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Abstract 

 

Breast cancer (BC) remains the most common cancer diagnosed in women worldwide. 

Advanced BC patients often present osteolytic bone metastases, where colonizing BC cells 

in the bone marrow disrupt the normal bone remodeling process and drive extensive bone 

degradation. Several epidemiologic observations and pre-clinical studies in the past decade 

have highlighted an important contribution of the sympathetic nervous system (SNS) in BC 

patient survival and the establishment and exacerbation of bone metastatic foci, in particular 

through β2 adrenergic receptor (β2-AR) signaling. The role of this neuro-skeletal axis on the 

progression of BC is further emphasized by the extensive sympathetic innervation of the 

periosteum and bone marrow, as well as the expression of adrenergic receptors in BC cells 

and bone cells. 

Nonetheless, the benefits of BC therapeutic interventions targeting sympathetic effectors 

are still controversial. Multiple epidemiologic studies have reported no benefits of drugs 

targeting the β2-AR on patient survival. Furthermore, most pre-clinical data available is 

derived from in vivo experiments, where the identification of the soluble factors and 

signaling pathways involved in the sympathetic modulation of the BC bone metastatic niche 

is extremely challenging. Novel in vitro models are being proposed, in particular using 

microfluidic organ-on-a-chip platforms, to tackle the constraints of standard in vivo models 

in the study of BC extravasation and colonization of the bone. However, to our knowledge, 

no microfluidic platforms have been designed to address the sympathetic modulation of BC 

bone metastasis. 

In this thesis, we aimed to identify soluble mediators involved in the crosstalk between BC 

and bone cells under sympathetic activation, in particular through β2-AR signaling, at 

different stages of disease progression.  

To address this issue, we first developed a novel metastasis-on-a-chip microfluidic in vitro 

model in order to characterize the mechanisms involved in the sympathetic control of the 

BC bone metastatic niche. This platform is able to compartmentalize sympathetic neurons, 

BC cells and osteoclasts seeded on bone slices and facilitate intercellular communication 

through secreted factors, while preventing direct cell-cell contact between the different cell 

types. We provided compelling evidence that a dynamic crosstalk between sympathetic 

neurons, osteoclasts and metastatic BC cells is required in order to raise pro-inflammatory 

cytokine levels in the BC compartment. Furthermore, the added versatility provided by the 

inclusion of Quake valves allowed to dictate the direction of communication between 

compartments, and show that crosstalk between osteoclasts and sympathetic neurons is 

dispensable for the observed levels of pro-inflammatory cytokines. 



xiv 
 

We further characterized the SNS modulation of BC bone metastatic niche through a 

combination of clinical data, proteomic profiling and functional studies with primary human 

bone cells. We demonstrated that circulating epinephrine levels in BC patients are elevated 

in the earlier stages of the disease and are maintained after metastatic spread of BC. In 

order to mimic an exacerbation of adrenergic activity in the different stages of BC 

progression, we then assessed how pharmacological activation of β2-AR would affect the 

proteomic expression profile in primary or metastatic BC in vitro. In primary BC, β2-AR 

signaling led to an overexpression of osteoclast inhibitors, which in turn translated in a 

robust decrease in human osteoclast differentiation and resorption activity. In contrast, we 

showed that paracrine signaling from metastatic BC under β2-AR do not affect osteoclast 

resorption. Furthermore, we concluded that the addition of osteoblasts to the model rescued 

the osteoclast resorption activity after exposure to the secretome of β2-AR primed primary 

BC. 

Overall, this thesis presented novel insights on the role of sympathetic signaling in BC bone 

metastasis. In particular, we highlight the adrenergic exacerbation in BC patients and the 

changes in the proteomic profile of BC after β2-AR signaling at different stages of disease 

progression, while using two distinct in vitro models: a novel metastasis-on-a-chip 

microfluidic model or pharmacological activation of β2-AR in BC. We also emphasized 

different outcomes in osteoclast activity after exposure to paracrine signaling from primary 

or metastatic BC cells. Our findings set the basis for future studies on the link between 

sympathetic activation and the establishment and progression of BC bone metastasis, and 

suggest that therapeutic interventions targeting β2-AR should tackle BC at earlier stages of 

disease progression before metastatic spread. 
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Resumo 

O cancro da mama é atualmente o tipo de cancro mais comum diagnosticado em mulheres. 

Pacientes de cancro da mama avançado apresentam frequentemente metástases 

osteolíticas, nas quais as células do cancro da mama colonizam a medula óssea e 

destabilizam o processo normal de remodelação óssea, levando a uma extensa 

degradação do osso. Na última década, vários estudos epidemiológicos e pré-clínicos 

destacaram uma importante contribuição do sistema nervoso simpático na taxa de 

mortalidade dos pacientes de cancro da mama e no estabelecimento e exacerbação de 

focos metastáticos no osso, em particular pela sinalização celular do recetor adrenérgico 

β2 (β2-AR). O papel deste eixo neuro-esquelético na progressão do cancro da mama é 

ainda mais sublinhado pela extensa inervação do periósteo e da medula óssea, assim 

como pela expressão de recetores adrenérgicos em células de cancro da mama e do osso. 

Não obstante, os benefícios de intervenções terapêuticas que têm como alvo efetores 

adrenérgicos são ainda controversos. Vários estudos epidemiológicos reportaram a 

inexistência de benefícios de fármacos inibidores do β2-AR na sobrevivência de pacientes 

do cancro da mama. Além disso, a maior parte dos dados pré-clínicos disponíveis de 

momento é proveniente de experiências in vivo, onde a identificação de fatores solúveis e 

vias de sinalização envolvidas na modulação simpática do nicho metastático ósseo do 

cancro da mama é extremamente complexa. Novos modelos in vitro estão a ser 

desenvolvidos para contornar as limitações dos modelos in vivo tradicionais para o estudo 

da extravasão e colonização do osso, em particular usando plataformas microfluídicas 

organ-on-a-chip. No entanto, no nosso conhecimento, nenhuma plataforma microfluídica 

foi ainda desenhada para estudar a modulação simpática da metástase óssea do cancro 

da mama. 

Nesta tese, procurámos identificar mediadores solúveis envolvidos na comunicação celular 

entre o cancro da mama e as células do osso sob ativação simpática, em particular através 

do β2-AR, em diferentes estadios da progressão da doença. 

Para alcançar este objetivo, desenvolvemos um novo modelo in vitro de metastasis-on-a-

chip em plataformas microfluídicas de modo a caracterizar os mecanismos envolvidos no 

controlo simpático do nicho metastático ósseo do cancro da mama. Esta plataforma é 

capaz de compartimentalizar neurónios simpáticos, células do cancro da mama e 

osteoclastos cultivados em lâminas de osso, e facilita a comunicação intercelular através 

de fatores secretados enquanto impede o contacto direto entre os diferentes tipos 

celulares. Nós fornecemos provas convincentes que demonstram que uma comunicação 

dinâmica entre neurónios simpáticos, osteoclastos e células de cancro da mama 

metastáticas é necessária para aumentar os níveis de citocinas pró-inflamatórias no 
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compartimento do cancro da mama. Adicionalmente, a versatilidade oferecida pela inclusão 

de válvulas Quake permitiu controlar a direção de comunicação entre compartimentos, e 

mostrou que a comunicação entre osteoclastos e neurónios simpáticos é dispensável para 

os níveis de citocinas pró-inflamatórias observados. 

Posteriormente, procedemos à caracterização da modulação do nicho metastático ósseo 

do cancro da mama pelo sistema nervoso simpático através de uma combinação de dados 

clínicos, perfil proteómico e estudos funcionais com células de osso primárias humanas. 

Demonstrámos que os níveis de epinefrina na circulação de pacientes de cancro da mama 

primário estão elevados e são mantidos após a propagação metastática da doença. De 

forma a mimetizar uma exacerbação de atividade adrenérgica nos diferentes estadios de 

progressão do cancro da mama, avaliámos de seguida o efeito da ativação farmacológica 

do β2-AR no perfil de expressão proteómica de células de cancro da mama primário ou 

metastático in vitro. Em células de cancro da mama primário, a ativação da via de 

sinalização β2-AR levou a uma sobreexpressão de inibidores de osteoclastos, que por sua 

vez se traduziu numa redução robusta da diferenciação e atividade de reabsorção óssea 

de osteoclastos. Pelo contrário, mostrámos que a comunicação parácrina de cancro da 

mama metastático após estimulação do β2-AR não afeta a atividade de reabsorção do osso. 

Adicionalmente, concluímos que a adição de osteoblastos ao nosso modelo reverteu os 

níveis de reabsorção óssea de osteoclastos expostos ao secretoma de cancro da mama 

primário sob influência de sinalização de β2-AR. 

De modo geral, este trabalho trouxe novas considerações no papel da sinalização 

simpática na metástase óssea do cancro da mama. Em particular, identificámos uma 

exacerbação adrenérgica em pacientes de cancro da mama assim como mudanças no 

perfil proteómico do cancro da mama após sinalização β2-AR em diferentes estadios de 

progressão da doença, usando dois modelos in vitro distintos: ativação farmacológica do 

β2-AR no cancro da mama ou um novo modelo microfluídico de metastasis-on-a-chip. 

Também destacámos resultados distintos na atividade de osteoclastos após exposição a 

sinalização parácrina de cancro da mama primário ou metastático. Estas descobertas 

podem servir de base para a investigação futura dos mecanismos envolvidos no controlo 

do sistema nervoso simpático sobre o estabelecimento e progressão de metástases ósseas 

de cancro da mama, e sugerem que as estratégias terapêuticas com alvo no β2-AR deviam 

focar-se na janela de tempo que precede a metástase.  
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Chapter I. Introduction and motivation 
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1.1. Nervous system and bone 

The nervous system is responsible for the control of all physiological functions of the body, 

from the regulation of heart rate, breathing, digestion and body temperature, to complex 

processes such as memory and cognition[1]. The central nervous system (CNS) is able to 

integrate external and internal stimuli and trigger adequate neuronal or neuroendocrine 

responses to maintain body homeostasis, via the autonomic branch of the peripheral 

nervous system (PNS) or the hypothalamic/pituitary axis (HPA), respectively[2] (Figure 1a).  

HPA downstream effectors target multiple tissues, including the bone[3]. Skeletal 

homeostasis is important during all stages of development and is maintained through a 

tightly regulated bone remodeling process, where old or damaged bone matrix is resorbed 

and new mineralized matrix is deposited in a synchronized fashion. The first evidences of 

a central regulation of bone remodeling emerged from observations that transgenic mice 

lacking leptin (ob/ob mice), a hormone involved in energy metabolism and gonadal function, 

displayed high bone mass phenotype, and that intra-cerebro-ventricular (ICV) infusion of 

leptin in ob/ob mice reverted this outcome[4]. Interestingly, central control of bone 

remodeling by leptin was later shown through parabiosis experiments to be exerted through 

neuronal autonomic pathways and not through hormonal release in the circulation[5]. Other 

central neuroendocrine mechanisms involved in the regulation of bone remodeling have 

since then been described in vivo, highlighting the complexity of the brain-bone crosstalk. 

For instance, osteoanabolic stimuli through growth hormone[6], thyroid stimulating 

hormone[7] and melatonin[8], and osteocatabolic signaling such as the Neuropeptide Y (NPY) 

pathway[9-11] and the follicular stimulating hormone[12] act to balance the bone remodeling 

process and maintain homeostasis. 

Besides neuroendocrine regulation of bone metabolism, signals from the CNS can be 

relayed to the bone through nerve terminals from the PNS (Figure 1b). In fact, the bone is 

highly innervated with sensory and sympathetic nerve endings in the periosteum and along 

blood vessels in the bone marrow[13]. In addition to their role in thermal and mechanical 

sensing and pain, sensory neurons are able to modulate bone metabolism through the 

release of several neurotransmitters directly in the bone microenvironment. The importance 

of sensory neurotransmitters substance P (SP) and calcitonin gene-related peptide (CGRP) 

was demonstrated in sensory denervation studies that show a reduction in murine bone 

formation and concomitant increase in bone resorption activity in vivo[14, 15]. Sensory 
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innervation is also crucial during fracture healing, since mice with altered disrupted sensory 

signaling displayed impaired bone biomechanical strength and bone callus maturation[16, 17]. 

Figure 1. Anatomical representation of the nervous system. (a) Functional anatomy of the 

nervous system. (b) Anatomical representation of the autonomic nervous system. 

Sympathetic and parasympathetic nerves relay information from the central nervous system 

to target tissues and organs. Adapted with permission from [18]. 

 

Bone cells are not only capable of receiving input from nerve endings but they can also 

shape the pattern of innervation by guiding axonal extension and neurite growth. This is 

evident during embryonic development and during fracture healing, where extensive 

sensorial sprouting towards areas of high osteogenic activity is observed[19, 20]. In 

pathological settings where bone homeostasis is deregulated, such as bone cancer and 

osteoporosis, changes in innervation pattern of the bone are common and suggest 

alterations in bone neurotrophic signaling[21-23]. Mechanistically, it is widely accepted that 

mesenchymal stem cells (MSC), a subpopulation of cells present in the bone marrow, 

promote axonal extension through expression of brain derived neurotrophic factor (BDNF) 

and nerve growth factor (NGF) [24]. Moreover, multinucleated bone resorbing osteoclasts, 

cells of the hematopoietic lineage that are usually overactive in osteoporosis and metastatic 

breast cancer (BC), are able to promote sensory axonal growth and sensitization through 

the expression of netrin-1[21] and monocyte chemoattractant protein 1 (MCP1)[25], in addition 

to the acidification of their extracellular environment as a result of bone resorption activity[26]. 

On the other hand, differentiated bone forming osteoblasts of the mesenchymal lineage 

were show to repress sensory axonal growth through sonic hedgehog (SHH)[27], highlighting 

the contrasting effects of bone forming and bone degrading cells on sensory innervation 

during bone remodeling. 
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1.2. Sympathetic nervous system and bone 

1.2.1. Anatomic and molecular characterization of the sympathetic nervous 

system 

As stated above, the PNS is involved in the relay of information from the CNS to maintain 

homeostasis in target peripheral tissues. The PNS is divided in two opposing arms, the 

parasympathetic nervous system (PSNS) and the sympathetic nervous system (SNS). 

While the PSNS regulates digestive, excretory and reproductive body functions, the SNS is 

mainly involved in acute stress responses, being able promote energy mobilization and 

change heart and respiratory rates after perceived external and internal stressors[28]. 

Sympathetic preganglionic neurons extend from the spinal cord towards dorsal root ganglia, 

where they synapse with adrenergic postganglionic neurons that in turn innervate most of 

the tissues of the body, including the bone[29]. Sympathetic neurons are present in the 

periosteum, intra-cortical pores and bone marrow, being usually associated with blood 

vessels and showing increased density around active bone remodeling surfaces[13, 30]. 

Sympathetic neurons are characterized by the expression of tyrosine hydroxylase (TH), an 

enzyme involved in the production of the main sympathetic neurotransmitters, the 

catecholamines norepinephrine (NE) and epinephrine (Epi)[31]. The first, rate-limiting step of 

catecholamine synthesis is the conversion of tyrosine to dihydroxyphenylalanine (L-DOPA) 

by TH. L-DOPA is then converted to dopamine through L-aromatic amino acid 

decarboxylase. Finally, dopamine is converted to NE by the action of dopamine β-

hydroxylase (DBH) and can then be further processed into Epi through phenylethanolamine 

N-methyltransferase (PNMT)[18]. NE released by sympathetic neurons or Epi released 

systemically by the adrenal gland bind to their endogenous receptors in target cells, the α/β-

adrenoreceptors (α-ARs, β-ARs), and trigger signaling pathways that ultimately lead to the 

“fight or flight” response to acute stress[32-34]. Expressed in a multitude of tissues throughout 

the body, ARs are a family of transmembrane receptors comprised of nine different 

receptors: Gq protein-coupled α1A, α1B and α1D ARs; Gi protein-coupled α2A, α2B and α2C ARs; 

Gs protein-coupled β1, β2, β3 ARs. After signal transduction in the target cells, the remaining 

NE is reuptaken by neurons through the NE transporter (NET) or metabolized by 

monoamine oxidase (MAO) and cathecol-O-methyltransferase (COMT)[18]. 

1.2.2. SNS control of bone metabolism 

Despite bone forming osteoblasts and bone resorbing multinucleated osteoclasts being the 

main players in the process of bone remodeling, they are part of a complex 
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microenvironment with a multitude of other cells, including neurons, that can also impact 

their activity. In fact, osteoblasts-lineage cells and osteoclasts are able to receive and 

integrate SNS input, since both cell types express ARs and are also able to uptake and 

catabolize NE from their extracellular surroundings[35-38]. Although α-AR expression was 

detected in osteoblasts[39], β2-AR is the most prevalent AR in both osteoblasts and 

osteoclasts[35, 36, 38]. β2-AR stimulation leads to intracellular cyclic adenosine 

monophosphate (cAMP) and protein kinase A (PKA) activation, ultimately culminating 

transcription factor translocation and target gene expression. 

Most of the available data on the consequences of β2-AR signaling on bone remodeling 

concerns murine pharmacological and genetic in vitro and in vivo approaches. In vivo, long 

term, daily intraperitoneal injection of the β1/β2-AR agonist isoproterenol (ISO) led to a 

marked decrease in bone formation rates and bone mass[5]. Similar findings were observed 

after subcutaneous injection of specific β2-AR agonists salbutamol and clenbuterol during 

six weeks, where bone mass, mineral density and strength was reduced after treatments[40]. 

This effect was shown to be mediated in part by elevated levels of osteopontin and 

increased osteoclast activity after pharmacological β-AR activation in vivo[41]. The opposite 

approach revealed consistent outcomes, since the pharmacological blockage of β-AR 

signaling with β1/β2-AR antagonist propranolol led to increased bone mass and mineral 

density[5]. This effect was also observed in ovariectomy-driven bone loss models, where 

propranolol together with exercise or intermittent parathyroid hormone (PTH) treatment led 

to improvements in bone mass and bone architecture[42, 43]. 

Genetic manipulation of β-AR expression helped to elucidate the role of these receptors in 

bone remodeling. Mice lacking all three β-AR show an increased vertebral and cortical bone 

mass, but also display alterations in body weight that could impact bone mass accrual[44]. 

On the other hand, previous studies showed that germline deletion of β2-AR led to a high 

bone mass phenotype and that ICV infusion of leptin did not induce bone loss in these 

animals, indicating that SNS signaling is required for the effect of leptin in the modulation of 

bone mass[45]. Furthermore, this phenotype was mediated by a decreased osteoblast 

expression of receptor activator of NF-κB ligand (RANKL), a major regulator of osteoclast 

differentiation and bone resorption activity, and consequent inhibition of osteoclast 

numbers[45]. Furthermore, similarly to the germline deletion of β2-AR, the removal of β2-AR 

specifically in osteoblasts led to an increase in bone mass and decreased levels of RANKL, 

in an activating transcription factor 4 (ATF4) dependent fashion[46]. 

Mechanistically, in vitro pharmacological stimulation of β2-AR with NE or ISO increased 

murine bone marrow derived osteoclast differentiation and resorption, either by direct 

osteoclast stimulation or indirectly through osteoblast RANKL induction in co-culture 

experiments[47]. The upregulation of RANKL expression seems to be the main outcome of 
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β2-AR stimulus in osteoblast-lineage cells, evidenced in bone marrow stromal cells, calvarial 

osteoblasts and also in osteocytic MLO-Y4 cell lines, that eventually leads to increased 

osteoclastogenesis[48-50]. On the other hand, the direct effect of ISO on osteoclasts was 

shown to be mediated by the generation of reactive oxygen species (ROS) in both murine 

bone marrow osteoclasts or RAW264.7 osteoclast-like cell lines[35]. Reports on the effect of 

adrenergic stimulus on human osteoclasts are scarce, but human osteoclasts derived from 

bone marrow surgical waste of elderly patients were shown to display increased 

differentiation and resorption activity after Epi or ISO stimulation[51]. Overall, both in vivo and 

in vitro studies point to an osteocatabolic effect of adrenergic signaling on physiological 

bone remodeling, either through central or peripheral regulation of osteoblast/osteoclast 

function. 
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1.3. SNS and breast cancer 
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Abstract 

The vast majority of advanced breast cancer (BC) patients present skeletal complications 

that severely compromise their quality of life. BC cells are characterized by a strong tropism 

to the bone niche. After engraftment and colonization on the bone, BC cells interact with 

native bone cells to hinder the normal bone remodeling process and establish an osteolytic 

“Metastatic Vicious Cycle”. The sympathetic nervous system has emerged in recent years 

as an important modulator of BC progression and metastasis, potentiating and accelerating 

the onset of the vicious cycle, leading to extensive bone degradation. Furthermore, 

sympathetic neurotransmitters and their cognate receptors have been shown to promote 

several hallmarks of BC such as proliferation, angiogenesis, immune escape and invasion 

of the extracellular matrix.  

In this review, we gathered the current knowledge concerning the complex interactions that 

take place at the tumor microenvironment, with a special emphasis on the sympathetic 

modulation of BC cells and stromal cells. Of note, the differential action of epinephrine and 

norepinephrine, either through α/β-Adrenergic Receptors, on BC progression prompts 

careful consideration when designing new therapeutic options. In addition, the contribution 

of sympathetic innervation to the formation of bone metastatic foci is also highlighted. 

Particularly, the remarkable ability of the adrenergic signaling to condition the native bone 

remodeling process and modulate the bone vasculature driving BC cell engraftment in the 

bone niche. Finally, clinical perspectives and developments on the use of β-Adrenergic 

Receptor inhibitors for BC management and treatment are also discussed. 

Keywords 

Adrenergic Receptor, Beta-Blocker, Bone metastasis, Breast Cancer, Sympathetic 

nervous system. 
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1.3.1. Introduction  

Under physiological conditions, the Sympathetic Nervous System (SNS) is involved in the 

so called “fight-or-flight” response to acute stress. Upon perceiving threats to internal 

homeostasis, the SNS acts on multiple molecular and cellular processes throughout the 

body that will ensure a coordinated adaptive response to different stressors. Physical 

mobility is boosted through the increase of heart and respiratory rate, as well as energy 

mobilization from the adipose tissue and liver[52, 53]. On the other hand, anabolic processes 

such as digestion, gastrointestinal motility and reproduction are hampered[34, 53, 54]. 

Sympathetic signaling is mainly achieved through the peripheral release of Norepinephrine 

(NE) by sympathetic nerve terminals or systemic release of Epinephrine (Epi) into the 

circulation by the adrenal gland. These catecholamines are the endogenous ligands of α/β 

Adrenoreceptors (α-AR, β-AR), with widespread expression in a multitude of cell types and 

tissues[32, 33, 51, 55]. This family of receptors is composed of a total of nine G protein-coupled 

receptors (GPCRs): Gq-coupled α1A, α1B and α1D ARs; Gi-coupled α2A, α2B and α2C ARs; 

and finally, Gs-coupled β1, β2 and β3 ARs. 

BC is still a major socioeconomic issue, being the leading cause of cancer-specific death of 

women in 2018 (https://gco.iarc.fr/today/home). It is a highly heterogeneous disease, 

usually being characterized by Estrogen receptor (ER), Progesterone receptor (PR) and 

Epidermal Growth Factor Receptor 2 (HER2) status of the primary tumor. Advances in 

diagnostic and adjuvant therapies have improved the life expectancy of BC patients, but 

this condition remains incurable in later stages of disease progression[56]. Surgery and 

radiation therapy are gold standards for the treatment of early stage BC, as well as hormone 

therapy and HER2 targeting antibody trastuzumab for HER2 positive cancers. Systemic 

administration of hormone therapy, targeted therapy, chemotherapy or a combination of 

these is usually the preferred treatment route in late stage metastatic BC. Nonetheless, the 

5-year survival rate of women diagnosed with distant metastasis is 27% 

(https://www.cancer.org/cancer/breast-cancer). These treatments are still ineffective and 

commonly associated to toxic side effects, and therefore there is still a need for improved 

therapeutic options. A better understanding of the pathological processes through which BC 

thrives in the host is of paramount importance to uncover new therapeutic targets. 

In the past decade, the physiological mechanisms that govern the response to stress have 

emerged as a potential therapeutic target in BC due to several epidemiologic and pre-

clinical studies[57-59]. In particular, the action of NE and Epi on their cognate receptors has 

raised important considerations regarding their role on BC progression, analogously to what 

is observed in other bone tropic cancers such as the prostate cancer[60-64]. However, the 
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adrenergic regulation of the multiple cellular processes that drive BC still remains a matter 

of intense debate. 

In this review, we will discuss the current knowledge found in the literature concerning 

preclinical and clinical data on SNS modulation of BC. Most metastatic BC patients present 

severe skeletal complications such as hypercalcemia, pain and increased incidence of 

fractures[65]. Therefore, insights on the sympathetic regulation of bone metastatic disease 

will be also discussed in the following sections. 

1.3.2. BC and the SNS: a complex picture 

Adrenoreceptors (ARs) have been reported to be expressed in a wide range of BC cell lines 

(Table I), as well as in tumor samples of BC patients[66-68]. AR overexpression, particularly 

β2-AR, was correlated with poor prognosis of ER- BC patients in a recent study by Kurozumi 

et al[68], where immune biomarkers, such as the grade of tumor-infiltrating lymphocytes and 

programmed death ligand 1 (PD-L1) expression, were shown to be significantly reduced in 

these patients. Another report by Liu et al[66] demonstrated that β2-AR level was correlated 

with lower disease-free survival and higher lymph node metastasis in a small cohort of 

HER2+ BC patients. Both these studies point to a putative role of β2-AR in BC pathology, 

but scrutinizing the mechanisms by which it promotes disease progression is still a complex 

exercise. In this section, we will gather the available data regarding the effect of multiple 

ARs on BC, from primary tumor proliferation and survival to Extracellular Matrix (ECM) 

invasion and entrance into systemic circulation. 

 

 

1.3.2.1. Proliferation and survival 

Cancer cell proliferation and inhibition of apoptosis are crucial hallmarks of cancer[75]. 

Adrenergic signaling has been implicated in several apoptosis pathways and it has been 

Table I. AR expression on human BC cell lines 

Cell Line Molecular Subtype AR expressed Reference 

T47D Luminal A (ER+, PR+, HER2-) α2A-AR, α2B-AR, α2C-AR [69] 

MCF7 Luminal A (ER+, PR+, HER2-) α1-AR,  α2B-AR, α2C-AR, β1-AR, β2-AR [66, 70-72] 

ZR-75 Luminal A (ER+, PR+, HER2-) β1-AR, β2-AR [70] 

BT474 Luminal B (ER+, PR+, HER2+) β2-AR [66] 

SKBR3 HER2 (ER-, PR-, HER2+) β2-AR [66] 

MDA-MB-453 HER2 (ER-, PR-, HER2+) β2-AR [70] 

MDA-MB-231 Basal (ER-, PR-, HER2-) β2-AR [58, 72-74] 

MDA-MB-468 Basal (ER-, PR-, HER2-) β1-AR, β2-AR [70, 73] 

HS578T Basal (ER-, PR-, HER2-) α2A-AR [72] 
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previously suggested that endogenous catecholamines directly exert pro-survival effects on 

BC cells[76-78] (Figure 2, 3). Epi was described as an antiapoptotic stimulus in human BCcells 

in vitro, inactivating the proapoptotic protein BAD through phosphorylation in a PKA-

dependent fashion[77]. Furthermore, another in vitro experiment by Reeder and colleagues 

have shown that NE and Epi decrease the efficacy of commonly used drugs targeting 

proliferating cells, such as paclitaxel, since these catecholamines arrest MDA-MB-231 BC 

cells in G1 phase, slowing down the cell cycle[78]. These results are consistent with evidence 

from other in vitro studies that show that β2-AR agonists hamper triple-negative BC cell 

proliferation and DNA synthesis[76, 79, 80]. Strikingly, low concentrations of Epi increased 

MCF7 and MDA-MB-231 cell proliferation, while β2-AR agonist ISO decreased proliferation 

in both cell lines[80]. These findings could be explained by the fact that Epi was shown to 

differentially bind to distinct ARs depending on its concentration, with greater affinity to α2-

AR in nM concentrations, while shifting to β2-AR binding at µM concentrations[76]. Moreover, 

the increase in proliferation evoked by low concentrations of Epi was abrogated by the 

addition of the α2-AR antagonist rauwolscine [76]. Exciting questions remain, such as the 

impact of fluctuations in Epi or NE levels in the tumor microenvironment for BC progression, 

and how the translation of that knowledge to a clinical setting can be made. There are 

already recent in vivo evidence that shed some light on the impact of circulating Epi on 

tumor growth, where Walker and colleagues have shown that adrenal denervation and 

inhibition of Epi release does not impact disease progression[81].  
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Figure 2. Sympathetic control of BC progression. NE released from sympathetic neurons 

closely associated with blood vessels, as well as Epi that diffuses from the circulation, 

modulate several important hallmarks of BC such as survival, angiogenesis, immune 

surveillance escape, ECM remodeling and invasion. NE, norepinephrine; Epi, epinephrine; 

TAM, tumor-associated macrophage; ECM, extracellular matrix. 

 

Some observations from in vivo studies point to a negligible effect of β-ARs on primary 

tumor growth, since ISO stimulation of orthotopic BC tumors did not change primary tumor 

proliferation compared to vehicle controls[58, 76, 82, 83]. It is unclear whether these results are 

due to the direct action of β2-AR on tumor cell proliferation, or if tumor growth is inhibited by 

other cell types in the stroma, or even by a combination of direct and indirect effects. 

Another study, using human xenografts in immunocompromised mice, reported an 

increased ER+/PR+ BC tumor growth after inoculation with α2-AR agonist clonidine[84]. 

Tumor growth was accompanied by a similar increase in proliferation of tumor associated 

fibroblasts, and thus an indirect effect of α2-AR agonism through the tumor 

microenvironment cannot be ruled out[84]. It is also intriguing that Thaker and colleagues 

reported an increase in MDA-MB-231 tumor growth after chronic stress induction in an 

orthotopic BC model[85], contrasting with the studies previously discussed. Of note, 

pharmacological β-AR activation seems to inhibit primary tumor growth[58, 76], while 

endogenous chronic stress either causes negligible effects or increases tumor growth[82, 83, 

85-87]. This raises important questions such as the possible existence of compensatory 

mechanisms exerted by other ARs when endogenous stress models are used, since Epi 

and NE can stimulate both α-ARs and β-ARs. In fact, α2-AR antagonists were shown to 

counteract the increase in tumor growth evoked by restraint stress[86]. Lamkin and 

colleagues also showed that α2-AR blockade, in the absence of chronic stress, recapitulates 

the tumor growth observed when the SNS was endogenously activated[86], adding another 

layer of complexity to the impact of the SNS signaling on BC. This observation probably 

stems from the fact that pre-synaptic α2-ARs in peripheral SNS neurons provide a negative 

feedback loop to control NE release from neuronal terminals[88]. Thus, blockage of α2-ARs, 

in the absence of chronic stress, will boost the release of NE in the tumor microenvironment, 

mirroring the endogenous activation of the SNS.  
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Figure 3. Adrenergic receptor downstream signaling. β2-AR activation triggers several 

downstream signaling pathways, mediated by an increase in intracellular cAMP, leading to 

Ca2+ release, apoptosis inhibition through phosphorylation of BAD, and cytoskeletal 

rearrangement. β2-ARs are quickly desensitized by β-arrestins after ligand binding and 

signal transduction. Alternatively, α1-AR stimulation has also been described to promote 

invasive phenotypes through PKC-mediated signaling pathways. NE, norepinephrine; 

TAM, tumor-associated macrophage; ECM, extracellular matrix 

 

1.3.2.2. Angiogenesis 

As breast tumors proliferate and grow, the need for nutrients and oxygen rises concordantly. 

These needs are met by the sprouting of new blood vessels that give rise to a network of 

often aberrant vasculature in the tumor microenvironment[89]. The SNS has been emerging 

as an important player in neo-angiogenesis, since it has been already shown that 

sympathetic outflow can induce the secretion of proangiogenic factors by BC cells, namely 

the vascular endothelial growth factor (VEGF)[82, 90-92]. In addition, direct cell-cell contact 

between BC cells and endothelial cells leads to increased capillary structures in vitro, a 

result markedly potentiated by the addition of NE[91]. This effect was proven to be mediated 

by the β2-AR/PKA/mTOR pathway and by the upregulation of Notch ligand Jagged-1, 

directly augmenting Notch signaling in endothelial cells[91]. Interestingly, there seems to be 

a cell specific response to β2-AR agonists in terms of VEGF expression, not entirely due to 
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differential β2-AR expression[90]. β2-AR agonists increased VEGF production in a brain tropic 

variant of MDA-MB-231 cell line in vitro, but not on the parental cell line or in low β2-AR 

expressing cells, such as MCF7 cells[90]. Distinct targets of downstream effectors of the β2-

AR/PKA pathway in the different cell lines might explain the disparity in terms of angiogenic 

responses. 

Other players have recently been suggested to be involved in the sympathetic regulation of 

tumor angiogenesis. Activation of Peroxisome proliferator-activated receptor γ (PPARγ) 

markedly decreased VEGF expression from 4T1 murine BC cells in vitro and NE was shown 

to inhibit PPARγ expression in these cells[92]. This inhibition was abrogated by the addition 

of ICI118551 pointing towards a β2-AR mediated effect[92]. 

In addition to in vitro data previously discussed, there is growing evidence gathered from 

several in vivo studies showing that chronic stress modulates neo-angiogenesis and BC 

lymph vasculature. Chronic restraint stress, as a model of endogenous SNS activation, 

increased VEGFC secretion from MDA-MB-231 orthotopic tumors in immunocompromised 

mice, as well as from 66cl4 tumors in immunocompetent mice, leading to increased tumor 

lymphatic vessel density[82]. This effect was recapitulated or abrogated by ISO and 

propranolol treatment, respectively, hinting towards a β-AR specific signaling pathway[82]. 

Stress-induced production of VEGF in 66cl4 murine BC primary tumors, and consequent 

increase in vascularization, was also described[83]. Increased tumor vasculature was also 

suggested to be an additional route of cancer cell escape[82, 83] (Figure 2), facilitating 

metastasis as will be discussed in following sections. 

1.3.2.3. Immune System Modulation 

The crosstalk between the SNS and the immune system in the regulation of inflammation 

is already recognized. Dendritic cells and monocytes express both α-AR and β-ARs 

subtypes, and adrenergic activation in these cells leads to the downregulation of Tumor 

Necrosis Factor α (TNF-α), IL-1 and IL-6, resulting in the promotion of an 

immunosuppressive phenotype[93]. The effect of the SNS on the different immune cell 

populations in the context of inflammation and hematopoiesis has been already previously 

reviewed[94]. 

Among the several cellular components of the tumor microenvironment that are affected by 

SNS catecholamines, tumor-associated macrophages (TAM) are crucial for cancer 

progression. SNS signaling prompts BC cells to secrete pro-inflammatory cytokines, such 

as IL-6[90] and M-CSF[83], which can enhance the recruitment and infiltration of macrophages 

into the primary tumor (Figure 2). On the other hand, macrophage β2-AR activation 

increases the expression of cancer progression promoting factors in vivo, such as 

Transforming Growth Factor β (TGF-β), matrix metalloproteinase (MMP) 9, VEGF and 



15 
 

cyclooxygenase-2 (COX2)[83]. Macrophage expression of COX2, and consequent secretion 

of prostaglandin E2 (PGE2), further drives the production of VEGFC by cancer cells to 

induce lymphangiogenesis[82]. In addition, peripheral sympathetic nerve ablation, using 6-

Hydroxydopamine in an orthotopic BC model, led to the inhibition of TAM recruitment and 

to a decrease in tumor IL-6 levels[95]. 

Upon chronic stress induction in syngeneic BC mouse models, TAMs are mostly primed 

towards an immunosuppressive M2 phenotype: genes such as Arginase-1 and IL-10 are 

overexpressed, while conversely M1 phenotype characteristic genes are downregulated[83, 

96]. In addition, Bucsek and colleagues reported a significant decrease of tumor infiltrating 

effector cytotoxic CD8+ T cells upon β-AR activation and a concomitant 4T1 BC tumor 

growth[97]. Immunosuppressive CD4+ Treg cells and spleen myeloid-derived suppressor 

cells were also elevated in stressed mice[97].  

Furthermore, and in agreement with the reports discussed so far, Kamiya and colleagues 

elegantly illustrated the influence of tumor sympathetic innervation on immune checkpoint 

expression and cancer progression[87]. Using a viral vector-based tool, the authors were 

able to specifically denervate the tumor stroma without affecting surrounding tissues[87]. The 

subsequent decrease in tumor NE content abrogated tumor growth and metastatic spread. 

Moreover, sympathetic denervation downregulated immune checkpoint molecules, such as 

programmed death 1 (PD-1) from β2-AR expressing CD4+ and CD8+ tumor infiltrating 

lymphocytes. The authors have observed the same outcomes in chemically induced and 

spontaneous BC models, and reported a correlation between the density of sympathetic 

fibers, PD-1 expression and tumor recurrence in a small cohort of human BC patients[87]. 

These observations reinforce the hypothesis that SNS driven immunosuppression, and 

subsequent evasion to the immune surveillance, play an important role in BC progression. 

 

1.3.2.4. Extracellular Matrix Invasion  

As the disease progresses, a cascade of cellular events triggers the ability of BC cells to 

remodel and invade adjacent tissues, eventually escaping into circulation through 

intravasation in blood or lymphatic vessels[98]. Crosstalk between the tumor 

microenvironment and BC cells is crucial for the acquisition of invasive features, and the 

SNS has been directly linked to the process of epithelial and mesenchymal transition 

(EMT)[99]. 

Adrenergic signaling, namely through β2-AR, was shown to directly modulate several 

cellular processes in BC cell lines. ISO stimulation led to an increased invasive capacity of 

highly metastatic MDA-MB-231 cells in vitro, and this effect was β2-AR specific [99]. 
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Interestingly, overexpression of β2-AR in MCF7 cells resulted in augmented invadopodia 

number and invasive capacity after incubation with ISO[99]. 

The molecular mechanisms that govern this adrenergic response have been starting to be 

elucidated in recent years. Stimulation of β2-AR in vitro causes the accumulation of 

intracellular cAMP through Gαs / Adenylyl cyclase pathway and consequent 

dephosphorylation of ERK1/2[74]. This increase in cAMP activates PKA and exchange 

protein directly activated by cAMP (EPAC) leading to increased mobilization of Ca2+ in a 

feedforward loop that will ultimately drive cell invasion mechanisms[74] (Figure 2). In other in 

vitro studies, β2-AR activation led to an increased motility and invasiveness of MDA-MB-

231 cells, partly through changes in actin remodeling and contractility and increased plasma 

membrane protrusions[100, 101]. Interestingly, β-AR agonist ISO reduced the number of focal 

adhesions while increasing the number of invadopodia, favoring motility in three-

dimensional spaces but not on two-dimensional surfaces[100].  

Although most of the available data in the literature concerns experiments with the β2-AR 

and MDA-MB-231 cells, other cell lines and ARs should not be overlooked. Dezong and 

colleagues reported that proto-oncogene tyrosine-protein kinase Src mediated invasion and 

migration was modulated by different ARs in MDA-MB-231 and MCF7 cell lines in vitro, β2-

AR and α1-ARs respectively[71]. Src was targeted for phosphorylation by different signaling 

pathways, i.e., PKA in MDA-MB-231 and PKC in MCF7 cells[71]. This data might explain the 

seemingly contradictory results observed in previous studies, where MCF7 cells were 

described to decrease their migration capacity upon ISO stimulation, a β-AR agonist[80]. The 

same study reported a decrease in MDA-MB-231 cell migration after ISO stimulation[80], 

which could be due to the fact that a parental MDA-MB-231 cell line was used instead of 

the highly metastatic variants of MDA-MB-231[74, 100, 101]. 

In addition to direct effects of NE on BC cells, stimulation of tumor stromal α2-AR was 

reported to promote BC progression and invasion. Pharmacological activation of α2-AR, but 

not of α1-AR nor β-AR, increased the rate of metastasis in a syngeneic orthotopic BC 

model[102]. These changes were correlated with altered collagen structure and were cancer-

cell independent, since the cell line used did not respond to NE in vitro[102]. Nevertheless, 

no insights were provided on the stromal players targeted by α2-AR agonists that are 

involved in collagen remodeling. 

As could be appreciated by the gathered information from the previous studies, the interplay 

between BC and the SNS is extremely complex. Therefore, it is clear that the knowledge 

concerning the combination of α-AR and β-AR signaling on cancer progression, as well as 

on the distinct cellular players of the tumor microenvironment, is still scarce. Therefore, 

careful consideration should be enforced when designing experiments and therapeutic 

interventions. 
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1.3.3. BC Metastasis and the Bone Niche 

After escaping into the vasculature, BC cells disseminate and egress towards distant organs 

in a complex multistep process that is not yet fully elucidated. BC exhibits specific tropism 

towards organs such as lung, brain, liver and bone, and there are indications that this 

tropism is associated with BC receptor status[103]. Luminal A/B tumors are the most 

prevalent type in BC patients and they mostly metastasize to the bone[104, 105]. Luminal A/B 

bone metastases are typically indolent in the first years of follow up, and patients presenting 

only bone metastases have higher overall survival rates than patients presenting metastasis 

in other distant sites[104, 105]. Nevertheless, around 70% of all late stage BC patients exhibit 

bone metastatic foci leading to severe complications such as hypercalcemia, pain and bone 

fractures[103, 106]. Metastatic foci are found mostly in long bones, ribs, pelvis and vertebrae, 

which contain abundant marrow and provide an immune context favorable for cancer cell 

survival, the bone marrow microenvironment being crucial for the maintenance of the 

hematopoietic stem cell niche[107]. In addition, bone stromal cells secrete a combination of 

cytokines and growth factors that favor BC cell homing, survival and proliferation[108]. BC 

cells establish close interactions with bone cells, namely osteoclasts and osteoblast-lineage 

cells, and the SNS can potentiate this crosstalk. 

1.3.3.1. The Metastatic Vicious Cycle 

The skeletal system plays a critical role in all stages of human development. The skeleton 

is responsible for locomotion, it is the preferential site for hematopoiesis, regulates mineral 

homeostasis and protects vital organs, such as brain, heart and lungs. It is, therefore, crucial 

to maintain skeletal structural integrity and function throughout life. This is achieved mainly 

through a highly dynamic bone remodeling process, where the bone matrix is degraded and 

subsequently replaced by new mineralized bone in a coordinated fashion. Osteoclasts are 

specialized multinucleated cells of the hematopoietic lineage that are able to demineralize 

and resorb the bone matrix using a combination of secreted enzymes, such as Cathepsin 

K (CATK)[109] and Tartrate Resistant Acid Phosphatase (TRAcP)[110]. During resorption, 

factors secreted from osteoclasts and by-products of bone matrix degradation recruit 

precursors of bone forming cells, coupling between bone resorption and bone formation. 

These precursors of a mesenchymal lineage differentiate into mature osteoblasts, which 

are then responsible for the deposition of high amounts of ECM proteins and mineralize 

them[111]. Osteoblasts can then entomb themselves in the matrix they produce and become 

osteocytes. These cells make up for more than 90% of the cells present on cortical bone 

and have long extensions, creating an interconnecting network between osteocytes 
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themselves and cells in the bone marrow[112]. Osteocytes are thought to have an 

endocrine[113] and mechanosensitive role[114, 115] in the bone, participating in the complex 

adaptations to internal and external stimuli. 

BC often leads to highly osteolytic bone metastases, where cancer cells exploit the normal 

bone remodeling process and shift the balance towards increased bone resorption. 

Parathyroid hormone related protein (PTHrP), MMPs and PGE2 are some of the factors 

released by tumor cells that modulate the expression of Receptor activator of NF-κB ligand 

(RANKL) by osteoblasts, the latter being a master regulator of osteoclast differentiation[116, 

117]. Increased RANKL production by osteoblasts and osteocytes will in turn boost osteoclast 

differentiation and activity, leading to extensive bone degradation. On the other hand, bone 

matrix embedded factors, such as transforming growth factor-β (TGF-β), insulin growth 

factor (IGF) and platelet derived growth factor (PDGF) released during resorption, among 

others, will further stimulate tumor growth and perpetuate a “vicious cycle” of bone 

destruction[118]. Biphosphonates and denosumab (a RANKL human monoclonal antibody) 

are commonly used as adjuvant therapy for the treatment of metastatic bone disease, in 

order to normalize osteoclastic activity levels[119]. However, although these treatments 

alleviate skeletal related symptoms, new and more effective therapeutic targets are needed 

to hamper the establishment of the vicious cycle. 

1.3.3.2. The SNS and bone metastatic disease 

Bones are highly innervated organs, with high density of sensory and sympathetic nerve 

fibers in the periosteum and along blood vessels in the bone marrow[120]. A physical and 

functional association of nerve fibers and bone cells is to be expected[27], since nerve fiber 

density is usually higher near elevated bone turnover surfaces[30]. 

Although cells of osteoblast and osteoclast lineages were reported to express α-AR mRNA, 

their relative expression compared to the β2-AR subtype is very reduced[39, 121, 122]. β2-AR, 

but not β1-AR and β3-AR, is widely found in primary osteoclasts and osteoclastic cell lines[35, 

51], as well as in osteoblast lineage cells[5, 36, 38]. β2-AR is fully functional in bone cells, since 

β2-AR agonism triggers an increase in intracellular cAMP in vitro[5]. Interestingly, cells of the 

osteoblast lineage also express Monoamine Oxidase (MAO)α and MAOβ[47], as well as the 

NE transporter (NET)[37], thus being able to intake and catabolize NE from the external 

milieu. 

β-AR activation in bone triggers osteoclastic differentiation, diminished bone formation and 

consequent bone loss (reviewed in [18]), mostly due to an increase in RANKL production by 

osteoblast lineage cells in vivo[45, 49] (Figure 4). Similarly, β2-AR agonism was reported to 

increase RANKL production by osteocytic MLO-Y4 cell line in vitro, and consequently 

induce the differentiation of RAW264.7 osteoclastic cell line in co-culture experiments[50]. 
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Although osteocytes have received increasing attention in the past years regarding their 

role on the modulation of BC progression[123-126], data on the action of adrenergic signaling 

pathways on osteocytes in this context is still scarce. Osteocytes express β2-AR and, being 

the most common cell type in the bone, the importance of their putative crosstalk with the 

SNS on BCshould not be overlooked. Regardless, SNS activation of osteoblast-lineage 

cells seems to further potentiate the establishment of a metastatic vicious cycle upon BC 

bone metastatic colonization. 

Campbell and colleagues have made important contributions to this field of research. Using 

a mouse model of bone metastasis, by intracardiac injection of bone-tropic MDA-MB-231 

cells, the authors have shown that adrenergic stimulation of the bone stroma potentiated 

the establishment of the metastatic vicious cycle[58]. Chronic immobilization stress, as a 

model of endogenous sympathetic activity, was used to demonstrate that augmented 

catecholamine levels led to larger osteolytic lesions, an effect mediated by β2-AR[58]. 

Moreover, ISO inoculation, before injection of BC cells, increased tumor foci and lesion 

number in the bone, suggesting that sympathetic triggering at the bone microenvironment 

facilitated BC cell engraftment. The authors suggested that this effect was partially due to 

RANKL signaling and its chemotactic action on MDA-MB-231 cells[58].  

 

 

Figure 4. The bone metastatic niche and the metastatic vicious cycle. Once engrafted in 

the bone, BC cells secrete pro-osteoclastic factors such as PTHrP, PGE2, and MMPs, 

which induce the expression of RANKL by osteoblasts and osteocytes, promoting 

osteoclast differentiation and activity. In turn, factors released from the bone matrix enhance 



20 
 

the growth of cancer cells, establishing a metastatic vicious cycle that leads to extensive 

bone degradation. NE, norepinephrine; BMSC, bone marrow stromal cell. 

 

In addition to augmented RANKL signaling, adrenergic stimulus promoted BC extravasation 

and retention in the bone through the modulation of the bone vasculature. Nude mice 

subjected to either chronic immobilization stress or ISO inoculation showed increased 

VEGF-A expression by bone marrow stromal cells (BMSCs), and consequent angiogenesis, 

which resulted in the promotion of BC colonization[127]. Furthermore, incubation of BMSCs 

with ISO led to the release of IL-1β, which in turn activated endothelial cell E/P-selectin 

expression and enabled BC adhesion and retention in vitro[128] (Figure 5). 

Interestingly, the interplay between the SNS and BC in the bone metastatic niche is not 

unidirectional. Not only is the SNS capable of inducing BC cell engraftment and proliferation 

through RANKL and VEGF-A signaling but, conversely, BC may also be able to regulate 

AR dynamics in the bone niche. BC secreted PTHrP is a well-known modulator of bone 

turnover in the metastatic niche (reviewed in[129]). PTHrP binds to PTH receptor 1 (PTHR1) 

expressed in osteoblasts and upregulates RANKL expression to promote 

osteoclastogenesis, driving the metastatic vicious cycle[130].  

 

Figure 5. BC cell extravasation into the bone niche. NE stimulation of stromal β2-AR is 

associated with an increased release of VEGF and IL-1β, which leads to augmented 

angiogenesis and expression of P- and E-selectins in endothelial cells. The latter event 

promotes BC cell extravasation from the circulation into the bone marrow. 

 

Interestingly, PTHR1, β2-AR and their respective downstream pathways in osteoblastic cells 

seem to be intimately connected. Using germline β2-AR knockout mice, Hanyu et al 
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demonstrated that β2-AR expression is required for the osteoanabolic effect of PTH and that 

β2-AR modulates the expression of PTHR1 target genes in osteoblasts such as RANKL, 

alkaline phosphatase, bone sialoprotein and osteoprotegerin (a RANKL decoy receptor)[131]. 

On the other hand, PTH was shown to directly downregulate β2-AR expression in 

osteoblast-like MC3T3-E1 cells in vitro[132]. This interdependency might be explained by 

common intracellular downstream effectors that are triggered by their respective ligand 

binding. Both PTHR1 and β2-AR are GPCRs that signal through the adenylyl cyclase/PKA 

axis and promote the phosphorylation of cAMP-response element binding protein to induce 

transcription of target genes[132]. Furthermore, after ligand binding, both receptors are 

rapidly desensitized through β-arrestin and β-Adrenergic Kinase 1 dependent pathways[133-

135], which can also act as protein scaffolds that subsequently lead to the activation of 

mitogen-activated protein kinase ERK1/2 and several other effector molecules[136]. 

However, while these interactions were described to occur between PTHR1 and β2-AR in 

the context of intermittent PTH treatment, it is still unknown whether BCsecreted PTHrP can 

elicit the same response in the context of bone metastatic disease. While PTHrP and PTH 

share the same receptor, there are several described non-canonical pathways for the action 

of PTHrP whose importance is still poorly understood[129]. Therefore, more data on the 

interplay between PTHrP and β2-AR in BC bone metastasis is urgently required, since it 

could change our understanding on the dynamics of β2-AR expression in bone throughout 

the progression of the disease and facilitate the design of new, more effective therapeutic 

options. 

 

1.3.4. BC and Beta-Blockers: Clinical Perspective 

Although the pre-clinical data is extremely valuable for the understanding of the several 

processes that rule BC progression and metastatic spread, it is crucial to translate the 

results into a clinical setting. In the past decade, increasing attention has been paid to the 

effect of sympathetic activity on BC patient survival and breast cancer recurrence[57, 137]. In 

this section, we will review the published epidemiologic and clinical data on the effect of 

several β-AR antagonists (henceforth called Beta-Blockers) on BC and discuss the 

limitations associated to the interpretation of the reported results. 

Epidemiologic studies have previously suggested that cancer patients subjected to high 

levels of psychosocial stress usually have poorer prognosis and survival[138]. SNS targeting 

Beta-Blockers are thus potential therapeutic options for the treatment of cancer and are 

already widely used in other pathological settings, such as the treatment of asthma and 

hypertension[139, 140]. The safety profile of these drugs is well described and they are not 
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associated with increased incidence of BC, as evidenced by previous epidemiologic 

studies[141, 142].  

A proof-of-principle study performed by Powe et al analyzed the effect of Beta-blocker 

prescription prior to BC diagnosis on patient survival[57]. A reduction in tumor recurrence, 

incidence of metastasis and increased patient survival rates was reported in the Beta-

blocker treated group, with no significant differences in tumor stage, size, grade and 

vascular invasion between treated and placebo groups.  

Nonetheless, the population size of the study is relatively small and no distinction between 

the type of Beta-Blockers used was included in the analysis[57]. Atenolol and Bisoprolol are 

β1-AR specific, while Propranolol and Timolol are non-specific β1/2-AR antagonists; 

therefore, the contributions of the different ARs to the reported results cannot be pinpointed. 

In fact, another population-based study by Barron et al has shown a beneficial effect of 

Propranolol, but not Atenolol, on BC metastasis and patient survival[143]. Interestingly, 

Melhem-Bertrand et al reported a beneficial effect of β1-AR targeting drugs Metoprolol and 

Atenolol on Triple Negative BC (TNBC) recurrence but not on ER positive BC, highlighting 

the importance of BC receptor status on the response to Beta-blockers[144]. Thus, it is still 

unclear which receptors are the main contributors for the reported beneficial effects of Beta-

blockers on BC recurrence and a matter of intense debate. Nevertheless, we can 

hypothesize that a broader acting Beta-Blocker, such as Propranolol, could be even more 

advantageous than specific Beta-Blockers to manage BC recurrence and metastasis.  

Several studies have suggested that Beta-Blocker usage could be explored as an adjuvant 

therapy in BC treatment[57, 82, 143-147]. However, these have some limitations, such as the 

retrospective design, population size, difficulties in the assessment of Beta-blocker 

treatment duration and compliance, and also lack of access to comorbidity and other 

medication data. Other retrospective studies reported no correlation between Beta-Blocker 

usage and reduced breast-cancer specific mortality or recurrence[137, 148-150], and thus the 

benefits of these drugs remain controversial (for more details, refer to Table II). Randomized 

clinical trials are warranted in order to assess the clinical relevance of Beta-Blockers for BC 

treatment.  

To our knowledge, the only results from Phase II placebo-controlled clinical trials published 

to date address the effect of perioperative propranolol administration on several metastatic 

biomarkers in early BC patients. Zhou and colleagues reported a decreased 

immunosuppression after propranolol administration in BC perioperative period, when 

compared to placebo controls[151]. Propranolol was also shown to block patient derived 

regulatory T cell proliferation[151]. Shaashua[152] and Haldar[153] reported a reduction of EMT 

related gene expression in the resected primary tumors from patients subjected to 

simultaneous administration of Propranolol and the COX-2 inhibitor etodolac. The resected 
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tumor also showed reduced expression of pro-metastatic, anti-apoptotic and proliferation 

markers, as well as increased infiltration of B-cells and decreased presence of TAMs. 

Propranolol and COX-2 treated patients also presented reduced levels of circulating 

inflammatory cytokines, IFNγ and IL-6, and increased levels of NK cell activation during 

treatment[152]. Another randomized clinical trial by Hiller et al has shown similar results with 

the administration of Propranolol for one week before surgical resection of the primary BC 

tumor[154]. In this study, patients under Propranolol usage before surgery have shown 

reduced EMT gene expression and increased infiltration of dendritic cells and M1 

macrophage polarization in the resected tumor, when compared to placebo-treated 

controls. Interestingly, patients clinically non-responsive to Propranolol (i.e. no significant 

reduction in blood pressure and heart rate after Beta-blockade) also showed decreased 

tumor EMT gene expression, although the immune cell infiltration in the primary tumor 

changed compared to clinically responsive patients[154]. These clinical trials pointed to a 

possible beneficial effect of Propranolol on reducing the metastatic potential of BC primary 

tumors. Nevertheless, adequately powered clinical trials with focus on overall survival and 

cancer recurrence are still needed before Propranolol can be used for BC treatment.
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Table II. Summary of epidemiologic studies regarding the influence of β-blockers on BC outcome 

Treated Group 

Size / Total Size 

β-Blocker 

Used (Population Size) 

Improved patient 

survival (HR; CI) 
Reduced Tumour Recurrence (HR; CI) 

Reduced Incidence of 

Metastasis (HR; CI) 
Reference 

43 / 466 

Atenolol (25) 

Propranolol (7) 

Bisoprolol (7) 

Timolol (4) 

Yes (0.291; 0.119-

0.715) 
Yes (-) Yes (0.430; 0.200-0.926) [57] 

595 / 4738 
Atenolol (525) 

Propranolol (70) 
Yes (0.19; 0.06-0.60) N.D. Yes (-) [143] 

204 / 1779 

Atenolol (-) 

Metoprolol (-) 

Propranolol (-) 

Others (-) 

No (0.76; 0.44-1.33) No (0.86; 0.57-1.32) N.D. [155] 

102 / 1413 

Metoprolol (43) 

Atenolol (38) 

Others (21) 

No (0.64; 0.38-1.07) Yes (0.52; 0.31-0.88) N.D. [144] 

74 / 800 

Carvedilol (11) 

Sotalol (3) 

Atenolol (27) 

Betaxolol (1) 

Bisoprolol (11) 

Metoprolol (8) 

Nebivolol (13) 

Yes (0.42; 0.18-0.97) Yes (0.52; 0.28-0.97) Yes (0.32; 0.12-0.90) [146] 

3660 / 18733 

Metoprolol (1793) 

Atenolol (622) 

Propranolol (586) 

Others (659) 

N.D. No (1.3; 1.1-1.5) N.D. [149] 
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1770 / 55252 Propranolol (1770) No (0.94; 0.77-1.16) N.D. N.D. [137] 

1443 / 5754 

Carvedilol (22) 

Sotalol (84) 

Atenolol (854) 

Bisoprolol (189) 

Metoprolol (45) 

Propranolol (249) 

No (1.11; 0.94-1.32) N.D. N.D. [150] 

153 / 1144 

Bisoprolol (59) 

Metoprolol (48) 

Atenolol (28) 

Propranolol (13) 

Others (5) 

No (1.05; 0.85-1.29) Yes (0.81; 0.66-0.99) N.D. [147] 

93 / 956 N.D. Yes (0.48; 0.23-0.99) No (0.93; 0.39-2.25) Yes (0.40; 0.17-0.93) [82] 

HR – Hazard Ratio; CI – 95% Confidence Interval (Lower limit – Higher limit); N.D. – No data 
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1.3.5. Conclusion and Future Perspectives 

Despite the advances made in recent years, the knowledge on the impact of endogenous 

stress on the complex interactions governing BC disease progression is still incomplete. 

This review summarizes and combines the available data regarding the SNS signaling in 

the orchestration of BC. 

So far, the adrenergic signaling has been implicated in several steps of disease 

progression, promoting tumor growth, angiogenesis, immunosuppression and invasion 

(Figure 2). While several in vitro studies and animal models have illustrated the intricate 

control of the SNS over cancer cellular processes, the contribution of the different ARs 

expressed in the multiple cellular components of the tumor microenvironment remains 

puzzling. Furthermore, the inherent heterogeneity of BC presents an additional challenge 

in modelling this disease.  Distinctive AR expression patterns on BC cell lines widely used 

in the various experimental models is certainly relevant and more information on the 

adrenergic control of disease progression in different cell lines is urgently needed. 

The modelling of the various cellular and structural components of the cancer niche is still 

technically challenging. The use of immunodeficient mice is required for xenograft tumor 

models, but the contribution of the immune system is not taken into account in these models. 

Thus, current in vitro and in vivo models do not completely recapitulate the complexity of 

the disease but as new, more complicated models are being developed, discerning the 

specific contributions of each cellular type grows increasingly more difficult. Specific 

deletion of β2-AR on not only BC cells[99], but also in osteoblasts[127] and macrophages[156] 

could be used as an important tool to elucidate the role of this receptor in various models 

of the disease, although no conditional β2-AR knockout models specifically in osteoclasts 

or osteocytes were described to date. Furthermore, microfluidic systems also present 

several advantages when compared to traditional in vitro models since they allow the 

compartmentalization of different cell types and the introduction of fluidic flow, which can be 

physiologically relevant. There are already microfluidic platforms developed for the study of 

BC metastasis to bone[157-160], but the modelling of the SNS in these platforms is still 

challenging. 

Metastatic tropism for bone is an evident feature of BC, being the most common site of 

metastasis in Luminal breast cancer patients[103]. Although adrenergic stimulation of the 

bone microenvironment is thought to increase osteolysis and potentiate the metastatic 

vicious cycle, the interactions between BC and bone cells under sympathetic control remain 

mostly unexplored, apart from the contributions of Elefteriou and his group[58, 127, 128]. 

Although the use of Luminal A BC cell lines on bone metastasis models presents technical 

challenges due to their less invasive phenotype, it would be crucial to understand the 
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molecular changes that might be elicited by the SNS in these cells. Furthermore, since 

Luminal A tumors are the most common subtype of BC found in patients, the use of Luminal 

subtype BC cells in in vitro and in vivo models of the disease is certainly more clinically 

relevant than the current widespread use of aggressive TNBC cells. 

Future developments on novel targeted therapeutic strategies, such as tumor specific 

denervation using viral vectors[87], are exciting fields of research that will require input from 

various areas of expertise before becoming applicable in a clinical setting. It is still unclear 

if this technique could be applied to locally and specifically denervate the bone in pre-clinical 

studies. In addition, other denervation techniques such as chemical sympathectomy by local 

delivery of guanethidine using an osmotic mini pump in the femoral bone marrow were 

previously established[161], which could help to clarify the role of sympathetic nerves on bone 

metastasis. 

Finally, clinical observations on the usage of Beta-blockers for treatment of BC suggest that 

interfering with SNS signaling could have beneficial outcomes for patients, particularly in 

the control of metastatic spread. Nevertheless, systemic administration of beta-blockers can 

also have unforeseen consequences in the progression of BC, and adequately powered 

clinical trials are needed before therapy implementation. To circumvent the disadvantages 

of systemic administration of these drugs, targeted drug delivery systems could provide the 

answer for a currently unmet clinical challenge. The unique biochemical and biophysical 

characteristics of the bone microenvironment provide the means for a targeted drug delivery 

to bone metastatic tumors. Bisphosphonates[162], acidic amino acid peptidic sequences[163], 

liposomes[164], organic[165] and inorganic[166] nanoparticles, chimeric peptides targeting 

CATK[167] and also HER2 targeting nanoparticles[168] have been previously used to achieve 

bone metastasis specific drug and gene delivery in vivo. Whether these strategies could be 

used to deliver SNS targeting drugs specifically to the bone microenvironment and if that 

would translate into a clinical benefit remains to be elucidated. 

Taken together, the data summarized in this review highlight the importance of SNS 

activation on BC. Exciting new developments are expected in the next few years that would 

allow us to complement our understanding of the molecular cues that drive BC progression. 
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1.4. In vitro microfluidic models 

Before widespread use of beta-blockers in clinical practice, clarification of the cellular and 

molecular mechanisms that drive BC metastasis to the bone is of crucial importance. Most 

studies on BC bone metastasis are performed using standard two-dimensional in vitro 

culture or employing animal models of BC. However, although they are cheap and allow 

high throughput procedures, conventional in vitro cultures do not recapitulate the complexity 

of the bone microenvironment[169]. Alternatively, in vivo modeling of BC reflects important 

pathological cues such as cell-cell and cell-matrix interactions, and integrates the reaction 

of the whole organism to the onset of disease. Nevertheless, distinct responses in mice and 

human cells limits the ability of these models to predict human disease[170]. Furthermore, 

the complex interpretation of specific signaling pathways together with the ethical issues 

associated with the use of animal experiments hampers the effective use of these 

models[170]. 

In order to tackle some of the constraints associated to the use of animal models, 

microfluidic tools have emerged in the past decade as alternative platforms that are able to 

recapitulate characteristic features of the bone metastatic microenvironment[158]. 

Microfluidics are versatile devices designed to address a specific scientific question and are 

usually produced by soft photolithography processes in specialized clean rooms. They take 

advantage of micrometric features to allow the fine control of culture parameters, the use of 

shear stress and fluidic flow and the promotion of physical and chemical gradients, in order 

to ultimately mimic the biological attributes of the metastatic niche[171]. Examples of such 

attributes include the presence of suitable ECM, vascularization, innervation and also 

paracrine crosstalk between the different cellular players that constitute the tumor 

microenvironment. These features are critical for an improved modeling of the interactions 

taking place during bone metastasis and to help decipher the role of innervation in the onset 

of this disease. 

 

1.4.1. Microfluidic models of bone metastasis 

Bone metastasis is characterized by a complex sequence of events that begin with the 

extravasation of circulating tumor cells (CTC) from the blood stream towards the bone 

marrow. After a period of dormancy, cancer cells eventually escape quiescence and start 

bone marrow colonization and expansion, recruiting and modulating native bone-residing 

cell activity to favor tumor growth [106]. Due to the intricacy of the cell-cell and cell-matrix 

interactions involved in bone metastasis, modeling the bone metastatic niche is difficult to 

achieve using standard in vitro and in vivo models. Due to the advantages mentioned 
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above, microfluidics can be suitable for fundamental research on the mechanisms involved 

in bone metastasis, and multiple microfluidic platforms have been developed to study these 

processes (Table III). For instance, interactions between CTC and endothelial cells, the 

biochemical gradients established in the bone microenvironment and their impact on tumor 

cell extravasation and colonization can be modelled using microfluidic tools[157, 159, 160, 172-176]. 

Kong and colleagues took advantage of microfluidic compartmentalization to study BC 

CTCs specific migration towards different organs [172]. First, the authors coated several 

microchannels with human umbilical vein endothelial cells (HUVEC) that were separated 

from the organ compartments by a porous membrane. Then, each compartment was 

seeded with murine primary cells from bone, liver, lung and muscle tissue. Finally, fluidic 

flow of CTCs through diffusion channels was promoted and BC preferential migration 

towards bone, lung and liver in opposition to muscle tissue was demonstrated (Figure 6) 

[172]. Similarly, interaction and retention of lymphoma and leukemia cells in compartments 

containing different human bone marrow cell populations encapsulated in three dimensional 

(3D) matrices were previously assessed using microfluidic tools [174]. The authors took 

advantage of the fact that microfluidic tools are compatible with multiple imaging techniques 

to monitor fluorescent tracked cancer cell homing and retention in the different 

compartments [174]. 

In addition to compartmentalization, microfluidic tools allow the use of 3D matrices to 

recapitulate important cell-matrix interactions that take place at the metastatic niche. For 

example, collagen or fibrin hydrogels laden with differentiated MSCs were used to assess 

the extravasation of perfused BC cells towards the bone compartment[159, 160]. The authors 

recreated the interactions that take place between blood vessels and BC cells during 

extravasation by including micro-channels coated with HUVEC before CTC seeding in the 

diffusion microchannels. In addition, to better mimic the bone ECM, hydrogels can also be 

modified with varying concentrations of hydroxyapatite, as Ahn and colleagues 

demonstrated when assessing the effect of bone ECM on human colorectal and gastric 

cancer cells proliferation, migration and angiogenesis [177]. By changing the experimental 

setup and compartmentalization of the different cell types, the authors were able to evaluate 

cancer cell proliferation, migration and angiogenesis in the same platform [177]. Besides 

hydrogel matrices, other sources of bone ECM can also be applied in microfluidic models: 

HUVECs and MSCs were previously cultured in native bone decellularized matrices to 

mimic the bone microenvironment and used to assess perfused BC cell retention and 

growth[173]; furthermore, Hao and colleagues adapted a microfluidic chamber for long term 

culture of differentiated murine MC3T3-E1 osteoblastic cells, which led to the deposition of 

a matrix of mineralized collagen fibers that was used to study BC colonization[158]. 
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Figure 6. Microfluidic models of bone physiology and cancer metastasis. (a) 

Compartmentalized microfluidic to study BC CTC migration and retention towards different 

tissues. (b) Microfluidic model designed to study lymphoma and leukemia cell migration and 

retention in compartments with distinct bone marrow cell populations. (c) BC extravasation 

model where the migration of BC cells through an endothelial cell barrier towards a collagen 

hydrogel seeded with differentiated osteoblasts. (d) Microfluidic model to study BC 

extravasation towards a fibrin gel containing endothelial cells, osteoblasts and MSCs. (e) 

Schematic image of a microfluidic model used to study the effect of different 

hydrogel/hydroxyapatite compositions in colorectal and gastric cancer cell migration, 

proliferation and angiogenesis. (f) Microfluidic device designed to allow long term culture of 

murine osteoblasts and promote ECM deposition, and later on study BC engraftment and 

proliferation. (g) In vitro microfluidic model aimed at the replication of the bone marrow 

microenvironment for drug screening assays. (h) Integration of cardiac and bone 

compartments in the same microfluidic device for cardiotoxicity assessment of several 
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commonly used chemotherapeutics. Adapted under the terms of CC-BY license [172, 177]. 

Adapted with permission from [158-160, 174, 178, 179]. 

 

 

The versatility of microfluidic platforms for cancer research is further illustrated by the 

integration of drug screening assays for personalized medicine[178-180]. In particular, the  

improved resemblance of these platforms to the in vivo pathological features of the tumor 

microenvironment translates into enhanced modeling of cellular behavior in response to 

particular drugs or treatment regimens[178, 179]. For instance, Chou and his team were able 

to recreate the human bone marrow hematopoietic niche by using human CD34+ 

hematopoietic progenitors seeded in fibrin gels and fed exclusively through HUVEC lined 

diffusion channels [178]. Hematopoietic progenitors gave rise to myeloid and erythroid 

lineage cells and the authors were able to recapitulate the bone marrow toxicity of 5-

Fluorouracil, a drug commonly used in chemotherapeutic regimens to treat cancer [178]. The 

ability to use patient derived samples to investigate patient-specific responses is another 

advantage of microfluidic platforms that cannot be easily replicated in animal models[178, 180]. 

Furthermore, the modular integration of different organ models in the same platform allows 

the assessment of off-target drug toxicity that is not apparent in standard in vitro models[179]. 

This was illustrated by Chramiec and his team, since they integrated cardiac tissue and 

decellularized bone scaffolds to study Ewing sarcoma bone tumor response to linsitinib, 

and were able to recapitulate mild cardiac toxicity of this drug that is also observed in the 

clinical practice[179]. Thus, microfluidic models can potentially be used to improve 

translational research of new therapeutic strategies and help predict cell behavior in the 

human bone metastatic microenvironment. 

1.4.2. Microfluidic models of bone innervation 

Bone is highly innervated by TH+ SNS neurons and CGRP+ and SP+ sensory fibers[13]. 

Sympathetic and sensory fibers are involved in the regulation of bone metabolism both in 

homeostatic and pathological conditions. In particular, the effect of the sensory innervation 

in bone metastasis is well documented, since an exacerbation of sensory sprouting is 

evident in bone metastasis of breast and prostate cancer and is linked to hypersensitivity 

and bone pain[22, 23]. However, data on sensory and sympathetic innervation and their role 

on bone metastasis is obtained mostly from in vivo animal models, rendering the in depth 

analysis of the signaling pathways involved extremely difficult. 

Microfluidic platforms can be a powerful tool to decipher the bone cell modulation of 

innervation patterns in both physiological context and during bone metastasis. The main 

advantage of these platforms is the ability to compartmentalize the neuronal cellular bodies 
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and axonal terminals. In vivo, neurons in the dorsal root ganglia (DRG) extend their nerve 

endings towards distant sites, including the bone. Several studies have successfully 

recreated this trait using microfluidics, and were able to investigate neuronal sprouting while 

keeping the neuronal bodies confined in distinct compartments (Figure 7) [27, 181-183]. For 

instance, establishment of murine osteoblast-neuron synapses were demonstrated using 

microfluidic platforms, similar to in vivo innervation of the bone [183]. 

These approaches have uncovered new mechanisms of neuronal regulation in 

physiological conditions. Compartmentalized microfluidics were successfully used to 

determine the mechanisms responsible for osteoblast-driven patterning of bone 

innervation[27]. The authors were able to show that differentiated osteoblasts provide a non-

permissive environment for sensory neuron outgrowth through the secretion of SHH, in 

opposition to the axonal growth promoting role of undifferentiated MSCs [27].  

 

Figure 7. Microfluidic models of sensorial and sympathetic innervation. (a) Microfluidic 

model of bone innervation. Sensorial neurons (red) are cultured in one compartment and 

extend their axonal terminals through microgrooves towards the opposite compartment, 

where they establish synapses with murine MC3T3 osteoblasts (green). Scale bar – 500 

μm. (b) Microfluidic model to study bone cell driven innervation patterning. The ability of 

MSCs (left image) or differentiated osteoblasts (right image) to promote axonal growth is 

evaluated. Sensorial neurons (red), MSCs/osteoblasts (green). Scale bar - 500 μm. Inset 

scale bar - 200 μm. (c) Microfluidic model of axonal degeneration. Axonal terminals are 
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seen in control conditions (left image) or after paclitaxel administration (right image). Scale 

bar - 100 μm. (d) Microfluidic devices were used to study prostate cancer perineural 

invasion. Microfluidic microgrooves facilitated imaging procedures to observe cancer cell 

guidance by the neuronal extensions. Scale bar - 50 μm. (e) Microfluidic device used to 

study murine sympathetic innervation of the cardiac tissue. The inclusion of pins allowed 

for the seeding of two separate hydrogels containing cardiomyocytes and adherent cardiac 

cells (green hydrogel) or post ganglionic SNS neurons from the superior cervical ganglion 

(red hydrogel). Adapted under the terms of the CC-BY license [27]. Adapted with permission 

from [181-184]. 

 

Furthermore, in pathological settings, microfluidic platforms were also used to study 

perineural invasion of prostate, pancreatic and BC cells as a mechanism for cancer cell 

escape and dissemination [181]. The importance of the physical separation of the neuronal 

bodies and axonal projections is further highlighted in a study by Yang and colleagues, 

showing that paclitaxel treatment leads to axonal degeneration but has no effect when 

applied to the neuronal soma [182]. In the same study, human erythropoietin applied to the 

axonal compartment showed neuroprotective effects, illustrating the suitability of 

compartmentalized microfluidics for drug screening assays [182]. 

Microfluidic modeling of sympathetic innervation of cardiac tissues has been previously 

described[184]. A mixture of murine cardiomyocytes and adherent cardiac cells was cultured 

together with post ganglionic SNS neurons from the superior cervical ganglion, and both 

axonal extension and beating rate were quantified after adrenergic stimuli [184]. Nonetheless, 

no microfluidic platforms designed to investigate the effect of sympathetic neurons on bone 

metastasis have been reported so far. Microfluidic compartmentalization and the inclusion 

of suitable 3D microenvironment could be advantageous to the development of future 

models of sympathetic control of bone metastasis. 
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Table III. In vitro microfluidic platforms addressing the study of bone cancer and innervation  

 Objective of the study Platform features Cells used Reference 

Tumor cell 

extravasation 

   
 

 

Model metastatic extravasation 

of BC cells towards different 

organs. 

Four different culture chambers in contact 

with fluidic micro-channels through a porous 

membrane. 

MCF7 or MDA-MB-231 breast cancer cells were perfused 

through channels lined with HUVEC. Migration towards 

compartments containing primary mice lung, bone marrow, 

muscle and liver cells was assessed. 

[172] 

 

Study interactions of leukemia 

and lymphoma cells with different 

populations of the bone marrow. 

Simple setup where an inlet is connected to 

four different compartments through 

microfluidic channels. 

Normal human CD34+ bone marrow cells, U937 lymphoma 

cells or MOLM13 leukemia cells were perfused through 

compartments containing human arterial, sinusoidal, 

mesenchymal and osteoblastic bone marrow populations. 

[174] 

 

Study BC cell extravasation 

towards bone mimicking 

matrices. 

Four independent gel chambers in contact 

with media channels coated with matrigel for 

endothelial cell seeding. 

Differentiated MSCs were seeded within collagen gels. 

HUVEC were seeded on the media channels to mimic blood 

vessels and MDA-MB-231 BC cells were perfused in these 

channels. 

[159] 

 

Study breast cancer cell 

extravasation towards bone 

mimicking matrices. 

One central channel in contact with two 

perfusion channels was used for hydrogel 

seeding. 

Fibrin gels containing HUVECs and MSCs were used to 

mimic bone matrix deposition and vascularization. MDA-MB-

231 BC cells were perfused through the media channels and 

extravasation towards the central compartment was 

assessed. 

[160] 

 

Assess breast cancer cell 

retention and growth on perfused 

decellularized bone matrices. 

Three parallel chambers with decelullarized 

bovine bone matrices were used, each 

connected to medium inlets and outlets. 

Decellularized bone matrices were seeded with MSCs and 

HUVECs, and later on perfused with MDA-MB-231 BC cells. 

[173] 

 

Study prostate cancer cell 

extravasation through collagen 

ECM towards osteoblast-like 

cells. 

Simple setup where cells are seeded on the 

lateral side of a cell compartment, which is 

later on filled with collagen and perfused 

with medium to create a hollow channel. 

MC3T3-E1 murine osteoblastic cell lines are seeded on the 

lateral side of the cell compartment. After filling the 

compartment with collagen, LNCaP prostate cancer cells are 

[176] 
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seeded on the hollow collagen channel and extravasation 

towards osteoblasts is assessed. 

 

Investigate the effect of 

osteocytes in BC extravasation 

into bone. 

Microfluidic platform composed of an 

osteocyte compartment connected to a 

lumen channel. Each compartment is 

amenable to fluid flow and shear stress 

stimulus. 

MLO-Y4 osteocytic cell line was seeded on the bone 

compartment, subjected or not to fluidic flow. MDA-MB-231 

BC cells were then seeded on the lumen channel coated 

with endothelial cells and the extravasation was assessed. 

[157] 

 

Identify genes associated with 

BC migration towards bone 

mimicking substrates. 

Simple device with two medium channels 

and one hydrogel channel in between. 

Differentiated human bone marrow MSCs were cultured in 

collagen hydrogels in the hydrogel channel. One of the 

medium channels was coated with HUVECs to mimic a 

blood vessel and BC MDA-MB-231 were seeded on the 

same channel as the HUVECs, after which invasion towards 

the bone mimicking hydrogel was assessed. 

[175] 

Bone tumor 

colonization 
    

 
Investigate BC colonization of 

bone mimicking matrices. 

Cell culture chamber was adapted for long 

term culture. Two different compartments, 

one cell chamber and one medium 

perfusion channel, were separated by a 

dialysis membrane to allow nutrient and 

metabolite exchange without having to 

disturb the cell chamber. 

MC3T3-E1 murine osteoblastic cell lines were cultured 

undisturbed for 30 days in the cell culture chamber, and 

deposited mineralized collagen matrices. MDA-MB-231 or 

its metastatic suppressed variant MDA-MB-231BRMS cells 

were then seeded on the mineralized matrix and proliferation 

was assessed. 

[158] 

 

Assess the effect of mineralized 

fibring hydrogels on colorectal 

and gastric cancer cellular 

processes. 

The device consists of five parallel 

chambers with microposts to better 

immobilize the hydrogels without leaking. 

SW620 colorectal and MKN74 gastric cancer cells were 

used in the study. Angiogenesis was assessed with 

HUVECs. Normal human lung fibroblasts were cultured in 

the outermost channels to promote cancer cell growth. 

[177] 

 
Study the effect of osteocyte 

paracrine signaling on breast and 

Two channels on top of one another and 

separated by a microporous membrane. 

BC MDA-MB-231 and MCF-7 and prostate cancer PC-3 and 

LNCaP cells were cultured on the top channel. Osteocyte-

[185] 
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prostate cancer proliferation and 

migration after applying shear 

stress. 

The bottom channel is smaller in height to 

increase shear stress. 

like MLO-Y4 cells were cultured on the bottom channel and 

subjected to shear stress. 

Drug screening 

platforms for 

bone cancer 

    

 

Recreate the hematopoietic 

niche to study drug induced 

hematotoxicity . 

Two different channels on top of one 

another and separated by a porous 

membrane. The top channel is the 

hematopoietic niche chamber and the 

bottom channel is the perfusion channel. 

Human CD34+ cells and BMSC were cultured in fibrin gels 

in the hematopoietic chamber. These cells were perfused 

exclusively through the perfusion channel that was lined with 

HUVEC to mimic a blood vessel. 

[178] 

 

Study the interactions of multiple 

myeloma cells with the bone 

marrow. 

Microfluidic platform with eight parallel 

culture chambers with a fiber mesh near 

each outlet to avoid flushing of the cells 

during culture. 

Human osteoblasts were cultured together with patient 

derived multiple myeloma cells in each chamber, and 

proliferation of multiple myeloma cells was investigated. 

[180] 

 

Investigate anti-tumor efficacy 

and cardiac toxicity of drugs used 

in the treatment of bone tumors 

of Ewing Sarcoma 

A modular device containing two culture 

chambers separated from one perfusion 

channel through a nylon mesh. 

Differentiated human MSCs were cultured together with 

either metastatic (SK-N-MC) or non-metastatic (RD-ES) 

Ewing Sarcoma cells in decellularized bone matrix scaffolds 

in the bone chamber. Cardiac tissue was obtained through 

a mixture of normal human dermal fibroblasts and 

differentiated human induced pluripotent stem cells in 

fibrinogen hydrogels. Differentiated cardiac tissue was 

placed in the cardiac chamber, and both chambers were 

perfused, either in isolation or in co-culture of bone and 

cardiac tissue. 

[179] 

Innervation in 

bone and in 

cancer 
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Model the interaction between 

neurons and cancer cells, 

particularly during perineural 

invasion. 

Simple device with two channels connected 

by small microgrooves to allow the passage 

of neuronal extensions. 

Hippocampal neurons, cortical neurons or DRGs were 

extracted from embryonic or postnatal rats and seeded on 

the neuronal channel. PC-3 prostate cancer, Panc-1 

pancreatic cancer and MCF-7 BC cells were cultured in the 

cancer channel. Migration of each cell type was quantified. 

[181] 

 

Investigate the mechanisms of 

paclitaxel induced axonal 

degeneration. 

Simple device with two channels connected 

by small microgrooves to allow the passage 

of neuronal extensions. 

DRGs were cultured in the neuronal channel and axonal 

extensions projected towards the opposite compartment. 

The effect of paclitaxel either on the cellular bodies or on the 

neuronal extensions was assessed. 

[182] 

 

Model the interactions between 

osteoblasts and sensory 

neurons. 

Simple device with two channels connected 

by small microgrooves to allow the passage 

of neuronal extensions. 

DRGs were cultured in the neuronal channel and axonal 

extensions were projected towards the bone compartment, 

where MC3T3-E1 osteoblasts were seeded. Neurite growth 

and synapses were observed and measured. 

[183] 

 

Investigate the effect of 

osteoblasts on different stages of 

differentiation on neurite growth. 

Simple device with two channels connected 

by small microgrooves to allow the passage 

of neuronal extensions. 

DRGs were cultured in the neuronal channel and axonal 

extensions were projected towards the bone compartment. 

Undifferentiated MSCs or osteoblasts at different stages of 

differentiation were cultured in the bone compartment and 

their effect on neuronal extension was assessed. 

[27] 

 
Study the effect of sympathetic 

stimulation on cardiac activity. 

Device with a cell culture channel with pins 

in the central part to enable the crosslink of 

two different hydrogels in the same channel. 

The bottom cell culture channel is separated 

from the top medium channel through a 

porous membrane to allow exchange of 

nutrients. 

Primary rat cardiomyocytes and adherent cardiac cells were 

seeded in GelMA hydrogels on the cell culture channel. 

Primary rat postganglionic sympathetic neurons from the 

superior cervical ganglion were seeded in GelMA hydrogels 

adjacent to the cardiac hydrogel. Axons extended towards 

the cardiac hydrogel while keeping the neuron soma in the 

neuronal hydrogel. Cardiac beat rate and innervation were 

quantified. 

[184] 
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1.5. Thesis outline and objectives 

Sympathetic hyperactivity has been implicated in the progression of several types of 

cancer, including prostate and BC[58, 61]. These cancers mostly metastasize to bone, and 

SNS signaling, in particular through β2-AR activation, was shown to exacerbate skeletal 

deterioration in multiple models of BC metastasis[58, 127, 128]. Together with clinical 

observations that correlate beta-blocker treatment with improved BC survival[57, 143], 

these data point to a potential therapeutic benefit of SNS targeting in the treatment of 

BC metastasis.  

Nevertheless, our understanding of the interactions governing SNS control BC bone 

metastasis and the bi-directional crosstalk between cancer cells and the bone niche is 

still incomplete. Other epidemiologic studies have shown no correlations between beta-

blocker intake and BC survival and recurrence[137, 149], and thus the benefit of beta-

blockers remains controversial. In vitro modeling of the bone metastatic niche is 

particularly difficult due to the complex interactions taking place between BC cells and 

bone cells. Organ-on-a-chip devices have been used to study BC extravasation and 

proliferation in the bone, however, to our knowledge, no organ-on-a-chip model of 

sympathetic control of BC bone metastasis has been developed so far. In addition, 

several questions require clarification before translation of pre-clinical evidence into 

clinical benefits: how does the SNS impact BC cellular processes in the context of bone 

metastasis? How does the crosstalk between human bone cells and BC cells changes 

under sympathetic activation? Does the cellular communication under sympathetic 

signaling changes during BC progression? Are the factors involved in the modulation of 

the bone niche different in primary versus metastatic BC?  

 

In this work, we attempted to answer some of these questions by employing different 

approaches ranging from microfluidic modeling, cellular and molecular biology, 

proteomic screening and computational algorithms. We studied the interaction between 

BC cells and bone cells under sympathetic activation using two different approaches: 

 

I. Development of an organ-on-a-chip platform to study the effect of synergistic 

crosstalk of osteoclasts and sympathetic neurons on the BC secretome 

(CHAPTER II) 

We designed, fabricated and validated a novel organ-on-a-chip model that aimed to 

investigate the mechanisms involved in the bi-directional and synergistic communication 

between distinct cellular players. By taking advantage of cell compartmentalization and 

manipulation of the direction of communication with pressure actuated Quake valves, we 
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facilitated the identification of secreted factors involved in intercellular crosstalk while 

preventing direct cell-cell interactions. In particular, our organ-on-a-chip platform was 

used to analyze the soluble mediators implicated in the crosstalk between human 

sympathetic neurons, osteoclasts and bone metastatic BC cells, mimicking the 

interactions that take place at the BC bone metastatic niche. 

 

II. In vitro pharmacological β2-AR activation and its effect on the BC modulation of 

the bone niche in different stages of disease progression (CHAPTER III) 

Through a combination of clinical data, proteomic profiling and functional studies with 

human primary cells, we investigated the effect of sympathetic control of BC cellular 

processes in the context of bone metastasis. We evaluated the status of circulating 

epinephrine in a cohort of primary and metastatic BC patients. In addition, we assessed 

how β2-AR signaling affects the crosstalk between BC cells and osteoclasts/osteoblasts, 

comparing the effect of parental and metastatic variants of BC on bone degradation.  
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2.1. Fabrication of microfluidic templates for organ-on-a-chip 

models 

 

Microfluidic platforms have emerged as alternative tools for standard in vitro modeling of 

physiological or pathological conditions, being able to more accurately mimic 

characteristic features of the in vivo microenvironment. Most microfluidic models are 

produced by casting polydimethylsiloxane (PDMS), a transparent and biocompatible 

polymer, on templates with a wide range of configurations and functions. Templates for 

PDMS casting are usually manufactured by photolithography processes where a 

photoresist is irradiated with ultra-violet (UV) light through a specially designed mask. 

The non-irradiated sections of the photoresist are subsequently etched out, resulting in 

a master mold that retains the desired features and is suitable for PDMS casting. 

However, although standard photolithography methods allow for high resolution features 

at the low micrometer range, they are expensive and time-consuming and require access 

to clean room facilities and highly skilled personnel. 

Alternatives to photolithography have been proposed to counteract some of these 

limitations. Subtractive methods such as micromilling of poly methyl methacrylate 

(PMMA) and aluminum templates [1, 2] or laser-writing of glass surfaces [3] generate 

prototype molds in a fast and cost-effective fashion. Similarly, additive manufacturing 

processes such as thermoplastic extrusion [4] and stereolithography printing [5] are able 

to quickly produce prototype molds using cheap materials, and generate complex 

structures with varying height profiles in a single printing step. However, these 

methodologies display lower resolution than photolithography and generate rougher 

surfaces that could affect PDMS casting and binding. Furthermore, photo-initiators used 

for cross-linking of stereolithography resins can interfere with the curing process of 

PDMS [6]. 

Although all mold manufacturing methods for PDMS casting present advantages and 

limitations, the potential of stereolithography 3D printing to generate prototypes with 

adequate resolution for in vitro microfluidic models is appealing. The high design freedom 

characteristic of 3D printing applications coupled with the low cost and expertise required 

to operate these tools facilitates the implementation of new microfluidic platforms. Thus, 

by taking advantage of the versatility of stereolitography tools, developed a new 

microfluidic platform that aimed to: 

- Study the dynamic interplay between bone tropic breast cancer cells, sympathetic 

neurons and osteoclasts seeded on bone matrices, while compartmentalizing each 

different cell type and focusing on communication by secreted paracrine factors. 
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- Proactively modulate the communication routes between the different cell 

compartments to explore indirect mechanisms of intercellular crosstalk. 
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2.2. Metastasis-on-a-chip microfluidic model of sympathetic 

modulation of breast cancer bone metastasis 
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Abstract 

Organ-on-a-chip models have emerged as a powerful tool to model cancer metastasis 

and to decipher specific crosstalk between cancer cells and relevant regulators of this 

particular niche. Recently, the sympathetic nervous system (SNS) was proposed as an 

important modulator of breast cancer bone metastasis. However, epidemiological 

studies concerning the benefits of the SNS targeting drugs on breast cancer survival and 

recurrence remain controversial. Thus, the role of SNS signaling over bone metastatic 

cancer cellular processes still requires further clarification. Herein, we present a novel 

humanized organ-on-a-chip model recapitulating neuro-breast cancer crosstalk in a 

bone metastatic context. We developed and validated an innovative three-dimensional 

printing based multi-compartment microfluidic platform, allowing both selective and 

dynamic multicellular paracrine signaling between sympathetic neurons, bone tropic 

breast cancer cells and osteoclasts. The selective multicellular crosstalk in combination 

with biochemical, microscopic and proteomic profiling show that synergistic paracrine 

signaling from sympathetic neurons and osteoclasts increase breast cancer 

aggressiveness demonstrated by augmented levels of pro-inflammatory cytokines (e.g. 

interleukin-6 and macrophage inflammatory protein 1α). Overall, this work introduced a 

novel and versatile platform that could potentially be used to unravel new mechanisms 

involved in intracellular communication at the bone metastatic niche. 

 

Keywords: Metastasis-on-a-chip, Breast Cancer, Bone Metastasis, Sympathetic 

Nervous System, Paracrine 
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2.2.1. Introduction 

Breast cancer bone metastasis is an complex process that encompasses cell 

extravasation from the circulatory system into the bone, engraftment on a suitable niche, 

escape from dormancy, proliferation and uncoupling of the bone remodeling to fuel tumor 

growth [7]. Bone is the most common site of metastasis in breast cancer. Within the bone, 

breast cancer cells over-activate bone resorbing osteoclasts and shift the physiological 

balance in bone remodeling towards increased bone destruction. This leads to severe 

skeletal complications, such as bone pain, hypercalcemia and bone fractures [7]. The 

elucidation of the cellular and molecular mechanisms by which breast cancer cells 

engraft and proliferate in the bone niche is, therefore, of crucial importance to improve 

the available therapeutic options. However, several barriers still hamper the study of the 

metastatic bone niche. In vivo models, which are able to recapitulate the complexity of 

the human disease, are limited and of difficult execution, whereas the dissection of 

specific signaling pathways involved in bone metastasis progression is extremely 

complex. Furthermore, high mortality rates and pain associated with the in vivo modelling 

of this specific disease inherently raises ethical constraints that limit the use of animal 

models. On the other hand, classical in vitro models are simplistic and do not replicate 

the native features of the bone microenvironment. 

Microfluidic tools have emerged in the past decade as an alternative to conventional in 

vitro and in vivo models, since these combine three dimensional (3D) matrices with 

human cells while allowing a fine control over spatial and temporal parameters of culture 

[8]. In addition, fluidic connection of different cell compartments as well as the control of 

flow and shear facilitates more physiologically relevant modelling [9]. Microfluidic 

platforms have in the past been already used as models for bone cancer processes 

including: i) selective tropism of myeloma and breast cancer cells towards bone cells [8, 

10]; ii) extravasation of breast cancer cells from circulation into extracellular matrix (ECM) 

structures based on collagen or fibrin [11-14]; iii) colorectal, myeloma and breast cancer 

cell engraftment and proliferation in mineralized matrices [15-18]; iv) cancer drug screening 

and toxicity assessment [9, 19]. Thus, microfluidic technology can tackle constraints 

associated to standard in vitro tools in the study of the crosstalk occurring during breast 

cancer bone metastasis, and thus improve our knowledge on the signaling pathways 

governing the metastatic process.  

Despite the numerous advantages of metastasis-on-a-chip in vitro tools, the typical 

photolithography processes used in their fabrication require expensive infrastructure and 

highly skilled personnel. 3D printing is becoming a viable alternative for microfluidic 

fabrication since it combines accessibility of standard benchtop 3D printers and a high 
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degree of design freedom which is not trivial to achieve via photolithography [20]. 

Furthermore, advances in printer technology have improved surface roughness of 3D 

printed template molds, to the point that the resulting prototypes become compatible with 

plasma sealing procedures [5]. 3D printing is also suited for valve fabrication, which allows 

the control of flow resistance and diffusion through the different fluidic compartments [21]. 

The sympathetic nervous system (SNS) was brought to light as a potential therapeutic 

target for the treatment of breast cancer due to several findings in pre-clinical and 

epidemiologic studies [22-24], which correlated sympathetic hyperactivity and poor patient 

prognosis. However, the beneficial effect of SNS targeting drugs on the treatment of 

breast cancer remains controversial, since other reports failed to replicate such 

correlations [25, 26]. It is well established that the SNS acts on multiple cellular targets 

throughout the body, mainly via the release of norepinephrine (NE) by sympathetic nerve 

endings and through systemic release of epinephrine into circulation. Functional studies 

demonstrated that the sympathetic stimulus is able to increase breast cancer circulating 

tumor cell retention and extravasation to the bone [27]. Nonetheless, dissection of 

sympathetic signaling in the context of human breast cancer bone metastasis was not 

yet reported and the mechanisms governing breast cancer cell response to sympathetic 

input within the bone microenvironment are still poorly understood. 

As stated above, microfluidic tools offer multiple advantages regarding standard in vitro 

models such as compartmentalization and fine tuning of culture parameters. We have 

previously established models of neuronal/non-neuronal cellular communication in 

compartmentalized microfluidic devices to address sensory innervation in the bone 

microenvironment [28, 29]. However, to date there are no microfluidic models described for 

the study of sympathetic stimuli on the breast cancer bone metastatic niche. 

In this study, we have designed and prototyped a new 3D printing based metastasis-on-

a-chip platform to reproduce the effect of sympathetic activation on the dynamic crosstalk 

that occurs between breast cancer cells and bone cells in a fully humanized model. Our 

platform combines three different human cell types: 1) a bone tropic breast cancer cell 

variant, 2) sympathetic neurons and 3) human peripheral blood derived osteoclasts 

seeded on top of a bone matrix. The microfluidic platform was specially designed to 

physically separate the cells into different compartments to facilitate the identification of 

secreted factors involved in intercellular communication while preventing direct cell-cell 

interactions. Furthermore, inclusion of fluidic flow between different compartments allow 

a unidirectional communication from one compartment to the remaining ones. Our 

metastasis-on-a-chip platform is based on static diffusion in order to facilitate 

bidirectional communication between each compartment. Additionally, our platform also 

allows the manipulation of communication between the different compartments through 
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the use of incorporated pressure actuating valves. We were able to successfully optimize 

the culture of each cell type and demonstrated that the dynamic interaction between 

neurons, breast cancer cells and osteoclasts translates into an increased pro-

inflammatory phenotype. In addition, manipulation of the communication between 

compartments allowed us to show that direct neuronal stimulation of osteoclasts is not 

required to observe inflammatory cytokine upregulation. Based on these results, we 

believe that our versatile platform can be a potential tool for fundamental research on 

multiple research topics. The use of widely accessible 3D printing technology further 

highlights the adaptability of our metastasis-on-a-chip platform. 

2.2.2. Materials and Methods 

2.2.2.1. Fabrication and assembly of the metastasis-on-a-chip platform 

Each microfluidic component was made out of poly-dimethylsiloxane (PDMS, Sylgard 

184, Dow Corning) using specially designed 3D printed molds. Molds were designed 

using SolidWorks (Dassault Systèmes) and 3D printed in a Form 3 printer (Formlabs) 

with a Grey V4 resin (Formlabs). These molds were post-processed by two rounds of 

immersion in isopropanol for 15 min to remove uncured resin, followed by air-drying and 

a heat treatment of 3 h at 60o C. PDMS was then cast into the mold with a 10:1 (w/w) 

ratio of base and curing agent and thermally cured for 1 h 30 min at 60oC. Each PDMS 

slab was separated from the mold and cleaned with residue-free tape until plasma 

treatment.  

The microfluidic platform was designed for single use and is composed of three different 

structural parts bonded together: a top slab containing patterned cell compartments and 

diffusion channels, a bottom slab containing valve structures and a simple membrane in 

between. Top slabs have three equidistant compartments 6mm in diameter for cell 

culturing (each with two medium inlets) which are interconnected through 4.5mm long 

semi-circular channels 300µm wide and 150µm high. The bone and cancer compartment 

are 1.2mm deep to accommodate the bone slice (400µm thick) and the spheroid, while 

the Neuronal compartment is 600µm deep. 

PDMS membranes were produced by spin coating 1.6 mL PDMS at a 10:1 (w/w) ratio of 

base and curing agent on top of a perfluorodecyltrichlorosilane coated silicon wafer (10 

cm diameter) with an initial spinning step at 500 rpm for 15 s and 100 rpm/s acceleration, 

followed by a second step at 1500 rpm for 75 s and 1000 rpm/s acceleration. The 

membranes were then thermally cured for 1 h 30 min at 60oC. 

Metastasis-on-a-chip platform assembly was achieved by covalent bonding of the 

different components. The membrane and cell compartment slab were first covalently 

bound together through oxygen plasma treatment for 1min on a Zepto Plasma Cleaner 
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(Diener Electronic). The membrane was then cut along the contour of the PDMS slab 

using a scalpel and lifted from the silicon wafer. Medium inlets and pressure inlets were 

then punched out of the bonded membrane and the cell compartment slab using a 1 mm 

biopsy puncher (Kai Medical). The resulting structures were then bonded to the valve 

structure slab by oxygen plasma treatment as described previously. Right after treatment 

and before bonding, bovine bone slices (boneslices.com, Denmark) were placed in the 

bone cell compartment. Both slabs were then bonded together. Each microfluidic unit 

was sterilized with 70% ethanol, washed thrice with phosphate buffered saline (PBS) 

and equilibrated in complete medium. Neuronal compartments were incubated in a 

solution of 5 µg/mL laminin (Sigma-Aldrich) in DMEM/F12 medium (Gibco) with 10% FBS 

and 1% penicillin/streptomycin (Pen/Strep, Gibco) (DMEM/F12 complete medium) for 2 

h at 37oC. Compartments were washed twice with DMEM/F12 complete medium and 

kept at 37oC until cell seeding. 

2.2.2.2. Osteoclast isolation 

Human CD14+ monocytes were isolated from buffy coats of healthy female blood donors 

as previously described [30]. Briefly, Peripheral Blood Mononuclear Cells (PBMCs) were 

separated using gradient centrifugation in Ficoll-Paque Plus (GE Healthcare). PBMCs 

were then ressuspended in 0.5% Biotin-free Bovine Serum Albumin (BSA, Sigma-

Aldrich) and 2mM EDTA in PBS, incubated in BD IMagTM anti-human CD14 magnetic 

particles (BD-Biosciences) and magnetically separated according to manufacturer's 

instructions. CD14+ cells were seeded in T75 flasks in α-MEM (Gibco) supplemented 

with 10% FBS, 1% Pen/Strep and 25 ng/mL of recombinant human macrophage colony 

stimulating factor (rhM-CSF, R&D Systems) at 5% CO2 at 37oC in a humidified incubator 

for 2 days. Cells were then differentiated into mature osteoclasts by supplementing the 

medium with 25ng/mL M-CSF and receptor activator of NF-κB ligand (RANKL, R&D 

Systems) for further 7 days of culture, changing medium twice. 

2.2.2.3. Breast Cancer cell spheroids 

MDA-MB-231-BoM 1833 human breast carcinoma cell line (MDA-1833 henceforth), a 

bone tropic variant of the MDA-MB-231 cell line, was obtained from Dr. J. Massagué 

(Memorial Sloan-Kettering Cancer Center, New York). MDA-1833 cells were expanded 

in DMEM High Glucose (Gibco) with 10% FBS and 1% Pen/Strep (DMEM complete 

medium) at 37oC and 5% CO2 in a humidified incubator, changing medium twice a week 

until reaching 80% confluence. Cells were then trypsinized (0.25% w/v trypsin, 0.1% w/v 

glucose and 0.05% EDTA in PBS, Life Technologies), seeded at a density of 10 000 

cells per well on round bottom ultra-low adhesion 96-well plates (Corning) and incubated 
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for 4 days in DMEM complete medium with 2.5% Matrigel Basement Membrane Matrix 

(Corning) to induce formation of cell spheroids. 

2.2.2.4. Neuronal-like cell differentiation 

SH-SY5Y (ATCC) cells were used as a model of human sympathetic neurons since 

these cells were previously reported to be able to produce NE [31]. SH-SY5Y cells were 

expanded in DMEM/F12 Complete medium at 37oC and 5% CO2 in a humidified 

incubator, changing medium twice a week until reaching 80% confluence. Cells were 

then trypsinized and 20 000 cells were seeded in the laminin coated neuronal 

compartments and incubated at 37oC overnight. Differentiation was induced by Opti-

MEM medium (Gibco) supplemented with 0.5% FBS, 1% Pen/Strep and 0.1 µM Retinoic 

Acid over the course of one week, changing medium every day. 

2.2.2.5. Metastasis-on-a-chip Cell Seeding 

Microfluidic experiments were set up during the course of 10 days. In order to isolate 

compartments before cell seeding and ensure full physical separation of the different cell 

types, compartments were sealed off by closing the valves with a pressure of 600 mbar 

using a FlowEZ 2000 mbar pressure controller module (Fluigent). SH-SY5Y cells were 

seeded on the neuronal compartment as previously described and differentiated for 7 

days with the valves open. At day 7, medium from the bone compartment was changed 

for α-MEM supplemented with 0.5% FBS, 1% Pen/Strep and 25 ng/mL rhM-CSF 

(Osteoclast Medium) and the medium from the cancer compartment was changed for 

DMEM High Glucose supplemented with 0.5% FBS and 1% Pen/Strep. Differentiated 

osteoclasts were then detached with Accutase (Gibco) for 10 min at 37oC, centrifuged 

and seeded on the bone slice at a density of 75 000 cells in Osteoclast Medium, being 

left to adhere for 4 h. MDA-1833 individual cell spheroids were transferred to the cancer 

compartment, one spheroid per microfluidic device, and the platform was incubated at 

37oC for 3 days to allow bone resorption to occur. When required, valves were closed 

with a pressure of 600 mbar throughout the experiment. The bone compartment was 

supplemented with fresh 50 ng/mL rhM-CSF and rh-RANKL daily. After 3 days, 

experiments were ended and conditioned medium was collected from each compartment 

while keeping the valves closed. In addition, one replicate from each condition was used 

for immunocytochemistry: medium was removed and the compartments were washed 

with PBS twice before immunocytochemistry. 

2.2.2.6. Immunocytochemistry 

Cells in the microfluidic platform were fixed in 4% paraformaldehyde for 10 min at RT 

followed by 3 steps of washing with PBS and blockage of unspecific staining in a blocking 
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solution of 5% FBS, 5% Horse Serum (Invitrogen) and 0,25% Triton X-100 (Sigma-

Aldrich) in PBS for 1 h at 37oC. Samples were then incubated with primary antibodies 

overnight at 4oC (mice anti-βIII Tubulin 1:2000 [Promega]; rabbit anti-TH 1:100 [Merck]; 

mouse anti-CATK 1:100 [Santa Cruz Biotechnology]; rabbit anti-CD49f [Sigma-Aldrich]). 

After incubation, samples were washed thrice with PBS and labelled with secondary 

antibodies accordingly (Invitrogen, 1:1000 dilution) together Flash Phalloidin™ 

(Biolegend) for actin staining, for 1h at RT. Finally, cells were washed thrice with PBS 

and counterstained with DAPI (1:1000 dilution), washed again to remove excess DAPI 

and kept at 4oC until imaging. Images were acquired in a Leica SP5 confocal microscope 

at a resolution of 1024x1024 pixels and z-step of 5 µm. Brightness was adjusted for 

better visualization and z-projections as well as artificial cell coloring were performed 

using ImageJ. 

2.2.2.7. Flow Cytometry 

MDA-1833 cell spheroids were removed from the metastasis-on-a-chip platform and 

dissociated with Accutase at 37oC for 20 min in a microtube, pipetting up and down every 

5 min. At least 10 spheroids were pooled for each condition in one independent 

experiment. A commercial kit for Annexin V-APC staining (BD Pharmigen) was used 

according to manufacturer’s instructions, but only using 1 µL of Annexin V and 3 µL 

Propidium Iodide. Immunostaining was performed in 1X Binding Buffer and quantified 

using a FACS CANTO II (BD Immunocytometry Systems) and FlowJo™ software (BD). 

2.2.2.8. Enzyme-linked immunosorbent assays (ELISA) 

Conditioned medium was collected from each compartment by closing the respective 

valves and aspirating the medium. Conditioned medium was centrifuged at 4oC at 400g 

for 5 min to remove cellular debris, transferred to a new microtube and frozen at -80oC 

until quantification. NE was quantified by ELISA (Abnova) from conditioned medium 

collected and pooled from SH-SY5Y monoculture controls from three independent 

experiments. Quantification was performed according to manufacturer’s indications, but 

300 µL of conditioned medium was used in each replicate and a 1 ng/mL standard was 

added so that our samples would fit in the calibration curve. Protein levels of each sample 

were quantified using the DC Protein Assay (Bio-Rad) according to the manufacturer’s 

instructions and were used to normalize differences between conditions.  

The levels of interleukin 11 (IL-11) was quantified by ELISA (R&D Systems) from breast 

cancer and bone compartments of the metastasis-on-a-chip platform according to 

manufacturer’s indications. Medium was diluted 10x before quantification to fit the 
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calibration curve and samples were normalized using the total protein levels as 

mentioned above. 

The levels of interleukin 6 (IL-6) and macrophage inflammatory protein 1α (MIP-1α) were 

similarly quantified by ELISA (Sigma-Aldrich) from the breast cancer compartments of 

the microfluidics (unless otherwise stated) according to manufacturer’s instructions. 

Medium was diluted 90x before quantification to fit the calibration curve and samples 

were normalized using the total protein levels. 

2.2.2.9. Quantification of bone resorption 

Osteoclast resorption events were stained with toluidine blue (Sigma-Aldrich). The entire 

bone surface was analysed using a G50 100 graticule (Pyser Optics) installed on the 

ocular of an BH-2 optical microscope (Olympus) as previously described [32]. The total 

number of events present throughout the bone surface were counted using the graticule 

as a frame (using a total of 16-17 graticules per bone slice).  Individual resorption events 

were divided in two resorption types, pits and trenches. Pits are single, circular 

excavations with well-defined edges while trenches are elongated and continuous 

grooves with a length/width ratio equal or greater than two [33]. The percentage of 

trenches per total events was used to compare individual experiments independently of 

eroded surface variations. Samples were blinded before eroded surface quantification 

by one researcher. 

2.2.2.10. Proteomic Analysis 

Conditioned medium from four MDA-1833 spheroids cultured either on the metastasis-

on-a-chip platform or in 96 well-plates was pooled and centrifuged at 300 g for 5 min to 

pellet cellular debris. Conditioned media was then transferred to micro tubes and protein 

concentration was measured as described above. 50 µg of protein from each condition 

was processed using the solid-phase-enhanced-sample-preparation (SP3) protocol, as 

previously described [34], followed by enzymatic digestion overnight with trypsin/LysC (2 

micrograms) at 37oC and 1000 rpm. 

Protein identification was carried out by nano Liquid Chromatography coupled with Mass 

Spectrometry (LC-MS/MS) and data was analysed with Proteome Discoverer software 

(Thermo Scientific) as described by Osório et al [35]. The ratio between the protein 

abundances in the conditioned medium from microfluidic and well plates was used to 

compare between both conditions. 

2.2.2.11. Protein Array 

After tri-culture in the microfluidic platform, cancer compartment conditioned medium 

from three independent experiments was pooled and screened for proteins involved in 
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bone metabolism using the G-Series Human Bone Metabolism Array 1000 (RayBiotech) 

according to manufacturer’s instructions. Briefly, the arrays were blocked for 30 min and 

incubated with 100 µL of sample overnight at 4oC, followed by incubation with 

biotinylated antibody cocktail for 4 h at room temperature. The slides were then 

incubated with Cy3 conjugated streptavidin for 1 h in the dark at room temperature. After 

washing steps, droplets were removed using a compressed argon stream. Slides were 

sent to the supplier to be imaged (Tebu-Bio). Array data was analysed using the 

Spotxel® software (Version 2.2.2, SICASYS Software GmbH) and the GAL file supplied 

by the manufacturer. After alignment with the GAL file, data was extracted using the 

original image without changes in intensity values. Quantification of the intensity values 

was performed by Flex-Spot Detection method and with noise filtering and local 

background correction method. Extracted intensity values were then analyzed using the 

Excel analysis tool supplied by the manufacturer. After intra-assay normalization, 

intensity values were normalized for protein content, values for the culture medium alone 

were subtracted to each sample and fold-changes relative to controls were calculated. 

2.2.2.12. Statistics 

All experiments were performed at least three times. One-way ANOVA test followed by 

Holm-Sidák’s multiple comparison test was used to assess statistical significance 

between conditions. When two conditions were being compared, nonparametric Mann-

Whitney tests were used. Differences between groups were considered significant when 

*p<0.05, **p<0.01, ***p<0.001. Data analysis was performed using GraphPad Prism 

software v.9.1.0 for Windows (GraphPad Software). 

2.2.3. Results 

2.2.3.1. Bone metastasis-on-a-chip design 

The aim of this study was to establish a model that would allow us to clarify how breast 

cancer cells respond to sympathetic stimuli in a bone metastatic context, specifically 

focusing on the contribution of cell-secreted factors. In order to achieve this, the 

versatility of microfluidic platforms was appealing, since these would allow study of 

complex interactions between cancer cells and other significant cell components in the 

metastatic process, in a fully humanized system. Instead of using standard 

photolithography for the production of microfluidic devices, we took advantage of 3D 

printing to be able to quickly prototype our molds in a cost-effective fashion, while 

maintaining an adequate resolution (smallest feature of the mold is 150µm while the 

minimum laser spot size of the 3D printer is 85µm).  
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Our microfluidic chip was designed to compartmentalize three different cell types with no 

direct cell-cell contact but still allow diffusion dependent chemical communication 

between compartments (Figure 1a, b). Importantly, we are able to dictate the direction 

of communication between compartments by using Quake valves incorporated in the 

metastasis-on-a-chip design. This microfluidic chip is composed of three different 

structural parts bonded together: a top slab containing patterned cell compartments and 

diffusion channels, a bottom slab containing valve structures and a simple membrane in 

between (Figure 1c).  

The ability to close the diffusion channels is an important feature both for cell seeding 

and to explore indirect routes of communication between different compartments. With 

that in mind, valve structures 500µm wide and 1mm long were included in the center of 

the diffusion channels to block the communication between compartments when desired 

(Figure 1d). Three Quake valves were included on our microfluidic platform, one on each 

diffusion channel. Pressure applied on each valve channel will push the flexible 40µm 

thick PDMS membrane located between the main PDMS slabs, closing the diffusion 

channels (Figure 1e, f). To test the valves, the diffusion channels were filled with 

Toluidine Blue dye and a pressure of 600mbar was applied to the valve channel. 

Micrographs of the valve section show that there was no dye in the diffusion channel 

when the valves were in a closed state (Figure 1f, right) while dye was observed in the 

diffusion channel when the valves where in an open state (Figure 1f, left). Similarly, 5kDa 

fluorescent-labelled Dextran was not able to diffuse through a closed valve, further 

validating their functionality (Figure S1). Furthermore, no diffusion was observed from 

one compartment to the other when all the valves were closed after three days of 

incubation, which was a relevant timeframe for our cell culture setup (Figure S1). The 

closure of the valves was reversible (Supplementary movie 1) and the valves maintained 

their function over 20 cycles of opening and closure without rupturing (data not shown). 

As already mentioned, current in vitro models fail to replicate the three-dimensional 

features of in vivo bone, which has profound biological and biomechanical implications 

in osteoclast biology. To circumvent that limitation, mineralized bone ECM preserving 

the structural and biological cues of in vivo bone were included in our model. 

Furthermore, to hamper the migration of osteoclasts and breast cancer cells from each 

respective compartment, a spatial offset between the bone and cancer compartment 

floor and the diffusion channels was incorporated in the design (Figure 1d, right panel). 

This was not the case for the neuronal compartment to allow neuronal cells to elongate 

their axonal extensions into the diffusion channels and maximize the dissemination of 

neuronal factors to the other compartments.  
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Figure 1. Concept and design of a novel microfluidic platform with three interconnected 

culture chambers. (a) Schematic representation of the microfluidic platform and (b) 

photograph of an assembled microfluidic colored with food dyes. (c) Exploded view of 

the three components of the microfluidic platform. (d) Top (left) and side (right) view of 

the microfluidic platform. (e) Schematic view of a functioning valve. When pressure is 

applied in the valve channel, the flexible PDMS membrane occludes the diffusion 

channel, blocking the communication between compartments. (f) Valve segment z-

projection of an open valve (left) or closed valve (right) after applying a 600mbar pressure 

on the valve channel. The microfluidic compartments were filled with toluidine blue dye 

and a 250μm stack was obtained on a confocal microscope. An XZ orthogonal view is 
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also shown below each respective image (corresponding to the dashed line). Scale bar 

200μm. 

 

2.2.3.2. Cancer Compartment: 3D culture and proteomic analysis 

To form bone metastasis, disseminated breast cancer cells acquire a specific set of 

characteristics that are distinct from the primary tumor [36]. Accordingly, bone tropic breast 

cancer cell (MDA-1833) spheroids were used as a model of breast cancer cells that are 

more prone to establish metastasis in the bone, which have been previously 

characterized [36] and are shown to be biologically relevant for the study of bone 

metastasis. In addition, breast cancer spheroids are commonly used to replicate the 3D 

features of in vivo tumors [37].  

Spheroids were introduced in the cancer compartment and cultured for 3 days inside the 

platform (Figure 2a). First, cell morphology was assessed by F-actin staining of MDA-

1833 spheroids inside the microfluidic compartment (Figure 2b). In addition, integrin α6 

(CD49f) was previously reported to be expressed in triple negative breast cancer cells 

[38] and, concordantly, positive staining for CD49f in the surface of MDA-1833 cells was 

observed (Figure 2c). Therefore, surface marker expression was maintained inside our 

platform. 

After morphological characterization of the bone tropic cells, the apoptotic profile of 

spheroids cultured inside the microfluidic was compared to spheroids grown in standard 

96-well plates. No differences regarding spheroid size were observed (Figure S2) and 

Annexin V staining showed that cell apoptosis was similar between conditions (Figure 

2d). We then investigated whether the environment in the microfluidic platform evoked 

changes in the conditioned medium of MDA-1833 cells. Breast cancer cells express a 

plethora of pro-inflammatory factors, of which interleukin (IL) 11 was previously 

implicated in breast cancer progression and bone metastasis [39]. IL-11 was therefore 

quantified and we observed a clear trend towards increased IL-11 levels inside the 

microfluidic compartment when compared to MDA-1833 cultured in standard 96-well 

plates (Figure 2e). Thus, we further hypothesized that our microfluidic platform could 

recapitulate a more aggressive breast cancer phenotype. To confirm this, the conditioned 

medium from MDA-1833 spheroids cultured inside the microfluidic platform and in normal 

96-well plates was collected and screened for the presence of proteins relevant for our 

model. The level of several matrix-associated proteins was increased in the conditioned 

medium from MDA-1833 spheroids cultured in our metastasis-on-a-chip platform, 

namely connective tissue growth factor (CTGF) and matrix metalloproteinase 1 (MMP1), 

which were already described to promote breast cancer progression in the bone niche 
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(Figure 2f) [36, 40-42]. Additionally, multiple proteins previously reported to be involved in 

bone metabolism were shown to be more abundant when MDA-1833 spheroids were 

cultured inside the microfluidic platform when compared to 96-well plates, such as latent 

transforming growth factor-β (TGF-β) binding protein 1 (LTBP1) and Dickkopf-1 (DKK1) 

(Figure 2f).  

 

   

Figure 2. Breast Cancer compartment optimization. (a) Schematic representation of the 

breast cancer compartment. (b) Micrograph of a MDA-1833 cell spheroid cultured for 3 

days on the microfluidic platform. Blue - DAPI. Red - F-actin. Scale bar - 200μm. (c) 

Expression of CD49f on MDA-1833 cells. DAPI (blue), F-Actin (red) and CD49f (green). 

Scale bar - 200μm. Inset single channel images are shown on the right DAPI (blue, top), 

F-Actin (red, mid) and CD49f (green, bottom). Inset scale bar - 50μm. (d) Annexin V 

quantification by flow cytometry of breast cancer spheroids cultured inside the 

microfluidic platform (left) or in standard well plates. Ten spheroids were pooled together 
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for the analysis. (e) IL-11 quantification in conditioned media from MDA-1833 spheroids 

cultured in the microfluidic platform or in well plates. Data is expressed as median of 

individual data points from 3 independent experiments and was normalized to the total 

protein content (Mann-Whitney test, p=0.1000). (f) Proteomic screening of the 

conditioned media from MDA-1833 spheroids cultured in the microfluidic or in standard 

well plates. Data is represented as the logarithm of base 10 of the ratio between the 

abundance of each secreted protein within the microfluidic and well plate. 

 

2.2.3.3. Sympathetic Neuronal Compartment: Cell differentiation and 

catecholamine release 

Sources for human sympathetic neurons for in vitro culture are scarce. Sympathetic 

neurons were previously obtained from human Pluripotent Stem Cells (hPSCs), however 

protocols for differentiation are inefficient and of difficult execution [43]. Nonetheless, 

neuroblastoma cell lines have been reported to produce NE [44], which is the main 

sympathetic neurotransmitter. In order to model the sympathetic nervous system 

contribution to bone metastasis, SH-SY5Y neuron-like cells were included in the 

microfluidic platform (Figure 3a). The neuronal compartment was coated with laminin 

and SH-SY5Y cells were allowed to differentiate for 7 days under retinoic acid 

stimulation, after which they presented long axonal extensions (Figure 3b). Tyrosine 

hydroxylase (TH) is the rate limiting enzyme in the NE synthesis cascade and commonly 

expressed in sympathetic neurons. TH expression was verified in SH-SY5Y cells 

cultured in the microfluidic platform, confirming that SH-SY5Y cells maintain a 

sympathetic phenotype when cultured in our metastasis-on-a-chip platform (Figure 3c). 

Since NE secretion would be the main contributor to our metastatic model, NE was 

subsequently quantified in the conditioned medium of the neuronal compartment (Figure 

3d). NE was detected in a nanomolar concentration range, a concentration sufficient for 

adrenergic receptor stimulation [45].  No significant differences were observed between 

SH-SY5Y cells cultured in the microfluidic platform and the 96-well plate regarding NE 

production, validating the assumption that sympathetic input is maintained in our 

platform. 
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Figure 3. Neuron-like cell compartment optimization. (a) Schematic representation of the 

neuron-like cell compartment. (b) Micrograph of SH-SY5Y cells cultured for 7 days inside 

the microfluidic compartment. Several neuronal extensions are highlighted in white 

arrows. Blue - DAPI; Cyan - βIII Tubulin. Scale bar 100μm. (c) Expression of the 

sympathetic marker TH in SH-SY5Y cultured in the microfluidic platform. Single channel 

images are showed on the right. Blue (Top) - DAPI; Cyan (Mid) - βIII Tubulin; Red 

(Bottom) - TH. Scale bar - 100μm. (d) NE concentration quantification in SH-SY5Y 

conditioned medium from the microfluidic platform or in well plates. Data is expressed 

as median of individual data points from 4 independent experiments and was normalized 

to the total protein content (Mann-Whitney test, non-significant). 

 

2.2.3.4. Bone Compartment: Bone resorbing osteoclasts on mineralized ECM 

Breast cancer is usually of osteolytic nature, leading to extensive bone degradation. 

Osteoclasts, multinucleated cells that are able to resorb the bone, are therefore crucial 

players in the establishment of metastatic bone lesions. In fact, proteins released from 

the bone matrix during resorption as well as other osteoclast-secreted factors are able 

to modulate breast cancer cell behavior and also neuron activation in the bone 

microenvironment [46, 47]. Aiming to replicate these interactions, mature human 

osteoclasts were cultured on top of bone slices inside the microfluidic platform for three 

days, refreshing RANKL and M-CSF daily to ensure ample access to these cytokines 
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(Figure 4a). Characteristic features of mature osteoclasts were observed, namely large 

cytoplasm area, actin ring formation and osteoclast marker cathepsin K expression 

(Figure 4b, c). Of note, different morphologies were observed in various osteoclasts, 

namely circular actin rings (Figure 4b) or crescent-shaped actin rings (Figure 4c), which 

reflect the direction of resorption and are characteristic of different resorption modalities 

[33, 48]. Osteoclasts are inherently capable of resorbing the bone while being static or while 

moving across the surface of the bone, generating resorption pits or trenches, 

respectively (Figure 4d, e, Figure S3). Accordingly, resorption pits and trenches were 

visible on the surface of the bone slices, demonstrating that osteoclasts were not only 

morphologically differentiated but also fully functional (Figure 4d).  

 

Figure 4. Bone compartment optimization. (a) Schematic representation of the bone 

compartment. (b) Micrograph of mature, multinucleated osteoclasts on the surface of the 

bone slice. The white arrow shows an osteoclast with a circular actin ring, characteristic 

of resorption pit formation. (c) Mature osteoclasts on top of a bone slice. The white arrow 

shows an osteoclast with a crescent shaped actin ring, characteristic of a resorption 

trench formation. Single channel images are showed on the right. Blue (Top) - DAPI; 

Green (Mid) - Actin; Red (Bottom) - Cathepsin K. Scale bar - 100μm. (d) Toluidine blue 

staining of the surface of the bone slice after three days of culture. Several resorption 

events are seen throughout the bone slice. In the left inset resorption pits are visible 
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while in the right inset an example of a trench is shown. Scale bar - 200μm. (e) Schematic 

representation of osteoclast resorption activity. Osteoclasts are capable of stationary 

resorption (left) or resorption while moving through the bone surface (right), leading to 

the formation of resorption pits or trenches respectively. 

 

2.2.3.5. Non-selective crosstalk: opening communication between breast cancer-

neuron-osteoclast 

After individual characterization of each compartment, MDA-1833 cells, SH-SY5Y cells 

and osteoclasts were cultured simultaneously in the microfluidic platform (Figure 5a). To 

that end, SH-SY5Y were first seeded and differentiated with retinoic acid for 7 days, 

followed by osteoclast and MDA-1833 seeding in their respective compartments (Figure 

5b). Cells were further cultured for 3 days, refreshing RANKL and M-CSF daily in the 

bone compartment until the end of the experiment. Cell morphology of each cell type 

was confirmed by immunocytochemistry in the end of the experiment (Figure 5c). This 

was an important validation step since we were able to show that similar morphology 

and differentiation status were achieved when all cells were cultured simultaneously, 

even though each compartment encompassed different culture media that were mixed 

by diffusion during the course of the experiment. 

As stated above, the aim of this platform was to investigate how breast cancer cells 

would respond to sympathetic stimuli under osteoclast crosstalk, by focusing our study 

on breast cancer secreted factors. Since proteins described to modulate the bone 

microenvironment were detected in the conditioned media of MDA-1833 cells in the 

previous optimization step, we decided to restrict our search by using a bone metabolism 

protein array. Conditioned medium was extracted from the breast cancer compartment 

in the end of each experiment and screened for proteins that could be relevant for our 

model, e.g. IL-6 and monocyte chemoattractant protein 1 (MCP-1). After normalization 

for total protein content, the relative expression of each protein in the breast cancer 

compartment was determined (Figure 5d). Of note, when breast cancer cells were co-

cultured with osteoclasts, increased levels of IL-6, IL-8, MCP-1 and macrophage 

inflammatory protein 1α (MIP-1α) were observed in the breast cancer compartment, 

which point to an effect of osteoclasts on MDA-1833 secretome. Interestingly, the pro-

inflammatory setting was further exacerbated when SH-SY5Y cells were added to the 

model, where the levels of IL-6 and MIP-1α were further augmented (Figure 5d). Indeed, 

sympathetic stimulus has been described to increase IL-6 levels in MDA-231 breast 

cancer cells with high β-adrenergic receptor (β-AR) expression [49] and both MDA-1833 

and human osteoclasts express several ARs, being therefore responsive to sympathetic 
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stimuli (Figure S4). Based on these results, MIP-1α and IL-6 were then selected as 

potential candidate targets of sympathetic signaling in breast cancer and proceeded to 

validate the array by quantifying the expression of these cytokines by ELISA. Again, we 

observed a significant increase in MIP-1α in the cancer compartment when all cell types 

were cultured together with the valves in an open state (Figure 5e). Importantly, the 

levels of MIP-1α detected in the cancer compartment, when MDA-1833 cells were co-

cultured with either osteoclasts or neurons, did not differ from MDA-1833 monoculture. 

These results highlight the potential of our microfluidic platform to capture the synergistic 

effect of multiple cell crosstalk and the importance of a dynamic interaction between the 

three cell types. On the other hand, IL-6 levels were significantly increased in the tri-

culture condition when compared to MDA-1833 and osteoclast co-culture controls but 

were similar to MDA-1833 monoculture controls (Figure 5f). The increase in IL-6 appears 

to be due to neuronal inputs, since the addition of SH-SY5Y cells sharply increased IL-6 

production as could be seen in MDA-11833 and neuron co-culture controls. MDA-1833 

cells are the main source of IL-6 since only residual IL-6 was detected in neuronal or 

osteoclast mono-culture controls (Figure S5). Despite the augmented levels of MIP-1α 

and IL-6 pro-inflammatory mediators in the cancer compartment, these did not affect 

overall osteoclast resorption activity nor resorption mode in the bone compartment 

(Figure 5g, h). 

Taken together, our results demonstrate the importance of the dynamic communication 

between the different players in the metastatic niche and the ability of our microfluidic 

platform to capture these complex interactions. 
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Figure 5. Tri-culture assembly on the microfluidic platform. (a) Schematic representation 

of the assembled microfluidic platform. (b) Timeline of the experiment. (c) Representative 

micrographs of (i) the bone compartment, (ii) the cancer compartment and (iii) the neuron 

compartment. Scale bar – 100 μm. (d) Bone metabolism array data of conditioned 

medium from the cancer compartment. Data is represented as Mean Fluorescence 



82 
 

Intensity and normalized by total protein content. (e, f) Quantification of MIP1α and IL-6 

concentration in conditioned media from the breast cancer compartment by ELISA. Data 

is expressed as median of individual data points from 3 independent experiments and 

was normalized to the total protein content (One-way ANOVA test, *p<0.05, **p<0.01). 

(g) Quantification of resorption event number and (h) percentage of trench number 

relative to total number of events. Data is expressed as median of individual data points 

from 3 independent experiments (One-way ANOVA test, non-significant). (i) Schematical 

representation of the experimental setting. Closing the valve between the neuronal and 

bone compartment forces communication to be preferentially through the cancer 

compartment. (j) Quantification of MIP1α and (k) IL-6 concentration in conditioned media 

from the breast cancer compartment by ELISA. Data is expressed as median of 

individual data points from 3 independent experiments and was normalized to the total 

protein content (Mann-Whitney test, non-significant). 

 

2.2.3.6. Selective crosstalk: Closing communication between neurons and 

osteoclasts 

Intercellular communication on the microfluidic platform is dynamic, where each different 

cell type is able to shape the response of the other cells over the course of the 

experiment. The inclusion of valves in our platform adds an extra layer of complexity, 

allowing the manipulation of the communication by stopping the flow between two 

specific compartments. The observed increase in pro-inflammatory factors in our model 

supported by other previous reports have shown that direct sympathetic stimulus 

increases breast cancer aggressiveness [49]. Thus, we hypothesized that the blockage of 

communication between the neuron and bone compartment would not affect the 

production of pro-inflammatory cytokines in our model. Taking advantage of the Quake 

valves incorporated in our metastasis-on-a-chip model, we assembled the tri-culture 

while keeping the valve between neuron and bone compartments closed, in order to 

assess the impact of different communication routes on the production of IL-6 and MIP-

1α in the cancer compartment (Figure 5i). As hypothesized, closing the valve between 

neuronal and bone compartment did not change the levels of MIP-1α nor IL-6 (Figure 5 

j, k). These results suggest that direct communication between SH-SY5Y cells and 

osteoclasts is not required for the observed levels of IL-6 and MIP-1α levels in the breast 

cancer compartment, since limiting communication between neuron and osteoclasts did 

not change the levels of these cytokines secreted by breast cancer cells.  
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2.2.4. Discussion 

The crosstalk between the multiple components of the breast cancer bone metastatic 

niche is inherently complex. Although in vitro models provide a simplistic view of these 

intricate interactions, microfluidic systems can be used as versatile tools that are able to 

recapitulate important hallmarks of disease progression. Our work describes a new 

metastasis-on-a-chip platform designed to dissect the interplay between different cellular 

players within the breast cancer bone metastatic niche. This microfluidic platform retains 

a high degree of complexity by allowing the culture of at least three different human cell 

types simultaneously, namely bone tropic breast cancer cells, neurons and osteoclasts. 

Moreover, the physical separation of the cellular components enables a dynamic 

crosstalk between the different cell types exclusively through secreted factors, which will 

result in a cleaner readout interpretation, since direct cell-cell interactions do not occur 

in our model. 

The majority of the microfluidic platforms used in the literature are produced using soft 

lithography processes that, although allowing a high degree of spatial resolution, also 

require costly facilities and highly qualified personnel. Using affordable consumer grade 

3D printers, we were able to produce resin molds with adequate resolution and a smooth 

surface compatible with plasma cleaning bonding processes. Furthermore, the 

combination of features of different heights in the same mold facilitates rapid prototyping 

and can be translated into a design freedom that is not feasible in standard 

photolithography. For the first time, we describe a research tool that integrates human 

bone tropic breast cancer, neuron cells and osteoclasts in a single PDMS platform 

manufactured from 3D printed molds. We believe that this methodology could be 

employed in other research settings, since we used widely accessible 3D printers and 

computer aided design tools that do not require specialized training. Our platform was 

designed for the analysis of secreted factors involved in the crosstalk taking place at the 

bone metastatic niche, but compartment dimensions, channel length and cellular types 

could be prototyped and adapted to fit the needs of different biological questions.  

Bone tropic MDA-1833 breast cancer cell spheroids were chosen to mimic a breast 

cancer bone metastatic niche. Cell spheroids are widely used to model tumor niche 

interactions and present advantages regarding metabolic gradients, apoptosis and drug 

resistance profiles when compared to standard monolayer culture techniques [50, 51]. 

MDA-1833 cell spheroids were successfully introduced in the microfluidic platform and 

presented similar size and apoptosis levels as spheroids grown in normal 96 well plates. 

However, the environmental features inherent of the microfluidic compartment, such as 

lower access to nutrients and oxygen, seem to have an impact in MDA-1833 protein 
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expression. Normalized IL-11 levels were shown to be increased in the metastasis-on-

a-chip platform when compared to 96-well plates, coherent with a more pro-inflammatory 

and osteolytic phenotype. In addition, MDA-1833 cells were first described by Kang et al 

and are reported to express a myriad of other osteolytic factors [36]. Of note, we showed 

that LTBP1 is more abundant in the conditioned medium of MDA-1833 cells cultured in 

the microfluidic platform when compared to normal 96-well plates. Osteoclasts are 

capable of cleaving LTBP1, which is subsequently involved in the release of TGF-β from 

the bone matrix during bone resorption [52] and will then fuel tumor growth in the bone 

niche. Furthermore, we showed that proteins from the matrissome [53], such as MMP1 

and CTGF, were also increased in our microfluidic platform, consistent with an increased 

breast cancer aggressive behavior.  

Since solid tumors are often of hypoxic nature due to limited or aberrant oxygen supply, 

hypoxia has profound implications in breast cancer progression and it has been already 

implicated in the establishment of bone metastasis[54]. Accordingly, the topographic 

features of our microfluidic platform imply a lower medium volume in the cell 

compartments and consequently a lower access to oxygen and nutrients environment 

when compared with a standard well plate. Hypoxia is described to promote the 

expression of CTGF in MDA-MB-231 cells [55], which might explain the observed increase 

in CTGF secretion.  

Although we have focused on bone tropic breast cancer secreted peptides in our study, 

our microfluidic platform can be potentially used to analyze other secreted factors such 

as cancer-derived exosomes. Exosomes are extracellular vesicles that can deliver 

proteins, lipids and microRNAs to modulate cellular communication and have already 

been implicated in breast cancer bone metastasis and osteoclast differentiation [56]. In 

the future, this novel system can be potentially used to evaluate how sympathetic 

neuronal activation alters the secretion of exosomes by bone tropic breast cancer cells. 

In order to study breast cancer associated bone pain, the crosstalk between sensorial 

neurons and breast cancer cells with microfluidic platforms has been previously modelled 

[57]. However, to our knowledge, no previous attempts have been made to model 

sympathetic neuron - breast cancer cellular interactions in a bone metastatic context 

using microfluidic technology. The culture of murine sympathetic ganglia in microfluidic 

platforms was established to study cardiomyocyte stimulation, but human sources of 

sympathetic neurons are limited. Retinoic acid differentiated SH-SY5Y cells have been 

previously used as models of sympathetic neurons [44], since these cells are capable of 

expressing the sympathetic marker TH and produce NE. In our model, we were able to 

successfully cultivate NE-secreting human sympathetic neurons, which was fundamental 

to achieve our final goal.  
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Previous microfluidic models, where murine osteoclasts derived from RAW264.7 cells 

were co-cultured with osteocytes to unravel the effect of mechanostimulation on the 

crosstalk between these cellular players, have been also already described [58]. However, 

as far as we are aware, our work is the first to describe the culture of human osteoclasts 

in a microfluidic platform. One of the advantages of our proposed model is the addition 

of bone slices to the bone compartment. Bone slices retain important topographic and 

biochemical cues that are crucial for osteoclastic resorption activity, allowing for 

resorption activity readouts that were not yet previously seen in microfluidic devices. 

Importantly, in addition to the total extent of osteoclast resorption activity, it is possible 

to distinguish different resorption modalities in the surface of the bone slices. Variations 

in the trench content relative to the total number of events could be indicative of 

differences in collagenolysis versus demineralization rates and cathepsin K activity [59]. 

In addition, trench resorption is faster and favors bone fragility, and is associated with 

more aggressive bone degradation [30]. 

After optimization steps, microfluidic assembly of all three cell types allowed a unique 

glance at the intercellular crosstalk that occurs at the bone metastatic niche. In our 

metastasis-on-a-chip platform, we showed that bone tropic breast cancer cells received 

synergistic inputs from neurons and osteoclasts that resulted in increased levels of pro-

inflammatory cytokines. Interestingly, IL-6 and MIP-1α were already implicated in the 

progression of breast cancer bone metastasis and osteoclastogenesis [60, 61]. 

Furthermore, our results are consistent with previous studies where sympathetic stimulus 

increases IL-6 production in breast cancer [49] and melanoma cell lines in vitro [62]. On the 

other hand, osteoclast secreted factors or proteins released from the bone matrix during 

resorption were also described to promote breast cancer growth [63, 64]. As could be seen 

in MIP-1α secretion levels, we showed that dynamic communication, contrarily to 

standard conditioned medium approaches, is of vital importance to recapitulate 

interactions that could take place at the bone metastatic microenvironment. 

One of the main features of our platform is the inclusion of valves in each of the 

interconnecting channels. These valves were designed based on the Quake valve 

architecture, where pressure applied to a flexible membrane allows the closure of a 

fluidic channel [65]. Quake valves were previously used in both photolithography [66] and 

3D printing applications [21] and are a valuable tool for fluidic control. In this microfluidic 

platform, Quake valves serve two main purposes: 1) we were able to constrain each 

different cell in its respective compartment during cell seeding and 2) we could alter the 

diffusion pattern and directionality of the stimuli from one compartment to another. We 

demonstrated that by closing the communication between bone and neuron 

compartments, cytokine levels secreted by breast cancer cells did not change 
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significantly, pointing towards a negligible effect of direct neuron-osteoclast 

communication on the changes observed in the cancer compartment. Although 

epinephrine was reported to increase differentiation of human osteoclast-like cells, the 

direct effect of NE on human osteoclast activity is still unknown [67]. Future effort should 

be directed towards understanding what are the osteoclast/neuron derived factors that 

promote a breast cancer pro-inflammatory phenotype. 

Our model presents some limitations in its current form. First, we included sympathetic 

neurons and osteoclasts but the bone metastatic niche is extremely complex and 

composed of multiple cellular players [7]. We could potentially use our microfluidic 

platform to study how resident macrophages and lymphocytes, osteocytes, 

hematopoietic stem cells, fibroblasts and endothelial cells could also contribute to the 

establishment and progress of the metastatic disease. For instance, future 

improvements to this microfluidic model would include the addition of immune cells to 

the cancer compartment. Since macrophages are responsive to NE [68], it would be 

interesting to assess how they impact breast cancer bone metastasis under sympathetic 

stimulus. In addition, under sympathetic stimulation, osteoblast derived vascular 

endothelial growth factor (VEGF) and IL-1β was able to modulate endothelial cells to 

facilitate breast cancer cell extravasation from circulation into the bone marrow niche, 

both in vitro and in vivo[23, 27]. A different platform design would be required to include 

endothelial cells, though, to allow hydrogel seeding, fluidic flow and self-assembly of 

blood vessels.  

Second, several studies have shown that breast cancer cells induce osteolysis via 

osteoblast-lineage cells and not by direct osteoclast stimulation [69, 70]. Parathyroid 

hormone-related protein (PTHrP) is described to be secreted by breast cancer cells and 

to promote the production of RANKL by osteoblasts, subsequently resulting in osteoclast 

activation [70]. Furthermore, the secretome from MDA-MB-231 cells was recently 

described to modulate osteoblast mediated bone matrix deposition in vivo [71]. On the 

other hand, osteoblasts were observed in close contact with prostate and breast cancer 

cells in clinical bone metastasis biopsies, suggesting that not only secreted factors but 

also direct cell-cell contact between osteoblasts and cancer cells could be important for 

osteoclastogenesis and bone degradation [72]. The addition of primary human osteoblasts 

in the cancer compartment, mimicking the interactions that take place between tumor 

cells and cancer associated fibroblasts, could be an interesting upgrade to the 

microfluidic model in order to fully recapitulate the bone resorption promoting capacity of 

breast cancer cells.  

Third, the potential of our platform to investigate the effect of different cancer cell lines 

on the bone niche could be further explored. We focused on metastatic MDA-1833 breast 
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cancer cells to mimic the local colonization of bone, nevertheless it would be interesting 

to assess how the parental cell line MDA-MB-231 react to osteoclast secreted factors 

under sympathetic activation. Furthermore, differences in the role of distinct molecular 

subtypes of breast cancer on the bone niche, such as luminal-like or epidermal growth 

factor receptor 2 (HER2) enriched breast cancer cell lines, could be investigated in future 

studies. Finally, prostate cancer, lung cancer and multiple myeloma also display bone 

tropism[64], and thus studying the effect of sympathetic stimuli on prostate/lung or multiple 

myeloma bone metastatic niche would demonstrate the translational potential of our 

model. 

  



88 
 

Supplementary Data 

 

 

 

 

 

Figure S1. Demonstration of functioning valves. a) Valves prevent the diffusion of 

fluorescent dextran through the diffusion channels. i) Open Valves condition. FITC 

Dextran added to the neuronal compartment flowed to the remaining compartments 

when the valves were open. ii) Closed valve condition. When the valve between the 

neuronal and bone compartment was closed, FITC Dextran was not able to diffuse from 

the neuronal to the bone compartment, instead diffused only to the cancer compartment. 

Scale bar - 500μm. b) Quake valves interrupt the flow of dye between compartments. 

With the valves closed, the neuronal compartment was filled with green dye, the cancer 

compartment with orange dye and the bone compartment was filled with water. 

Microfluidics were left over the course of three days with (i) all the valves opened, (ii) the 

valve between the bone and neuronal compartments closed or (iii) all the valves closed. 

Scale bar - 1mm. 
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Figure S2. Comparison between MDA-1883 spheroids cultured in a standard well plate 

and in a microfluidic platform. (a) Immunocytochemistry micrographs of MDA-1833 

spheroids cultured inside the microfluidic platform (left) and brightfield images of 

spheroids cultured in a well plate (right). Red - F-actin; Blue - DAPI. Scale bar - 500μm. 

(b) Spheroid diameter quantification. Data is expressed as mean ± SD from 15 different 

spheroids. 
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Figure S3. Scanning electron microscopy micrographs of osteoclasts cultured on top of 

bone slices in standard well plates. Osteoclasts (white arrows) are seen resorbing the 

bone surface and different resorption patterns are visible (white asterisks): (a) resorption 

pits and (b) trenches are characteristic modes of resorption. Scale bar - 50μm. 
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Figure S4. Quantification of AR expression. (a) Osteoclast AR expression was quantified 

by RT PCR. Data is expressed as mean ± SD of the expression of the different ARs 

relative to the expression of beta-2 microglobulin from 6 independent experiments. (b) 

MDA-1833 AR expression was quantified by RT PCR. Data is expressed as mean ± SD 

of the expression of the different ARs relative to the expression of beta-2 microglobulin 

from 6 independent experiments. 
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Figure S5. Cytokine quantification in mono-culture controls. Each cell type was cultured 

alone in their respective compartment. (a) MIP1α and (b) IL-6 production was quantified 

in the conditioned medium of MDA-1833 cells, osteoclasts (OC) or SH-SY5Y cells. Data 

is expressed as median of individual data points from 3 independent experiments and 

was normalized to the total protein content (One-way ANOVA test, ***p<0.001). 
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2.3. Chapter conclusions 

In summary, we have developed a new model of sympathetic regulation of breast cancer 

in a bone metastatic context through the integration of breast cancer cells, osteoclasts 

and sympathetic neuron-like SH-SY5Y cells on the same microfluidic platform. Our 

model displays several advantages compared to other breast cancer metastatic models: 

1) manufacture is cheap and accessible without the need for specialized staff and 

equipment; 2) integrates a full humanized system with bone tropic breast cancer cells; 

3) contains a bone matrix with intact biomechanical and biochemical cues leading to 

relevant bone resorption readouts; 4) includes three quake valves that allow 

compartment isolation during cell seeding and modulation of diffusion directionality. We 

successfully characterized the culture of different cell types on our platform, which led to 

the identification of inflammatory mediators that could be involved in the breast cancer 

response to sympathetic stimuli in the context of bone metastasis. 

Collectively, our findings could set the basis for additional exploration of the mechanisms 

that govern sympathetic modulation of breast cancer bone metastasis. Further insights 

on the cancer-bone-neuron crosstalk could be gained by manipulating the 

microenvironment of each compartment by the addition of different cell players, the use 

of specific signaling pathway inhibitors or by including breast cancer knock-out variants. 

In the future, our metastasis-on-a-chip platform could also potentially be applied for drug 

screening assays and incorporate patient-derived tumor samples or osteoclasts for 

improved translational relevance. Importantly, this work presented a new platform that 

could be used as basis for fundamental research on various physiological and 

pathological settings, with the possibility of changing the different cell types to cater the 

needs of individual research questions. 
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Chapter III. In vitro pharmacological β2-AR activation 

and its effect on the breast cancer modulation of the 

bone niche in different stages of disease progression 
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3.1. Breast cancer regulation of the pre-metastatic bone niche 

Advanced breast cancer patients often display metastatic foci on bone, but the causes 

of this specific tropism are still poorly understood. The bone niche is particularly 

permissive to colonization by breast cancer cells, since it is characterized by extensive 

vascularization with a profile of endothelial cell adhesion molecules that facilitates 

circulating tumor cell adhesion and extravasation. In addition, the bone marrow is 

hypoxic which promotes cellular dormancy and increased drug resistance. Finally, 

multiple cellular types in the bone marrow are responsible for the maintenance and 

regulation of MSCs and hematopoietic stem cells (HSC) niches, such as adipocytes, 

osteoclasts, osteoblasts, macrophages and T-cells, among other. Thus, the complex 

interplay that is established at the bone marrow leads to a microenvironment rich in 

growth factors and soluble mediators, such as TGF-β, IL-6, IL-8 and Ca2+ ions, that also 

promote breast cancer survival and growth. 

In addition to being an intrinsic favorable environment for breast cancer colonization, the 

bone marrow also receives input from the primary tumor to modulate local bone 

metabolism and further facilitate metastasis. Primary breast cancer tumors are able to 

release different factors directly on the circulation, including lysyl oxidase (LOX) and 

PTHrP, that mobilize bone marrow stromal cells and shift the normal bone remodeling 

process towards increased bone resorption [1-4]. Interestingly, bone metabolism 

modulation by PTHrP and LOX was demonstrated in in vivo intracardiac injection BC 

models, suggesting that the augmented bone destruction occurs in later stages of BC 

progression when BC are already in circulation. Conversely, when mice were inoculated 

with the secretome from non-metastatic primary BC, an increase in mineral apposition 

and altered bone matrix composition was observed [5]. Notably, no changes in osteoclast 

gene expression were detected, pointing to an effect on osteoblast-lineage cells instead 

[5]. Therefore, modulation of bone metabolism by BC seems to be dynamic throughout 

disease progression, where the bone matrix is first altered to facilitate colonization of BC 

cells followed by extensive bone degradation and uncontrolled tumor growth. 

Very few studies have described the interactions that take place between BC and bone 

cells in the context of sympathetic activation, and thus the role of the SNS in the 

conditioning of the bone pre-metastatic niche in BC is still poorly understood. What is 

known so far is that β2-AR activation in BMSC leads to an overexpression of RANKL, 

subsequently promoting the migration of RANK expressing BC cells towards the bone 

marrow and leading to extensive bone degradation [6]. In addition, after β2-AR activation, 

BMSC promote endothelial cell activation by secreting VEGF and IL-1β, which facilitates 

BC cell adhesion and extravasation into the bone marrow[7, 8]. 
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Most of the available data on SNS control of BC bone metastasis is derived from in vivo 

studies, where the dissection of specific signaling pathways involved in the metastatic 

colonization of the bone is hindered. In order to break down the role of β-adrenergic 

activation in the crosstalk taking place between BC cells and the bone niche at different 

stages of disease progression, we expanded on the knowledge generated in the previous 

chapters and determined: 

- The changes in Epi plasma content that take place throughout BC progression in a 

group of primary and advanced BC patients and healthy blood donors. 

- The adrenergic modulation of the secretome of BC cells, particularly through β2-AR, 

using a pharmacological approach in vitro with primary and metastatic bone tropic BC 

cell lines. 

- The effect of the secretome of β2-AR primed primary and metastatic BC cells on human 

osteoclast activity, when cultured alone or in an osteoclast-osteoblast co-culture setting. 
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3.2. β2-Adrenergic modulation of the BC bone metastatic niche 
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Abstract 

Background and Purpose: In the past decade, the sympathetic nervous system (SNS), 

particularly through the β2 adrenergic receptor (β2-AR), has been implicated in breast 

cancer (BC) metastasis, but the potential benefits of β2-AR antagonists in the treatment 

of BC remain controversial.  

Experimental Approach: Plasma epinephrine levels of primary and advanced BC 

patients were quantified. The secretome of primary and metastatic BC cells under 

pharmacological activation of β-ARs was characterized by proteomic screening. 

Functional in vitro studies with human osteoclasts and osteoblasts were performed to 

assess the role of BC secreted factors on the bone metastatic niche. 

Key results: In this work, we show that, when compared to healthy donors, the 

epinephrine levels in BC patients are augmented in the earlier stages of the disease and 

are maintained throughout disease progression. We demonstrate that paracrine 

signaling from primary BC under β2-AR signaling activation causes a robust decrease in 

human osteoclast differentiation and resorption activity, which is rescued in the presence 

of human osteoblasts. Conversely, metastatic bone tropic BC does not display this anti-

osteoclastogenic effect.  

Conclusion and Implications: In conclusion, clinical data on epinephrine levels in BC 

patients, together with the observed changes in the proteomic profile of BC cells under 

β-AR activation that take place after metastatic dissemination, provided new insights on 

the sympathetic control of breast cancer at different stages of disease progression. Our 

findings prompt careful consideration when targeting the SNS in future therapeutic 

interventions. 

Keywords: breast cancer; beta-adrenergic; sympathetic nervous system; osteoclast; 

proteomic 
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3.2.1. Introduction 

Breast cancer (BC) is the most common type of cancer diagnosed in women worldwide 

[9]. It is a heterogeneous disease, characterized by the primary tumor status of estrogen 

receptor (ER), progesterone receptor (PR) and epidermal growth factor receptor 2 

(HER2). Treatment options have improved early-stage BC patient survival [10], but 

metastatic spread of BC cells from the primary tumor to distant organs dramatically 

reduces patient life expectancy. Notably, hormone receptor status of the primary tumor 

correlates with specific tropism towards different organs [11]. Bone is the most common 

site of metastasis, with around 70% of late-stage BC patients presenting bone metastatic 

foci that lead to skeletal complications such as increased fracture risk, hypercalcemia 

and severe bone pain [12]. 

Bone homeostasis is maintained through coupling of bone matrix deposition by 

osteoblasts, cells of mesenchymal origin, and bone resorption by osteoclasts, 

specialized multinucleated cells able to degrade old or damaged mineralized matrix [13]. 

Before and during colonization of bone, BC cells sequester the normal bone remodeling 

process and shift it towards increased bone resorption [14]. By secreting parathyroid 

hormone-related protein (PTHrP) and prostaglandin E2 (PGE2), among other osteolytic 

factors, BC cells promote osteoblast receptor activator of NF-κB ligand (RANKL) 

upregulation and consequently increase osteoclast activity and bone degradation [14]. 

Osteoclast overactivation, on the other hand, leads to the release of embedded bone 

matrix proteins such as TGF-β and insulin-like growth factor (IGF) that fuel the growth of 

BC cells and perpetuates a “metastatic vicious cycle” of bone destruction [15]. 

Other players might hold an important role on BC bone metastasis. Sympathetic nervous 

system (SNS) activity is often exacerbated in several types of cancer [16, 17], and multiple 

pharmacological in vitro studies with human cells and murine ex vivo bone cultures have 

implicated the SNS in extravasation and colonization of the bone in prostate cancer [18, 

19]. The SNS is involved in the “fight or flight” response to stress and its main effector 

neurotransmitters are the catecholamines norepinephrine and epinephrine, which are 

released in sympathetic nerve terminals in target peripheral tissues or in the circulation 

by the adrenal gland, respectively [20]. Epinephrine and norepinephrine bind to α and β 

adrenergic receptors (α/β-AR), a family of 9 receptors commonly expressed in bone cells 

and BC cells [21]. In particular, β2-AR signaling has been associated to increased BC 

metastatic spread, extravasation and extensive bone degradation, evidenced in 

pharmacological in vitro murine BC and endothelial cell co-culture experiments as well 

as in humanized bone metastatic BC models and BC xenograft denervation studies in 

vivo [6, 8, 22]. Furthermore, epidemiologic studies have shown that β2-AR targeting drugs 



108 
 

have potential benefits in BC patient survival and recurrence [23-25]. However, other 

retrospective studies have found no significant correlation between the use of β2-AR 

targeting drugs and improved BC survival [26-28], and thus the effect of SNS activity in BC 

survival and recurrence remains controversial. An improved understanding of the SNS 

control of the role of BC in the modulation of the bone metastatic niche, in particular 

through the β2-AR signaling, are urgently needed. 

In this study, we characterized the epinephrine levels in the plasma of primary and 

advanced BC patients. In addition, we focused on the effect of β2-AR signaling on the 

crosstalk between BC cells and human osteoclasts/osteoblasts, mimicking interactions 

occurring at earlier stages of BC and during metastatic colonization. Our findings 

complement the current knowledge on the dynamics of adrenergic control of the 

metastatic bone niche, highlighting the changes in proteomic profile that take place 

during metastatic trait acquisition in BC. Careful consideration should be exercised 

before using β2-AR targeting drugs in the clinical setting. 

3.2.2. Materials and Methods 

3.2.2.1. Materials 

Isoproterenol hydrochloride (ISO, Cat#I6504) and ICI 118,551 (ICI, Cat#I127) were 

purchased from Sigma-Aldrich. All cell culture media, penicillin/streptomycin solution 

(pen/strep, Cat#15140122) and trypsin (0.25% w/v trypsin, 0.1% w/v glucose and 0.05% 

EDTA in PBS, Cat#25200056) were purchased from Gibco, Thermo Fisher Scientific. 

FBS was purchased from Biowest (Cat#S181B-500). Recombinant human macrophage 

colony stimulating factor (rhM-CSF) and recombinant human RANKL (rhRANKL) were 

purchased from R&D Systems (Cat#216-MC-025 and Cat#390-TN-010, respectively). 

Epinephrine levels in the plasma of BC patients were quantified by ELISA (Abnova, 

Cat#157KA1877) according to manufacturer’s instructions.  

3.2.2.2. Human Patients 

Peripheral blood samples from healthy donors (n=18), stage IA BC patients (n=18) and 

stage IV BC patients (n=18) were collected at Instituto Português de Oncologia (IPO) 

Porto. Briefly, peripheral blood was collected into EDTA-containing tubes and 

centrifuged at 2000 rpm for 10 min at 4 °C. Plasma was immediately separated, aliquoted 

into 1.5 mL tubes and properly stored at −80 °C until further use. All the procedures were 

conducted following approval by the institutional ethics committee (Comissão de Ética 

para a Saúde, CES-IPOFG-EPE 019/08 and CES 120/015) and sample collection was 

performed in accordance with the Declaration of Helsinki. Informed consent was 

obtained from all individual participants included in the study. 
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All stage IV BC patients presented distant site metastasis at diagnosis, being the bone 

the most common site. Detailed description of the cohort (diagnosed between October 

2015 and May 2018) is available in Table S1.  

3.2.2.3. Cell culture 

3.2.2.3.1 Parental and bone metastatic BC cell lines 

Human breast carcinoma cell line MDA-MB-231 (MDA-231 henceforth, 

RRID:CVCL_VR35) and its bone tropic variant MDA-MB-231-BoM 1833 cell line (MDA-

1833 henceforth, RRID:CVCL_DP48) were obtained from Dr. Joan Massagué (Memorial 

Sloan-Kettering Cancer Center, New York). Cells were expanded in standard T75 flasks 

(Sarsted) in DMEM High Glucose with 10% FBS and 1% Pen/Strep at 37oC and 5% CO2 

in a humidified incubator, changing medium twice a week until reaching 80% confluence.  

3.2.2.3.2 Human primary osteoblasts 

Human osteoblasts were obtained from patients undergoing hip or knee replacement 

surgeries (following approval by the ethical committee in Hospital São João, protocol 

number 143/19) as previously described [29]. Informed consent was obtained from all 

donors before collection. Briefly, trabecular bone was washed in PBS and cut into small 

pieces, which were then vigorously shaken with PBS to completely remove the remaining 

bone marrow. Seven to eight bone pieces were then placed in each well of a 6-well plate 

and fixed in place with a metal grid to prevent movement during culture. Bone pieces 

were cultured at 37oC and 5% CO2 in a humidified incubator for 14 days in DMEM Low 

Glucose (Cat#21885-108) supplemented with 10% FBS, 50 µg/mL ascorbic acid, 10 mM 

β-glycerophosphate and 10 nM dexamethasone (Sigma-Aldrich, Cat#49752, Cat#G-

9891, Cat#D1756, respectively), changing medium at day 7. Cells began to migrate from 

the bone to the culture plate after 7 days, and at 14 days of culture the metal grid and 

bone pieces were removed. The outgrowth cells were expanded until confluence was 

reached, changing medium twice a week. 

3.2.2.3.3. Human primary osteoclasts 

Human CD14+ monocytes were isolated from buffy coats of healthy female blood donors 

as previously described [30]. Briefly, Peripheral Blood Mononuclear Cells (PBMCs) were 

separated using gradient centrifugation in Ficoll-Paque Plus (GE Healthcare, Cat#17-

1440-03). PBMCs were then ressuspended in 0.5% Biotin-free BSA (Sigma-Aldrich, 

Cat#A4919) and 2 mM EDTA in PBS incubated in BD IMagTM anti-human CD14 

magnetic particles (BD-Biosciences, Cat#557769) and magnetically separated 

according to manufacturer's instructions. CD14+ cells were seeded in T75 flasks in α-
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MEM (Cat#41061-029) supplemented with 10% FBS, 1% pen/strep (Osteoclast Medium) 

and 25 ng/mL of rhM-CSF at 5% CO2 at 37 oC in a humidified incubator. After 2 days, 

media was changed to Osteoclast Medium supplemented with 25 ng/mL rhM-CSF and 

25 ng/mL rhRANKL and cells were cultured for up to 7 days, changing media twice, until 

cells were morphologically differentiated. 

3.2.2.4. Functional studies 

3.2.2.4.1. Activation of β2-AR signaling in BC 

MDA-231 and MDA-1833 cells were seeded at a density of 104 cells/cm2 and left to 

proliferate for 24 h. Cells were then serum-starved and stimulated with the β-AR agonist 

ISO (1μM) or with PBS as a vehicle control. To block β2-AR activation, the selective β2-

AR antagonist ICI (1μM) was added 45 min prior and also simultaneously as ISO to 

ensure complete blockage of the signaling (Figure S1). These concentrations promoted 

cAMP accumulation in β2-AR expressing cancer cells, and ICI addition completely 

blocked β2-AR signal transduction (Figure S2). Cells were incubated for 24h after which 

conditioned media was collected, centrifuged at 4oC at 400 g to pellet cell debris and 

frozen at -80oC until further use. 

3.2.2.4.2 Osteoclast differentiation following exposure to BC cell secretome 

At day 5 of culture, pre-osteoclasts were detached with Accutase (Gibco, Cat#A11105-

01) for 10 min at 37oC, centrifuged and seeded in 96-well tissue culture polystyrene 

(TCPS) (Orange Scientific) plates at a density of 50 000 cells/well in Osteoclast Medium 

with 25 ng/mL rhM-CSF and rhRANKL. Cells were left to adhere for 4h and were 

stimulated with BC cell secretome at a 1:1 ratio (Osteoclast Medium : BC secretome), 

supplemented with 25 ng/mL rhM-CSF and rhRANKL. Osteoclasts were left to 

differentiate until day 9. Medium/Secretome was changed on day 7 of culture.  

After exposure to BC secretome, osteoclast differentiation was assessed. Cells were 

washed with PBS and fixed in 4% paraformaldehyde (PFA, Cat#158127) for 10 min at 

room temperature (RT). Following another washing step with PBS, cells were 

permeabilized with cold 1% (v/v) Triton X-100 (Sigma-Aldrich, Cat#X100)) in PBS for 5 

min. Unspecific binding was then blocked with 0.1% BSA (Sigma-Aldrich, Cat#05482) 

solution in PBS for 1 h at 37oC. Samples were incubated with HCS CellMask™ Deep 

Red Stain (Invitrogen, 1:20000 dilution, Cat#H32721) and counterstained with DAPI 

(Sigma-Aldrich, 1:1000 dilution, Cat#D9542) for 1 h at RT protected from light. Samples 

were washed twice with PBS to remove excess staining and kept at 4oC until imaging. 

Images were acquired using an IN Cell Analyzer 2000 (GE Healthcare) high content 

screening imaging system. 6 images per well were randomly acquired, on the DAPI and 
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Cy5 channel, with a Nikon 10X/0.45 Plan Apo objective. After image acquisition, a Pixel 

Classification workflow of the Ilastik toolkit (v. , RRID:SCR_015246) [31] was used for 

osteoclast cytoplasm and nuclei segmentation with σ values of 0.7, 1.0, 1.6 and 3.5 for 

the Gaussian Smoothing feature and 0.7, 1.0 and 1.6 for the remaining features: 

Laplacian of Gaussian, Gaussian Gradient Magnitude, Difference of Gaussian, Structure 

Tensor Eigenvalues and Hessian of Gaussian Eigenvalues. Up to 15 images were used 

in the Pixel Classification training, and batch processing of the images generated 

probability maps used later for segmentation. Next, both raw nuclei and cytoplasm 

images as well as Ilastik generated probability maps were uploaded into CellProfiler™ 

(v. 4.0.6., RRID:SCR_007358) [32]. A workflow was built in order to identify the nucleus 

and cytoplasm of all cells. Briefly, nuclei were segmented by manual thresholding applied 

to the previously generated probability masks. Then, the cell cytoplasm was segmented 

with the same method through a propagation algorithm of the cytoplasm mask starting 

from the segmented nuclei until the edges of the cytoplasm map. Cell cytoplasm and 

correspondent nuclei were matched and the analysis pipeline ended with an automatic 

reporting of the number of cells and nuclei per cell detected on each image (Figure S3). 

The number of osteoclasts with more than three nuclei was then quantified for each 

condition. 

3.2.2.4.3. Osteoclast resorption following exposure to BC cell secretome 

The effect of BC cell secretome on osteoclast resorption was performed in osteoclast 

monocultures or osteoclast/osteoblast co-culture experiments. After 9 days of culture, 

mature osteoclasts were detached with accutase for 10 min at 37oC, centrifuged and 

seeded on top of 0.4mm thick bone slices (boneslices.com) at a density of 50 000 cells 

per well in Osteoclast Medium with 0.5% FBS supplemented with 25 ng/mL rhM-CSF, 

being left to adhere for 4 h.  

For osteoblast co-culture experiments, osteoblasts were detached with Accutase for 10 

min, centrifuged and seeded on top of the bone slices with the seeded osteoclasts at a 

density of 12 500 cells/well in Osteoclast Medium with 0.5% FBS supplemented with 25 

ng/mL rhM-CSF.  

Osteoclasts mono-cultures or co-cultures with osteoblasts were then stimulated with BC 

secretome and Osteoclast Medium with 0.5% FBS at a 1:1 ratio, supplemented with 25 

ng/mL rhM-CSF. Secretome stimulation was performed only once and culture was 

maintained for 3 days. In the end of culture, conditioned medium of osteoclasts was 

collected and centrifuged at 4oC at 400 g for 5 min, and stored immediately at -80oC. 

For resorption quantification, bone slices were washed with deionized water and 

scrapped with cotton swabs to remove the cells from the bone surface. Osteoclast 
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resorption events were stained with toluidine blue (Sigma-Aldrich, Cat#89640). The 

entire bone surface was analysed using a G50 100 point graticule (Pyser Optics, 

Cat#01A20.4075) installed on the ocular of an BH-2 optical microscope (Olympus) as 

previously described [33]. Briefly, each intercept of a graticule point with a resorption event 

was counted as a hit, and the total number of hits throughout the bone surface were 

counted using the graticule as a frame (using a total of 16-17 graticules per bone slice). 

The total percentage eroded surface was estimated by dividing the total number of hits 

by the number of graticule grids used for the quantification. Individual resorption events 

were divided in two resorption types, pits and trenches. Pits are single, circular 

excavations with well-defined edges while trenches are elongated and continuous 

grooves with a length/width ratio equal or greater than two [34]. The percentage of 

trenches per total events was used to compare individual experiments independently of 

eroded surface variations. Samples were blinded before eroded surface quantification. 

3.2.2.5. TRAcP activity quantification 

The activity of tartrate resistant acid phosphatase (TRAcP) present in the conditioned 

medium of osteoclast cultures was colorimetrically quantified. p-nitrophenyl phosphate 

(Merck, Cat#4876) was added in the presence of 25 nM sodium tartrate (Merck, 

Cat#1066640100) to the osteoclast conditioned medium as previously described [35]. 

Absorbance was read at 405 nm using a Synergy Mx (BioTek) plate reader. For 

normalization, total protein concentration was quantified using the DC Protein Assay 

(Bio-Rad, Cat#5000116) according to the manufacturer’s instructions. 

3.2.2.6. Quantitative real-time PCR (qRT-PCR) analysis  

MDA-231 and MDA-1833 cells were seeded in T75 flasks (Sarsted) and cultured as 

described above. When 80% confluence was reached, cells were washed with PBS and 

lysed with Trizol (Invitrogen, Cat#15596-018) and kept on ice. Total RNA was extracted 

using the Direct-zol™ RNA miniPrep according to the manufacturer’s protocol (Zymo 

Research, USA, Cat#ZY-R2052). RNA final concentration and purity (OD260/280) was 

determined using a NanoDrop 2000 instrument (NanoDrop Technologies). RNA was 

reverse transcribed into cDNA using the NZY First-Strand cDNA Synthesis Kit 

(NZYTech, Cat#MB12501), according to the manufacturer’s protocol. qRT-PCR 

experiments were run using an iCycler iQ5 PCR thermal cycler (Bio-Rad Laboratories) 

and analysed with the iCycler IQTM software (Bio-Rad). A personalized PrimePCR array 

(Bio-Rad Laboratories) was designed to analyze the range of adrenergic receptors. 

Target gene expression was quantified using the cycle threshold (Ct) values and relative 

mRNA expression levels were calculated as follows: 2^(Ct reference gene - Ct target 



113 
 

gene). Human 2-microglobulin (2M) and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) were used as reference genes. Both target and reference genes were 

amplified with efficiencies between 100 ± 5%. 

3.2.2.7. Immunocytochemistry 

For β2-AR immunocytochemistry, MDA-231 and MDA-1833 cells were cultured in a multi-

well μSlide (Ibidi) until semi-confluence, after which they were washed twice with PBS 

and fixed with 4% PFA for 10 min. After another wash with PBS, cells were permeabilized 

with cold 1% (v/v) Triton X-100 in PBS for 5 min. Unspecific binding was then blocked 

with 0.1% BSA solution in PBS for 1 h at 37oC. Cells were incubated with a polyclonal 

rabbit anti-β2-AR (ProteinTech, Cat#13096-1-AP, RRID:AB_2225401) in a dilution of 

1:100 in 0.1% BSA/PBS solution overnight at 4oC. Excess antibody was washed with 

PBS and cells were then incubated with donkey anti-rabbit AlexaFluor 568 

(ThermoFisher, 1:1000 dilution, Cat#A10042, RRID:AB_2534017) for 30 min at RT. After 

washing excess antibody with PBS, cells were counterstained with DAPI solution in PBS 

(1:1000 dilution) for 5 minutes. Samples were kept in PBS at 4oC in the dark until image 

acquisition. Images were acquired in a SP2 confocal microscope (Leica). Representative 

images were taken with a 40x objective at a resolution of 2048x2048 pixels. Brightness 

was adjusted with ImageJ software. 

3.2.2.8. Western Blot 

For protein collection, BC cells were cultured seeded at a density of 104 cells/cm2 and 

left to proliferate until reaching ~80% confluence. Cells were then washed in cold PBS 

and lysed with cold RIPA buffer together with protease and phosphatase inhibitors 

(Sigma-Aldrich, 1:100 dilution, Cat#P8340 and Cat#P5726) for 30 min on ice with on an 

orbital shaker. Lysate was collected and sonicated with three cycles of 3 s each. Samples 

were then centrifuged at 13 000 g for 10 min at 4oC to pellet cell debris. Protein in the 

supernatant was then quantified using a DC Protein Assay Kit (Bio-Rad). 15 μg of protein 

from each cell lysate were prepared in non-reducing loading buffer and denatured for 5 

min at 95oC. Protein lysates were then loaded and resolved in pre-cast Bolt™ 10% 

polyacrylamide gels (Invitrogen, Cat#NW00105BOX). Separated proteins were then dry-

transferred to nitrocellulose membranes using an iBlot 2 dry blotting system 

(ThermoFisher). Membranes were then blocked with 5% non-fat dry milk solution for 1 h 

at RT, followed by incubation in primary rabbit β2-AR antibody (ProteinTech, Cat#13096-

1-AP, RRID:AB_2225401) at 1:1000 dilution in 5% milk solution overnight at 4oC with 

gentle agitation. Membranes were incubated with HRP-conjugated anti-rabbit secondary 

antibody (Santa Cruz Biotechnology, 1:10000 dilution, Cat#sc-2030, RRID:AB_631747) 
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for 1h at RT under gentle agitation, followed by incubation in ECL substrate (GE 

Healthcare, Cat#1705061) and chemiluminescence detection for 10 s with 

autoradiographic films (GE Healthcare). Films were scanned on a GS-800 imaging 

densitometer (Bio-Rad). 

3.2.2.9. Proteomic analysis 

Conditioned medium from three replicate samples of MDA-231 or MDA-1833 treated with 

ISO as described in previous sections was collected and centrifuged at 300 g for 5 min 

to pellet cellular debris. Conditioned media was then transferred to micro tubes and 

protein concentration was measured as described above. 50 µg of protein from each 

condition was processed using the solid-phase-enhanced-sample-preparation (SP3) 

protocol, as previously described [36], followed by enzymatic digestion overnight with 

trypsin/LysC (2 micrograms) at 37 oC and 1000 rpm. 

Protein identification was carried out by nano Liquid Chromatography coupled with Mass 

Spectrometry (LC-MS/MS) and data was analyzed with Proteome Discoverer software 

(Thermo Scientific, v2.4) as described by Osório et al [37]. Protein abundances were used 

to compare between conditions.  

3.2.2.10. Statistics 

The data and statistical analysis comply with the recommendations of the British Journal 

of Pharmacology on experimental design and analysis in pharmacology [38]. All 

experiments with primary human cells were performed at least five times. Five replicates 

were used in resorption and TRAcP activity quantification, while for differentiation 

quantification three replicates were used since six images were generated for each 

replicate. Experiments were randomized and data from resorption experiments was 

single blinded (blinded by D.M.S. and quantified by F.C. and S.T.), while differentiation 

was quantified by F.C. and S.T. in an unsupervised fashion using an algorithm described 

above. qRT-PCR and proteomic screening experiments were performed with three 

independent experiments due to the small variability inherent of the use of cell lines.  

Non-parametric paired Friedman’s test followed by Dunn’s multiple comparisons test 

were used to compare between conditions unless otherwise stated. Multiple 

comparisons were only performed if the test was statistically significant. Differences 

between groups were considered significant when *p<0.05, **p<0.01, ***p<0.001. Data 

analysis was performed using GraphPad Prism software v.9.2.0. for Windows 

(GraphPad Software, RRID:SCR_002798). Comparison between clinical parameters of 

BC patients was performed using cross-tabulation analysis with the χ2-test for trend or 
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Fisher’s exact test using GraphPad Prism v9.2.0. No data was excluded unless 

otherwise stated, and all outliers were included in the analysis. 

In the proteomic screening, protein abundances were compared between conditions with 

t-student test using Proteome Discoverer Software (Thermo Scientific, v2.4, 

RRID:SCR_014477). Heat maps and volcano plots comparing protein abundance 

between conditions were built with GraphPad v9.2.0. Only proteins that were present in 

every replicate of at least one condition were considered. Networks of biological 

processes associated to deregulated proteins between groups were constructed using 

the ClueGO plugin (v2.5.8, RRID:SCR_005748) from the Cytoscape software [39] (v3.9.0, 

RRID:SCR_003032) with the following parameters: GO Biological Processes ontology 

and “All Evidence” were selected; two sided hypergeometric test and Bonferroni step 

down statistical options were used and only pathways with p<0.05 were shown; Minimum 

and maximum tree intervals were 3-6, with a minimum number of three genes; and 4% 

of genes selected for Gene Ontology terms, with a kappa score of 0.4. In proteomic data, 

P-values and abundance ratios in heat maps and volcano plots were normalized in order 

to properly depicted (log10 for p-values and log2 for abundance ratios). 

Principal component analysis (PCA) was performed with the Proteome Discoverer 

Software. Protein enrichment analysis was performed with WebGestalt toolkit 

(RRID:SCR_006786) [40]. Over-Representation Analysis (ORA) was used to analyze 

each set of deregulated proteins with the following conditions: the minimum and 

maximum number of genes was 5 and 2000, respectively; significance was set to p≤0.05 

with adjustments following the Benjamini-Hochberg method; Gene Ontology (Biological 

Process, Cellular Component, Molecular Function), Pathway (Kyoto Encyclopedia of 

Genes and Genomes, Panther, Reactome and Wikipathway) and disease (Disgenet, 

GLAD4U and OMIM) functional databases were considered for the analysis. 

3.2.3. Results  

3.2.3.1. Primary and advanced BC patients exhibit increased plasma epinephrine 

levels 

We used the circulating epinephrine levels as a measure of the sympathetic tone in the 

plasma of primary (Stage I) and advanced (Stage IV) BC patients. We first characterized 

our study population according to several clinical parameters and found significant 

differences in tumor grade and age between primary and advanced BC patients, with no 

differences in menopausal status and tumor molecular subtype (Table I). Subsequently, 

we proceeded to compare plasma epinephrine levels of BC patients and healthy donors 

and found that both groups of BC patients displayed significantly increased levels of 

plasma epinephrine (Figure 1a). Interestingly, there is an exacerbation of circulating 
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epinephrine release as the disease is established but no significant differences were 

found between primary and advanced BC patients. Furthermore, although most of the 

patients were diagnosed after menopause, no apparent clusters were observed  

when matching epinephrine levels and menopausal state (Figure 1b). Similarly, when 

comparing the epinephrine levels of advanced BC patients displaying only bone 

metastasis with patients with multiple metastatic sites, variation in epinephrine levels was 

independent of the metastatic site (Figure 1c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since epinephrine binds to all ARs, the augmented levels of epinephrine in BC patients 

could affect BC cellular behavior. Thus, prior to in vitro functional studies, we proceeded 

to screen the expression of ARs in representative cell lines of primary and metastatic 

BC, MDA-231 and MDA-1833 respectively (Figure 1d). MDA-1833 are variants of the 

MDA-231 cell line that metastasize specifically to bone and were previously 

characterized [41]. Gene and protein expression of β2-AR in MDA-MB-231 and MDA-1833 

Table I. Clinical parameters of donors/BC patients included in our study 

Variable 
Healthy 
Donors 

Stage I BC 
patients 

Stage IV BC 
patients 

P value 

Age     

<65 16 8 15 0.0354 

≥65 2 10 3  

Primary tumor grade     

T1  18   

T2   4  

T3   5 <0.0001 

T4   4  

N/A   5  

Menopause     

Pre-Menopause  3 6 0.4430 

Post-Menopause  15 12  

Molecular Subtype     

Luminal A  7 8  

Luminal B  8 8 0.3416 

HER2   2  

N/A  3   

N/A – Not available  
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cells showed that these cells predominantly express β2-AR and are therefore responsive 

to sympathetic stimuli (Figure 1e,f). Uncropped western blot can be found in Figure S4. 

 

 

Figure 6. Adrenergic status of BC patients and cell lines. (a) Epinephrine plasma levels 

of BC patients. Data from 18 donors/patients for each condition is expressed as box-

whiskers plot (Kruskal-Wallis test with Dunn’s multiple comparison test, ns – non 

significant, *p<0.05,***<0.001). (b) Epinephrine plasma levels of BC patients clustered 

by menopausal state. Data is expressed as the median of individual data points. (c) 

Epinephrine plasma levels of stage IV BC patients clustered by distant metastasis sites. 

Data is expressed as the median of individual data points. (d) Normalized gene 

expression of ARs in primary MDA-231 and metastatic MDA-1833 cell lines performed 
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by real time PCR. (e) Representative micrograph of the expression of β2-AR on MDA-

231 cells (left) and MDA-1833 cells (right) by immunocytochemistry. Nuclei – blue; β2-

AR – green. Scale bar - 50μm. (f) Expression of β2-AR on MDA-231 and MDA-1833 cells 

by Western Blot. Original blot can be found in Figure S4. 

 

3.2.3.2. β-AR signaling induces a shift in parental MDA-231 protein secretion 

towards osteoclastogenesis inhibition 

BC cells were previously reported to induce changes in bone metabolism at a distance 

while still in the primary tumor site [4]. Thus, we asked whether β2-AR signaling could 

modulate BC protein expression and affect bone metabolism. Using a proteomic 

approach, we screened the secretome of MDA-231 treated with the β-AR agonist ISO 

and compared its proteomic profile with the one from MDA-231 treated with vehicle 

control (Figure 2a). We detected a total of 64 proteins with significant deregulated 

expression (28 of them were upregulated and 36 downregulated in ISO treated MDA-

231 cells) (Figure 2b, Table S2). Gene ontology network analysis as well as ORA showed 

that deregulated proteins were significantly associated with biological processes 

involved in extracellular matrix remodeling (Figure 2c,d). 

When analyzing the set of proteins identified, we found that known osteoclast inhibitors 

Stanniocalcin-1 (STC-1) [42] and Clusterin (Clu) [43] were upregulated in ISO treated MDA-

231 cells. Conversely, osteoclastogenesis promotors cellular communication network 2 

(CCN2) [44] and annexin II (ANXA2) [45] were downregulated with ISO treatment (Figure 

2b). These results suggest that MDA-231 secretome under β-AR signaling might 

modulate osteoclastogenesis and could impact bone cell metabolism. 
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Figure 7. Proteomic screening of MDA-231 conditioned media under β2-AR activation. 

(a) Heatmap depiction of significantly deregulated proteins found in conditioned medium 

from control or ISO treated MDA-231 cells (Student-t test, p≤0.05). The ratio of protein 

abundances was color coded as shown in the legend. Data from three independent 

samples is shown, one sample per column. Gray cells represent proteins not detected in 

a particular sample. (b) Volcano plot distribution of significantly deregulated proteins. The 

ratio between protein abundances between MDA-231 cells treated with ISO and control 

samples is plotted on the X axis, and p-value is plotted on the Y axis. Red dots represent 

proteins with a fold change ≥ 1.5, while purple dots represent proteins represent proteins 

with a fold change ≤ -1.5. (c) Gene ontology biological processes network analysis of 

differentially expressed proteins in ISO treated MDA-231 cells. Only networks with 

p≤0.05 were shown (Two sided hypergeometric test and Bonferoni step down 

correction). Different colors illustrate different biological processes while the size of the 

nodes is proportional to the statistical significance of each process. (d) Significantly 
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enriched biological process terms in the group of deregulated proteins in ISO treated 

MDA-231 cells. ORA was used and only processes with false discovery rate of ≤0.05 

were shown. 

 

3.2.3.3. Secretome from primary MDA-231 cells under β2-AR activation impairs 

osteoclast differentiation and resorption activity 

Since the expression of proteins known to be involved in bone metabolism was 

modulated after β-AR activation, we next proceeded to verify if the changes in proteomic 

profile translated into functional significance.  

3.2.3.3.1. Osteoclast monocultures 

First, in order to ascertain the effect of MDA-231 secretome on osteoclast differentiation, 

human pre-osteoclasts were incubated with the secretome of MDA-231 cells. Human 

mature osteoclast number and area were then quantified (Figure 3a). Consistent with the 

proteomic screening results, the secretome of MDA-231 cells treated with ISO led to a 

significant decrease in osteoclast numbers (cells with more than 3 nuclei) when 

compared to controls (Figure 3b,c). β2-AR signaling was directly implicated in the 

observed effect since osteoclast numbers were no different from controls when ICI, a 

specific β2-AR antagonist, was added to MDA-231 together with ISO (Figure 3b,c). 

Coherent with the osteoclast differentiation quantification, osteoclast specific cathepsin 

K gene expression followed the same profile after stimulation with ISO treated MDA-231 

secretome (Figure S5). On the other hand, when comparing the area of osteoclasts in 

the different conditions, no differences were observed (Figure 3d).  

Since BC secretome could also directly affect the resorption activity of osteoclasts after 

they are matured and fully functional, we proceeded to incubate mature osteoclasts with 

MDA-231 secretome and quantified the extent of bone resorption in the absence of 

RANKL (Figure 3e). Similarly to the osteoclastogenesis assays, we observed a 

significant decrease in resorption activity when osteoclasts were incubated with the 

secretome from MDA-231 cells treated with ISO (Figure 3f,g). This effect was mediated 

by β2-AR since the addition of ICI abrogated this effect. Osteoclasts are able to resorb 

the bone surface through two characteristic modes of resorption: they resorb the bone 

while being static or while moving through the surface of the bone, generating resorption 

pits or trenches, respectively [46]. Resorption trench mode is inherently faster and favors 

bone fragility [30], and therefore differences in trench content could reflect changes in 

osteoclast aggressiveness. No significant differences were found in trench resorption 

content when comparing between conditions (Figure 3h). The observed decrease in total 



121 
 

resorption was partially due to changes in TRAcP activity, an osteoclast-specific enzyme 

involved in collagenolysis (Figure 3i). 

 

Figure 8. Effect of MDA-231 conditioned medium on osteoclast differentiation and 

resorption activity. (a) Timeline of the osteoclast differentiation assay. Pre-osteoclasts 

are seeded after five days of culture and stimulated with MDA-231 cell conditioned media 

for four more days, changing the media at day 7. (b) Representative micrographs of 
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differentiated osteoclasts stained with HCS CellMask Deep Red Stain. Scale bar – 100 

μm. (c) Osteoclast number and (d) area after four days of MDA-231 conditioned media 

stimulation. Osteoclasts with three or more nuclei were included in the analysis. Data is 

expressed as median of individual data points from 6 independent experiments 

(Friedman’s test followed by Dunn’s multiple comparisons test, ***p≤0.001). (e) Timeline 

of the resorption assay. Osteoclasts are differentiated for nine days and seeded on top 

of bone slices, followed by incubation with MDA-231 cell conditioned medium for another 

three days. (f) Representative micrographs of the surface of bone slices after three days 

of resorption. Scale bar - 200μm. (g) Estimated percentage of eroded surface, (h) trench 

percentage per total eroded surface and (i) TRAcP activity quantified at the end of the 

experiment. Data is expressed as median of individual data points from 6 independent 

experiments (Friedman’s test followed by Dunn’s multiple comparisons test, *p≤0.05). 

 

3.2.3.3.2. Osteoblast-osteoclast co-cultures 

In the bone microenvironment, osteoclasts receive input from neighboring osteoblasts 

that promote osteoclast differentiation and activation. Aiming to replicate this interaction, 

a co-culture of mature human osteoclasts and human osteoblasts was established. 

Osteoblasts were positive for the osteoblast marker alkaline phosphatase (ALP) and 

several calcium deposits were observed by alizarin red staining after 14 days of culture 

(Figure S6). We confirmed that these cells expressed RANKL and were able to increase 

osteoclast resorption activity in several independent experiments (Figure S6). Osteoclast 

and osteoblast co-cultures were exposed to the secretome from ISO treated MDA-231 

cells and bone resorption activity was evaluated (Figure 4a). Contrarily to what was 

observed in osteoclast monocultures, no statistically significant differences were 

observed between conditions in total resorption activity (Figure 4b,c), trench percentage 

(Figure 4d) and also TRAcP activity (Figure 4e). Therefore, our results suggest that the 

supply of RANKL by osteoblasts in the co-culture model rescued the resorption activity 

of osteoclasts. 
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Figure 9. Effect of MDA-231 secretome on osteoclast/osteoblast co-culture. (a) Timeline 

of the resorption assay in a co-culture setting. Mature osteoclasts were seeded with 

osteoblasts and exposed to MDA-231 conditioned media for three days. (b) 

Representative micrographs of the surface of bone slices after three days of resorption 

in co-cultures. Scale bar - 200μm. (c) Estimated percentage of eroded surface, (d) trench 

percentage per total eroded surface and (e) TRAcP activity quantified at the end of the 

co-culture experiment. Data is expressed as median of individual data points from 6 

independent experiments (Friedman’s test followed by Dunn’s multiple comparisons test, 

*p≤0.05). 

 

3.2.3.4. Secretome of bone tropic MDA-1833 under β2-AR activation does not 

affect human osteoclast differentiation and resorption activity 

Bone is a highly innervated tissue and sympathetic neurons are found across the 

periosteum and around blood vessels in the bone marrow [47]. In addition, bone marrow 

resident cells were reported to express tyrosine hydroxylase (TH) and synthesize 

catecholamines [48, 49]. Therefore, in addition to the increased epinephrine levels in the 

plasma of metastatic BC patients, local production of catecholamines might also 

contribute to the development of metastatic foci during BC bone metastasis. It is then of 
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crucial importance to understand how the adrenergic signaling modulates the bone 

metastatic niche.  

3.2.3.4.1. Osteoclast monocultures  

During the course of extravasation and metastasis, BC cells acquire a set of 

characteristics that differ from the primary tumor. In order to ascertain whether bone 

tropic cells elicit different outcomes in osteoclast differentiation than its parental 

counterpart, pre-osteoclasts were exposed to β2-AR primed MDA-1833 secretome in a 

similar experimental layout as previously done with MDA-231 cells (Figure 5a). Contrarily 

to the effect of MDA-231 cells, secretome from ISO treated MDA-1833 cells did not affect 

the number of osteoclasts nor osteoclast area (Figure 5b,c,d). 

Following the same reasoning as in MDA-231 secretome experiments, we proceeded to 

quantify mature osteoclast resorption activity under the effect of MDA-1833 secretome 

instead (Figure 5e). No differences were observed in the percentage of eroded surface 

when comparing the effect of ISO treated MDA-1833 secretome with respective controls 

(Figure 5f,g). However, ISO treated MDA-1833 secretome significantly blunted the ability 

of osteoclasts to resorb in trench mode in a β2-AR dependent fashion (Figure 5h). 

Nonetheless, this was not due to changes in osteoclastic TRAcP activity since no 

significant differences were found between conditions (Figure 5i). 
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Figure 10. Effect of MDA-1833 conditioned medium on osteoclast differentiation and 

resorption activity. (a) Timeline of the osteoclast differentiation assay. Pre-osteoclasts 

are seeded after five days of culture and stimulated with MDA-1833 cell secretome for 

four more days, refreshing the media at day 7. (b) Representative micrographs of 

differentiated osteoclasts stained with HCS CellMask Deep Red Stain. Scale bar – 100 

μm. (c) Osteoclast number and (d) area after four days of MDA-1833 secretome 

stimulation. Osteoclasts with three or more nuclei were included in the analysis. Data is 



126 
 

expressed as median of individual data points from 6 independent experiments (Kruskal-

Wallis test). One data point from the CTRL condition was excluded due to a technical 

error. (e) Timeline of the resorption assay. Osteoclasts are differentiated for nine days 

and seeded on top of bone slices, followed by incubation with MDA-1833 cell secretome 

for another three days. (f) Representative micrographs of the surface of bone slices after 

three days of resorption. Scale bar - 200μm. (g) Estimated percentage of eroded surface, 

(h) trench percentage per total eroded surface and (i) TRAcP activity quantified at the 

end of the experiment. Data is expressed as median of individual data points from 5 

independent experiments (Friedman’s test followed by Dunn’s multiple comparisons test, 

*p≤0.05).  

 

3.2.3.4.2. Osteoblast-osteoclast co-cultures 

Our findings show that the secretome of MDA-1833 under β2-AR activation did not 

significantly impact human osteoclast differentiation, although we could observe 

changes in trench resorption events. We then asked if RANKL producing osteoblasts 

would change the dynamic of the interaction between MDA-1833 conditioned medium 

and osteoclasts (Figure 6a). Similarly to osteoclast monocultures, conditioned medium 

from ISO treated MDA-1833 did not induce changes in osteoclast resorption activity in a 

osteoblast/osteoclast co-culture setting (Figure 6b,c). However, osteoblasts rescued the 

normal trench forming ability of osteoclasts since no changes in trench percentage were 

observed when ISO treated MDA-1833 secretome was used in a co-culture setting 

(Figure 6d). Furthermore, similarly to osteoclast monocultures, no significant differences 

in TRAcP activity were observed at the end of the experiment (Figure 6e).  

In conclusion, secretome from MDA-1833 cells under β2-AR activity led to a decreased 

osteoclast aggressiveness evidenced by a reduction in trench resorption percentage but 

not in terms of total area of resorption events. This was only seen in osteoclast 

monocultures, since in presence of osteoblasts no differences were observed. 

Furthermore, MDA-1833 secretome did not affect osteoclast differentiation. 
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Figure 11. Effect of MDA-1833 secretome on osteoclast/osteoblast co-cultures. (a) 

Timeline of the resorption assay in a co-culture setting. Mature osteoclasts were seeded 

with osteoblasts and exposed to MDA-1833 conditioned media for three days. (b) 

Representative micrographs of the surface of bone slices after three days of resorption 

in co-cultures. Scale bar - 200μm. (c) Estimated percentage of eroded surface, (d) trench 

percentage per total eroded surface and (e) TRAcP activity quantified at the end of the 

co-culture experiment. Data is expressed as median of individual data points from 6 

independent experiments (Friedman’s test). 

 

 

3.2.3.5. Bone tropic MDA-1833 and its parental counterpart MDA-231 express 

different levels of osteoclastogenic factors under β2-AR activation 

Functional studies on osteoclast activity showed that, contrarily to the parental MDA-231 

cells, bone tropic MDA-1833 cells do not impair osteoclast differentiation and activity. In 

order to understand what was driving these different outcomes, we first asked what were 

the main differences between both cell lines regarding protein expression under β2-AR 

activation. Proteomic screening of ISO treated MDA-1833 secretome was performed and 

compared to the secretome from ISO treated MDA-231 cell lines (Figure 7a,b). 69 

proteins were significantly deregulated between ISO treated MDA-1833 and MDA-231 

cell lines (31 upregulated and 38 downregulated proteins in ISO treated MDA-1833) 

(Figure 7c, Table S3). Of note, the proteins identified in proteomic analysis of ISO treated 
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MDA-231 cells STC-1 and CCN2 were also differentially expressed between ISO treated 

MDA-1833 and ISO treated MDA-231 secretome. In addition, insulin-like growth factor 

binding protein 7 (IGFBP7) and cystatin C (CST3), proteins previously described to 

inhibit osteoclastogenesis [50, 51], were downregulated in MDA-1833 samples. These 

results are consistent with the previous functional assays and emphasize the differential 

response to β2-AR signaling in the parental cell line MDA-231 and the bone tropic cell 

line MDA-1833. Furthermore, proteins that were differentially expressed in parental and 

bone tropic BC cell lines under β2-AR signaling were associated to biological processes 

such as platelet degranulation, extracellular structure organization and immune 

modulation (Figure 7d,e). 
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Figure 12. β2-AR signaling leads to different outcomes in parental MDA-231 or bone 

tropic MDA-1833 cells. (a) Heatmap depiction of significantly deregulated proteins found 

in conditioned medium from control or ISO treated MDA-231 and MDA -1833 cells 

(Student-t test, p≤0.05). The ratio of protein abundances was color coded as shown in 

the legend. Data from three independent samples is shown, one sample per column. 
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Gray cells represent proteins not detected in a particular sample. (b) PCA of deregulated 

proteins between MDA-231 and MDA-1833, both in control and ISO treated conditions. 

(c) Volcano plot distribution of significantly deregulated proteins in ISO treated MDA-

1833 and ISO treated MDA-231 samples. The ratio between protein abundances 

between ISO MDA-1833 cells and ISO MDA-231 cells is plotted on the X axis, and p-

value is plotted on the Y axis. Red dots represent proteins with a fold change ≤ 1.5, while 

purple dots represent proteins represent proteins with a fold change ≤ -1.5. (d) 

Significantly enriched biological process terms in the group of deregulated proteins in 

ISO treated MDA-1833 and ISO treated MDA-231 cells. ORA was used and only 

processes with false discovery rate of ≤ 0.05 were shown. (e) Gene ontology biological 

processes network analysis of differentially expressed proteins in ISO treated MDA-1833 

and ISO treated MDA-231 cells. Only networks with p≤0.05 were shown (Two sided 

hypergeometric test and Bonferoni step down correction). 

 

3.2.4. Discussion 

Metastatic dissemination of BC cells from the primary tumor to distant sites is the main 

cause of death of BC patients, being the bone the most common site of metastasis. 

Potential benefits of β2-AR targeting were pointed out by several pre-clinical and 

epidemiological studies [6, 23, 52], but other epidemiological studies report no such benefits 

in larger patient cohorts [26-28]. Therefore, the effects of adrenergic signaling on BC are 

still controversial. In this study, using a combination of clinical data, proteomic screening 

and in vitro functional assays with human primary cells, we investigated the effect of 

sympathetic signaling in the crosstalk taking place between either parental or metastatic 

BC cells and bone cells. 

Increased sympathetic tone in circulation is frequent in several types of cancers such as 

gastric and head and neck cancers [16, 17], and is also described in common surgical 

procedures during BC treatment [53]. Plasma catecholamine concentration was 

previously correlated with the occurrence of pain and depression symptoms in BC 

patients [54], and in turn depression was shown to promote prostate cancer metastasis 

[55]. Similarly, we observed augmented levels of epinephrine both in primary and 

advanced BC patients, pointing towards sympathetic modulation of BC during the course 

of the disease.  

Some limitations apply to our clinical study. Age-specific differences between groups 

cannot be excluded since primary BC patients were significantly older than advanced 

BC patients and healthy donors. Furthermore, access to patient medication and co-
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morbidities at the time of diagnosis and blood collection was limited, and obesity and 

diabetes as well as the intake of antihypertensive, analgesic or anxiolytic drugs could 

affect catecholamine synthesis or release into the circulation[56-60]. These limitations 

could be addressed in a larger, randomized clinical trial with patients matched for co-

morbidities and treatment regimens. 

The increased epinephrine content during BC establishment and progression that we 

observed highlight the need of a better understanding on the role of the SNS activity in 

BC progression and bone metastasis. In particular, β2-AR signaling was reported to be 

the major contributor for BC metastasis in in vivo models of chronic stress and SNS 

hyperactivity [6, 61, 62]. Therefore, we focused on high β2-AR expressing parental MDA-231 

and bone tropic MDA-1833 cells to further explore the β2-AR signaling pathway in a bone 

metastatic context.  

We showed that the secretome of MDA-231 cells exhibits significant differences in terms 

of protein expression after activation of β2-AR signaling. In particular, STC-1 and Clu 

were upregulated in the MDA-231 secretome under sympathetic signaling. STC-1 is a 

known osteoclast inhibitor since transgenic mice expressing STC-1 under a muscle-

specific promotor display increased cortical and trabecular bone thickness concomitant 

with a decreased osteoclast activity [42]. Furthermore, STC-1 was shown to be directly 

involved in murine osteoclastogenesis suppression in vitro [63]. Similarly, secreted Clu 

was shown to hamper osteoclastogenesis in murine osteoclast precursors [43]. The 

upregulation of osteoclast inhibitors in MDA-231 secretome was consistent with the 

observed decrease in human osteoclast differentiation and bone matrix resorption 

activity in our model, in up to 6 independent osteoclast donors with blinded or 

unsupervised analysis. However, the crosstalk of osteoclast with human osteoblasts 

mitigated this effect. In contrast, paracrine signaling from metastatic MDA-1833 had no 

effect either on osteoclast monocultures or in co-culture with osteoblasts. Given that 

osteoclast differentiation and activity is tightly regulated by osteoblasts in the bone niche, 

our results suggest that sympathetic modulation of BC paracrine signaling does not affect 

osteoclast bone resorption activity and we would expect no differences of bone turnover 

in BC patients. Our findings are in agreement with a recent study by Chiou et al, where 

the authors demonstrate that injection of MDA-MB-231 secretome in 

immunocompromised mice led to increased bone formation in the pre-metastatic bone 

niche, with no changes in osteoclast activity[5]. This altered bone matrix deposition could 

facilitate BC extravasation into the bone niche prior to metastatic foci establishment[5]. 

However, we did not recapitulate the observations from previous studies that show 

modulation of bone resorption activity by BC cells, even before metastatic spread has 

occurred [4, 64]. This might be an acceptable outcome in primary BC patients with no major 
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alteration in bone turnover, however it is paradoxical in stage IV metastatic BC patients 

that exhibit metastatic bone foci and extensive bone lesions. Moreover, previous studies 

indicate an exacerbation in bone destruction after β2-AR agonism, in immunosuppressed 

mice models of breast cancer bone metastasis as well as mice in vivo and in vitro models 

of pharmacological activation of β2-AR [6, 65-67]. Despite the fact that our findings are not 

aligned with these studies, species related differences in bone cell metabolism could 

explain the observed differences. It is widely accepted that BC secretome increase 

osteoclast differentiation and resorption in experiments using cells from mice [64, 68-71]. In 

contrast, the results obtained from experiments with human cells are not so 

homogeneous, with some studies reporting increases in osteoclastogenesis [68, 72] while 

others show decreased resorption activity [73]. Additional evidence of distinct outcomes 

in human and mouse cells arise from the observation that there is a significant increase 

in RANKL promotor activation in murine bone marrow stromal cells after exposure to 

paracrine signaling from BC cells (Figure S7). When assessing osteoclast activity in our 

model of human osteoblast/osteoclast co-cultures, no differences were observed in 

terms of matrix degradation after incubation with BC secretome. Furthermore, although 

sympathetic activation was reported to directly increase osteoclastogenesis in murine in 

vitro models [74, 75], no alterations in differentiation and resorption activity were apparent 

after daily activation of β2-AR in human osteoclasts/osteoblasts (Figure S8). Again, direct 

β2-AR stimulation in murine bone marrow stromal cells translated into increased RANKL 

promotor activation, while no differences were observed in human osteoblast RANKL 

production (Figure S9). To our knowledge, we are the first to describe the effect of BC 

paracrine signaling on human osteoclast activity under β2-AR agonism in vitro, and 

therefore species related differences should be accounted for when comparing with in 

vivo studies.  

The bone metastatic niche is composed of multiple cell types that can contribute to the 

establishment of osteolytic bone metastasis [12]. We observed consistent and robust 

decrease of osteoclast differentiation and activity after incubation with conditioned 

medium from MDA-231 cells under β2-AR signaling. The inclusion of other cellular 

players such as cancer associated fibroblasts [76], endothelial cells [7] and a functional 

immune system [77] could change the dynamic of SNS activation in the bone metastatic 

niche. In addition, osteocytes account for the majority of osteoblast-lineage cells in bone 

and osteocyte-like cell lines were already described to increase osteolytic output in 

response to SNS activation [78]. Future studies should be conducted to analyze the 

contribution of other cell types in the dynamics of SNS modulation of BC bone 

metastasis. Furthermore, syngeneic in vivo BC models with immunocompetent mice 

could be used to address sympathetic modulation of the bone niche during metastasis, 
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in opposition to xenograft studies in nude mice that do not account for the contribution of 

immune cells. 

The importance of these interactions is further highlighted by the anatomical proximity of 

sympathetic neurons and cells from the bone niche, which is expected to be translated 

into functional significance in vivo[79]. However, norepinephrine is the main 

catecholamine released by sympathetic neuronal terminals, and although we show 

increased epinephrine concentration in the plasma of BC patients, no data is available 

on the local concentration of catecholamines at the bone niche. Since previous studies 

have shown that circulating epinephrine is dispensable for metastatic progression of BC 

in vivo[80], it would be interesting to know how the local concentration of norepinephrine 

changes at the metastatic bone niche. 

Proteomic screening identified multiple differentially expressed proteins between MDA-

231 and MDA-1833 cells, similarly to what is described in other previous proteomic 

analysis studies [81, 82]. In addition, β2-AR activation of osteoclast STC-1 upregulation and 

CCN2 downregulation were already described in parental MDA-231 cell lines stimulated 

with ISO [83]. Interestingly, β2-AR signaling pathway activation leads to distinct outcomes 

in protein expression when comparing parental and bone tropic BC cell lines. Consistent 

with the downregulation of several proteins such as STC-1, IGFBP7 and CST3, MDA-

1833 paracrine signaling did not decrease osteoclast differentiation and resorption 

activity of osteoclasts. These results are also coherent with previous reports that show 

that IGFBP7 expression was downregulated in human metastatic breast cancer tumors 

when compared to its matched primary tumors and were also implicated in decreased 

tumor growth in vivo [84]. In addition, IGFBP7 was shown to impair murine 

osteoclastogenesis in vitro and in vivo [50]. Furthermore, CST3 is a known inhibitor of 

osteoclastogenesis [51] and its downregulation was previously correlated with BC 

aggressiveness and poor prognosis [85]. These observations suggest that, under high 

sympathetic activity, the capacity of BC cell lines to modulate osteoclast activity is altered 

when they acquire metastatic traits, since bone tropic MDA-1833 paracrine signaling 

does not elicit osteoclast bone resorption impairment towards osteoclast bone resorption 

than parental MDA-231 cells in our model. Similar adaptations are found in brain 

metastatic cell lines, where BC cells become able to interact with their surrounding tissue 

that is inherently different from the primary tumor site [86, 87]. Together with data from other 

studies that show an increased migratory capacity of metastatic BC cell lines after β2-AR 

agonism [88], our observations point to distinct β2-AR downstream effectors in bone tropic 

cells that could putatively facilitate colonization of the bone microenvironment under high 

sympathetic input when compared to its parental cell line. Careful consideration must 

therefore be employed when designing therapeutic interventions, since we show that 
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both epinephrine concentration in the plasma of BC patients and BC cell response to β2-

AR agonists changes during disease progression. 
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3.3. Comparison of the proteomic profile of primary and 

metastatic BC 

At the primary site, BC cells are exposed to a multitude of biochemical and biophysical 

stimuli from neighboring cells and tissue ECM that trigger multiple signaling pathways, 

ultimately promoting proliferation, resistance to apoptosis, migration and escape from 

immune surveillance. Eventually, BC cells acquire a plethora of characteristic traits that 

allow them to egress from the primary tumor site into the circulatory system, from which 

they spread to distant sites of metastasis. Primary and metastatic BC are inherently 

different, but the complete picture on the protein expression changes that take place 

during metastatic trait acquisition is still missing. 

In order to understand how the secretome of BC changes during metastasis, we 

compared the proteomic profile of primary MDA-231 and metastatic MDA-1833 BC cells, 

in control conditions without prior stimuli (Figure 8a). A total of 84 proteins were 

significantly deregulated when comparing the secretome of MDA-231 and MDA-1833 

cell lines (36 upregulated and 48 downregulated proteins in the secretome of control 

MDA-1833 cells) (Figure 8b, Table S4). Furthermore, proteins differentially expressed in 

parental MDA-231 or bone tropic MDA-1833 cells were associated to biological 

processes such as platelet degranulation, post translational protein modification and 

immune modulation (Figure 8c,d). 

Similarly to what was observed after ISO treatment, we observed increased levels of 

osteoclast inhibitors Clu, STC-1, IGFBP7 and CST3 in the secretome of control MDA-

231 cells when compared to the secretome of MDA-1833 cells. In addition, Pentraxin 3 

(PTX3) was significantly upregulated in metastatic MDA-1833 cells, which was already 

previously described to promote RANKL secretion in murine osteoblasts and 

subsequently promote osteoclastogenesis [89]. Of note, LOX was exclusively produced in 

primary BC and was not detected in the secretome of metastatic MDA-1833. Primary 

tumor produced LOX was demonstrated to be crucial in the conditioning of the bone 

niche, facilitating pre-metastatic lesion formation and BC colonization of the bone [4]. 

Interestingly, we show that BC cells stop expressing LOX after bone colonization, 

suggesting that LOX is primarily involved in the modulation of the bone metabolism at 

earlier stages of BC progression. 

The upregulation of osteoclast inhibitors in primary MDA-231 cells would suggest that its 

secretome would be detrimental to osteoclast differentiation and resorption when 

compared to metastatic MDA-1833. However, osteoclast exposure to the secretome of 

MDA-231 and MDA-1833 in control conditions did not translate into altered osteoclast 

activity, either in mono-culture or in co-culture with osteoblasts (Figure 3-6). Our findings 
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suggest that the secretome from BC cells is not sufficient to exacerbate osteoclast 

activity, even in the presence of RANKL expressing osteoblasts. Further research on the 

contribution of other cellular players in the bone niche, as well as the role of BC direct 

cell-cell signaling, is required to better understand the establishment and exacerbation 

of the metastatic vicious cycle of bone degradation. 

 

Figure 13. Metastatic trait acquisition leads to a differential proteomic profile. (a) 

Heatmap depiction of significantly deregulated proteins found in the secretome from 

control MDA-1833 and MDA-231 cells (Student-t test, p≤0.05). The ratio of protein 

abundances was color coded as shown in the legend. Data from three independent 

samples is shown, one sample per column. Gray cells represent proteins not detected in 

a particular sample. (b) Volcano plot distribution of significantly deregulated proteins in 

control MDA-1833 and MDA-231 samples. The ratio between protein abundances 

between MDA-1833 cells and MDA-231 cells is plotted on the X axis, and p-value is 
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plotted on the Y axis. Red dots represent proteins with a fold change ≤ 1.5, while purple 

dots represent proteins represent proteins with a fold change ≤ -1.5. (c) Gene ontology 

biological processes network analysis of differentially expressed proteins in ISO treated 

MDA-1833 and ISO treated MDA-231 cells. Only networks with p≤0.05 were shown (Two 

sided hypergeometric test and Bonferoni step down correction). 

(d) Significantly enriched biological process terms in the group of deregulated proteins 

in ISO treated MDA-1833 and ISO treated MDA-231 cells. ORA was used and only 

processes with false discovery rate of ≤ 0.05 were shown.  
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Supplementary Data 

 

Figure S6. Conditioned medium collection from BC cell lines. β2-AR expressing cell lines 

were incubated with either PBS, 1μM ISO (Green dots), 1μM ISO + 1μM ICI or 1μM ICI 

(Blue dots). Incubation was performed in reduced serum conditions for 24h, after which 

medium was collected and centrifuged. 
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Figure S7. cAMP accumulation after ISO incubation in β2-AR expressing COS-7 cell 

lines. (a) ISO incubation leads to a dose-dependent accumulation of intracellular cAMP, 

peaking at a concentration of 10-6M. (b) The addition of ICI before and simultaneously to 

ISO inhibits the accumulation of cAMP, completely abrogating cAMP accumulation at a 

concentration of 10-6M. 
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Figure S3. Automatic quantification of osteoclast differentiation. Raw images of HCS 

Cell Mask (top left) and DAPI (bottom left) are used to train the Ilastik toolkit. Automatic 

pixel classification is performed leading to the generation of probability masks either for 

the cell cytoplasm (top middle) or nuclei (bottom middle). Together with the raw images, 

the probability masks are loaded into a CellProfiler pipeline that automatically segments 

both the cytoplasm (right column, red) and the nuclei (right column, green) and generates 

excel files with the total number of osteoclasts and correspondent number of nuclei 

detected in the images. 
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Figure S8. Uncropped Western Blot of of the expression of β2-AR on BC cell lines. 
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Figure S5. Osteoclast specific cathepsin K gene expression quantification. Pre-

osteoclasts were treated with secretome of MDA-231 cells at day 5 of culture, and further 

cultured for another 4 days. The experiment was ended after fully differentiation of the 

osteoclasts at day 9, after which cells were lysed and mRNA was collected and purified. 

Data is expressed as median of individual data points from 6 independent experiments 

(Friedman’s test). 
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Figure S6. Cells obtained by trabecular bone outgrowth are from the osteoblast lineage. 

(a) After 7 days of culture, osteoblasts are positive for ALP. (b) After 14 days of culture, 

multiple calcium deposits are visible through alizarin red staining. Cells were cultured in 

96-well plates, the whole well is shown. (c) RANKL quantification by ELISA. No RANKL 

was detected in the conditioned medium of osteoblasts, while most of it was detected in 

the cell lysates, suggesting that these cells express RANKL in the cell surface. Data from 

2 independent experiments. (d) Comparison of osteoclast resorption activity between 

osteoclast monocultures and osteoblast/osteoclast co-cultures. Data is expressed as 

individual data points from 6 independent experiments (Friedman’s test followed by 

Dunn’s multiple comparisons test, *p≤0.05). 
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Figure S7. RANKL promotor activation in murine bone marrow stromal cells after 

incubation with MDA-231 conditioned medium. Bone marrow stromal cells express a 

luciferase reporter under RANKL promotor, and luminescence is quantified after 

incubation. Data is expressed as individual data points from 4 independent experiments 

(One Way ANOVA with Šidák’s multiple comparison test, *p≤0.05). 
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Figure S8. Direct effect of ISO on osteoclast differentiation and resorption activity. (a) 

Expression of β2-AR on osteoclasts (white arrows) and osteoblasts (yellow arrows). DAPI 

(blue), F-Actin (green) and β2-AR (red). Scale bar - 100μm. Inset single channel images 

are shown on the right: DAPI (top), F-Actin (mid) and β2-AR (bottom). Inset scale bar – 

100 μm. (b) Timeline of the resorption assay. Osteoclasts are differentiated for nine days 

and seeded on top of bone slices, followed by daily incubation with ISO for another three 

days. (c) Estimated percentage of eroded surface, (d) trench percentage per total eroded 

surface and (e) TRAcP activity quantified at the end of the experiment. Data is expressed 

as median of individual data points from 6 independent experiments (Friedman’s test). 

(f) Timeline of the osteoclast differentiation assay. Pre-osteoclasts are seeded after five 

days of culture and stimulated daily with ISO for four more days, refreshing the media at 

day 7. (g) Osteoclast number and (h) area after four days of MDA-231 conditioned media 

stimulation. Osteoclasts with three or more nuclei were included in the analysis. Data is 

expressed as median of individual data points from 6 independent experiments 

(Friedman’s test). (i) Timeline of the resorption assay in a co-culture setting. Mature 

osteoclasts were seeded with osteoblasts and stimulated daily with ISO for three days. 

(j) Estimated percentage of eroded surface, (k) trench percentage per total eroded 

surface and (l) TRAcP activity quantified at the end of the co-culture experiment. Data is 

expressed as median of individual data points from 6 independent experiments 

(Friedman’s test). 
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Figure S9. Direct effect of ISO on osteoblasts. (a) RANKL promotor activation in murine 

bone marrow stromal cells after incubation with MDA-231 conditioned medium. Bone 

marrow stromal cells express a luciferase reporter under RANKL promotor, and 

luminescence is quantified after incubation. Data is expressed as individual data points 

from 3 independent experiments (One Way ANOVA with Šidák’s multiple comparison 

test, *p≤0.05). (b) Effect of ISO on the RANKL production in human osteoblasts, detected 

by ELISA. Data is expressed as individual data points from 2 independent experiments. 
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Table S1. Description of the cohort of BC patients. 

  

Median 

age (min-

max) 

Primary 

Tumor 

Molecul

ar 

Subtype 

Menopausa

l Status 

Distant 

metastasi

s Site at 

Diagnosis 

Healthy 

Donors 
 58 (46-67) N/A N/A N/A N/A 

 Donor 1 62 N/A N/A N/A N/A 

 Donor 2 58 N/A N/A N/A N/A 

 Donor 3 57 N/A N/A N/A N/A 

 Donor 4 48 N/A N/A N/A N/A 

 Donor 5 62 N/A N/A N/A N/A 

 Donor 6 46 N/A N/A N/A N/A 

 Donor 7 56 N/A N/A N/A N/A 

 Donor 8 65 N/A N/A N/A N/A 

 Donor 9 56 N/A N/A N/A N/A 

 Donor 10 51 N/A N/A N/A N/A 

 Donor 11 64 N/A N/A N/A N/A 

 Donor 12 57 N/A N/A N/A N/A 

 Donor 13 55 N/A N/A N/A N/A 

 Donor 14 62 N/A N/A N/A N/A 

 Donor 15 67 N/A N/A N/A N/A 

 Donor 16 60 N/A N/A N/A N/A 

 Donor 17 55 N/A N/A N/A N/A 

 Donor 18 63 N/A N/A N/A N/A 

Stage I BC 

patients 
 67 (45-73) T1 

Luminal-

like 
 N/A 

 Patient 1 45 T1 
Luminal 

B-like 

Premenopa

usal 
N/A 

 Patient 2 61 T1 
Luminal 

B-like 

Postmenopa

usal 
N/A 

 Patient 3 66 T1 
Luminal 

B-like 

Postmenopa

usal 
N/A 

 Patient 4 68 T1 
Luminal 

A-like 

Postmenopa

usal 
N/A 

 Patient5 71 T1 
Luminal 

A-like 

Postmenopa

usal 
N/A 

 Patient 6 69 T1 
Luminal 

B-like 

Postmenopa

usal 
N/A 

 Patient 7 68 T1 
Luminal 

B-like 

Postmenopa

usal 
N/A 

 Patient 8 68 T1 
Luminal 

B-like 

Postmenopa

usal 
N/A 
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 Patient 9 67 T1 
Luminal 

B-like 

Postmenopa

usal 
N/A 

 Patient 10 63 T1 
Luminal 

B-like 

Postmenopa

usal 
N/A 

 Patient 11 61 T1 
Luminal 

A-like 

Postmenopa

usal 
N/A 

 Patient 12 56 T1 
Luminal 

A-like 

Postmenopa

usal 
N/A 

 Patient 13 68 T1 
Luminal 

A-like 

Postmenopa

usal 
N/A 

 Patient 14 67 T1 
Luminal 

A-like 

Postmenopa

usal 
N/A 

 Patient 15 57 T1 N/A 
Postmenopa

usal 
N/A 

 Patient 16 47 T1 
Luminal 

A-like 

Premenopa

usal 
N/A 

 Patient 17 56 T1 N/A 
Premenopa

usal 
N/A 

 Patient 18 73 T1 N/A 
Postmenopa

usal 
N/A 

Stage IV 

BC 

patients 

 53 (39-73)  
Luminal-

like 
  

 Patient 1 59 T3 
Luminal 

B-like 

Postmenopa

usal 
Bone 

 Patient 2 52 N/A 
Luminal 

A-like 

Postmenopa

usal 
Bone 

 Patient 3 64 N/A 
Luminal 

B-like 

Postmenopa

usal 

Lung, 

Bone, 

Brain 

 Patient 4 71 N/A 
Luminal 

B-like 

Postmenopa

usal 

Bone, 

Liver, 

Lung 

 Patient 5 51 T2 
Luminal 

B-like 
N/A 

Skin, 

Lung, 

Bone 

 Patient 6 
57 

 
T3 

Luminal 

B-like 

 

Premenopa

usal 
Bone 

 Patient 7 
53 

 
N/A 

Luminal 

B-like 

 

Postmenopa

usal 
Bone 

 Patient 8 
51 

 
N/A 

Luminal 

B-like 

Premenopa

usal 
Bone 
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 Patient 9 44 T3 
Luminal 

A-like 

Premenopa

usal 

Bone, 

Lung 

 Patient 10 56 T4 
Luminal 

B-like 

Postmenopa

usal 

Bone, 

Liver, Skin 

 Patient 11 58 T4 
Luminal 

A-like 

Postmenopa

usal 
Bone 

 Patient 12 41 T3 
Luminal 

A-like 

Premenopa

usal 
Bone 

 Patient 13 39 T2 
Luminal 

A-like 

Premenopa

usal 
Bone 

 Patient 14 70 T3 
Luminal 

A-like 

Postmenopa

usal 
Bone 

 Patient 15 47 T2 
Luminal 

A-like 

Premenopa

usal 

Bone, 

Liver 

 Patient 16 73 T4 
Luminal 

A-like 

Postmenopa

usal 

Bone, 

Liver 

 Patient 17 57 T2 HER2 
Postmenopa

usal 

Bone, 

Lung 

 Patient 18 56 T4 HER2 
Postmenopa

usal 

Bone, 

Liver, 

Brain 

N/A – Not applicable/available 
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Table S2. Protein abundance ratio comparison between ISO treated MDA-231 and control MDA-231 

samples 

Gene Symbol Abundance Ratio 

(ISOvsCTRL) 

P value 

CDH6 100 3,4E-16 

MCFD2 100 3,4E-16 

IGFBP1 2,976 3,4E-16 

ALDOB 2,802 3,4E-16 

MAN2B1 2,976 3,4E-16 

STC1 2,652 3,4E-16 

PLAU 2,568 3,4E-16 

ABCA10 2,239 7,16E-12 

VNN1 2,084 6,54E-10 

FABP1 1,993 8,52E-09 

TARS1 1,923 6,06E-08 

BRD9 1,878 2,23E-07 

IGFBP4 1,866 3E-07 

PTK2B 1,754 4,9E-06 

WASHC4 1,727 9,58E-06 

PRC1 1,605 0,000169 

CLU 1,596 0,000213 

SERPINB4 1,566 0,000425 

CTSL 1,508 0,001531 

TPR 1,467 0,003897 

HOOK3 1,466 0,00398 

DDX39A 1,451 0,00539 

CTSD 1,447 0,005945 

C6 1,391 0,018738 

PLAUR 1,382 0,02224 

H2BC21 1,365 0,028902 

SRGN 1,347 0,03991 

IGFBP7 1,331 0,053154 

GSTO1 0,01 3,4E-16 

PBX4 0,01 3,4E-16 

NCAN 0,035 3,4E-16 

CPPED1 0,288 3,4E-16 

SLC25A13 0,341 3,4E-16 

TTN 0,386 3,4E-16 

DSC1 0,404 6,42E-15 

KRT10 0,52 5,62E-08 

KRT9 0,534 2,23E-07 

LMNA 0,56 1,95E-06 

SERPINE1 0,588 1,76E-05 



151 
 

IGFN1 0,588 1,76E-05 

KRT1 0,609 7,89E-05 

MMP1 0,611 9,14E-05 

NPM1 0,636 0,000337 

CENPE 0,639 0,000404 

MAN2A1 0,643 0,000495 

KISS1 0,644 0,000527 

CCN2 0,646 0,000604 

ANXA2 0,654 0,000862 

ARHGDIA 0,666 0,001608 

COL6A2 0,677 0,002907 

FBP1 0,679 0,003171 

VIM 0,703 0,009364 

EIF5AL1 0,708 0,011596 

KRT14 0,718 0,016761 

ADH5 0,723 0,020352 

ATP5F1A 0,729 0,025211 

TERT 0,731 0,02716 

ANPEP 0,739 0,03368 

GOT1 0,739 0,03429 

AKAP13 0,741 0,035427 

HADHB 0,741 0,03574 

COL9A1 0,747 0,044673 

PLXNB2 0,751 0,049436 

VPS45 0,753 0,053683 
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Table S3. Protein abundance ratio comparison between ISO treated MDA-1833 and ISO treated MDA-

231 samples 

Gene Symbol Abundance Ratio (1833 ISO vs 

231 ISO) 

P value 

VCP 100 2,91E-16 

GSTO1 100 2,91E-16 

SLC25A13 2,985 1,19E-11 

DSC1 2,539 2,23E-08 

PTX3 2,526 2,72E-08 

PSAP 2,314 8,84E-07 

KRT10 2,31 9,32E-07 

VNN1 2,184 7,5E-06 

MT1L 1,995 0,000141 

KRT14 1,971 0,000142 

PLVAP 1,956 0,000171 

TPR 1,956 0,000173 

RPL29 1,939 0,000221 

ANPEP 1,921 0,000294 

MCFD2 1,782 0,002194 

PEPD 1,777 0,002374 

DMBT1 1,753 0,003348 

NACA 1,733 0,004404 

KRT1 1,733 0,004408 

LRRC8A 1,693 0,007781 

PLG 1,671 0,01031 

CCN2 1,642 0,014896 

GRN 1,64 0,015265 

IGF2 1,627 0,017886 

OPA1 1,624 0,018592 

NPM1 1,601 0,024787 

FKBP1A 1,593 0,027353 

TTR 1,589 0,028658 

CPPED1 1,563 0,038659 

KRT9 1,551 0,045396 

TMEM132C 1,548 0,04683 

RCN1 0,737 0,050725 

MYOM2 0,727 0,038623 

IGFBP4 0,724 0,036342 

IGFBP3 0,723 0,035024 

HGD 0,72 0,032832 

TIMP2 0,719 0,031821 

C4BPA 0,719 0,03205 

ITIH2 0,714 0,027865 
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HBB 0,714 0,028367 

CD44 0,708 0,023916 

HLA-A 0,701 0,019793 

OAF 0,679 0,01009 

TPM1 0,676 0,009081 

CTSZ 0,665 0,006297 

APP 0,659 0,005054 

DDX39A 0,657 0,004593 

TNC 0,637 0,002221 

FBP1 0,627 0,00146 

IGFBP7 0,585 0,000214 

CST3 0,581 0,000174 

PTK2B 0,58 0,00017 

MMP1 0,568 0,000134 

PPIB 0,546 3,84E-05 

THBS2 0,545 3,74E-05 

SPARC 0,496 1,29E-06 

SERPINE1 0,493 1,06E-06 

STC1 0,491 8,84E-07 

RNASET2 0,457 5,2E-08 

VN1R5 0,45 2,72E-08 

RPLP2 0,442 1,37E-08 

IGFN1 0,438 8,98E-09 

CTSL 0,418 1,09E-09 

PLAUR 0,332 6,37E-15 

IGFBP1 0,267 2,91E-16 

LOX 0,237 2,91E-16 

WASHC4 0,206 2,91E-16 

SERPINB2 0,01 2,91E-16 

SET 0,01 2,91E-16 
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Table S4. Protein abundance ratio comparison between control MDA-1833 and MDA-231 samples 

Gene Symbol Abundance Ratio 

(1833 vs 231) 

P value 

CDH6 100 2,7E-16 

DMBT1 100 2,7E-16 

PSMA1 100 2,7E-16 

IGFALS 100 2,7E-16 

VCP 100 2,7E-16 

ACAT2 5,794 2,7E-16 

VNN1 5,478 2,7E-16 

ABCA10 4,684 2,7E-16 

C6 2,761 1,19E-09 

ALDOB 2,757 1,27E-09 

PEPD 2,684 4,09E-09 

MAN2B1 2,512 5,9E-08 

TARS1 2,345 7,16E-07 

GSTO1 2,279 1,84E-06 

TPR 2,266 2,25E-06 

PSAP 2,158 1,15E-05 

NME2 2,051 5,65E-05 

PGM1 2,05 5,76E-05 

BRD9 1,984 0,000154 

FLNB 1,903 0,000459 

PTX3 1,893 0,000531 

DYM 1,862 0,00078 

NACA 1,836 0,001091 

HOOK3 1,709 0,00573 

EEF1G 1,693 0,00704 

H2BC21 1,669 0,009257 

DARS2 1,669 0,009257 

MT1L 1,637 0,013882 

KRT10 1,613 0,018333 

RPLP2 1,6 0,021696 

GRN 1,597 0,022386 

HSP90AB1 1,596 0,022529 

PFN1 1,57 0,030082 

EEF1D 1,563 0,032767 

AMBP 1,538 0,041389 

ACTN4 1,535 0,043018 

FCAR 0,685 0,052105 

CLU 0,682 0,047992 

ATP5F1A 0,667 0,033275 

LMNA 0,667 0,033393 
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SRGN 0,662 0,029209 

TIMP1 0,66 0,028458 

COL8A1 0,644 0,018012 

HGD 0,643 0,017534 

TNC 0,641 0,016351 

SLC25A13 0,64 0,016089 

SLC38A7 0,639 0,015616 

QSOX1 0,636 0,014164 

APP 0,633 0,012632 

SERPINB2 0,629 0,011151 

HLA-A 0,623 0,009257 

SERPIND1 0,617 0,007521 

RPL13A 0,615 0,007046 

HLA-C 0,596 0,003474 

DDX39A 0,583 0,002109 

PLAUR 0,563 0,000948 

IGFBP7 0,553 0,000609 

LGMN 0,546 0,000455 

PLXNB2 0,537 0,000275 

CENPE 0,53 0,000205 

SPARC 0,525 0,000154 

CEMIP2 0,522 0,000135 

CST3 0,521 0,00013 

CTSL 0,503 4,57E-05 

BOD1L1 0,499 3,44E-05 

TTN 0,491 2,01E-05 

TERT 0,489 1,86E-05 

IGFBP1 0,482 1,16E-05 

A1BG 0,481 1,04E-05 

C4BPA 0,469 4,62E-06 

IGFBP3 0,431 2,43E-07 

WASHC4 0,428 1,78E-07 

IGFN1 0,421 1,08E-07 

MMP1 0,416 6,72E-08 

SERPINE1 0,415 6,47E-08 

FBP1 0,402 1,79E-08 

RNASET2 0,398 1,2E-08 

RCN1 0,396 9,91E-09 

KISS1 0,373 7,57E-10 

STC1 0,315 2,11E-13 

NCAN 0,02 2,7E-16 

PBX4 0,01 2,7E-16 

EIF3L 0,01 2,7E-16 
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LOX 0,01 2,7E-16 
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3.4. Chapter Conclusions 

In summary, we present new data concerning the changes in circulating epinephrine that 

take place during BC and highlight the effect of β2-AR signaling on the crosstalk between 

BC cells and bone niche cells, osteoclasts and osteoblasts. Interestingly, although 

epinephrine levels in BC patients are maintained throughout disease progression, 

proteomic screening and functional studies identified distinct outcomes of β2-AR 

activation after BC metastasis. We show that, contrarily to what is expected, primary BC 

cells decrease osteoclast differentiation and resorption activity in vitro under β2-AR 

signaling activation. In opposition, secreted factors from β2-AR primed metastatic BC 

cells do not affect osteoclast differentiation and resorption in our model, suggesting that 

secreted factors from BC cells after β2-AR agonism are not involved in the local 

exacerbation of bone resorption activity. Future studies should focus on the study of 

cancer/osteoblast/osteoclast cell-cell direct interactions and the role of other cell types 

present in the bone marrow in the dynamics of SNS activation of the bone metastatic 

niche. 
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4.1. Main Conclusions 

In this thesis, we employed an organ-on-a-chip approach in order to dissect the crosstalk 

between the SNS and the BC bone metastatic niche. Organ-on-a-chip microfluidic 

models have emerged in recent years as versatile in vitro tools and have already been 

used to study BC cell extravasation and proliferation in bone mimicking substrates [1-3]. 

However, very few microfluidic models tackle the issue of bone innervation in the context 

of BC and, to our knowledge, none of them focused on the sympathetic control of BC 

bone metastasis. 

We developed a new microfluidic model that is designed to compartmentalize distinct 

cellular types, i.e. sympathetic neurons, bone tropic BC cells and osteoclasts seeded on 

a relevant bone matrix, while facilitating the dynamic communication between 

compartments via secreted factors. We took advantage of 3D printing technology to 

produce molds for PDMS casting in a fast and cost-effective fashion, in alternative to 

standard photolithography procedures. This is crucial to allow the replication of our 

approach in other laboratories according to their specific research needs, since no prior 

access to expensive infrastructure or highly trained personnel is required. 

Our metastasis-on-a-chip platform allowed the identification of new putative mechanisms 

of SNS control over BC cellular processes. We conclude that the dynamic 

communication between human sympathetic neurons, osteoclasts and BC cells favors a 

BC pro-inflammatory profile. Moreover, the use of the incorporated Quake valves to block 

the communication between neuronal and bone compartments showed that the direct 

crosstalk between osteoclasts and sympathetic neurons is dispensable for the observed 

increased levels of pro-inflammatory cytokines. With this work, we demonstrated that our 

platform could be applied in the dissection of signaling pathways involved in BC bone 

metastasis. In addition, by replacing and optimizing cellular or environmental 

components in our platform, we could potentially set the basis for additional fundamental 

and applied research in multiple physiological and pathological scenarios. 

In addition to the conception of a new metastasis-on-a-chip model, we also sought to 

perform an in depth characterization of the sympathetic regulation of bone remodeling in 

a BC bone metastatic context. We wanted to clarify the relevance of circulating 

catecholamines in BC patients at distinct stages of disease progression and how are BC 

cellular processes affected by sympathetic input, with special emphasis on β2-AR 

signaling pathways. In addition, we investigated how the secretome from β2-AR primed 

primary or metastatic BC cells modulates osteoclastic bone degradation, replicating the 

interactions occurring at the BC bone metastatic niche. 
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We describe for the first time the profile of circulating Epi in early and advanced BC 

patients. We found that Epi levels are significantly increased in primary BC patients when 

compared to healthy donors and remain elevated throughout disease progression, 

pointing towards a relevant exacerbation of sympathetic signaling that could either 

directly modulate BC cells or other cellular players of the BC niche. Thus, these findings 

provide evidence for a dysregulation of Epi release that should warrant careful 

consideration on the treatment regimens of BC patients in a clinical setting. 

Importantly, although the levels of circulating Epi are maintained across different stages 

of BC in the clinical setting, we observed distinct proteomic profiles in primary and 

metastatic BC cells after pharmacological activation of β2-AR in vitro. Consistently, 

exposure of human osteoclasts to the secretome of primary BC cells under β2-AR 

signaling translated into a robust decrease in osteoclast differentiation and bone 

degradation, in opposition to what was observed following osteoclast stimulation with the 

secretome of β2-AR primed metastatic BC cells. On the other hand, direct co-culture with 

human osteoblasts mitigated the deleterious effects of β2-AR primed primary BC 

secretome on osteoclast resorption activity. Since osteoblasts are major regulators of 

osteoclast activity in vivo, our findings challenge the theory that secreted factors from β2-

AR primed BC cells are involved in the modulation of bone resorption. These 

observations have important implications for the design of future pre-clinical experiments 

and therapeutic strategies, since the increased circulating Epi levels throughout BC 

progression and the observed changes in the proteomic profile of metastatic BC cells did 

not translate into altered bone metabolism in our co-culture model. Nevertheless, our 

observations do not exclude the possible contribution of other cellular components of the 

bone metastatic niche, such as immune cells, fibroblasts, endothelial cells and 

osteocytes, that could promote the establishment of a metastatic vicious cycle of bone 

degradation under SNS activation. 

Overall, this thesis provides new insights on the sympathetic modulation of BC in the 

context of bone metastasis. We demonstrated the relevance of circulating epinephrine 

levels throughout BC progression, since both primary and advanced BC patients exhibit 

exacerbated epinephrine levels when compared to healthy blood donors. Furthermore, 

using two distinct in vitro approaches, i.e. a novel metastasis-on-a-chip model and β2-

AR pharmacological activation of BC, we show that sympathetic stimulus alters the 

protein expression of primary and metastatic BC. Nonetheless, these changes do not 

necessarily translate into altered bone resorption, which warrants further investigation 

on the consequences of sympathetic exacerbation in BC outcomes in vivo and in a 

clinical setting. Our metastasis-on-a-chip model could be used in the future to identify 

other soluble mediators such as extracellular vesicles or micro-RNAs that could be 
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involved in the crosstalk between BC and bone under sympathetic stimulus. 

Furthermore, clarifying whether the secretome of BC and osteoclasts affect NE release 

by neuronal cells would complement our findings in the future, using molecular biology 

techniques, image analysis tools or high throughput techniques such as RNA 

sequencing, both in general or at a single cell level. Ultimately, our model could 

potentially be used to study other bone tropic cancers such as prostate, lung and multiple 

myeloma that were already described to be affected by sympathetic stimuli [4-6], and thus 

improve our understanding of these interactions.  
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