112 

leads to an increase in immune, lymphocyte and CD8
+
 T lymphocyte infiltration and a 113 

reduction in the infiltration of myeloid cells. TANs and CD8
+
 T lymphocytes modulate 114 

the anti-tumor immune response driven by loss of RANK expression in tumor cells. 115 

Systemic RANKL inhibition also increased CD8
+
 T cell infiltration and reinforced the 116 

anti-tumor benefits of checkpoint inhibitors in RANK-positive tumors. Importantly, the 117 

immune-modulatory effect of RANK signaling was confirmed in the D-BEYOND 118 

clinical trial, a prospective, pre-operative study evaluating denosumab and its biological 119 

effects in premenopausal early stage BC. Two courses of denosumab induced an 120 

increase in TILs and CD8
+
 T cell infiltration. Increased activation of RANK signaling 121 

pathway in the tumors and circulating serum RANKL at baseline were identified as 122 

predictive biomarkers for the denosumab-driven increase in TILs. Together, these 123 
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results demonstrate the key role of RANK pathway in the tumor-immune crosstalk 124 

support the use of RANKL inhibitors, such as denosumab, for enhancing the immune 125 

response in poorly immunogenic luminal BC. 126 

 127 

  128 
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MATERIALS AND METHODS 129 

Animals and in vivo treatments 130 

All research involving animals was performed at the IDIBELL animal facility in 131 

compliance with protocols approved by the IDIBELL Committee on Animal Care and 132 

following national and European Union regulations. MMTV-PyMT (FVB/N-133 

Tg(MMTV-PyVT)634Mul) were acquired from the Jackson Laboratory
30

, and 134 

RANK
+
/- (C57Bl/6) mice from Amgen Inc

19
. MMTV-PyMT; RANK

-/-
 mice were 135 

obtained by backcrossing the MMTV-PyMT (FvB/N) strain with RANK
+/-

 mice into the 136 

C57BL/6 background for at least ten generations. RANKflox/flox (RANK
fl/fl

) were 137 

provided by Dr. Joseph Penninger
31

 and crossed with either MMTV-PyMT-/+ or LysM-138 

cre mice (MGI: 1934631) all in C57Bl/6 background. The athymic nude Foxn1
nu

 mice 139 

were obtained from Envigo. For RANK depletion in the MMTV-PyMT
-/+

 RANK
fl/fl

 140 

tumors, cells were plated in vitro and infected with lentivirus produced in HEK293T 141 

cells. Lentiviral packaging plasmids psPAX2 (Adgene, 12260) and pMD2.G (Adgene, 142 

12259), with either control pLVX-IRES-ZsGreen1 vector (Adgene, 632187) or pLVX-143 

Cre-IRES-ZsGreen1, kindly provided by Dr. Alejandro Vaquero, were used, following 144 

Adgene’s recommended protocol for lentiviral production. Tumor cells were cultured 145 

for 16 hours with 1:3 virus-containing medium and 72 h later, infected cells were FACs-146 

sorted for zsGreen expression before being injected into syngeneic hosts.  147 

RANK-Fc (10 mg/kg, Amgen) was injected subcutaneously three times a week
3,4

. 148 

Therapeutic anti-RANKL (clone IK22/5), anti-CTLA4 (clone 9D9), anti-PD-L1 (clone 149 

10F.9G2) and isotype control rat IgG2A (clone 2A3) and mouse IgG2b (clone MCP-11) 150 

were obtained from BioXCell and 200 μg were administered intraperitoneally twice per 151 

week, for treatments starting 72 h after tumor cell injection, or three times per week for 152 

treatments of established tumors (size > 0.09 cm
2
). For depletion experiments, anti-CD8 153 

https://www.addgene.org/12260/
https://www.addgene.org/12259/


8 
 

(300 μg, clone 53-5.8), anti-NK1.1 (200 μg, clone PK136), anti-Ly6G (first injection 154 

400 µg, 100 μg thereafter, clone 1A8), and isotype controls mouse IgG2a (clone 155 

C1.18.4) and rat IgG1 (clone TNP6A7) were injected intraperitoneally. Treatment was 156 

administered on days -1, 0, 3, and 7 after tumor cell injection, and then once per week 157 

until sacrifice for CD8 and NK depletion. For neutrophil depletion, aLy6G was injected 158 

on day -1 and thereafter, three times weekly. In all cases, mice were sacrificed before 159 

tumors exceeded 10 mm in any dimension. Euthanasia by CO2 inhalation was 160 

performed. Blood samples were taken flow cytometry analyses to check the depletion 7-161 

10 days and 14-20 days after the first injection. Animals were randomized before 162 

beginning the treatment schedule. Mice were kept in individually ventilated and open 163 

cages and food and water were provided ad libitum. 164 

 165 

Mouse tumor-cell isolation and tumor-initiation assays 166 

Draining lymph nodes were removed and fresh tissues were mechanically dissected 167 

with a McIlwain tissue chopper and enzymatically digested with appropriate medium 168 

(DMEM F-12, 0.3% collagenase A, 2.5 U/mL dispase, 20 mM HEPES and penicillin-169 

streptomycin 1x) for 40 min at 37°C. Samples were washed with Leibowitz L15 170 

medium containing 10% fetal bovine serum (FBS) between each step. Erythrocytes 171 

were eliminated by treating samples with hypotonic lysis buffer (Lonza Iberica). Single 172 

cells were isolated by treating with trypsin (PAA Laboratories) for 2 min at 37°C. Cell 173 

aggregates were removed by filtering the cell suspension with a 70-μm filter and 174 

counted. For orthotopic transplants and tumor-limiting dilution assays tumor cells 175 

isolated from PyMT;RANK
+/+

 or PyMT;RANK
-/-

 (C57BL/6) mice were mixed 1:1 with 176 

Matrigel matrix (BD Biosciences) and orthotopically implanted in the inguinal 177 

mammary gland of 6-10-week-old syngeneic females or Foxn1
nu

 females. Mammary 178 



9 
 

tumor growth was monitored by palpation and caliper measurements three times per 179 

week. Lymph nodes were treated with hypotonic lysis buffer and then mashed through a 180 

70-μm cell strainer to isolate single cells. 181 

 182 

Flow cytometry 183 

Single cells from tumors or lymph nodes were resuspended and blocked with PBS 2% 184 

FBS and blocked with FcR blocking reagent (Mylteni Biotec) for 10 min on ice and 185 

incubated for 30 min on ice with the corresponding surface antibodies: CD45-APCCy7 186 

(0.125 μg/mL; 30-F11), CD11b-APC (2.5 μg/mL; M1/70), CD11b-PECy7 (2.5 μg/mL; 187 

M1/70), CD8-PE (1 μg/mL; 53-6.7), CD8-FITC (8 μg/mL; 53-6.7), CD4-PE-Cy7 (2 188 

μg/mL; RM4-5), CD25-APC (2 μg/mL; PC61), Ly6C-FITC (1.25 μg/mL; HK1.4), Gr1-189 

FITC (2 μg/mL; RB6-8C5),  Ly6G-PECy7 (1.25 μg/mL; 1A8), F4/80-PE (1.25 μg/mL; 190 

BM8), CD3-PerCPCy5.5 (3.2 μg/mL; 145-2C11), CD3-APC (3.2 μg/mL; 145-2C11), 191 

Siglec-F- PerCP-Cy™5.5 (4 μg/mL, E50-2440) , CD19-PE (2.5 μg/mL, 6D5),  NK1.1-192 

PE (2.5 μg/mL; PK136), PD-1-PE (10 μg/mL; 29F.1A12), PD-L1-PECy7 (1.25 μg/mL; 193 

10F.9G2) and anti-human CD11b-PECy7 (0.8 μg/mL; M1/70) from BioLegend. 194 

Apoptosis and necrosis were evaluated using the Annexin V Apoptosis Detection Kit 195 

(640930, BioLegend). 7AAD or LIVE/DEAD™ Fixable Green Dead Cell Stain Kit 196 

(488nm) from ThermoFisher was added in the various antibody combinations to remove 197 

dead cells. The following antibodies were used for intracellular staining: IFNγ-PE (2 198 

μg/mL; XMG1.2); CTLA4-PerCPCy5.5 (10 μg/mL; UC10-4B9), CTLA4-PECy7 (5 199 

μg/mL; UC10-4B9) from BioLegend, and FOXP3-FITC (10 μg/mL; FJK-16s), IL-12-200 

FITC (2 μg/mL; C17.8) from eBioscience. Single-cell suspensions were stimulated in 201 

Leibowitz L15 medium containing 10% FBS, 10 ng/mL PMA, 1 μg/mL ionomycin and 202 

5 μg/mL brefeldin A (for IFNγ and CTLA4) or just 5 μg/mL brefeldin A (for IL-12) for 203 



10 
 

4 h at 37°C. Surface antibodies were stained first, then fixed with PFA 4% (in the case 204 

of cytokines) or Fixation Reagent of the Foxp3/Transcription Factor Staining Buffer Set 205 

from eBioscience (in the case of FOXP3), and permeabilized using Permeabilization 206 

Buffer of the Foxp3/Transcription Factor Staining Buffer Set from eBioscience. The 207 

intracellular proteins were then stained. FACS analysis was performed using FACS 208 

Canto and Diva software. Cells were sorted using MoFlo (Beckman Coulter) at 25 psi 209 

with a 100-μm tip.  210 

Blood samples were collected in tubes containing heparin and stained with CD45-APC-211 

Cy7 (0.125 μg/mL; 30-F11), CD11b-APC (2.5 μg/mL; M1/70), CD3-PerCPCy5.5 (3.2 212 

μg/mL; 145-2C11), CD8-PE (1 μg/mL; 53-6.7), NK1.1-PE (2.5 μg/mL; PK136), Ly6G-213 

PECy7 (1.25 μg/mL; 1A8) and Gr1-FITC (2 μg/mL; RB6-8C5) for 30 min at RT in the 214 

dark. Versalyse (Beckman Coulter) containing 0.1% paraformaldehyde (PFA) was 215 

added to the samples and incubated for 10 min at RT in the dark before passing them 216 

through the cytometer. 217 

 218 

Immunohistochemistry in mouse tumor tissues 219 

Mouse tissue samples were fixed in formalin and embedded in paraffin. 3-μm sections 220 

were cut for histological analysis and stained with hematoxylin and eosin. 3-μm tissue 221 

sections were used for immunostaining. Primary antibody was incubated overnight at 222 

4°C, detected with biotinylated secondary antibodies and streptavidin horseradish 223 

peroxidase (Vector) and revealed with DAB substrate (DAKO). CD3 and CD8 224 

immunostaining was performed in the Histopathology Core Unit of the Spanish 225 

National Cancer Research Centre (CNIO, Madrid, Spain), using antibodies CD3 (clone 226 

M20 from Santa Cruz Biotechnology) and CD8 (clone 94A from the Monoclonal 227 

Antibodies Core Unit of the CNIO). For RANK IHC, antigen retrieval was performed 228 

https://www.biolegend.com/en-us/search-results?Clone=145-2C11
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with Protease XXIV at 5 U/ml for 5 minutes (P8038, Sigma) and the anti-RANK (R&D 229 

AF692, 1:200).  230 

 231 

Real-time PCR 232 

Total RNA was extracted with Tripure Isolation Reagent (Roche) or Maxwell RSC 233 

Simply RNA Tissue kit (AS1340, Promega). Frozen tumor tissues were fractionated 234 

using glass beads (Sigma-Aldrich) and the PrecCellys® 24 tissue homogenizer (Berting 235 

Technologies) and Polytron PT 1200e (Kinematica). cDNA was produced by reverse 236 

transcription using 1 μg of RNA in a 35-μL reaction with random hexamers following 237 

the kit instructions (Applied Biosystems). In the case of sorted cells, RNA was 238 

retrotranscribed with Superscript II Reverse Transcriptase in a 20-µL reaction carried 239 

out according to manufacturer’s instructions (ThermoFisher). 20 ng/well of cDNA for 240 

whole tumors were analyzed by SYBR green real-time PCR with 10-μM primers using 241 

a LightCycler® 480 thermocycler (Roche). Analyses were performed in triplicate. 242 

Hprt1 was used as the reference gene. The following primer sequences were used for 243 

each gene: 244 

Gene  Forward primer Reverse primer 

Hprt1 5’-TCAGTCAACGGGGGACATAAA-3’ 5’- GGGGCTGTACTGCTTAACCAG-

3’ 

Prf1 5’-CTGGATGTGAACCCTAGGCC-3’ 5’-GCGAAAACTGTACATGCGAC-3’ 

Ifnγ 5’-CACGGCACAGTCATTGAAAG-3’ 5’-CCATCCTTTTGCCAGTTCCTC-3’ 

 Il-1β 5’-CAACCAACAAGTGATATTCTCCATG-3’ 5’-GATCCACACTCTCCAGCTGCA-3’ 

Casp4 5’-AATTGCCACTGTCCAGGTCT-3’ 5’-CTCTGCACAACTGGGGTTTT-3’ 
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S100a9 5’-TCAGACAAATGGTGGAAGCA-3’ 5’- GTCCTGGTTTGTGTCCAGGT-3’ 

 245 

For human cell line samples, the following primer sequences were used:  246 

Gene Forward primer Reverse primer 

PPIA 5’-GGGCCTGGATACCAAGAAGT-3’ 5’-TCTGCTGTCTTTGGGACCTT-3’ 

BIRC3  5’-GGTAACAGTGATGATGTCAAATG-3’ 5’-TAACTGGCTTGAACTTGACG-3’ 

ICAM1 5’-AACTGACACCTTTGTTAGCCACCTC-3 5’-CCCAGTGAAATGCAAACAGGAC-3 

NFkB2 5’-GGCGGGCGTCTAAAATTCTG-3’ 5’-TCCAGACCTGGGTTGTAGCA-3’ 

RELB 5’-TGTGGTGAGGATCTGCTTCCAG-3’ 5’-TCGGCAAATCCGCAGCTCTGAT-3’ 

 247 

Mouse RNA labeling and hybridization to Agilent microarrays 248 

Hybridization to the SurePrint G3 Mouse Gene Expression Microarray (ID G4852A, 249 

Agilent Technologies) was conducted following the manufacturer’s two-color protocol 250 

(Two-Color Microarray-Based Gene Expression Analysis v. 6.5, Agilent Technologies). 251 

Dye swaps (Cy3 and Cy5) were performed on RNA amplified from each sample. 252 

Microarray chips were then washed and immediately scanned using a DNA Microarray 253 

Scanner (Model G2505C, Agilent Technologies). 254 

 255 

Tumor acinar cultures and cytokine array 256 

Isolated tumor cells coming from RANK
+/+

 or RANK
-/-

 transplants were seeded on top 257 

of growth factor-reduced matrigel (1 million cells/well in 6-well plates) in growth 258 

medium (DMEM-F12, 5% FBS, 10 ng/mL of EGF, 100 ng/mL cholerin toxin, 5 μg/mL 259 

insulin and 1x penicillin/streptomycin). 260 
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For cytokine arrays, tumor supernatants were collected 72h after plating. A pool of three 261 

supernatants derived from three independent tumor transplants and primary tumors was 262 

used for the analyses. Multiplex quantification of cytokines and chemokines of 263 

supernatants collected from 3D acinar cultures was performed using the Mouse 264 

Cytokine Array C1000 (RayBiotech) following manufacturer’s instruction and using the 265 

recommended ImageJ plug-in. To detect genes affected by RANK activation, 1 µg/mL 266 

RANKL was added 24 h after tumor plating. RNA was extracted 24 h after RANKL 267 

stimulation for hybridization to a gene expression microarray, as previously described. 268 

 269 

Cell line culture and lentiviral transduction 270 

The human breast cancer cell lines MCF-7 and HCC1954 were purchased from the 271 

American Type Culture Collection (ATCC). ATCC provides molecular authentication 272 

in support of their collection through their genomics, immunology, and proteomic cores, 273 

as described, by using DNA barcoding and species identification, quantitative gene 274 

expression, and transcriptomic analyses (ATCC Bulletin, 2010). Cells were grown in 275 

DMEM and RPMI 1640 medium, respectively, supplemented with 10% fetal bovine 276 

serum (FBS) and 1% penicillin-streptomycin solution (all from Gibco). The cells were 277 

grown at 37°C in the presence of 5% CO2 in humidified incubators and were tested for 278 

absence of mycoplasma. 279 

To ectopically express GFP (control) or RANK (TNFRSF11A), the corresponding genes 280 

were cloned in the lentiviral vector pSD-69 (PGK promoter, generously donated by S 281 

Duss and M Bentires-Alj) following Gateway cloning protocols. To knock down the 282 

expression of endogenous RANK we used the lenti-viral vector pGIPZ clones 283 

V3LHS_307325 and V3LHS_400741 with RANK specific shRNA expression 284 

(Dharmacon). As a control (ctrl) we used a verified non-targeting clone (Dharmacon). 285 
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Lentiviruses were prepared in HEK293T cells with packaging and envelope plasmids 286 

psPAX2 and pMD2.G (AdGene). Transduced cells were selected with 1.5 µg/ml 287 

puromycin, starting 3 days after infection. 288 

 289 

Human neutrophil and T cell isolation and culture 290 

Peripheral blood was provided by the “Banc de Sang I Teixits” (Hospital Universitari de 291 

Bellvitge). Mononuclear cells were isolated from buffy coats using Ficoll-plus gradient 292 

(GE Healthcare Bio-Sciences). Neutrophils were isolated from the red fraction, then 293 

purified by dextran sedimentation. Purified cells were resuspended at 5 x 10
6
 cells/mL 294 

in RPMI supplemented with 10% of FBS and 50 U/mL streptomycin and penicillin. 295 

FACS analysis was performed to detect CD66b (G10F5, BD Bioscience) to confirm 296 

purity (98% average).  297 

Neutrophil apoptosis and activation were analyzed culturing 10
4
 neutrophils per well in 298 

96-well plates over 24 h in the indicated medium or CM. Apoptosis was measured using 299 

the Annexin AV Apoptosis Detection Kit (640930, BioLegend) and activation was 300 

detected by staining for CD11b following the previously described flow cytometry 301 

staining protocol.  302 

Clinical trial design and patient characteristics 303 

Twenty-seven patients were enrolled in the D-BEYOND trial between October 2013 304 

and July 2016 (first patient enrolled 2nd October; last patient enrolled 9th June 2016). 305 

D-BEYOND was a prospective, single arm, multi-center, open label, preoperative 306 

“window-of-opportunity” phase IIa trial (NCT01864798). All patients received two 307 

injections of denosumab 120 mg subcutaneously, administered 7 to 12 days apart, prior 308 

to surgical intervention. Surgery was performed 10-21 days after the first dose of 309 

denosumab (median, 13 days). Post-study treatment was at the discretion of the 310 
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investigator. Snap-frozen and formalin-fixed, paraffin-embedded (FFPE) tumor and 311 

normal tissues were collected at baseline (pre-treatment) and at surgery (post-312 

treatment). Normal tissues (snap-frozen and FFPE) were defined as being at least 1cm 313 

away from tumor, another quadrant or contralateral breast biopsies. All samples 314 

(including normal) were reviewed by a pathologist to assess epithelial content. Eligible 315 

patients were premenopausal women with histologically confirmed newly diagnosed 316 

operable primary invasive carcinoma of the breast who had not undergone previous 317 

treatment for invasive breast cancer. Other key eligibility criteria included a tumor size 318 

> 1.5 cm, any nodal status, and known estrogen receptor (ER), progesterone receptor 319 

(PR), human epidermal growth factor receptor 2 (HER2) status. Key exclusion criteria 320 

included bilateral invasive tumors, current or previous osteonecrosis or osteomyelitis of 321 

the jaw, and known hypersensitivity to denosumab. Evaluation of conventional breast 322 

cancer markers including ER, PR, HER2 and Ki-67 were centrally performed at the 323 

Institut Jules Bordet (IJB). ER and PR status were defined according to ASCO-CAP 324 

guidelines. Breast cancer subtypes were defined according to the St Gallen 2015 325 

Consensus Meetings
32

 using immunohistochemical surrogates as follows: Luminal A: 326 

ER and/or PR(+), HER2(-), Ki-67 < 20%; Luminal B: ER and/or PR(+), HER2(-), Ki-327 

67 ≥ 20; Basal: ER(-), PR(-) and HER2(-), irrespective of Ki-67 score; and HER2: 328 

HER2(+), irrespective of ER, PR or Ki-67. All 4 HER2+ patients included in the study 329 

were ER+ PR+.  330 

Serious and non-serious adverse events (AEs) were collected from the day of signed 331 

informed consent until one month after the final administration of the study drug, except 332 

for the project-specific AEs, for which the reporting was extended to 3 months after the 333 

final dose of denosumab. Safety data were evaluated using the National Cancer Institute 334 

Common Terminology Criteria for Adverse Events (NCI-CTCAE v 4.0). AEs were 335 
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coded according to the Medical Dictionary for Regulatory Activities (version 20.1). All 336 

non-serious AEs are summarized in Table S6, the most frequent one being arthralgia 337 

(4/27, 14.8%). This study was approved by the Ethics Committee of the trial sponsor; 338 

IJB (N°: 2064) and all the other participant sites. All patients provided written informed 339 

consent prior to study entry. 340 

One patient was excluded because she had a ductal in situ carcinoma and two patients 341 

were excluded because of lack of available tumor tissue. Another patient was excluded 342 

from TIL evaluation due to tissue exhaustion. The primary study endpoint was a 343 

geometric mean decrease in the percentage of Ki-67-positive cells assessed by 344 

immunohistochemistry (IHC). Key secondary endpoints included absolute Ki-67 345 

responders (defined as < 2.7% Ki-67 IHC staining in the post-treatment tumor tissue), 346 

decrease in serum C-terminal telopeptide (CTX) levels measured by ELISA, cleaved 347 

caspase-3 and change in TIL percentage in tumor tissue evaluated on hematoxylin and 348 

eosin (HE) slides. Changes in the infiltration of immune populations as measured by 349 

IHC were also performed. Paired samples of breast tumor and normal tissue at baseline 350 

and at surgery were required. The limited epithelial content precluded analyses of 351 

changes in the paired normal tissues. Gene expression analyses in paired tumor and 352 

normal tissue at baseline and at surgery was performed for patients with enough 353 

epithelial content. Additional secondary endpoints include: change in RANK/RANKL 354 

gene expression and signaling, change in tumor proliferation rates using gene 355 

expression, change in expression levels from genes corresponding to mammary 356 

progenitor populations, estrogen pathways, immune pathways, gene expression changes 357 

in the paired samples of surrounding normal tissue when available. All primary, 358 

secondary and exploratory endpoints performed are described in Supplementary file 1.   359 

ELISA 360 
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Serum concentrations of human sRANKL (soluble homotrimeric form of RANKL) 361 

were centrally assessed at IJB in triplicate, using an enzyme-linked immunosorbent 362 

assay (ELISA) according to the manufacturer’s instructions (Biomedica, Austria). 363 

sRANKL bound to denosumab is not be detected by this assay. Serum CTX levels were 364 

routinely evaluated in each center by ELISA. 365 

 366 

Pathological assessment and immunohistochemical staining of human tumor 367 

samples 368 

Tumor cellularity was centrally assessed on hematoxylin and eosin-stained (HE) tissue 369 

sections from FFPE and frozen human tumor samples. For patients with multiple 370 

samples, the sample with the highest tumor content was chosen for further analyses. The 371 

percentage of intratumoral and stromal TILs was independently evaluated by two 372 

trained pathologists (R.S. and G.V.D.E.) who were blinded to the clinical and 373 

experimental data on the HE slides, following the International TIL Working Group 374 

2014 methodology, as described elsewhere
33

. Median tumor cellularity ranged between 375 

35 and 90%. TIL proliferation was assessed as the percentage of Ki67
+
 TILs among all 376 

TILs.  377 

Tissue sections (4 μm) from FFPE tissues of human primary breast tissue were used to 378 

assess RANK and RANKL. For each patient, representative unstained slides of the 379 

primary tumor were shipped to NeoGenomics Laboratories (California, USA) for 380 

immunohistochemical staining of RANK (N1H8, Amgen) RANKL (M366, Amgen), 381 

blinded to clinical information. The percentage of stained cells and their intensity (0, 382 

negative; 1
+
, weak; 2

+
, moderate; and 3

+
, strong) were recorded as described 383 

previously26.  384 
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An H-score was calculated using the following formula: H = (% of cells of weak 385 

intensity x 1) + (% of cells with moderate staining x 2) + (% of cells of strong staining x 386 

3). The maximum possible H-score is 300, corresponding to 100% of cells with strong 387 

intensity.  388 

Serial FFPE tissue sections (4 μm) were immunohistochemically stained for 389 

CD3/CD20, CD4/CD8, and FOXP3/CD4 dual-staining as well as single Ki-67 and 390 

cleaved caspase-3 staining on a Ventana Benchmark XT automated staining instrument 391 

(Ventana Medical Systems) as described previously
34

. The antibodies used for dual IHC 392 

are: CD3 (IR503, polyclonal), CD8 (C8/144B, IR623) and CD20 (L26, IR604) from 393 

Dako, CD4 (RBT-CD4, BSB5150) from BioSB and FOXP3 (236A/E7, 14-4777-82) 394 

from E-Bioscience, Ki-67 (Clone MIB-1) from Dako and cleaved caspase-3 (ab2302) 395 

from Abcam. T cells were quantified by CD3 protein expression, B cells by CD20 396 

protein expression, cytotoxic T cells by CD4 negative and CD8 positive expression, and 397 

T regulatory cells by simultaneous CD4 and FOXP3 expression. Scoring was defined as 398 

the percentage of immune-positive cells among stromal and tumoral area. 399 

For multiplex IHC (mIHC), FFPE tissue sections (4 μm) were processed manually. 400 

Briefly, slides were heated at 37°C overnight, deparaffinized and then fixed in neutral-401 

buffered 10% formalin. The presence of helper T cells (CD4), cytotoxic T cells (CD8), 402 

B cells (CD20), regulatory T cells (FOXP3), macrophages (CD68), cancer cells (pan-403 

cytokeratin) and cell nuclei (DAPI) was assessed using a serial same-species 404 

fluorescence-labeling approach that employs tyramide signal amplification and 405 

microwave-based antigen retrieval and antibody stripping in accordance with the 406 

manufacturer’s instructions (Opal Multiplex IHC, Perkin Elmer). Staining was 407 

visualized on a Zeiss LSM 710 confocal microscope equipped with PMT spectral 34-408 
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Channel QUASAR (Carl Zeiss). All IHC slides were centrally reviewed by a breast 409 

pathologist (R.S.).  410 

 411 

RNA extraction from human samples and RNA sequencing 412 

RNA was extracted from frozen tumor and normal tissue using the AllPrep DNA/RNA 413 

Mini kit (Qiagen, Germany) according to the manufacturer’s instructions. RNA quality 414 

was assessed using a Bioanalyzer 2100 (Agilent Technologies). A total of 22 patients 415 

had sufficient tumor RNA quantity from both pre- and post- treatment timepoints. A 416 

total of 11 patients had sufficient RNA quantity in normal tissue samples from both pre- 417 

and post- treatment timepoints. Among the patients without enough RNA quantity in 418 

normal tissue, six had biopsies containing mainly fatty tissue without any epithelial cell. 419 

Indexed cDNA libraries were obtained using the TruSeq Stranded Total RNA Kit 420 

(Illumina) following the manufacturer’s recommendations. The multiplexed libraries 421 

were loaded onto a NovaSeq 6000 apparatus (Illumina) using a S2 flow cell, and 422 

sequences were produced using a 200 Cycle Kit (Illumina).  423 

 424 

Bioinformatic analyses  425 

RNA-sequencing read pairs from the D-BEYOND samples were trimmed using 426 

Trimmomatic
35

. Alignment was performed using STAR
31

. The number of reads 427 

mapping to each gene was assessed with the Rsamtools package in the R environment. 428 

Since gene expression profiles of tissues taken at biopsy and surgery are known to be 429 

sensitive to differences in tissue-handling procedures
36

, we used a publicly available 430 

dataset from the no-treatment arm of The Peri Operative Endocrine Therapy - 431 

Individualizing Care (POETIC) study to filter-out differentially expressed genes. This 432 

study included 57 pairs of samples from untreated patients taken at diagnosis (baseline) 433 



20 
 

and surgery (GEO ID: GSE73235
36

). We filtered out 3270/21.931 (14.9%) genes that 434 

were differentially expressed between diagnosis and surgery by using a strict cut-off of 435 

a raw value of P < 0.05 from a non-parametric Mann–Whitney U test. Differential 436 

expression was analyzed with DESeq2 v.1.14.1 R/Bioconductor package
37

 using raw 437 

count data. Significantly differentially expressed genes were selected if they had a qval 438 

of < 0.05 and an absolute log2-fold change of > 0.5. We used the GAGE v.2.24.0 439 

R/Bioconductor package
38

 to identify significantly enriched biological processes from 440 

the Biological Process from Gene Ontology database. CIBERSORT software was 441 

used
39

 to refine the subsets of immune cells present in each sample. RPKM expression 442 

data were uploaded to www.cibersort.standford.edu and CIBERSORT was run using 443 

LM22 as a reference matrix and, as recommended for RNA-seq data, quantile 444 

normalization was disabled.  445 

All other parameters were set to default values. Output files were downloaded as tab-446 

delimited text files and immune cell subsets that were present in fewer than 10 samples 447 

were discarded.  448 

We reported the 10 aggregates as described before [PMID: 29628290]: 449 

T.cells.CD8 = T.cells.CD8,  450 

T.cells.CD4 = T..CD4.naive + T..CD4.memory.resting + T..CD4.memory.activated, 451 

T.reg = T.cells.regulatory..Tregs. 452 

B.cells = B.cells.naive + B.cells.memory,  453 

NK.cells = NK.cells.resting+NK.cells.activated,  454 

Macrophage = Macrophages.M0 + Macrophages.M1 + Macrophages.M2,  455 

Dendritic.cells = Dendritic.cells.resting + Dendritic.cells.activated,  456 

Mast.cells = Mast.cells.resting + Mast.cells.activated,  457 

Neutrophils = Neutrophils,  458 

http://www.cibersort.standford.edu/
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Eosinophils = Eosinophils 459 

RNAseq data have been deposited under EGA accession number EGAS00001003252 460 

as a fatsq file (available on request from the IJB Data Access Committee).  461 

The prototype-based co-expression module score for TNFRSF11A (RANK metagene) 462 

and TNFSF11 (RANKL metagene) was computed for each sample as; 463 

                          . Where    is the expression of the top 100 genes 464 

positively correlated with TNFRSF11A or TNFSF11 at baseline (before treatment) and 465 

   is the Pearson correlation coefficient between    and TNFRSF11A or TNFSF11. 466 

The public signatures of RANK/NFB were retrieved from MSigDB
40

 (Cell Systems, 467 

PMID:26771021) and computed using the geometric mean and then scaling. 468 

Mouse microarray data were feature-extracted using Agilent’s Feature Extraction 469 

Software (v. 10.7), using the default variable values.  470 

Outlier features in the arrays were flagged by the same software package. Data were 471 

analyzed using the Bioconductor package in the R environment. Data preprocessing and 472 

differential expression analysis were performed using the limma and RankProd 473 

packages, and the most recently available gene annotations were used. Raw feature 474 

intensities were background-corrected using the normexp background-correction 475 

algorithm. Within-array normalization was done using spatial and intensity-dependent 476 

loess. Aquantile normalization was used to normalize between arrays. The expression of 477 

each gene was reported as the base 2 logarithm of the ratio of the value obtained for 478 

each condition relative to the control condition. A gene was considered differentially 479 

expressed if it displayed a pfp (proportion of false positives) < 0.05, as determined by a 480 

non-parametric test. Raw microarray data have been deposited in GEO, access number 481 

GSE119464.  482 

Statistical analyses 483 
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All statistical tests comparing pre- and post-treatment paired values were done using the 484 

sign test or Student’s paired samples t-test. All IHC values were log-transformed to give 485 

values of log10(x + 1), thereby overcoming the problem of some raw variable values 486 

being zero. To compare non-responders and responders, the Mann–Whitney U and 487 

Fisher’s exact tests were used for continuous and categorical variables, respectively. All 488 

correlations were measured using the Spearman’s non-parametric rho coefficient. All 489 

reported P-values were two-tailed. All analyses were performed using R version 3.3.3 490 

(available at www.r-project.org) and Bioconductor version 3.6. No correction was made 491 

for multiple testing for exploratory analyses, except for the gene expression analysis, for 492 

which the false discovery rate (FDR) was used. 493 

Mouse experimental data were analyzed using GraphPad Prism version 5. Differences 494 

were analyzed with a two-tailed Student’s t-test, an F-test or an unpaired-samples t-test 495 

against a reference value of 1. Tumor growth curves were compared using two-way 496 

analysis of variance. Frequency of tumor initiation was estimated using the extreme 497 

limiting dilution assay (ELDA) (http://bioinf.wehi.edu.au/software/elda/). Regression 498 

analysis of the growth curves’ mean for the anti-CTLA4, anti-RANKL, and anti-PD-L1 499 

treatments was performed, and 2 x 2 chi-square contingency tables (two-tailed 500 

probabilities) were used to evaluate responses. The statistical significance of group 501 

differences is expressed by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.0001; ****, p 502 

< 0.0001). 503 

  504 
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RESULTS  505 

Loss of RANK in tumor cells leads to increased lymphocyte infiltration  506 

We hypothesized that, beyond its tumor cell-intrinsic effects
10

, inhibition of RANK 507 

signaling pathway may enhance immune activation in BC. To test this hypothesis, we 508 

undertook genetic approaches using the PyMT luminal tumor mouse model. First, we 509 

tested whether loss of RANK signaling in myeloid cells could induce changes in 510 

immune infiltration, by using LysM-cre/RANK
flox/flox 

mice. Expression of Cre driven by 511 

LysM deletes RANK in the myeloid compartment (RANK MC
-/-

)
41

. As expected, lower 512 

levels of Rank mRNA were found in peritoneal macrophages from RANK MC
-/-

 mice 513 

(Figure 1a). PyMT RANK
+/+

 (RANK
+/+

) tumors were orthotopically transplanted in 514 

RANK MC
-/-

 mice and corresponding controls (RANK MC
+/+

) (Figure 1a). Analyses of 515 

the tumor immune infiltrates revealed no changes in immune infiltration, leukocytes 516 

(CD45
+
), lymphocytes (CD11b

-
 within CD45

+
), TAMs (F4/80

+
CD11b

+
 within CD45

+
) 517 

or TANs (Ly6G
+
 CD11b

+
 within CD45

+
) between genotypes (Figure 1b, S1a-b). The 518 

frequencies of infiltrating CD8
+
 T cells (CD11b

-
 CD3

+
 CD8

+
), CD4

+
 T cells (CD11b

-
 519 

CD3
+
 CD8

-
), and the CD4/CD8 ratio were also similar in RANK

+/+
 tumors growing in 520 

RANK MC
-/-

 or RANK MC
+/+

 mice (Figure S1a-b). 521 

We next tested whether RANK loss exclusively in tumor cells could alter tumor 522 

immune infiltration: tumors derived from PyMT/RANK
-/-

 mice (RANK
-/- 

tumors) were 523 

orthotopically transplanted in syngeneic C57Bl6 mice and compared with RANK
+/+

 524 

tumor transplants (Figure 1c). RANK
-/-

 tumors showed greater infiltration by 525 

leukocytes, lymphocytes and CD8
+
 T cells compared with RANK

+/+
 tumors of similar 526 

size (Figure S1a, S1c). Together these results demonstrate that loss of RANK in tumor 527 

cells, but not in myeloid cells, induces an increase in tumor-immune infiltrates, TILs 528 

and CD8
+
 T cells. 529 
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T cells mediate the longer tumor latency of RANK
-/- 

tumors 530 

The increase in TILs observed after loss of RANK in tumor cells, prompted us to 531 

investigate the functional contribution of this immune population. To this end, RANK
+/+

 532 

and RANK
-/- 

tumor cells were transplanted in parallel in syngeneic mice and in T cell- 533 

deficient Fox1
nu

 mice (Figure 1c). We had previously demonstrated that, compared with 534 

RANK
+/+

, RANK
-/-

 tumor cells display prolonged latency to tumor formation, increased 535 

apoptosis and a lower frequency of tumor-initiating cells when transplanted in 536 

syngeneic mice
10

. 537 

Strikingly, when transplanted in T cell-deficient Foxn1
nu

 mice, no differences in latency 538 

to tumor onset were observed between RANK
+/+

 and RANK
-/-

 tumor transplants, while 539 

the same tumors transplanted in syngeneic C57BL/6 mice corroborated previous results 540 

(Figure 1d and Figure S2a)
10

. Additionally, limiting dilution assays in Foxn1
nu

 mice 541 

showed no differences in the ability of RANK
+/+

 and RANK
-/-

 tumor cells to initiate 542 

tumors (Figure 1e). Further characterization of the tumors revealed that RANK
-/-

 tumor 543 

transplants growing in syngeneic hosts contained more apoptotic and necrotic cells than 544 

did their RANK
+/+

 counterparts (Figure S2b), corroborating previous findings
10

. 545 

However, the frequency of apoptotic cells was similar in RANK
-/-

 and RANK
+/+

 tumor 546 

cells growing in Foxn1
nu

 mice. Differences in late apoptosis/necrosis (7AAD
+
/Annexin 547 

V
+
 cells) between RANK

+/+
 and RANK

-/-
 tumor cells were observed in both syngeneic 548 

and Foxn1
nu

 recipients but were less marked in T cell-deficient mice (Figure S2b). 549 

These observations suggest that the increased tumor cell death rate in the absence of 550 

RANK is due to a combination of tumor cell-intrinsic and T cell-mediated effects, 551 

whereas T cells are responsible for the delayed tumor onset and the reduced tumor-552 

initiating ability of RANK-null tumor cells. 553 
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Analyses of RANK
+/+ 

and RANK
-/-

 tumors confirmed the higher frequency of 554 

leukocytes and the enrichment in TILs in RANK
-/-

 compared with RANK
+/+

 tumors 555 

(Figure 1f-g; Figure S1c). In contrast, the relative frequency of TAMs and TANs was 556 

higher in RANK
+/+

 than in RANK
-/-

 tumors (Figure 1f-g, Figure S1c). These differences 557 

were no longer observed in Foxn1
nu

 transplants (Figure 1f-g). 558 

To rule out the possibility that immune cells transplanted along with tumor cells were 559 

responsible for the observed changes, the CD45
-
 population (tumor cell-enriched) was 560 

sorted and transplanted into syngeneic hosts. The longer tumor latency observed in 561 

RANK
-/-

 was exacerbated when sorted CD45
-
 cells were injected compared with whole 562 

tumor transplants (Figure S2c). Accordingly, differences in immune infiltration were 563 

also observed between tumors derived from sorted CD45
-
 RANK

+/+
 and CD45

- 
RANK

-/-
 564 

cells and those derived from whole tumor transplants (Figure S2d). 565 

To confirm that our findings are not affected by differences other than RANK status 566 

between RANK
+/+

 and RANK
-/-

 tumors, we infected PyMT/RANK
flox/flox 

tumors with 567 

pLVX-Cre-IRES-zsGreen or control lentivirus. Infected tumor populations were FACS-568 

sorted and orthotopically transplanted into C57BL/6 mice. RANK depletion was 569 

confirmed by RT-PCR and IHC (Figure S2e). RANK-depleted tumors showed lower 570 

tumor growth rate (Figure S2f) and greater infiltration of leukocytes, lymphocytes, and 571 

T cells (CD3
+ 

CD11b
- 
CD45

+
), corroborating previous findings (Figure S2g). CD8

+
 T 572 

cells were more abundant, and TANs were reduced in RANK-depleted tumors, although 573 

the differences were not significant (Figure S2g). Thus, RANK loss in tumor cells leads 574 

to a significant increase in TILs. 575 

Together, these results demonstrate that RANK loss in tumor cells leads to a significant 576 

increase in TILs that restrict RANK
-/-

 tumor cell growth. Reciprocally, they indicate that 577 

RANK expression in tumor cells induces an immunosuppressive microenvironment 578 
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enriched in TAMs and TANs, allowing tumor cells to escape T cell immune 579 

surveillance.  580 

 581 

CD8
+
 T cell depletion rescues the delay in tumor onset of RANK-/- tumors 582 

Further characterization of TIL subsets from syngeneic transplants (Figure S1a), 583 

revealed a significant increase in the percentage of CD3
+
 T lymphocytes and CD8

+
 T 584 

cells in RANK
-/-

 tumors and a lower CD4
+
/CD8

+
 ratio in RANK

-/-
 compared with the 585 

RANK
+/+

 tumors (Figure 2a). There were no significant differences between the two 586 

groups in the frequencies of NK cells (NK1.1
+ 

CD3
-
), B cells (CD19

+ 
CD3

- 
CD11b

-
) or 587 

levels of IFNγ production by tumor-infiltrating CD4
+
 and CD8

+
 T cells (Figure S3a). 588 

However, TAMs that infiltrated RANK
-/-

 tumors expressed higher levels of IL12/IL23, 589 

indicative of an anti-tumor M1 response (Figure S3a). Increased CD3
+
 T lymphocyte 590 

and CD8
+
 T cell tumor infiltration in RANK

-/-
 tumors compared with RANK

+/+
 was 591 

confirmed by IHC (Figure 2b-c) and the mRNA levels of the cytotoxicity markers, 592 

namely interferon gamma (Ifnγ) and perforin (Prf1) were higher in RANK
-/-

 tumors 593 

(Figure 2d). Gene expression analysis comparing sorted CD45
-
 cells (tumor cell-594 

enriched) isolated from RANK
+/+

 versus RANK
-/-

 tumor transplants revealed 604 595 

differentially expressed genes (Table S1). Gene Ontology (GO) and Generally 596 

Applicable Gene Set Enrichment (GAGE) analyses revealed that RANK
-/-

 tumor cells 597 

overexpressed a subset of genes related to the “intrinsic apoptotic signaling pathway”, 598 

“antigen processing and presentation” and “positive regulation of T cell-mediated 599 

cytotoxicity” (Tables S2-S4). Similar frequencies of CD3
+
, CD4

+
 and CD8

+
 cells were 600 

found in draining lymph nodes from RANK
+/+

 and RANK
-/-

 tumor transplants, but a 601 

moderate increase in IFNᵧ production in the lymph node T cells was observed in the 602 

RANK
-/-

 tumor transplants (Figure S3b). 603 
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Next, we investigated the effects on the tumor immune infiltrate after systemic 604 

pharmacological inhibition of RANKL (RL) (RANK-Fc treatment 10 mg/kg three times 605 

per week, for 4 weeks) in serial tumor transplants from PyMT mice (Figure S3c)
42

. No 606 

significant changes in the total number of TILs upon RL inhibition were observed 607 

(Figure S3d-e). However, after RL inhibition, the frequency of infiltrating CD8
+
 T cells 608 

increased (Figure S3d) and CD4
+
 T cells decreased (Figure S3e), leading to a lower 609 

CD4
+
/CD8

+
 ratio (Figure S3d-e). An increased infiltration by CD8

+
 T cells in tumors 610 

continuously treated with RL inhibitor was also observed by IHC (Figure 2e-f). 611 

Together, these evidences demonstrate that genetic or pharmacologic inhibition of 612 

RANK signaling increases CD8
+
 T cell tumor infiltration. 613 

CD8
+
 T and NK cells have been shown to drive tumor cell cytotoxicity

23
, therefore 614 

depletion experiments were performed in RANK
+/+

 and RANK
-/-

 tumor transplants to 615 

confirm their involvement (Figure 2g). Depletion of CD8
+
 T cells, but not of NK cells, 616 

rescued the delayed tumor formation observed in RANK
-/-

 transplants with minor 617 

effects on RANK
+/+

 transplants (Figure 2h). CD8
+
 T and NK cell depletions were 618 

corroborated in blood samples and tumor infiltrates (Figure S4a-b). CD8
+
 T cell 619 

depletion resulted in increased NK cell frequency in tumors and, conversely, NK cell 620 

depletion led to increased CD8
+
 T cell infiltration (Figure 2i). These results suggest that 621 

CD8
+
 T cells mediate the anti-tumorigenic response induced by RANK loss in tumor 622 

cells and that the exacerbated T cell response in RANK
-/-

 tumors is responsible for the 623 

delay in tumor formation. 624 

 625 

RANK+ tumor cells promote immunosuppression through neutrophils  626 

To clarify the intercellular crosstalk involved in the observed phenotypes we cultured 627 

3D tumor acini from RANK
+/+

 and RANK
-/-

 tumor transplants for 72 h and measured 628 
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the levels of cytokines and chemokines in the culture supernatants (Table S5). Fewer 629 

cytokines/chemokines were more abundant in RANK
-/-

 than RANK
+/+

 tumor 630 

supernatants, and included eotaxin 1, which is involved in eosinophil recruitment, 631 

CD40, which enhances T cell responses, and BLC, which controls B cell trafficking
43

 632 

(Figure 3a). However, no significant differences in the frequencies of eosinophils or B 633 

cells were found in RANK
-/-

 as compared to RANK
+/+

 tumor transplants (Figure S3a). 634 

In supernatants derived from RANK
+/+

 tumor acini many cytokines were upregulated 635 

including SDF-1α, MIP-1α, IL-1α, SCF, TNFα, IL-13, M-CSF, IL-10, IL-4, IL-17 and 636 

IL-1β (Table S5, Figure 3a). These various cytokines/chemokines are characteristic of 637 

an immunosuppressive microenvironment and have a wide-ranging actions, including 638 

myeloid cell recruitment
43

. The mRNA expression levels of Il-1β and Caspase-4, which 639 

mediates the activation of pre-IL1-β in the inflammasome
44

 were also higher in 640 

RANK
+/+

 tumors, while s100a9, a gene related to neutrophil stimulation and migration, 641 

showed a tendency to increase
45

,  (Figure 3b). These changes may contribute to the 642 

increased infiltration of TANs observed in RANK
+/+

 tumors (Figure 1f-g, Figure S1c, 643 

S2d) and the suppression of T cell immunity as previously reported
46,47

. In fact, the 644 

percentage of TANs (Ly6G
+
) and that of CD8

+
 T cells were negatively correlated in the 645 

mouse tumors (Figure 3c). 646 

To confirm the crosstalk between RANK activation in BC cells and neutrophils, we 647 

adopted an independent experimental approach by modulating RANK expression levels 648 

in human BC cells and directly testing in co-culture assays whether this influenced 649 

neutrophil survival and activation. MCF7 luminal BC cells that had undetectable RANK 650 

expression and were unresponsive to RL stimulation, were infected with RANK-651 

overexpressing vectors (Figure S4c). Conversely, HCC1954 basal-like, HER2
+
 cells, 652 

which, despite the low levels of RANK expression, are responsive to RANKL 653 
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stimulation, were infected with short-hairpin RNAs to downregulate RANK (Figure 654 

S4c). Changes in RANK expression and downstream targets (BIRC3, ICAM1, NFB2, 655 

RELB) were confirmed by RT-PCR (Figure S4c). 656 

BC cells were stimulated with RL for one hour before co-culturing with neutrophils, 657 

isolated from blood of healthy human donors (Figure S4d). MCF7-RANK tumor cells 658 

and HCC1954-shSCR cells increased neutrophil survival more than their corresponding 659 

tumor cells lacking RANK did (Figure S4e). Conditioned medium (CM) from BC cells 660 

with higher level of RANK expression and activation was enough to increase the 661 

survival of neutrophils significantly more than CM from control cells (Figure 3d). These 662 

neutrophils also presented a more mature/active phenotype based on the increased 663 

CD11b levels (Figure 3e)
48

. 664 

Finally, to confirm whether neutrophils are involved in the observed differences in 665 

latency between RANK
+/+

 and RANK
-/-

 tumor transplants and the crosstalk with T cells, 666 

Ly6G depletion assays were performed (Figure 3f). Neutrophil depletion significantly 667 

delayed tumor appearance in RANK
+/+

 transplants with no effects in RANK
-/-

 668 

transplants (Figure 3g). Neutrophil depletion was confirmed in blood samples (Figure 669 

S4f-g). The frequency of TANs after depletion was reduced in RANK
+/+

 but not in 670 

RANK
-/-

 tumor transplants, in which TAN infiltration was much lower (Figure 3h). 671 

Neutrophil depletion led to a significant increase in TILs, CD4
+
 and CD8

+
 T cells, and 672 

to a decrease in the frequency of TAMs infiltrating RANK
+/+

 transplants to levels 673 

comparable with those found in RANK
-/-

 transplants (Figure 3h). A trend to increased 674 

levels of total leukocyte infiltration was also observed after neutrophil depletion (p = 675 

0.06, Figure 3h).  676 
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Altogether, these results suggest that RANK activation in tumor cells induces an 677 

immunosuppressive microenvironment that favors neutrophil survival restricting T cell 678 

immunity. 679 

 680 

RANKL inhibition in tumor cells increases responsiveness to immunotherapy  681 

Despite the stronger anti-tumor immune response, RANK
-/-

 tumors eventually evade the 682 

immune response and grow. Increased expression of checkpoint regulators such as PD-1 683 

in lymphoid cells and CTLA4 in CD4
+
 T cells was found in RANK

-/-
 relative to 684 

RANK
+/+

 tumors (Figure 4a). The level of PD-L1 expression in RANK
-/-

 tumor cells 685 

was also higher than in RANK
+/+

 tumors (Figure 4a). Tregs (FoxP3
+ 

CD25
+ 

CD4
+ 

686 

CD11b
-
) were more frequent in RANK

-/-
 than in RANK

+/+
 tumors, possibly as a result 687 

of the enhanced cytotoxic response, as reported elsewhere
49

 (Figure 4a). These results 688 

suggest that the exacerbated T cell response in RANK
-/-

 tumors may facilitate the 689 

induction of negative immune checkpoint regulators and Tregs, evading immune 690 

surveillance and allowing tumor growth. This prompted us to investigate the effects of 691 

anti-PD-L1 and/or anti-CTLA4 checkpoints inhibitors in combination with the loss of 692 

RANK signaling. In RANK
+/+

 tumors early treatment (72 h after tumor implantation) 693 

with anti-RL did not affect tumor growth; however, anti-CTLA4 combined with anti-694 

RL reduced tumor growth to a greater extent than did single anti-CTLA4 treatment 695 

(28.5% of implanted tumors did not even grow) (Figure 4b-c). No benefit of combining 696 

anti-RL and anti-PD-L1 compared to anti-PD-L1 alone was observed in RANK
+/+

 697 

tumors in the early setting (Figure 4b-c). 698 

Early treatment with anti-CTLA4, but not with anti-PD-L1 or anti-RL, significantly 699 

attenuated RANK
-/-

 tumor growth (66.7% of implanted tumors did not grow) compared 700 

with the isotype-treated control (Figure 4d). Addition of anti-RL did not improve the 701 
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response to anti-CTLA4 (or anti-PD-L1) in RANK
-/-

 tumors as did in RANK
+/+ 

tumors, 702 

suggesting that the augmented benefit of the anti-RL/anti-CTLA4 combination was 703 

driven by inhibition of RANK signaling in tumor cells (Figure 4d). 704 

Next, we tested the effect of checkpoint inhibitors on the growth of already palpable, 705 

actively growing tumors (Figure 4e). None of the RANK
+/+

 tumors responded to anti-706 

PD-L1 or anti-RL as single agents but their combination significantly reduced tumor 707 

growth in 50% of the tumors (Figure 4f). Anti-RL did not improve the response to anti-708 

CTLA4 (Figure 4f). In tumors lacking RANK, anti-PD-L1 treatment was more efficient 709 

than anti-CTLA4, but no improvement was observed after the addition of anti-RL 710 

(Figure 4g), in contrast with the observations on RANK
+/+

 tumors. 711 

Collectively, these results demonstrate that in this luminal-like BC, RL inhibition 712 

improves the anti-tumor response to anti-CTLA4 (in the early setting) and anti-PD-L1 713 

(for established tumors) through inhibition of RANK signaling in the tumor cells.  714 

 715 

A short course of denosumab treatment in early-stage BC increased TILs 716 

To confirm the immunomodulatory role of RANK pathway inhibition in the clinical 717 

setting, we analyzed denosumab-treated BC clinical samples from the D-BEYOND 718 

study (NCT01864798): a prospective, preoperative window-of-opportunity, single-arm, 719 

multicenter trial assessing the effect of denosumab in premenopausal women with early-720 

stage BC. Twenty-seven patients were included in this study and received two doses of 721 

denosumab 120 mg subcutaneously one week apart, followed by surgery. The median 722 

time interval between the first administration of denosumab and surgery was 13 days. 723 

No serious adverse events (AEs) were reported. All non-serious AEs are summarized in 724 

Table S6, the most frequent being arthralgia (4/27 patients, 14.8%). Table 1 summarizes 725 

the clinicopathological features of the 24 patients subsequently analyzed. In brief, the 726 
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median age at diagnosis was 45 years (range, 35-51 years); tumors of 19 patients were 727 

hormone receptor-positive (79.2%), four were HER2
+
 (16.7%) and one was triple-728 

negative (4.2%). After treatment, serum levels of sRANKL (unbound to denosumab) 729 

and CTX, a surrogate marker for denosumab activity, decreased in all patients evaluated 730 

(P < 0.001, Fig. 5a), confirming the target inhibition. Given its correlation with clinical 731 

response in luminal BC
50–52

, the primary study endpoint was a geometric mean (GM) 732 

decrease in the percentage of Ki-67-positive cells. Secondary endpoints included tumor 733 

cell survival assessed by cleaved caspase-3, as well as tumor immune infiltration. There 734 

was no significant reduction in the percentage of Ki-67-positive cells (GM change from 735 

baseline; 1.07, 95% CI 0.87–1.33; P = 0.485, Figure 5a) and no absolute Ki-67 or 736 

cleaved caspase-3 responders were identified (Figure 5a, S5a).  737 

Collectively, these data confirm that a short course of denosumab was associated with 738 

effective systemic RANKL inhibition, but not with a reduction in tumor proliferation or 739 

survival.  740 

Next, we assessed the effect of denosumab on tumor immune infiltration in 24 available 741 

paired samples. Of note, similar to our preclinical model, we observed a significant 742 

increase in stromal and intratumoral lymphocyte levels after short exposure to 743 

denosumab (GM change from baseline: 1.75, 95% CI 1.28–2.39; P = 0.006 and 1.59, 744 

95% CI 1.14–2.21, P = 0.008, respectively, Figure 5b-c and Figure S5a). In particular, 745 

11/24 patients (45.8%), including 6/14 luminal A, 3/5 luminal B and 2/4 HER2
+
 cases, 746 

showed an immunomodulatory response defined as a ≥ 10 percent increase in stromal 747 

TILs (sTILs) in tumor samples. Analyses of the percentage of Ki-67
+
 TILs suggested a 748 

trend to increase after denosumab treatment, particularly in responders (7/11) (Figure 749 

5b). 750 
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The composition of the immune infiltrate associated with denosumab treatment was 751 

analyzed by IHC in 23 available pairs of pre- and post-denosumab treatment tumor 752 

tissues (Figure 5b and Figure S5a-b). These analyses revealed a significant increase in 753 

the percentage of T (CD3
+
) and B (CD20

+
) cells after denosumab treatment (GM 754 

change from baseline: 1.68, 95% CI 1.18–2.40; P = 0.006 and 1.62, 95% CI 1.09–2.40; 755 

P = 0.019, respectively) and increased levels of CD8
+
 T cells, validating our preclinical 756 

observations (GM change from baseline: 1.59, 95% CI 1.14–2.21; P = 0.008). 757 

Moreover, there was a significant decrease in FOXP3
+
/CD4

+
 T regs cell frequency (GM 758 

change from baseline: 0.63, 95% CI 0.49–0.83; P = 0.002, Figure 5b), even in patients 759 

with no increase in TILs. No significant differences in macrophage infiltration (CD68
+
 760 

or CD163
+
) were observed (Figure 5b and Figure S5a). Intratumoral immune population 761 

abundance was also quantified, and an increase of TILs and CD3
+
 T cells was observed 762 

(Figure S5a). These findings were illustrated using multiplex IHC of the top four tumors 763 

associated with the highest TIL increase (Figure 5c). 764 

To investigate the biological effect of denosumab in early BC further, we performed 765 

RNA sequencing on 22 available pre- and post-treatment tumor samples and identified 766 

379 genes that were differentially expressed (Table S7). Pathway analysis using GO and 767 

GAGE revealed the enrichment of several genes related to immune activation, immune 768 

cell migration and cytokine-mediated signaling pathways (Figure 5d, Table S9-S10). In 769 

line with these findings, the expression levels of several chemokines were increased 770 

after treatment, including that of the well-known CD8
+
 T cell chemoattractants CCL4 771 

and CXCL1053,54 (Figure S5c). Additionally, we performed RNA sequencing on 11 772 

available pre- and post-treatment normal samples using RNA extracted from normal 773 

tissues. Sufficient normal RNA quantity from both pre- and post- treatment was 774 

obtained from eleven patients. Only ten genes were differentially expressed between 775 
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pre- and post-treatment normal samples (Table S8) and all of them were also 776 

differentially expressed in tumor tissue (Table S7). No significant changes in 777 

RANK/RANKL at the protein (IHC) (Figure S5d-e) or at the gene expression levels 778 

(RNAseq) (Table S7 and S8) were found. Of note, no differences in genes related to 779 

immature mammary epithelial cell populations (ALDH1) or related to estrogen receptor 780 

pathway (ESR1, PR, BCL2) both in tumor and normal samples were observed (D-781 

BEYOND secondary endpoints) (Table S7 and S8). 782 

To further explore the impact of denosumab treatment on the immune cell landscape of 783 

BC we used CIBERSORT55, a deconvolution method for inferring immune cell content 784 

from gene expression data. Consistent with the IHC results, this analysis confirmed the 785 

increase in the relative frequencies of CD8
+
 T cells, B cells and CD4

+
 T cells, and the 786 

decrease in the frequencies of Tregs after denosumab treatment (Figure S5f). Despite 787 

the overall increase in immune infiltration the relative frequency of macrophage 788 

infiltration was reduced after denosumab, particularly in responders (8/11) (Figure S5f). 789 

No significant changes in NK cells, dendritic cells, mast cells, neutrophils and 790 

eosinophils were noted, because these populations may be too scarce to be captured 791 

properly by this method (Figure S5f). Of note, after denosumab treatment, neutrophils 792 

correlated negatively with sTILs (Figure S5g), and the neutrophil chemotaxis and 793 

migration pathways were modulated after denosumab treatment (Table S9), supporting 794 

the preclinical findings.  795 

To ensure that these changes are specific to denosumab treatment and not a 796 

consequence of the presurgical biopsy procedure, we interrogated the publicly available 797 

gene expression data of patients from the control-arm (untreated) of the POETIC study, 798 

a large BC window-of-opportunity study evaluating the role of perioperative aromatase 799 

inhibitor for which gene expression data were obtained from presurgical biopsies and 800 
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surgical specimens. Similar to the D-BEYOND study, biopsies were taken at diagnosis 801 

and 2 weeks later at the time of surgery. The comparison of surgery and biopsy samples 802 

from the POETIC study did not reveal any enrichment of immune cells assessed by 803 

CIBESORT or an immune pathway, as assessed by GAGE analyses (Figure S5h and 804 

Table S11). Together, our results indicate that a short course of denosumab enhances 805 

immune infiltration as determined by the increased levels of TILs, B and T 806 

lymphocytes, CD4
+
 and CD8

+
 T cells in luminal and HER2

+
 breast tumors, validating 807 

the clinical relevance of the findings in the preclinical models. 808 

 809 

RANK pathway activation in tumors and circulating sRANKL levels predict 810 

Denosumab´s immune effect 811 

Finally, we investigated the baseline features associated with the immunomodulatory 812 

effect of denosumab. We identified 11 responder (R) cases, defined by a ≥ 10% 813 

increase in TIL infiltration after denosumab treatment and 13 non-responder (NR) cases. 814 

No associations were found between any baseline clinicopathological features and the 815 

immune modulation induced by denosumab (Table S12). Of the characteristics 816 

compared between R and NR patients, high sRANKL serum levels, a high percentage of 817 

Tregs measured by CIBERSORT, and the presence of intratumoral FOXP3+ cells 818 

measured by IHC, were significantly associated with increased TIL infiltration after 819 

denosumab treatment (Figure 5e, Table S12). CD20 IHC staining at baseline was also 820 

associated with response, but this finding was not corroborated by CIBERSORT (Table 821 

S12). A differential gene expression analysis using RNA-seq data from biopsy samples 822 

evidenced 42 genes expressed at higher levels in R than in NR, including FOXP3, IL7R, 823 

MS4A1 (CD20), CD28 and IFNG (Figure 5f, Table S13) and the enrichment of genes 824 
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involved in lymphocyte activation and immunoglobulin production in R patients (Table 825 

S14 which may be indicative of an enhanced immune response. 826 

RANK and RANKL IHC was performed on tumor and normal tissue samples. We did 827 

not find any difference between pre and post treatment samples (Figure S5d-e) and 828 

neither was predictive of the immunomodulatory effects of denosumab (Figure S6a). 829 

However, since it has been reported that RANK IHC is an unreliable tool to detect 830 

RANK protein on breast tumor samples
1,56

, we computed RANK and RANKL 831 

metagenes to increase the potency and reliability of RANK and RANKL detection. 832 

These metagenes included the expression levels of the top 100 genes that are co-833 

expressed at baseline with RANK and RANKL mRNA, respectively (see methods, Table 834 

S15). Importantly, high expression level of RANK metagene in the tumors at baseline 835 

(Figure 5g), but neither RANKL metagene nor individual gene expression of RANK or 836 

RANKL, is predictive of denosumab-induced immune response (Figure S6b). 837 

GO analyses showed that the RANK metagene includes genes associated with NF-B 838 

pathway activation as well as with immune response (Figure S6c). Indeed, the RANK 839 

metagene strongly correlated with several public signatures of the RANK and NF-B 840 

pathways, as well as with RANKL-induced genes in mouse mammary epithelial cells 841 

(MECs) (WT and Rank overexpressing) and PyMT tumor cells (Figure S6d). These 842 

results demonstrate that RANK metagene captures RANK pathway activation and 843 

support the relevance of the PyMT model. Accordingly, tumors responding to 844 

denosumab presented at baseline higher scores for these RANKL-driven genes in mouse 845 

MECs and PyMT tumor cells (Figure 5g; Figure S6e) and RANK and NF-B pathway 846 

gene signatures (Figure S6f). Thus, tumors with increased RANK pathway activation at 847 

baseline are more likely to show increased TILs after RANKL inhibition, corroborating 848 
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the preclinical findings: inhibition of RANK signaling in tumor cells contributes to the 849 

immunomodulatory effect of denosumab in BC. 850 

Together, these results indicate that higher RANK pathway activation, soluble RANKL 851 

and the presence of Tregs at baseline, are predictive biomarkers of the 852 

immunomodulatory response induced by denosumab in BC patients.   853 
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DISCUSSION 854 

Several studies have shown the prognostic and predictive value of TILs, especially in 855 

HER2
+
 and triple-negative BC

57,58
. However, TILs continue to be infrequent in most 856 

luminal breast tumors. The identification of a therapy that could convert immune “cold” 857 

tumors into “hot” ones would represent a major step towards the development of 858 

immune-related therapies. Based on our clinical and preclinical findings, denosumab 859 

appears to be just this type of promising therapeutic agent. This question is particularly 860 

relevant for luminal BC which is poorly infiltrated and insensitive to immunotherapies. 861 

The results of the D-BEYOND clinical trial provide strong evidence of the 862 

immunomodulatory effect of denosumab in luminal early BC and identify predictive 863 

biomarkers of response. The mouse genetic studies demonstrate that inhibition of 864 

RANK signaling in the tumor cells increases TILs and CD8
+
 T cell infiltration and 865 

attenuates tumor growth. Mechanistically we found that activation of RANK signaling 866 

in tumor cells induces a proinflammatory microenvironment that favors survival of 867 

TANs and restricts T cell anti-tumor response.  868 

The strength of our work resides in the fact that two independent studies, a clinical trial 869 

and preclinical research on tumor-prone mouse models, equally conclude that the 870 

inhibition of RANK signaling increases the anti-tumor immune response and set the 871 

basis for additional trials combining denosumab with immunotherapy in presumably 872 

immune “cold” luminal BC. 873 

Although the clinical trial primary efficacy endpoint was not met, since tumor cell 874 

proliferation was not reduced, a short course of denosumab did induce an increase in the 875 

levels of TILs, T and B cells and CD8
+
 T cell infiltration. In contrast with the increased 876 

levels of T cells and CD8
+
 T cells, which were associated with enhanced TIL 877 

infiltration, the reduction of Tregs was observed equally in responders and non-878 
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responders, suggesting that it may be driven by additional systemic effects of 879 

denosumab, rather than by the loss of RANK signaling in the tumor cells, as suggested 880 

by the different results seen in RANK-/- tumors.  881 

Importantly, preclinical genetic mouse approaches evidence that the main 882 

immunomodulatory changes induced by denosumab in D-BEYOND -increased in TILs 883 

and CD8+ T cells- are replicated when RANK is lost specifically in the tumor 884 

compartment. Additionally, they add functional relevance to the changes in immune 885 

infiltration, since T lymphocytes and CD8+ T cells are responsible for the delayed 886 

tumor onset and reduction of tumor-initiating ability observed in RANK null tumors. In 887 

contrast, RANK loss in myeloid cells does not change the tumor immune infiltration. In 888 

the PyMT mouse model the frequency CD8
+
 T cells also increase after systemic anti-RL 889 

treatment and the CD4/CD8 ratio was reduced, but no differences in total leukocyte or 890 

lymphocyte infiltration were observed. Differences with the D-BEYOND results might 891 

be due to drug specific aspects, treatment schedule or tumor divergences. 892 

RANK expression in tumor cells led to a significant increase in the levels of several 893 

cytokines and chemokines involved in macrophage and neutrophil recruitment and 894 

polarization
43,59,60

, in line with the increased infiltration of TAMs and TANs in 895 

RANK
+/+

 tumors. Indeed, we found that RANK-expressing human BC cells promote 896 

survival of inflammatory neutrophils. Neutrophil depletion significantly delayed tumor 897 

appearance in RANK
+/+

, but not in RANK
-/-

 models, supporting a pro-tumorigenic role 898 

for neutrophils recruited by RANK
+/+ 

tumor cells. Neutrophils have different 899 

polarization states and can promote tumorigenesis and metastasis
61

. Our mouse and 900 

human data are consistent with the previously reported negative correlation of 901 

neutrophils and CD8
+
 T cell infiltration in NSCLC

62
. Neutrophils have a well-defined 902 

role in the suppression of the action of CD8
+ 

T cells
63

. Our results demonstrate that 903 
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RANK activation in tumor cells increases neutrophil survival and activation inducing an 904 

immunosuppressive environment which could restrict the cytotoxic T cell response. 905 

These findings support the connection between RANK activation in tumor cells, 906 

neutrophils and CD8
+
 T cells (see Figure 6). 907 

A critical aspect of current and future clinical trials is the selection of BC patients who 908 

may benefit from denosumab treatment, considering the limitations of the RANK 909 

immunohistochemistry. We demonstrate that the RANK metagene we generated 910 

captures RANK activation and predicts the denosumab-driven increase in TILs in BC. 911 

Higher RANK metagene, RANK/NF-B activation in the tumors and soluble RANKL 912 

at baseline could be better biomarkers than the individual expression levels of RANK or 913 

RANKL for the selection of BC patients who might benefit from denosumab treatment.  914 

The D-BEYOND trial has some limitations, such as the small sample size, the inclusion 915 

of only premenopausal patients and the limited number of triple-negative and HER2
+
 916 

cases. Whether the immunomodulatory response associated with RANKL inhibition 917 

could also be effective in postmenopausal patients will be addressed in the ongoing 918 

trial: D-BIOMARK (NCT03691311). It will be also worth reassessing the clinical 919 

outcome of two recent large phase III trials of adjuvant denosumab in early BC, D-920 

CARE and ABCSG-18, according to the predictive biomarkers we defined: baseline 921 

RANK metagene, sRANKL levels, and the presence of Tregs. The D-CARE study 922 

reported no differences in disease-free survival (DFS), whereas the ABCSG-18 trial 923 

showed DFS improvement in postmenopausal patients
64–66

. 924 

Results in the RANK
-/-

 mouse tumors suggest that up-regulation of negative checkpoints 925 

and Tregs occurs as a consequence of a proinflammatory, anti-tumor IFNγ-enriched 926 

microenvironment
49,67

 and may allow RANK
-/-

 tumor cells to evade immune 927 

surveillance and grow. The blockade of CTLA4 and PD-1/PD-L1 has revolutionized 928 
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treatment of highly immunogenic tumors such as melanoma and NSCLC
24,25

, but, so 929 

far, results in BC have been restricted to basal-like tumors in combination with 930 

radiotherapy or chemotherapy
26

. 931 

CTLA4 blockade affects mainly the priming phase of the immune response, whereas 932 

PD-L1 inhibition works mostly during the effector phase to restore the immune function 933 

of previously activated T cells68. In both scenarios, we have shown an increased benefit 934 

after the addition of RANKL inhibitors to immune checkpoints in RANK
+/+

 tumors, 935 

which is highly relevant in poorly immunogenic tumors such as luminal BC. 936 

Importantly, the combined treatments show no increased benefit in RANK
-/-

 tumors, 937 

indicating that it is driven by the inhibition of RANK signaling in tumor cells. This is a 938 

novel mechanism of action, as previous preclinical studies reporting the benefit of the 939 

combination were done in melanoma and colon cancer cell lines highly responsive to 940 

immunotherapy but lacking RANK expression
69,70

. Although we cannot rule out that 941 

denosumab may have additional systemic effects, our findings support that a tumor cell-942 

driven effect contributes to the immunomodulatory effect of denosumab in BC.  943 

The benefit of the combined effect of anti-RANKL and immune checkpoint inhibitors 944 

will be investigated in the CHARLI trial (NCT03161756), a phase I/II study of the 945 

effect of denosumab in combination with nivolumab (an anti-PD-1), with or without 946 

ipilimumab (anti-CTLA4), in metastatic melanoma patients, and in the POPCORN trial 947 

(ACTRN12618001121257), which will evaluate immune changes in NSCLC patients 948 

treated with nivolumab alone or in combination with denosumab. Clinical and 949 

preclinical evidence shown in this work encourage the initiation of similar trials in BC. 950 

In summary, compelling clinical and preclinical data reveal an unexpected 951 

immunomodulatory role for RANK pathway in luminal early-stage BC and demonstrate 952 
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denosumab to be a promising agent for enhancing the immune response in luminal BC 953 

alone or in combination with immune checkpoint inhibitors.  954 
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Table 1. Clinicopathological features of the 24 evaluable patients 1198 

 1199 

N 24 

Interval surgery-Denosumab Median days (range) 13 (9-21) 

Age Median years (range) 44 (35-51) 

Size > 2cm 11 (45.8%) 

Nodal status Positive 4 (16.7%) 

Histological grade High 8 (33.3%) 

Molecular subtypes 

LumA 10 (41.7%) 

LumB 9 (37.5%) 

HER2 4 (16.7%) 

TNBC 1 (4.2%) 

Immune response Percentage of patients 11 (45.8%) 

 1200 
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Figure legends 1201 

Figure 1. Loss of RANK in tumor cells, but not in myeloid cells, leads to increased 1202 

TIL frequency, and T cells drive the delayed tumor formation and the reduced 1203 

tumor-initiating ability of RANK-null tumor cells.  1204 

a. Top panel: Injection scheme showing the implantation of PyMT RANK+/+ (RANK+/+) 1205 

tumors in LysM-Cre RANKfl/fl mice (RANK MC-/-) and WT (RANK MC+/+) 1206 

(C57BL/6); Bottom panel: Rank mRNA expression levels relative to Hprt1 in peritoneal 1207 

macrophages of RANK MC-/- and RANK MC+/+ mice (n=3). 1208 

b. Graphs showing the percentages of tumor-infiltrating leukocytes (CD45+), 1209 

lymphocytes (CD11b- within CD45+), tumor-associated macrophages (TAMs) 1210 

(F4/80+CD11b+ within CD45+) and tumor-associated neutrophils (TANs) (Ly6G+Ly6C-1211 

CD11b+ within CD45+) in RANK+/+ tumor transplants in RANK MC-/- and RANK 1212 

MC+/+ mice (n=12 tumors). 1213 

c. Injection scheme showing the implantation of PyMT RANK+/+ and PyMT RANK-/- 1214 

tumors in C57BL/6 WT animals and Foxn1nu mice. 1215 

d. Kinetics of palpable tumor onset (left) after tumor transplantation of RANK+/+ and 1216 

RANK-/- tumor cells in syngeneic C57BL/6 (n=6-8) and Foxn1nu mice (n=6-8). Log-1217 

rank test (****, p < 0.0001). One representative experiment out of two is shown. 1218 

e. Tumor-initiating frequencies (with confidence intervals) and chi-square values as 1219 

calculated by ELDA. Cells isolated from RANK+/+ and RANK-/- tumors were injected in 1220 

Foxn1nu mice in limiting dilutions. 1221 

f. Graphs showing the percentages tumor-infiltrating leukocytes (CD45+), lymphocytes 1222 

(CD11b- within CD45+), TAMs (F4/80+CD11b+ within CD45+), TANs (Ly6G+CD11b+ 1223 

within CD45+) in RANK+/+ or RANK-/- tumor transplants in syngeneic C57BL/6 and 1224 

Foxn1nu mice. Between 10 and 14 tumors per condition were analyzed at endpoint (>0.2 1225 
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cm2). Mean, SEM and t-test p-values are shown. (*, p < 0.05; **, p < 0.01; ****, p < 1226 

0.0001). Two representative primary tumors were used in these experiments.  1227 

g. Representative dot blots of leukocytes (CD45+) gated in live cells (7AAD-) and 1228 

lymphocytes (CD11b-) gated on CD45+. 1229 

1230 

1231 

1232 

1233 

1234 

1235 

1236 

  1237 
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Figure 2. RANK loss in tumor cells leads to increased CD8+ T cell tumor 1238 

infiltration that mediates the delayed tumor latency of RANK-/- tumors   1239 

a. Graphs showing the percentage of T cells (CD3+CD11b- within CD45+), CD8 1240 

(CD8+CD3+CD11b- within CD45+), CD4 (CD8-CD3+CD11b- within CD45+) and the 1241 

CD4/CD8 ratio in RANK+/+ (n=12) or RANK-/- (n=10) tumor cells injected in syngeneic 1242 

C57BL/6 mice#. 1243 

b-c. Representative images (b) and quantification (c) of CD3+ (n = 4 tumors) and CD8+ 1244 

cells (n = 6 tumors) in RANK+/+ and RANK-/- tumor transplants as assessed by IHC. 1245 

Scale = 25 m. Tumors derived from three independent primary tumors were used. 1246 

Each dot represents one picture#.  1247 

d. Prf1 and Ifn  mRNA levels relative to Hprt1 of whole tumors from RANK+/+ and 1248 

RANK-/- transplants in syngeneic C57BL/6 mice#.  1249 

e-f. Representative images (e) and quantification (f) of CD8+ cells in RANK+/+ control 1250 

and anti-RANKL-treated tumors from second transplants as assessed by IHC. Scale= 25 1251 

m. Each dot represents one picture (n=3 tumors) #.  1252 

g. Schematic overview of CD8 (300 g, clone 53-5.8) and NK1.1 (200 g, clone PK136) 1253 

treatments in orthotopic RANK+/+ and RANK-/- tumor transplants. Animals were treated 1254 

i.p. on days -1, 0, 3 and 7 after tumor cell injection, and then once per week until the 1255 

day of sacrifice, when tumors were > 0.5 cm2.  1256 

h. Latency to tumor onset of RANK+/+ and RANK-/- tumor cells implanted in syngeneic 1257 

C57BL/6 animals and treated with anti-CD8 or anti-NK1.1 depletion antibodies (n=6) 1258 

or corresponding isotype control (n=4 for RANK+/+ and n=6 for RANK-/-). Box and 1259 

whisker plots (minimum to maximum) and significant t test p values are shown (*, p < 1260 

0.05). 1261 
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i. Graphs showing the percentage of infiltrating CD8 T cells (CD8+CD3+CD11b- within 1262 

CD45+) and NK (NK1.1+CD3- within CD45+). Each dot represents one tumor#.  1263 

#Mean, SEM and t test p-values are shown. (*, p < 0.05; **, 0.001 <p<0.01; ***, 1264 

0.001<p<0.0001; ****, p<0.0001). For panels a and d, each dot represents one tumor 1265 

analyzed at the endpoint (> 0.2 cm2). Data for tumor transplants derived from two 1266 

representative primary tumors in two independent experiments.  1267 

 1268 

 1269 

  1270 
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Figure 3. Neutrophils recruited by the proinflammatory cytokine/chemokine 1271 

milieu driven by RANK restrict T cell immunity 1272 

a. Cytokines/chemokines in the supernatant of RANK+/+ and RANK-/- tumor 3D acini 1273 

cultured during 72 h, expressed as the magnitude of change between RANK+/+ and 1274 

RANK-/- tumor acini. See also Table S5. 1275 

b. Il1b, Casp4 and S100a9 mRNA levels relative to Hprt1 of whole tumors from 1276 

RANK+/+ and RANK-/- transplants in syngeneic C57BL/6 mice. Two representative 1277 

primary tumors of two independent experiments were used#.  1278 

c. Correlation between the frequency of TANs (Ly6G+ Ly6C+ CD11b+) and CD8+ T 1279 

cells (CD8+ CD3+ CD11b-) infiltrates in tumor transplants. Pearson correlation 1280 

coefficients (r) associated probabilities are shown.  1281 

d. Percentage of Annexin-V-7AAD- neutrophils (n = 5, 2 healthy donors) cultured with 1282 

conditioned media (CM) from the indicated RL-treated tumor cells. CM was added 1283 

(1:1) to human neutrophil cultures for 24 h.  1284 

e. Mean fluorescence intensity (MFI) of CD11b+ neutrophils (n=4, 2 healthy donors) 1285 

cultured in CM from the indicated RL-treated tumor cells. CM was added (1:1) to 1286 

human neutrophils cultures for 24 h.  1287 

f. Schematic overview of TAN (Ly6G+) depletion experiments in orthotopic RANK+/+ 1288 

and RANK-/- tumor transplants. Anti-Ly6G (clone 1A8) was administered i.p. before 1289 

tumor cell injection (400 μg), and then once per week (100 g) until the day of 1290 

sacrifice.  1291 

g. Latency to tumor formation of RANK+/+ and RANK-/- tumor cells orthotopically 1292 

implanted in syngeneic C57BL/6 animals and treated with anti-Ly6G depletion 1293 

antibody or isotype control (n= 4-8). Box and whisker plots (minimum to maximum) 1294 

and t test p-values are shown. (*,  p < 0.05; **,  p < 0.01). 1295 
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h. Graphs showing the percentage of TANs (Ly6G+ CD11b+), leukocytes (CD45+), 1296 

lymphocytes (CD11b-), TAMs (F4/80+ CD11b+), CD8+ (CD8+ CD3+ CD11b-) and CD4+ 1297 

T cells (CD8- CD3+ CD11b-)#.  1298 

#: each dot represents one tumor. Mean, SEM and t test p-values are shown. (*, p < 1299 

0.05; **, p < 0.01; ***, p < 0.0001). Tumors of similar size were analyzed at endpoint ( 1300 

> 0.2 cm2). For panels d-e: each dot represents a technical replicate from healthy 1301 

donors. Representative dot blots are shown below. 1302 

  1303 
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 1304 

Figure 4. RANKL pharmacological inhibition reinforces anti-CTLA4 and anti-PD-1305 

L1 anti-tumor response in RANK+/+ but not in RANK-/- tumors.  1306 

a. Graphs showing the percentage of PD-1+ cells within CD11b- lymphocytes (PD-1+ 1307 

within CD11b- CD45+), CTLA4 within CD4+ T cells (CTLA4 within CD3+ CD8- 1308 

CD11b-CD45+), PD-L1 within tumor CD45- cells (PD-L1 within F4/80+ CD11b+ 1309 

CD45+) and Tregs (FoxP3+ CD25+ CD4+ CD11b- within CD45+) in RANK+/+ and 1310 

RANK-/- transplants in syngeneic C57BL/6 mice. Each dot represents an individual 1311 

tumor transplant derived from 2-5 different primary tumors. Mean, SEM and t-test p-1312 

values are shown. (*, p < 0.05; ****, p < 0.0001). 1313 

b. Experimental scheme for early treatments with anti-RANKL (a-RL), anti-CTLA4, 1314 

anti-PD-L1 or their respective isotype controls (rat IgG2A and mouse IgG2b). All 1315 

treatments were administered i.p, two times/week and started 3 days after injection of 1316 

RANK+/+ and RANK-/- tumor cells into the mammary gland of syngeneic C57BL/6 1317 

mice.  1318 

c-d. Tumor growth curves for early treatments (scheduled as in Fig. 4b) of RANK+/+ (c) 1319 

and RANK-/- (d) tumor cells injected in syngeneic C57BL/6. Each thin curve represents 1320 

one single tumor. Each thick curve represents the mean of all the tumors that received 1321 

the specific treatment. Regression analysis of the growth curves’ mean from the 1322 

different treatments is shown (****, p<0.0001). 1323 

e. Experimental scheme for late treatments with anti-RL, anti-CTLA4, anti-PD-L1, or 1324 

their respective isotype controls (rat IgG2A and mouse IgG2b). All treatments were 1325 

administered i.p., three times/week and started when transplanted tumors reached a size 1326 

of 0.09 cm2.  1327 
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f-g. Tumor growth curves for late treatments (scheduled as in Fig 4e) of RANK+/+ (f) 1328 

and RANK-/- (g) tumor cells injected in syngeneic C57BL/6. Each thin curve represents 1329 

one single tumor. Each thick curve represents the mean of all the tumors that received 1330 

the specific treatment. Regression analysis of the growth curves’ mean from the 1331 

different treatments was performed (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 1332 
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Figure 5. The immunomodulatory role of anti-RANKL in BC 1333 

a. Change from baseline in serum levels of free-sRANKL (n = 23) and CTX (n = 17), 1334 

(significance assessed by the sign test), the percentage of Ki-67-positive cells and the 1335 

staining of activated caspase-3 (H-score) (n = 24) (significance assessed by paired t-1336 

tests) #. 1337 

b. Each bar-plot shows the change from baseline ( ; post- minus pre-treatment values) 1338 

of the immune parameters assessed using HE (TILs) and IHC (CD3, CD20, CD8, 1339 

FOXP3, proliferative TILs (TILsKi67+), CD68 and CD163). Each bar represents one 1340 

patient, which are ranked by their increase in stromal TIL levels. Geometric mean 1341 

changes, 95% CIs and p-values are shown below each bar-plot. For each measured 1342 

parameter, the corresponding ladder-plot is displayed on the right-hand side. Tumor 1343 

characteristics and tumor RANK metagene expression at baseline are shown above. p; 1344 

P-value derived from the paired t-test (*, p<0.05) #. 1345 

c. Representative micrographs of multiplex IHC of pre- and post-treatment tumor 1346 

sections from the four patients with the highest immunomodulatory response. Scale bar, 1347 

100 m. 1348 

d. Top 20 significantly enriched pathways after denosumab treatment, identified by 1349 

GAGE. 1350 

e. Comparison of baseline serum levels of sRANKL between non-responders (NR; n = 1351 

13) vs. responders (R; n = 11) and comparison of baseline percentage of regulatory T 1352 

cells (Tregs) as inferred from CIBERSORT.  1353 

f. Comparison of baseline mRNA expression levels of indicated genes (normalized 1354 

counts) between non-responder (NR; n = 11) and responder (R; patients with  10% 1355 

increase in TILs after denosumab treatment. n = 11) groups.  1356 
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g. Comparison of baseline RANK metagene and RANKL-treated PyMT tumor acini 1357 

derived gene signature between non-responder (n = 11) and responder (n = 11) patients.  1358 

For panels a-b: each colored line represents one patient and indicates increase (red), 1359 

decrease (blue) or no change (black) relative to baseline. Note that all variables were 1360 

analyzed for all patients, but values for some lines overlap or the indicated population 1361 

was not detected. 1362 

#Responder patients are those with  10% increase in TIL infiltration after denosumab 1363 

treatment. Significance determined by the Mann–Whitney U test.  1364 

  1365 
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Figure 6. Graphical Abstract 1366 

RANK expression in luminal breast cancer cells leads to the expression of pro-1367 

inflammatory cytokines/chemokines favoring recruitment of TAMs and TANs, 1368 

immunosuppressive population which interfere with lymphocyte T cell recruitment 1369 

and/or activity. Denosumab (anti-RANKL) or RANK signaling inhibition results in 1370 

increased TILs, lymphocytes and CD8+ T cell infiltration, transforming immune “cold” 1371 

tumors into “hot” ones and attenuating tumor growth. Eventually the exacerbated 1372 

immune response driven by RANK inhibition will induce the expression of immune 1373 

checkpoints evading immune surveillance and allowing tumor growth. These results 1374 

support the benefit of combining RANKL and immune checkpoint inhibitors in luminal 1375 

breast cancer. 1376 

1377 
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Abstract 1 

Background 2 

Around 15-20% of primary breast cancers are characterized by HER2 protein 3 

overexpression and/or HER2 gene amplification. Despite the successful development of 4 

anti-HER2 drugs, intrinsic or acquired resistance represents a major hurdle. This study 5 

was performed to analyze RANK pathway contribution to HER2-positive breast cancer and 6 

anti-HER2 therapy resistance. 7 

Methods 8 

RANK and RANKL expression was assessed in samples from HER2-positive breast 9 

cancer patients treated with anti-HER2 therapy and treatment naïve patients. Gene 10 

expression analyses were performed in paired samples from patients treated with 11 

neoadjuvant dual HER2-blockade (lapatinib and trastuzumab) from the SOLTI-1114 12 

PAMELA trial. Additionally, HER2-positive breast cancer cell lines were used to analyze in 13 

vitro the contribution of RANK signaling to anti-HER2 resistance. 14 

Results 15 

RANK and RANKL proteins are more frequently detected in HER2-positive tumors that 16 

have acquired resistance to anti-HER2 therapies than in treatment-naïve ones. RANK (but 17 

not RANKL) gene expression increased after dual anti-HER2 neoadjuvant therapy in the 18 

cohort from the SOLTI-1114 PAMELA trial. Results in HER2-positive breast cancer cell 19 

lines recapitulate the clinical observations, with increased RANK expression after short-20 

term treatment with the HER2 inhibitor lapatinib or dual anti-HER2 therapy and in lapatinib-21 

resistant cells. After RANKL stimulation, lapatinib-resistant cells show increased NF-κB 22 

activation compared to their sensitive counterparts, confirming the enhanced functionality 23 

of RANK pathway in anti-HER2 resistant breast cancer. RANK overexpression enhances 24 

ERK and NF-κB signaling after stimulation with RANKL and increases lapatinib resistance 25 
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4 
 

in different HER2-positive breast cancer cell lines. Our results indicate that ErbB signaling 26 

is required for RANK/RANKL-driven activation of ERK in several HER2-positive cell lines. 27 

In contrast, lapatinib is not able to counteract the NF-κB activation elicited after RANKL 28 

treatment in RANK-overexpressing cells. Finally, we show that enhanced RANK pathway 29 

activation alters HER2 phosphorylation status and RANK binding to HER2 in breast cancer 30 

cells. 31 

Conclusions 32 

Our data support a physical and functional link between RANK and HER2 signaling in 33 

breast cancer and demonstrate that increased RANK signaling may contribute to the 34 

development of lapatinib resistance through NF-κB activation. Whether HER2-positive 35 

breast cancer patients with tumoral RANK expression might benefit from dual HER2 and 36 

RANK inhibition therapy remains to be elucidated. 37 

Keywords 38 

Breast cancer, HER2, lapatinib, NF-κB, RANK, RANKL, resistance, trastuzumab 39 

Background 40 

The human epidermal growth factor receptor 2 (HER2), known as ErbB2 or Neu, is a 41 

tyrosine kinase receptor protein encoded by the ERBB2 (HER2) gene (1). HER2 is a 42 

member of the epidermal growth factor (EGF) receptor family along with EGFR/HER1, 43 

ERBB3/HER3 and ERBB4/HER4. The four receptors are transmembrane proteins with an 44 

intracellular tyrosine kinase domain (although ERBB3/HER3 is considered kinase 45 

impaired). While HER2 is the only family member that does not bind to a ligand, it forms 46 

heterodimers with the other EGF receptor protein members and shows strong catalytic 47 

kinase activity, efficiently triggering downstream signaling through phosphatidylinositol-3 48 

kinase (PI3K) and mitogen-activated protein kinase (MAPK) (1). Approximately 15-20% of 49 
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primary breast cancers show HER2 protein overexpression and/or HER2 gene 50 

amplification (2), which is associated with poor prognosis. The development of humanized 51 

monoclonal antibodies binding the extracellular domain of HER2 (e.g. trastuzumab, 52 

pertuzumab), EGFR-HER2 small molecule kinase inhibitors (e.g. lapatinib, neratinib or 53 

tucatinib) and antibody-drug conjugates (e.g. T-DM1 or DS-8201) has revolutionized 54 

HER2-positive breast cancer treatment (3). Still, most patients with metastatic disease 55 

eventually progress on anti-HER2 therapy due to de novo or acquired resistance, and 20-56 

30% of patients with early HER2+ breast cancer relapse (4-6). Therefore, elucidating the 57 

mechanisms of resistance to anti-HER2 drugs is pivotal to further improve patients´ 58 

survival outcomes. 59 

Receptor activator of nuclear factor kappa-Β ligand (RANKL) and its receptor (RANK) 60 

belong to the TNF superfamily. The fundamental role of RANK signaling in osteoporosis 61 

and bone metastasis inspired the development of denosumab, a monoclonal antibody 62 

against RANKL, for the treatment of skeletal-related events (SREs) linked to osteoporosis 63 

and cancer (7). RANK signaling activation in the breast epithelium impacts tumor initiation, 64 

progression and metastatic spread. Thus, RANK and RANKL have emerged as promising 65 

targets for cancer treatment (8). RANKL is expressed in progesterone receptor-positive 66 

cells and acts as a paracrine mediator of progesterone in the mammary epithelia (9, 10). 67 

Increased RANK receptor expression is more frequent in hormone-receptor negative cells 68 

and high-grade breast cancer, but it is also found in a subset of luminal tumors (11, 12). 69 

RANK signaling controls proliferation and stemness in BRCA1-mutant and oncogene-70 

driven mammary tumors (13-15). Interestingly, RANK signaling inhibition has been shown 71 

to reduce HER2 tumorigenesis in preclinical studies (9, 16). In human tumors, RANKL and 72 

HER2 levels predict metastasis to the bone in breast cancer better than RANKL alone 73 

(17). 74 
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Some of the most common (intrinsic or acquired) resistance mechanisms to trastuzumab 75 

and/or lapatinib treatment are impaired HER2 binding, parallel/downstream pathway 76 

activation, ER signaling, cell cycle de-regulation or escape from antibody-dependent 77 

cellular cytotoxicity (ADCC) (18). Personalized treatment of HER2-positive breast cancer 78 

and better predictive biomarkers to anticipate therapy resistance will contribute to the 79 

identification of patients that will benefit from new combinatorial therapies, paving the way 80 

for HER2-positive breast cancer precision medicine (19). 81 

In this study, we unveiled a functional relationship between RANK and HER2 signaling 82 

using HER2-positive breast cancer patient samples and cell lines. Upon analyses of 83 

HER2-positive breast cancer samples from treatment-naïve patients, patients treated with 84 

trastuzumab-based primary chemotherapy and residual disease at surgery and patients 85 

treated with neoadjuvant dual-blockade on the phase II SOLTI-1114 PAMELA trial, we 86 

observed that anti-HER2 treatment or acquisition of resistance to anti-HER2 therapy both 87 

resulted in increased RANK expression. Besides, when we analyzed the effects of RANK 88 

modulation on anti-HER2 treatment, we observed that enhanced RANK signaling led to 89 

increased lapatinib resistance in HER2-positive breast cancer cell lines. 90 

Methods 91 

Patient samples 92 

RANK and RANKL expression were assessed in tumor samples from three different 93 

cohorts of patients with HER2-positive breast cancer: 94 

Treatment-naïve cohort: patients with primary and operable HER2-positive breast cancer 95 

(n = 211) diagnosed from 2003 to 2010 at the Nottingham City Hospital, Nottingham, UK. 96 

Tumor samples were collected at surgery prior to any neoadjuvant treatment. Histological 97 

grade was assessed by the Nottingham Grading System (20) and other clinicopathological 98 

factors such as tumor size, lymph node (LN) status, estrogen receptor (ER), progesterone 99 
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receptor (PR) and HER2 expression, as well as patient age and disease progression were 100 

analyzed before including the samples into the TMAs, prepared as previously described 101 

(21). 102 

Anti-HER2 resistant cohort: patients treated with trastuzumab-based primary 103 

chemotherapy and residual disease at surgery (n = 43) diagnosed at the Catalan Institute 104 

of Oncology (ICO), Bellvitge University Hospital in l'Hospitalet de Llobregat and Dr. Josep 105 

Trueta University Hospital in Girona (Spain) between 2005 and 2014 and described in 106 

(22). The selection criterion included patients with early or locally advanced HER2-positive 107 

breast cancer (including inflammatory breast cancer) who had received neoadjuvant 108 

treatment with trastuzumab-based chemotherapy and had residual invasive disease 109 

following surgery (i.e. who had not achieved a pathological complete response at surgery). 110 

Neoadjuvant chemotherapy was based on anthracyclines and taxanes given concurrently 111 

with weekly-trastuzumab for 24 weeks followed by surgery. 112 

For all patients, hematoxylin and eosin (H&E) stained slides from formalin-fixed paraffin-113 

embedded (FFPE) tumor blocks were examined to determine the representative areas of 114 

the invasive tumor. ER, PR, and HER2 positivity were assessed in the initial tumor core-115 

biopsies as well as in the residual disease. For each patient different clinical and 116 

histopathological features such as age, tumor stage (TNM classification) and histological 117 

grade (Nottingham Grading System) were obtained. 118 

SOLTI-1114 PAMELA cohort: patients treated with neoadjuvant dual-blockade with 119 

trastuzumab and lapatinib (n = 151), and in which paired samples were prospectively 120 

obtained. The main results of the PAMELA neoadjuvant phase II study have been 121 

previously reported (23) and the completed study is registered with ClinicalTrials.gov 122 

(number NCT01973660). In this trial, patients with early HER2-positive breast cancer were 123 

treated with neoadjuvant lapatinib (1000 mg daily) and trastuzumab (8 mg/kg i.v. loading 124 
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dose followed by 6 mg/kg) for 18 weeks. Patients with hormonal receptor-positive breast 125 

cancer received letrozole or tamoxifen according to menopausal status. FFPE tumor 126 

samples at baseline, at day 14 of treatment and at surgery were collected according to 127 

protocol. 128 

Gene expression analyses 129 

RNA samples of the PAMELA trial from tumors at baseline (n = 151) were previously 130 

analyzed (23). Here, the nCounter platform (NanoString Technologies, Seattle, 131 

Washington, USA) analyzed RNA of 101 residual tumors from surgical samples of the 132 

PAMELA trial. A minimum of 100 ng of total RNA was used to measure the expression of 133 

550 genes, including TNFRSF11A and TNFSF11, and 5 housekeeping genes (ACTB, 134 

MRPL19, PSMC4, RPLP0 and SF3A1). Expression counts were then normalized using the 135 

nSolver 4.0 software and custom scripts in R 3.4.3. For each sample, we calculated the 136 

PAM50 signature scores (Basal-like, HER2-E, Luminal A and B, normal-like) and the risk 137 

of recurrence score (24). Intrinsic molecular subtypes were identified using the research-138 

based PAM50 predictor as previously described (23, 25). 139 

Immunohistochemistry and Tissue Microarray scoring 140 

Immunohistochemistry (IHC) in TMAs was performed using anti-human mouse monoclonal 141 

RANK (N-1H8 Amgen) and human RANKL (M366 Amgen) as described in (9). RANK or 142 

RANKL staining was scored on a scale of 0 to 3 for intensity (0 = no staining, 1 = weak, 2 143 

= moderate, 3 = intense) and for the percentage of positive stained tumor cells (0–100) as 144 

previously reported (26). The result of multiplying staining intensity by positive cell 145 

percentage is the H-score value, ranging from 0 to 300. TMA cores were scored if tumor 146 

cells represented > 15% of the total TMA core area. Patients were stratified according to 147 

RANK or RANKL H-scores as being protein-positive (H-score ≥ 1) or protein-negative (H-148 

score = 0). Statistical analyses were performed with the support of IDIBELL and 149 
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Nottingham University Statistical Assessment Services. The ER/PR/HER2 status, grade 150 

and tumor stage were known for each case included in the TMAs. Associations between 151 

IHC scores and clinicopathological parameters were evaluated using Pearson Chi-square 152 

test or Fisher’s exact test. 153 

Cell lines and cell culture 154 

The cell lines BT474 parental (BT474) and BT474 with lapatinib resistance (BTLR) were 155 

described in (27). SKBR3 parental (SKBR3) and SKBR3 with lapatinib resistance (SKLR) 156 

lines were described in (28). The cell line HCC1954 was obtained from ATCC (CRL-2338). 157 

BT474 cells were grown in DMEM + GlutaMAX (Gibco) supplemented with 2 mM L-158 

Glutamine (HyClone), 1x penicillin-streptomycin solution (P/S, Gibco) and 7.5% fetal 159 

bovine serum (FBS, Gibco). SKBR3 cells were grown in McCoy’s 5A + GlutaMAX 160 

supplemented with 2 mM L-Glutamine, 1 mM Sodium Pyruvate (HyClone), 1x P/S and 5% 161 

FBS. HCC1954 cells were grown in RPMI Medium 1640 + GlutaMAX supplemented with 162 

2 mM L-Glutamine, 1x P/S and 5% FBS. The cells were grown at 37°C in 5% CO2 163 

humidified incubators. Cell lines were routinely tested for mycoplasma contamination. 164 

Viral transduction 165 

To ectopically express RANK, the TNFRSF11A gene was cloned into the lentiviral vector 166 

pSD-69 (kindly provided by S. Duss and M. Bentires-Alj) under the control of hPGK 167 

promoter. As a control (ctrl), we used empty pSD-69 plasmid generated by removing the 168 

BamHI-SalI fragment containing CcdB and CmR genes. Lentiviruses were prepared in 169 

HEK293T cells transfected with psPAX2 (Addgene #12260) and pMD2.G (Addgene 170 

#12259) by the calcium phosphate method. Virus-containing supernatants were 171 

centrifuged at 1500 rpm for 5 min and filtered with 0.45 µm filters (Millipore) and medium 172 

from 1 cm2 production cells was used to infect 2 cm2 recipient cells at roughly 33% 173 

confluence with fresh medium and 8 μg/ml polybrene (Millipore). Plates were centrifuged 174 
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for 1 h at 600 g to improve infection. Transduced cells were selected with 1.5 µg/ml 175 

puromycin (Sigma), starting 3 days after infection, and subsequently maintained with 176 

1 µg/ml puromycin in the growth media. 177 

Cell Proliferation 178 

To determine cell proliferation, cells were seeded in 96-well plates with 1000-2000 cells in 179 

100 μl per well. After 24 h, 100 μl of medium with or without the indicated concentrations of 180 

lapatinib (0-8 μM) was added and cells were incubated for 4 days. The relative number of 181 

viable cells each day was determined by adding 50 μl of diluted CCK-8 reagent according 182 

to the manufacturer´s protocol (Sigma). 183 

Western blot 184 

Cells were seeded at approximately 33% confluence in 6-well plates. The following day 185 

they were washed and incubated in medium without FBS. The next day the medium was 186 

changed to 1.8 ml medium with or without 1 μM lapatinib followed by a 2 h incubation. 187 

Subsequently, 0.2 ml of medium with or without 300 ng/ml of RANKL (RANKL-LZ Amgen) 188 

was added to the wells. 10 min later, extracts for immunoblots were prepared with modified 189 

RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton NP-40, 0.25% sodium 190 

deoxycholate) containing 1x PhosSTOP and Complete protease inhibitor cocktail (Roche), 191 

and protein concentrations determined with DC protein assay reagents (BIO-RAD). 15 μg 192 

protein were resolved by SDS-PAGE and blotted into Immobilon-P 0.45 μm membranes 193 

(Millipore). Antibodies against the following proteins were used for probing: RANK (R&D 194 

Systems AF683), p-HER2 (#2249), HER2 (#2165), p-EGFR (#3777), EGFR (#4267), p-195 

ERK1/2 (#9101), ERK1/2 (#9102), p-AKT (#4051), AKT (#9272), p-p65 (#3033), p65 196 

(#8242), p-IκB, IκB (#9246), p-p38 (#9218), p38 (#4631) (from Cell Signaling), β-Actin (sc-197 

47778) and tubulin (Abcam ab21058). 198 

Immunoprecipitation 199 
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Cells were washed twice with ice-cold PBS and proteins were extracted with 20 mM Tris-200 

HCl pH 7.4, 137 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Nonidet P-40 supplemented 201 

with 50 μg/ml leupeptin, 50 μg/ml aprotinin, 0.5 mM sodium orthovanadate and 1 mM 202 

phenylmethylsulfonyl fluoride. Equal amounts of extracts were incubated for 3 h with 203 

immunoglobulin G (Abcam ab171870), FLAG (Sigma F3165), HA (Abcam ab9110), V5 204 

(Thermo Scientific #R961-25), HER2 (32H2 in hose antibody described in (29)) or 205 

trastuzumab (Hoffmann-La Roche) antibodies and then protein A agarose beads 206 

(Calbiochem IP02) were added for 2 h. Immunoprecipitates were washed thoroughly with 207 

lysis buffer and boiled in reducing conditions to be analyzed by Western blot. 208 

RNA isolation and RT-qPCR 209 

Cells were seeded at approximately 33% confluence in 6-well plates. The next day the 210 

medium was changed to medium with or without 100 ng/ml RANKL (Amgen) followed by 211 

an additional 24 h incubation period. To analyze mRNA expression levels, total RNA was 212 

purified with Maxwell RSC simplyRNA Tissue kit (AS1340 Promega). For each sample, 213 

cDNA was retrotranscribed from 1 μg of RNA using 200U SuperScript II plus random 214 

hexamer oligos following manufacturer´s protocol (Invitrogen). 20 ng/well of cDNA for each 215 

sample was analyzed by SYBR green real-time PCR (Applied Biosystems) with 10 µM 216 

primers using a LightCycler® 480 thermocycler (Roche). Analyses were performed in 217 

triplicates using LightCycler® 480 software (Roche). PP1A was used as the reference 218 

gene. The primer sequences used in the analyses are: PP1A (fw 219 

ATGGTCAACCCCACCGTT, rev TCTGCTGTCTTTGGGACCTTG); RANK (fw 220 

GCAGGTGGCTTTGCAGAT, rev 5’GCATTTAGAAACATGTACTTTCCTG); BIRC3 (fw 221 

GGTAACAGTGATGATGTCAAATG, rev TAACTGGCTTGAACTTGACG); ICAM1 (fw 222 

AACTGACACCTTTGTTAGCCACCTC, rev CCCAGTGAAATGCAAACAGGAC); CCL2 (fw 223 

AGGTGACTGGGCATTGAT, rev GCCTCCAGCATGAAAGTCT); TNFα (fw 224 
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AAGCTGTAGCCCATGTTGT, rev TGAGGTAACAGGCCCTCTGAT) and IL8 (fw 225 

CTGCGCCAACACAGAAATTA, rev CATCTGGCAACCCTACAACA). 226 

Results 227 

RANK is expressed in HER2-positive and anti-HER2 resistant breast cancer patients 228 

The expression of RANK and RANKL in HER2-positive breast cancer patients was 229 

analyzed by immunohistochemistry (IHC) in two independent sets of tissue microarrays 230 

(TMAs): a collection with tumor samples from treatment-naïve patients (n = 211) and a 231 

cohort with tumors resistant to neoadjuvant trastuzumab-based chemotherapy (n = 43) 232 

patients with residual invasive disease at surgery). 233 

In the first collection, integrity of the tissue allowed scoring of 67 and 72 HER2-positive 234 

treatment-naïve breast cancer patients could be scored for RANK and RANKL expression, 235 

respectively. Considering positive samples those with H score ≥ 1, RANK tumor 236 

expression was found in 14/67 (20.9%) patients´ samples and transmembrane RANKL 237 

staining in just 2/72 (2.8%) of the tumor samples (Fig. 1A). In the anti-HER2 resistant 238 

tumor samples, we could score 22 patients for RANK and 21 for RANKL (Fig. 1A). From 239 

these, 9/22 (40.9%) were positive for RANK and 2/21 (9.5%) for transmembrane RANKL in 240 

tumor cells (Fig. 1A). Representative pictures of RANK and RANKL IHC are shown in 241 

Figure 1B. 242 

We then evaluated the clinicopathological factors associated with RANK expression in 243 

treatment-naïve HER2-positive tumors (Fig. 1C). RANK expression was significantly 244 

associated with tumors from younger patients (less than 50 years old; p = 0.034) and 245 

tumors with higher Ki67 proliferation index (p = 0.02). A trend for increased frequency of 246 

RANK expression was found in ER/PR negative tumors (p = 0.170 and p = 0.090, 247 

respectively), tumors with lymph node positivity (n.s.) and higher histological grade (p = 248 
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0.138) (Fig. 1C). Similar patterns were observed in tumors resistant to anti-HER2 249 

treatment (Fig. 1C). In both series, the limited number of samples prevented additional 250 

statistically significant associations, but general patterns coincided with those reported in 251 

previous studies of RANK/RANKL expression in human breast cancer samples (11, 12, 252 

30). Of note, the frequency of RANK/RANKL-positive samples was higher in anti-HER2 253 

resistant compared to treatment-naïve HER2-positive tumors. 254 

RANK expression increases after anti-HER2 treatment in HER2-positive breast 255 

cancer patients (PAMELA clinical trial) 256 

Our previous results suggested that RANK and RANKL expression may increase upon 257 

anti-HER2 treatment resistance acquisition in human HER2-positive breast cancer (Fig. 258 

1A). To identify RANK and RANKL changes induced by dual HER2 blockade in patients 259 

with HER2-positive disease, gene expression profiling was performed in paired surgical 260 

tumor samples obtained before and following treatment with lapatinib and trastuzumab 261 

(and endocrine therapy if the tumor was hormone receptor positive) from the PAMELA 262 

phase II clinical trial (23). At baseline, the expression of TNFRSF11A (RANK) was 263 

significantly associated with the PAM50 intrinsic subtypes (Additional file 1: Figure S1A; p 264 

< 0.001), showing non-luminal subtypes (Basal-like and HER2-enriched) the highest 265 

RANK expression. No significant differences in TNFSF11 (RANKL) gene expression 266 

across PAM50 intrinsic subtypes were observed, although RANKL levels were slightly 267 

increased in the Luminal A subtype (Additional file 1: Figure S1A), as previously reported 268 

(30). As expected, RANK gene expression was higher in hormone receptor negative tumor 269 

samples (p < 0.001) while RANKL showed the opposite trend (Fig. 2A) confirming previous 270 

findings (12, 31). ERBB2 gene expression at baseline had a weak positive correlation (r = 271 

0.16) with TNFRSF11A and the opposite trend (r = - 0.21) with TNFSF11 expression 272 

(Additional file 1: Figure S1B and S1C). RANK gene expression increased (red lines in 273 
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graph) following dual treatment with lapatinib and trastuzumab (p < 0.001) while RANKL 274 

expression did not significantly change when analyzing residual disease samples at 275 

surgery (Fig. 2B). 276 

These results confirmed that RANK expression increases in HER2-positive breast tumors 277 

after dual HER2 blockade. The increased levels of RANK observed in patients upon anti-278 

HER2 treatment suggest that activation of RANK signaling may allow the survival of 279 

HER2-positive tumor cells and contribute to resistance to anti-HER2 therapies. 280 

RANK signaling is upregulated after short-term lapatinib treatment and in HER2-281 

positive treatment resistant cell lines 282 

As RANK expression increased after dual lapatinib/trastuzumab treatment in HER2-283 

positive breast cancer patients, we decided to test whether in vitro short-term treatment 284 

with both anti-HER2 drugs, alone or in combination, would influence RANK expression in 285 

three different HER2-positive breast cancer cell lines. While SKBR3 and BT474 cells are 286 

sensitive to lapatinib and trastuzumab, HCC1954 cells are less sensitive to lapatinib and 287 

resistant to trastuzumab (32). 288 

Lapatinib treatment, alone or in combination with trastuzumab, resulted in higher RANK 289 

mRNA expression in SKBR3 when compared with non-treated cells (Fig 3A). Lapatinib or 290 

trastuzumab treatment, as well as their combination, also increased RANK expression 291 

levels in BT474 cells. In HCC1954 cells, RANK expression increased with lapatinib alone 292 

or in combination treatment after 12 h, whereas trastuzumab alone did not alter RANK 293 

expression levels. Also, we analyzed RANK expression in SKBR3 cells, either parental 294 

(sensitive to lapatinib and trastuzumab), resistant to trastuzumab (SKTR), to lapatinib 295 

(SKLR) or to both (SKTLR and SKLTR; derived from SKTR and SKLR, respectively) (28). 296 

RANK gene and protein expression levels were significantly higher in lapatinib-resistant 297 

SKLR and dual lapatinib/trastuzumab resistant SKLTR cells when compared to SKBR3 298 
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parental cells (Fig. 3B and C). Increased RANK mRNA expression was also observed in 299 

BT474 cells with acquired lapatinib resistance (LR) as compared to lapatinib-sensitive 300 

parental cells in public datasets (platform ID: GPL570; (33)) (Fig. 3D) which we confirmed 301 

by RT-qPCR (Fig. 4A). 302 

Taken together, RANK expression increased after dual treatment with lapatinib and 303 

trastuzumab in HER2-positive human breast cancer cell lines, mimicking the results seen 304 

in breast cancer samples from the PAMELA trial (Fig. 2B). Additionally, two HER2-positive 305 

cell lines (SKBR3 and BT474) with acquired resistance to lapatinib (SKLR and BTLR) 306 

showed increased RANK expression when compared to their respective parental controls 307 

(Fig. 3B-D and 4A). 308 

To confirm that the elevated RANK expression levels were accompanied by increased 309 

activation of RANK signaling pathway, the expression of RANK downstream gene targets 310 

BIRC3, ICAM1, TNFα and IL8, indicative of NF-κB pathway activation (34, 35), was 311 

analyzed in sensitive and lapatinib-resistant (LR) cells treated with or without RANKL. 312 

Lapatinib-resistant SKLR cells showed higher gene expression levels of RANK, BIRC3, 313 

ICAM1, TNFα and IL8 compared with control SKBR3 cells, and their levels were further 314 

increased after pathway stimulation with RANKL, except for IL8 (Fig. 4A and B). In 315 

lapatinib-resistant BTLR, increased expression of RANK and its downstream targets 316 

ICAM1 and IL8 was detected and their levels increased further upon RANKL stimulation 317 

compared to sensitive BT474 cells. In these cells, BIRC3 expression did not change 318 

whereas TNFα was barely expressed (Fig. 4B). Enhanced NF-κB pathway activation was 319 

also evident at the protein level, as RANKL stimulation induced p65 and IκB 320 

phosphorylation in lapatinib-resistant SKLR to a greater extent than in SKBR3 cells (Fig. 321 

4C and Additional file 2: Fig. S2), pointing to elevated NF-κB signaling in lapatinib-resistant 322 

cells and confirming the enhanced activity of RANK pathway. RANKL treatment did not 323 
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significantly alter the phosphorylation status of AKT nor ERK in SKBR3 or SKLR cells (Fig. 324 

4C and Additional file 2: Fig. S2). After lapatinib treatment, HER2, AKT and ERK1/2 325 

protein phosphorylation levels were undetectable, but phosphorylation levels of p65 and 326 

IκB were not reduced (Fig. 4C and Additional file 2: Fig. S2), demonstrating that NF-κB 327 

activation is not driven by ErbB signaling but may support the survival of HER2-positive 328 

breast cancer cells in the presence of lapatinib. 329 

Overactivation of RANK increases NF-κB signaling and resistance to lapatinib 330 

The previous results suggested that increased RANK signaling could contribute to 331 

lapatinib resistance. To further test this hypothesis, we stably transduced HER2-positive 332 

cell lines with RANK overexpression (psD69-RANK) and empty control (psD69-empty) 333 

vectors by lentiviral infection. RANK overexpression was confirmed by increased RANK 334 

mRNA levels (Fig. 5A) and NF-κB downstream targets (BIRC3, ICAM1, TNFα and IL8) in 335 

SKBR3, BT474 and HCC1954 cells (Fig. 5B). These RANK overexpressing cell lines 336 

showed enhanced expression of all NF-κB targets analyzed after RANKL treatment 337 

compared to the corresponding parental cells (Fig. 5B). Next, we tested whether increased 338 

activation of RANK signaling would alter the cell response to lapatinib. RANKL stimulation 339 

of control cells (empty Ctrl) did not significantly alter lapatinib sensitivity (Fig. 5C). In 340 

contrast, RANK overexpression coupled with RANKL treatment resulted in an increased 341 

resistance to lapatinib in all HER2-positive cell lines tested (Fig. 5C). 342 

We then analyzed RANK downstream signaling in these cell lines after treatment with 343 

lapatinib and/or RANKL. p65 was highly phosphorylated in RANK overexpressing cell lines 344 

upon RANKL treatment (Fig. 5D and Additional file 3: Fig. S3), while lapatinib treatment 345 

did not affect p65 phosphorylation levels. ERK1/2 and AKT phosphorylation levels 346 

increased after RANKL treatment, in both control and RANK overexpressing SKBR3 and 347 

BT474 cells (Fig. 5D and Additional file 3: Fig. S3). Interestingly, RANKL-mediated 348 
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activation of ERK1/2 and AKT was completely abrogated in the presence of lapatinib. In 349 

HCC1954, RANKL treatment increased p-AKT levels to a similar extent in control and 350 

RANK overexpressing cells, and again, lapatinib abolished this upregulation. In contrast, 351 

p-ERK only increased upon RANKL stimulation in HCC1954 RANK overexpressing cells, 352 

which was slightly decreased in the presence of lapatinib (Fig. 5D and Additional file3: Fig. 353 

S3). 354 

Taken together, enhanced RANK signaling in HER2-positive cells, after RANK 355 

overexpression and RANKL treatment, increases lapatinib resistance and leads to higher 356 

NF-κB activation that is not inhibited by lapatinib. Interestingly, ErbB signaling is required 357 

for RANK/RANKL-driven activation of ERK and AKT in HER2-positive breast cancer cells. 358 

RANK and HER2 physically and functionally interact 359 

To further investigate the putative crosstalk between RANK and ErbB signaling, we 360 

analyzed NF-κB and ErbB signaling after stimulation with ErbB ligands in RANK 361 

overexpressing HER2-positive cells lines and corresponding controls. A slight increase in 362 

p65 phosphorylation was observed in SKBR3- and BT474- RANK overexpressing cells 363 

compared with control cells (Additional file 4: Fig. S4). EGF stimulation faintly increased p-364 

p65 levels in HER2-positive cell lines, but this was not observed after heregulin (HRG) 365 

treatment (Additional file 4: Fig. S4). As extensively reported (36), treatment with EGF and 366 

HRG efficiently induces ERK phosphorylation in all HER2-positive cell lines (Additional file 367 

4: Fig. S4), but no clear differences were observed between RANK overexpressing cells 368 

and corresponding controls. Of note, 5 min after ErbB ligand stimulation, a decrease in 369 

HER2 phosphorylation was observed, alongside ERK activation downregulation 370 

(Additional file 4: Fig. S4). 371 

To investigate whether RANK/RANKL activation of ERK and AKT might take place, at 372 

least partially, via direct crosstalk with ErbB receptors, we compared the phosphorylation 373 
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levels of HER2 in cells with and without RANK overexpression upon RANKL stimulation. 374 

RANK overexpression led to higher levels of p-HER2 in SKBR3 and BT474, but not in 375 

HCC1954 cells, compared with corresponding controls (Fig. 5D and Additional file 3: Fig. 376 

S3). Importantly, in all HER2-positive cell lines, concomitant RANK overexpression and 377 

stimulation with RANKL resulted in decreased HER2 phosphorylation, indicating that 378 

RANKL might impinge on HER2/ErbB signaling pathway (Fig. 5D). 379 

Due to the change in HER2 phosphorylation upon activation of RANK signaling with 380 

RANKL, we hypothesized that the two receptors might physically interact. To enable 381 

efficient immunoprecipitation and detection, we transiently co-expressed affinity tagged 382 

versions of the receptors in HEK293 cells, including an amino (742-NTF) (37) and a 383 

carboxy terminal fragment of HER2 (611-CTF) (38). As shown in Figure 6A, RANK-V5 was 384 

detected after immunoprecipitation of HER2 or 611-CTF HER2, but not in 742-NTF or any 385 

of the control samples (IgG), indicating that RANK interacts with the carboxy-terminal 386 

region of HER2. The reverse immunoprecipitation of RANK-V5 corroborated these results 387 

(Fig. 6B). To confirm the interaction between the two receptors under endogenous 388 

expression levels in the context of breast cancer, we chose SKBR3 cells that, compared to 389 

other breast cancer cell lines, express higher levels of HER2 and intermediate/lower levels 390 

of RANK. HER2 was immunoprecipitated with the antibody trastuzumab against HER2 391 

extracellular domain and the presence of RANK in the immunoprecipitate was tested by 392 

Western blotting. As seen in Figure 6C, trastuzumab precipitated endogenous RANK 393 

demonstrating that the two receptors physically interact in breast cancer cells. 394 

Discussion 395 

A crosstalk between RANK and EGFR signaling has been described in the context of 396 

osteoclast differentiation (39). In the mammary gland, we found that pharmacological 397 

inhibition of RANKL decreases tumorigenesis and lung metastases in the MMTV-ErbB 398 
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(Neu) transgenic mouse model (9). In the same line, MMTV-ErbB mice with a 399 

heterozygous RANK deletion showed decreased pulmonary metastasis than RANK WT 400 

MMTV-ErbB controls (16). In addition, RANKL treatment increased lung metastases in 401 

both FVB/N and MMTV-ErbB animals (16). More recently, a review (40) followed by an 402 

article with experimental data (41) suggested the combination of RANK and HER2 403 

signaling inhibition as a new strategy for the treatment of HER2-positive breast 404 

carcinomas. 405 

In this study, we have shown that RANK gene expression is increased after dual treatment 406 

with lapatinib and trastuzumab in HER2-positive tumor samples from patients treated on 407 

the PAMELA clinical trial (23) and in HER2-positive breast cancer cell lines. These 408 

observations would point to increased RANK signaling in patients treated with anti-HER2 409 

drugs. We also observed that the percentage of patients with RANK tumor expression 410 

doubled in the context of HER2 resistance when compared to treatment-naïve HER2-411 

positive breast tumors. Furthermore, both SKBR3 and BT474 HER2-positive cell lines with 412 

acquired lapatinib resistance displayed increased RANK expression and pathway 413 

activation compared to their respective lapatinib-sensitive controls. Thus, our combined 414 

analyses of HER2-positive breast cancer tumor samples and HER2-positive cell lines have 415 

demonstrated that RANK expression is increased in anti-HER2 treatment resistant breast 416 

cancer. Based on these results, one could speculate that anti-HER2 treatment, by 417 

enhancing RANK expression, eventually leads to resistance. Moreover, overactivation of 418 

RANK signaling increases lapatinib resistance in HER2-positive cell lines (SKBR3, BT474 419 

and HCC1954). 420 

Increased NF-κB activation downstream of RANK (42) may also contribute to lapatinib 421 

resistance. Hyperactive NF-κB signaling has been proposed as a possible resistance 422 

mechanism after lapatinib treatment in HER2-positive (43) and triple negative breast 423 
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cancer (44, 45). In HER2-positive breast cancer, lapatinib-resistant cells show increased 424 

NF-κB levels and do not respond to single HER2 or NF-κB inhibitors, but to a combination 425 

of both (43). NF-κB expression is normally linked to invasive high-grade tumors and 426 

several NF-κB inhibitors are currently being investigated (46, 47). Chen and colleagues 427 

showed that lapatinib treatment induced a constitutive activation of NF-κB through Src-428 

dependent p65 and IκBα phosphorylation, sensitizing the cells to proteasome inhibitors 429 

(44); our data suggest that increased RANK signaling may also play a role. The 430 

phosphorylation of IκBα, leading to its degradation and resulting in p50/p65 heterodimer 431 

nuclear translocation, is mediated by the IKK complex (comprising IKKα, IKKβ and 432 

IKKγ/NEMO) (48, 49). HER2 itself was shown to activate NF-κB via the canonical pathway 433 

involving IKKα in HER2-positive and ER-negative breast cancer cells (50). IKKα also 434 

mediates NF-κB activation in mammary cells during pregnancy and after RANKL 435 

stimulation (51). In our study, we did not observe clear changes in p65 phosphorylation 436 

after stimulation with ErbB ligands and the treatment with lapatinib could not counteract 437 

p65 phosphorylation driven by RANKL treatment in RANK overexpressing HER2-positive 438 

cell lines. However, we have shown RANK binding to HER2 by co-immunoprecipitation 439 

experiments. These results are in agreement with those recently published by Zoi et al. 440 

showing the interaction of RANK with ErbB family members by proximity ligation assays 441 

(41). In this publication, the authors claim that the number of RANK/HER2 dimers in cells 442 

is correlated with HER2 expression levels. Also, denosumab, trastuzumab and/or 443 

pertuzumab treatment reduces the number of RANK/HER2 dimers whereas RANKL 444 

stimulation leads to an increased number of RANK/HER2 dimers (41). Finally, their data 445 

show that RANKL addition decreases the efficacy of HER2 inhibitors (41). In our hands, 446 

RANKL stimulation of HER2-positive breast cancer cells overexpressing RANK decreases 447 

HER2 phosphorylation, indicating that RANKL influences ErbB2 signaling. 448 
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RANKL was shown to promote migration in breast cancer cells after activation of ERK and 449 

AKT pathways (52). We have also found increased phosphorylation of ERK1/2 and AKT 450 

after RANKL treatment in SKBR3 and BT474 HER2-positive cell lines with both 451 

physiological or increased RANK levels upon receptor overexpression. Interestingly, we 452 

observed that RANKL-mediated induction of ERK1/2 and AKT phosphorylation was 453 

completely abrogated after lapatinib treatment in SKBR3 and BT474 cells, again 454 

independently of RANK receptor expression levels. These observations and the fact that 455 

RANK and HER2 interact suggest that lapatinib inhibits not only EGFR/HER2 tyrosine 456 

phosphorylation but also RANK downstream signaling driven by RANKL (e.g. ERK1/2 and 457 

AKT). Importantly, in addition to the direct interaction between RANK and HER2, we 458 

observed that RANK signaling is functionally linked to ErbB2 pathway. 459 

Taken together, we showed that anti-HER2 treatment and resistance acquisition both 460 

raised RANK expression levels in HER2-positive patients and cell lines. Also, enhanced 461 

RANK signaling increased lapatinib resistance in HER2 breast cancer cells. We found that 462 

RANK and HER2 physically and functionally interact. Altogether, these results hint to a 463 

dual RANK and HER2 inhibition therapy for RANK-expressing HER2-positive breast 464 

cancer patients, whose benefit remains to be elucidated. 465 

Conclusions 466 

In summary, we showed that RANK is expressed in HER2-positive breast cancer samples, 467 

particularly in patients resistant to anti-HER2 blocking therapy. RANK expression is often 468 

associated with younger age, hormone receptor negative status, higher histological grade 469 

and proliferation index. Moreover, in HER2-positive breast cancer samples from the 470 

PAMELA trial, RANK expression increased upon treatment with lapatinib and trastuzumab. 471 

This was confirmed in vitro in several HER2-positive human breast cancer cell lines 472 

suggesting that RANK signaling may contribute to the development of lapatinib resistance. 473 
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Indeed, RANK overexpressing HER2-positive cell lines showed increased resistance to 474 

lapatinib and higher NF-κB pathway activation. Finally, we demonstrated that RANK 475 

physically and functionally interacted with HER2 suggesting a RANK/HER2 crosstalk 476 

whose combined targeting could improve the treatment of RANK-positive HER2 breast 477 

cancer patients. 478 
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Figure legends 744 

Figure 1. RANK and RANKL are expressed in treatment-naïve and anti-HER2-resistant 745 

HER2 breast cancer tumor samples. a. Frequency of HER2-positive patients, treatment-746 

naïve or anti-HER2-resistant, expressing tumoral RANK or RANKL (H-score ≥ 1). The total 747 

number of patients scored for RANK or RANKL expression is indicated. b. Representative 748 

images showing RANK and RANKL IHC. c. Frequency of tumoral RANK-positive 749 

treatment-naïve HER2 patients and associations with the indicated clinicopathological 750 

parameters including those assessed by the Nottingham Grading System (histological 751 

grade and proliferation determined by mitotic count and Ki67 as detailed in (20)). The total 752 

number of patients analyzed per parameter is indicated in each case. p values were 753 

calculated by Chi-Square tests. 754 

Figure 2. RANK but not RANKL expression increased after dual anti-HER2 therapy in 755 

patient samples (n = 151) from the PAMELA trial. a. Box plots of TNFRSF11A/RANK and 756 

TNFSF11/RANKL gene expression in HER2-positive tumors at baseline classified by 757 

hormone receptor expression. b. Ladder plots showing TNFRSF11A/RANK and 758 

TNFSF11/RANKL gene expression in PAMELA HER2-positive tumors before (baseline) 759 

and after (surgery) dual anti-HER2 treatment. An increase in gene expression is 760 

represented in red and a decrease in blue. Each line represents a tumor sample from one 761 
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patient. P values (p) in a were calculated by comparing mean values between both groups 762 

and in b were determined by paired two-tailed t-tests. See Additional file 1: Fig. S1 for 763 

further analyses. 764 

Figure 3. RANK expression increased in HER2-positive breast cancer cell lines after 765 

treatment with anti-HER2 therapies as well as in anti-HER2 resistant cells. a. RANK gene 766 

expression levels determined by RT-qPCR in the indicated HER2-positive cell lines after 767 

short-term treatment with lapatinib (Lapa), trastuzumab (Trastu) or the combination of 768 

both, relative to corresponding untreated cells (Ctr). b. RANK gene expression levels 769 

determined by RT-qPCR in SKBR3 cell lines resistant to trastuzumab (SKTR), lapatinib 770 

(SKLR), or both drugs (SKTLR, SKLTR) compared to untreated SKBR3 control cells. c. 771 

RANK protein expression in parental SKBR3 cells (SK) or resistant to trastuzumab 772 

(SKTR), lapatinib (SKLR), or both (SKTLR, SKLTR). β-actin was used as a loading control. 773 

Blots shown are representative of those obtained from 3 independent experiments. d. 774 

RANK gene expression levels in BT474 cells, either control or resistant to lapatinib 775 

(according to public datasets (33). a.u.: arbitrary units. PP1A expression was used as an 776 

internal reference gene (a and b). Mean values for two or three independent experiments 777 

are shown. For each experiment determinations were done in triplicates. P (p) values were 778 

calculated by ordinary one-way ANOVA (a and b) and by unpaired t-tests (d). 779 

Figure 4. SKBR3 and BT474 lapatinib-resistant cells show increased RANK expression 780 

and NF-κB activation. a. RANK mRNA levels relative to housekeeping gene PP1A in 781 

parental (SKBR3, BT474) and lapatinib-resistant (SKLR, BTLR) HER2-positive cell lines 782 

with or without RANKL treatment (24 h). b. mRNA expression levels of the RANK/NF-κB 783 

downstream gene targets BIRC3, ICAM1, TNFα and IL8 relative to PP1A in cells depicted 784 

in a. Gene expression levels were quantified by RT-qPCR. In a and b, determinations were 785 

done in triplicates and mean values are used in the calculations. c. Western blot showing 786 
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the levels of NF-κB (p-p65, p-IκB) and HER2 (p-HER2, p-ERK1/2, p-AKT) pathway 787 

activation in control and lapatinib-resistant (SKLR) SKBR3 cells treated with RANKL or 788 

lapatinib. Cells were serum starved for 12 h and then treated with lapatinib (2 h) or RANKL 789 

(10 min) before processing them. Tubulin was used as a loading control. See Additional file 790 

2: Fig. S2 for total protein levels. 791 

Figure 5. Overactivation of RANK signaling in HER2-positive cell lines increased NF-κB 792 

activation and lapatinib resistance. a. Expression levels of RANK mRNA in HER2-positive 793 

SKBR3, BT474 and HCC1954 cells stably transduced with empty or RANK overexpressing 794 

(RANK) vectors. RANK expression values were quantified by RT-qPCR relative to PP1A 795 

gene expression. b. Expression levels of RANK/NF-κB downstream gene targets BIRC3, 796 

ICAM1, TNFα and IL8 relative to PP1A gene expression in cells described in a, with and 797 

without RANKL treatment (24 h). Experiments were performed in triplicates and standard 798 

error is depicted. c. Relative number of alive (relative survival) SKBR3, BT474 and 799 

HCC1954 cells stably transduced with control (empty) or RANK overexpressing (RANK) 800 

vectors incubated for 4 days with the indicated concentrations of lapatinib and/or 801 

stimulated with RANKL. Cells were seeded in growth media with/without 100 ng/ml 802 

RANKL; 24 h later lapatinib was added and cells were analyzed with CCK8 after 4 days as 803 

detailed in methods. Mean values for three independent experiments are shown. For each 804 

experiment data was obtained from triplicates. d. Western blot analyses of NF-κB (p-p65) 805 

and HER2 (p-HER2, p-ERK1/2 and p-AKT) pathway activation in cells depicted in c. 806 

Before collecting the cells, they were cultured in media without FBS for 12 h, pretreated 807 

with/without lapatinib for 2 h followed by 10 min stimulation with RANKL. Representative 808 

blots from three independent experiments are shown. Tubulin was used as a loading 809 

control. See Additional file 3: Fig. S3 for total protein levels and Additional file 4: Fig. S4 for 810 

EGF/HRG stimulations. 811 
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Figure 6. Co-immunoprecipitation of RANK and HER2. a. Immunoprecipitation (IP) against 812 

HER2 was performed in HEK293 cells transfected with RANK-V5 and HER2, HER2-FLAG, 813 

a carboxy-terminal fragment of HER2 (611-CTF) or an amino-terminal fragment of HER2 814 

(742-NTF). IP was performed using anti-FLAG, anti-HA or control IgG antibodies as 815 

indicated. RANK was detected by blotting the immunoprecipitates (IP, left upper panel) or 816 

the whole lysates (input, right upper panel) with V5 antibody. HER2 was detected in IPs 817 

(left lower panel) and input (right lower panel) using 32H2 antibody that detects all forms of 818 

HER2. b. IP against RANK-V5 was performed in HEK293 cells transfected with RANK-V5 819 

and GFP, HER2-FLAG, a carboxy-terminal fragment of HER2 (611-CTF) or an amino-820 

terminal fragment of HER2 (742-NTF) using V5 antibody. In the IP and input HER2 was 821 

detected using 32H2 antibody. c. IP against endogenous HER2 was performed in SKBR3 822 

cells using trastuzumab (Herceptin-HCP) or a control IgG. Endogenous RANK and HER2 823 

were detected in IP (RANK immunoprecipitated by HER2 is indicated by an asterisk * in 824 

upper panel) and input samples. 825 

Supplementary information 826 

Additional file 1: Figure S1. RANK and RANKL expression in breast cancer samples 827 

from the PAMELA clinical trial. a. Expression of RANK (TNFRSF11A) and RANKL 828 

(TNFSF11) across the intrinsic molecular subtypes from the PAMELA study. P-values (p) 829 

were calculated by comparing mean values across all groups. b. Scatter plots of RANK 830 

(TNFRSF11A) and RANKL (TNFSF11) expression versus ERBB2 expression for baseline 831 

samples in the PAMELA study. Solid line in each figure represents the regression line. 832 

Pearson correlation coefficient (r) with significance (p value) is presented in each figure. c. 833 

Pearson correlation between single genes and gene expression signatures evaluated in 834 

baseline samples from the PAMELA study. 835 
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Additional file 2: Figure S2. Western blot showing the total levels of p65, IκB, HER2, 836 

ERK1/2 and AKT in control and lapatinib-resistant (SKLR) SKBR3 cells treated with 837 

RANKL or lapatinib as depicted in Fig. 4C. Cells were serum starved for 12 h and then 838 

treated with lapatinib (2 h) or RANKL (10 min) before processing them. Tubulin was used 839 

as a loading control. 840 

Additional file 3: Figure S3. Western blot analyses of total levels of p65, ERK1/2 and 841 

HER2 in whole lysates from SKBR3, BT474 and HCC1954 cells stably transduced with 842 

empty or RANK overexpressing (RANK) vectors as depicted in Fig. 5D. Before collecting 843 

the cells, they were cultured in media without FBS for 12 h, pretreated with/without 844 

lapatinib for 2 h followed by 10 min stimulation with RANKL. Tubulin was used as a loading 845 

control. 846 

Additional file 4: Figure S4. Western blot analyses of HER2 (p-HER2, p-ERK1/2) and 847 

NF-κB (p-p65) pathway activation in SKBR3, BT474 and HCC1954 cells stably transduced 848 

with empty or RANK overexpressing (RANK) vectors. Cells were cultured in media without 849 

FBS for 12 h, followed by stimulation with EGF (100 ng/ml) (upper panels) or heregulin 850 

(HRG 10 ng/ml) (lower panels) for the indicated times. Tubulin was used as a loading 851 

control. 852 
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