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CHAPTER I 

Background Information and Dissertation Focus 

 

Cancer Introduction 

As stated by to the World Health Organization, cancer is the second leading cause of death in the 

USA behind heart disease. Worldwide, cancer accounts for approximately 13% of all deaths, warranting 

more funds, time, and investment to understand the pathology of this disease (1). At its most basic, 

cancer is a group of diseases that originates because of uncontrolled cell proliferation due to mutations 

in the genome. These so-called “driver mutations” can be caused by exposure to environmental toxins, 

like chemicals found in cigarettes, or due to genetics, as people with Li-Fraumeni Disease who have a 

mutation in the tumor suppressor gene TP53 and are at a much higher risk of developing multiple types 

of cancer (2). Additionally, driver mutations can lead to other genetic changes, giving rise to other driver 

mutations as well as myriad of “passenger mutations.” Because of this characteristic, tumors can be 

incredibly heterogeneous not only intertumorally, between different patients that have the same 

classification of cancer, but even intratumorally, between different sections of one tumor in a single 

patient (3). This biological diversity has made it difficult to completely eradicate many tumor types and 

can also lead to drug-resistant tumors that either grow during initial treatment or recur months to years 

later.   

Advances in cancer research over many decades have illuminated specific traits of tumors, 

designated the “Hallmarks of Cancer” by Drs. Douglas Hannahan and Robert Weinberg. These 

characteristics are believed to be essential to cancer development and progression, covering a wide 

range of biological processes (4, 5). Although one could argue that each of these characteristics is 

influenced by the host cells of a microenvironment where a tumor grows, some of these hallmarks are 
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more tumor centric: genetic instability, deregulated cellular metabolism, resisting cell death, avoiding 

destruction by the immune system, capability to invade and metastasize, evading growth suppressors, 

and immortal cellular replication. There are some hallmarks, however, that heavily involve host cell 

types, or the stroma; tumor-promoting inflammation, sustaining proliferative signaling, and 

angiogenesis, which is the formation of new blood vessels, involve the immune system, cancer-

associated fibroblasts and pericytes, and endothelial cells, respectively. These interactions between 

tumors and the stroma allow the tumors to become malignant neoplasms, grow exponentially, and 

evolve into diffuse, metastatic disease. Once cancer advances to this stage, it is more difficult to treat 

and, in many cases, incurable.  

 

Cancer Metastasis 

Metastasis is defined as the event when tumor cells travel from the initial site of disease to a 

separate site in the body, and this event accounts for a vast majority of cancer-related deaths (6). Tumors 

metastasize to specific secondary organs due to intrinsic properties of both the primary tumor and those 

secondary sites; these secondary sites being fertile “soil” for the “seeds” of the primary tumor (7). A 

strong example of this behavior is observed in colorectal cancer (CRC). This tumor type commonly 

metastasizes to the liver via the hepatic portal vein, a structure that carries blood from the 

gastrointestinal tract to the liver. It is this structure that forms a direct connection between these two 

organs, exposing metastatic CRC cells to the liver microenvironment. Furthermore, advanced prostate 

cancer almost exclusively spreads to bone because this tumor type responds favorably to proteins and 

the physical make-up of the bone. In turn, prostate cancer cells secrete factors such as androgens that 

activate osteoblasts, causing the release of bone morphogenic proteins (BMPs) and TGF-β, which are 

known to drive prostate tumor progression.  
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One of the most common sites of metastasis is the bone. Regarding specific cancer subtypes, 

breast, prostate, lung, melanoma, multiple myeloma, many of which are among the most commonly 

diagnosed cancers, all metastasize to bone. Anthracyclines, such as doxorubicin, as well as radiation are 

standard lines of therapy for patients that present with bone lesions (8). While these treatments are non-

specific, more translational studies now focus on ways to explicitly target the tumor cells that establish 

in the bone as well as prevent actions of the multitude of cells in the bone microenvironment with which 

the tumors interact.  

 

Breast Cancer Subtypes  

Specifically looking at breast cancer, a subtype that commonly metastasizes to bone, this disease 

is the most commonly diagnosed cancer in women and the second-leading cause of cancer-related deaths 

in women in the USA. Screenings for breast cancer have increased over the last three decades, and the 

survival rate has reflected that advancement. However, most breast cancer deaths are due to diffuse 

metastatic disease; it is estimated that around 90% of breast cancer deaths are due to metastases, and 

there are currently no cures once the tumor has spread (1, 9). Breast cancer commonly metastasizes to 

lungs, liver, brain, and bone, and has a recurrence rate of 20-30% (10). Moreover, the median survival 

time of patients with metastatic breast cancer is roughly 3 years, yet this depends on the subtype, stage at 

diagnosis, and treatment regimen (11). 

There are multiple subtypes of breast cancer that are distinguished by receptor status as well as 

cell of origin of the tumor in the breast tissue. The presence of any of the following proteins: Estrogen 

Receptor (ER), Progesterone Receptor (PR), and Human Epidermal Growth Factor Receptor 2 (HER2), 

classify breast tumors and identify prognosis and potential therapy options.  
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Triple negative breast cancers (TNBC) lack expression of all three of the aforementioned 

receptor proteins and account for approximately 20% of breast tumors. They have poor prognosis, are 

poorly differentiated, and are treated with chemotherapies. HER2+ cancers, representing about 20% of 

breast cancer diagnoses, have strong expression of the HER2 receptor, and are treated with trastuzumab, 

a monoclonal antibody that binds HER2 and blocks downstream signaling of that receptor. Luminal 

breast cancers make up the other 60% of breast cancer diagnoses. They range in receptor status and in 

prognosis. This type of breast tumor can be ER and/or PR positive and can be treated with anti-hormonal 

therapies like anti-estrogens. Relating these subtypes to bone metastasis, all have been reported to 

metastasize to the bone. TNBC are viewed as the most aggressive category, and certain groups report 

that ER+ breast cancers are the most common subtype that produces bone lesions (12). Up to 75% of 

patients with diffuse metastatic breast cancer will develop a bone lesion, and this can manifest as one of 

many skeletal related events. These include hypercalcemia, spinal cord compression, severe bone pain, 

and pathological fractures (13).  

 

Breast Cancer Metastasis to Bone 

The metastatic process is one that occurs rarely and is biologically inefficient. In reference to 

breast cancer, a tumor grows at a primary site somewhere in breast tissue, increasing in size and 

acquiring multiple mutations that promote this growth (Figure 1). In order for this tumor to survive due 

to its incredible growth potential, it must create and co-op blood vessel networks through the process of 

angiogenesis. Tumors commandeer blood vessel networks through hypoxic signaling cues, like secretion 

of growth factors such as vascular endothelial growth factor (VEGF), that guide blood vessel growth 

toward the tumor mass. The initial tumor, now malignant, can then locally invade as well as intravasate 

into the circulatory and lymphatic systems after undergoing epithelial to mesenchymal (EMT) transition. 
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While many cells from a primary tumor may intravasate, only a very small percentage are able to 

survive in circulation, leading to systemic dissemination of a tumor in a host. Eventually, tumor cells 

that successfully colonize bone must exit circulation and extravasate into a secondary tissue; this 

requires interactions with circulating immune cells, endothelial cells, and mesenchymal to epithelial 

(MET) transition. Tumor cells that arrive in bone can remain dormant for as long as a decade before 

commandeering the homeostatic processes of the bone microenvironment and becoming a secondary 

lesion (9, 14, 15). Much research is needed to understand the process of bone metastases, treatment 

options for these types of lesions, and factors that promote or hinder this process. It is clear, however, 

that the cells of the host microenvironment have a role in tumor progression and need to be further 

investigated in the context of basic, translational, and clinical research.  

 

 

 

 

 



	 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The Metastatic Cascade. Tumor initiation begins with a mutation of 
normal cells at a primary location. The tumor grows and can invade locally. If the 
tumor is able to commandeer vasculature, this will allow it to grow exponentially, as 
the vessels provide nutrients for survival. Also, this compromised network provides 
a conduit to the circulatory and lymphatic systems. A fraction of the tumor cells will 
survive in circulation, becoming systemically disseminated. An even smaller 
percentage extravasates from the blood stream into a secondary organ. These 
successfully metastasized cells can either remain dormant for as long as a decade, or 
begin proliferating, creating a secondary lesion. 
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The Vicious Cycle of Bone Metastasis 

A pioneer in the field of bone biology and metastasis, Dr. Gregory Mundy, described the process 

of bone metastasis as “The Vicious Cycle” (14). Essentially, tumor cells that are present in the bone 

secrete factors such as Parathyroid Hormone Related Protein (PTHrP) and Interleukins 6, 8, and 11 (IL-

6, IL-8, IL-11) that activate osteoblasts. These activated osteoblasts produce RANKL, a cytokine that 

binds its receptor RANK that is present on pre-osteoclasts, causing them to mature into fully functional 

osteoclasts. These cells of the myeloid lineage are then able to resorb bone, releasing a myriad of factors 

like Transforming Growth Factor Beta (TGF-β), Bone Morphogenic Proteins (BMPs), and calcium into 

the bone microenvironment that promote tumor growth and feed forward this destructive cycle. Breast 

cancer and multiple myeloma bone lesions tend to present in clinic as osteolytic, while prostate cancer 

bone lesions are most commonly osteosclerotic, validating both osteoclast and osteoblast-targeted 

therapies (16). 

Elucidation of The Vicious Cycle has revealed how important the multitudes of stromal cells of 

the bone microenvironment are for cancer progression. Because of this, current standard of care 

therapies for patients with bone lesions target proteins produced by stromal cells as well as their activity. 

Denosumab is an antibody that targets receptor activator of Nf-kB ligand (RANKL) that is produced by 

osteoblasts and prevents it from binding its receptor, RANK, thus reducing osteoclastogenesis (17). 

Bisphosphonates are a class of drugs that prevent osteoclast resorption by binding hydroxyapatite 

present in bone tissue, thus stopping bone destruction and reducing bone pain for patients. The most 

commonly used bisphosphonate currently is Zoledronic Acid (ZA), and there is a debate in the bone 

field as to whether bisphosphonates also inhibit tumor growth (18). The field of bone-targeted therapies 

is not without its pitfalls. A drug called Odanacatib that targets Cathepsin K, a protease made by 

osteoclasts, showed promise in the laboratory, but was not successful in human trials due to 
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cardiovascular side effects (19). It is extremely important to note that these treatments for bone 

metastases are only palliative, reinforcing the need for more research to elucidate the biology of bone 

metastatic lesions and how to effectively treat them.  

 

Cells of the Bone Microenvironment: Osteoblasts, Osteoclasts, and Osteocytes 

Osteoblasts are known as the “bone-forming” cells. These cells are derivatives of mesenchymal 

cells and drive bone formation through the production of cytokines and deposition of matrix proteins. 

Osteo-chondroprogenitor cells differentiate down the osteoblast lineage through transcriptional activity 

of Runx2, leading to the induction of osteoblastic genes related to collagen deposition and matrix 

mineralization (20).. These cells are producers of macrophage colony stimulating factor (M-CSF) and 

RANKL, both of which are needed for formation of the bone resorbing osteoclasts (21-23). Osteoblasts 

are also able to produce osteoprotegerin (OPG), a decoy receptor for RANKL as a mechanism of 

negative regulation of bone turnover (22). Certain tumors, such as prostate cancer, produce 

osteosclerotic lesions. This type of bone lesion is characterized by increased deposition of compromised 

bone tissue, which is linked to overstimulated osteoblast activity.  

 Osteoclasts, known as the bone-resorbing cells, are a multinucleated cell population of the 

myeloid lineage that is responsible for bone destruction in the context of both bone homeostasis and 

cancer (23). As previously mentioned, M-CSF and RANKL, produced by osteoblasts as well as 

osteocytes, bind receptors present on pre-osteoclasts, causing them to differentiate and become active 

bone resorbing cells. Mature, activated osteoclasts create resorption pits on the bone surface via the 

release many proteases like matrix metalloproteinase 9 (MMP9), Cathepsin K, and H+ ions to create an 

acidic environment apt for bone destruction (14). This process is tightly regulated by cellular 

communication from osteoblasts and other cell types found in bone.  Parathyroid hormone (PTH) as well 
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as prostaglandin E (PGE) have been reported to positively regulate secretion of H+ in osteoclasts, thus 

promoting resorption (23). 

 Osteocytes are the mature forms of osteoblasts, the most abundant cell in bone, and are 

embedded in the calcified tissue of the bone. These cells have protrusions and are believed to be highly 

communicative within the bone microenvironment. They have functions related to mechanosensing, 

bone remodeling, and mineral metabolism (24). Although more research is needed even to fully 

understand their biology, it has been reported that osteocytes can secrete adenosine nucleotides that 

facilitate breast cancer cell migration and can respond to physical changes in bone due to tumor growth, 

which caused them to secrete cytokines and matrix metalloproteinases (MMPs) that promote tumor 

growth (25). Interestingly, Sottnik et al. revealed that increased pressure on MLO-Y4 osteocytes 

promoted production of C-C motif chemokine 5 (CCL5), which enhanced migration and invasion of 

multiple prostate cancer lines (26). This study suggests that certain physical parameters of the bone 

microenvironment can enhance tumor progression, and that osteocytes may contribute to tumor 

progression through these types of mechanisms. Osteocytes can also influence other bone stromal cells 

in manners that promote tumor progression. Delgado-Calle et al. revealed that bidirectional Notch 

signaling between multiple myeloma cells and osteocytes can lead to increased pre-osteoclast 

recruitment, tumor cell proliferation, and decreased osteoblast activity and differentiation (27).   

 

RANKL and OPG Are Key for Bone Homeostasis and Cancer Metastasis 

 As previously stated, osteoblasts are the bone-forming cells of the bone microenvironment. 

Furthermore, these cells generate growth factors and cytokines that regulate bone homeostasis and also 

affect cancer progression. Two of these principal proteins are RANKL and OPG. 
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RANKL, receptor activator of NF-κB ligand, is a member of the tumor necrosis factor (TNF) 

family of ligands that has a membrane-bound form and a soluble form caused by proteolytic cleavage or 

alternative mRNA splicing. Once a hexameric complex is formed between 3 ligands and 3 RANK 

receptors, a signaling cascade through the NF-κB pathway is initiated. Target genes of this pathway that 

are transcribed promote inflammation, osteoclastogenesis, and epithelial proliferation (28, 29). It is 

through osteoclast differentiation that RANKL regulates bone homeostasis. Additional pathways 

activated by RANKL signaling include PI3K-AKT, MEK-ERK, and JNK c-FOS/c-JUN. Regarding 

cancer pathology, many types of cancer, including sarcomas and breast cancers, have been reported to 

express RANK and respond to RANKL in a manner that promotes disease progression (30).  

Osteoprotegerin (OPG) is a member of the TNF superfamily of receptors. This secreted decoy 

receptor is responsible for negatively regulating bone resorption through binding RANKL and 

preventing its downstream activity (22, 31). Bone homeostasis is highly dependent on the ratio of 

RANKL to OPG; more RANKL leads to bone resorption, while more OPG leads to reduced resorption. 

Multiple myeloma cells degrade OPG, which ultimately shifts the RANKL/OPG ratio to a tumor-

promoting value (32). The mechanism of the drug Denosumab mimics that of OPG and is used as a 

treatment for osteoporosis and tumor-induced bone disease (TIBD).  

 

Interleukin 6 (IL-6) in Bone Biology and Cancer   

 Another protein that plays a role in both bone biology and cancer progression, and is produced 

by osteoblasts, is IL-6. This protein is a pro-inflammatory cytokine that is involved in many biological 

processes and present in many tissues. It signals by binding a heterotrimeric receptor complex 

containing one IL6-R protein, either soluble or membrane-bound, and two membrane-bound GP130 

proteins, and activates the JAK/STAT and NF-κB pathways (33). These two isoforms of the IL6 
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receptor are synthesized through alternative splicing of the IL6-R gene, or through proteolytic 

processing of membrane-bound IL6R upstream of its transmembrane domain via ADAM17 activity (34, 

35). Signaling through the membrane-bound IL6-R is considered the canonical pathway, and the 

receptor complex containing the soluble form of IL6-R is designated as trans-signaling. In the context of 

bone biology, IL-6 promotes osteoclast formation and activity through increased RANKL expression; 

Il6KO mice are reported to have reduced bone degradation and low levels of Rankl and Il-17 (33).  

Johnson et al. revealed that specific loss of gp130 in osteoblasts and osteocytes led to reduced trabecular 

bone formation in mice, highlighting the role of this cytokine in bone formation and homeostasis (36). 

Furthermore, injury to bone is known to increase expression of IL-6 in multiple bone stromal cells, 

including osteoblasts, and infiltrating monocytes to initiate bone healing (37). 

 IL-6 is a tumor promoting protein and contributes to cancer cachexia (33, 38, 39). STAT3 

activation downstream of IL-6 is linked to muscle atrophy and exacerbates this wasting phenotype in 

tumor models (39). Many of the osteotropic tumor types, such as breast, prostate, and multiple myeloma, 

secrete elevated amounts of this cytokine. Hartman and colleagues showed that the TNBC subtype relies 

heavily on IL-6 for its tumorigenicity (40). To further complicate cancer pathology, tumors can also 

stimulate the stroma to produce IL-6, indicating that multiple pools of this cytokine can promote tumor 

progression. This phenomenon was reinforced by Zheng et al.; they demonstrated that specific blockade 

of either tumor-derived human IL-6 or stromal derived mouse Il-6 reduced bone lesion area, increased 

apoptotic tumor cell percentage, and minimized serum RANKL levels (41). As far as clinical treatments 

targeting IL-6 are concerned, tocilizumab, a monoclonal antibody that targets IL6R, is currently FDA 

approved to treat rheumatoid arthritis. As this drug has shown efficacy in studies targeting HER2+ 

tumors that are also hormone receptor negative, it could be a viable option for the treatment of 

metastatic breast cancer tumors (42). 
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The Sympathetic Nervous System Signals via Adrenergic Receptors and Regulates Bone 

Remodeling 

 More research is needed to investigate processes that regulate the many distinct cells involved in 

the “vicious cycle” of cancer-induced bone destruction, which could reveal new targets for the treatment 

and prevention of bone metastases. In addition to cells listed in the previous section, the bone 

microenvironment contains both Parasympathetic Nervous System (PSNS) and Sympathetic Nervous 

System (SNS) nerves (21). The SNS regulates the “Fight or Flight” response and signals via activation 

of the Hypothalamic-Pituitary Axis (HPA) and release of catecholamines in the adrenal gland and 

innervated tissues. Peripheral sympathetic nerves that innervate the bone release norepinephrine (NE), a 

neurotransmitter that binds adrenergic receptors present on target cells (43). NE is known to bind beta2-

adrenergic receptors (β2ARs) present on osteoblasts. Upon SNS activation, NE is released by 

sympathetic nerve fibers. Activation of β2AR leads to increased RANKL production by osteoblasts, 

osteoclastogenesis, and bone turnover (44). In addition to changes in bone turnover, β2AR activation 

leads to alterations in inflammation and cell trafficking in bone tissue.. It is well reported that SNS 

innervation of the bone marrow is a regulatory mechanism for hematopoiesis and immune cell response 

to injury (45). Previous work has shown that Isoproterenol (ISO), a synthetic βAR agonist, increased 

RANKL production by osteoblasts and bone remodeling (44, 46). Also, both osteoblast-specific and 

global β2AR knockout mice exhibit a high bone mass, indicating the β2AR in osteoblasts triggers this 

bone phenotype (46, 47). A direct role of the nerves on tumor progression in bone metastases is an 

expanding area of research. Even though stress has not been shown to directly cause cancer, it is linked 

to reduced patient survival and exacerbation of the disease (48-50). 

Previous work from our lab has reinforced the role that SNS has on the progression of breast 

cancer bone metastases. Campbell and colleagues report that increased levels of osteoblastic RANKL 
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caused by ISO treatment induced the migration of MDA-MB-231 breast cancer cells in vitro in a 

transwell assay. Addition of OPG to the activated osteoblasts prevented that migration, strongly 

implicated a RANKL-dependent migration. Furthermore treatment in an experimental bone metastasis 

mouse model, ISO promoted the colonization of bone in MDA-MB-231s, but not in MDA-MB-231s 

with low levels of the RANK receptor (51). RANKL has been linked to worse clinical outcomes in 

breast cancer patients, as well as melanoma bone metastases (53-53) 

 

Adrenergic Signaling in Cancer Progression 

Adrenergic receptors belong to the family of G-protein coupled receptors (GPCRs), the largest 

family of eukaryotic receptor proteins. The structure of GPCRs is well studied, as these receptors are 

known to be heptahelical with seven transmembrane α-helices spanning the cell membrane, have an 

extracellular N-terminus, and an intracellular C-terminus (54). GPCR signaling relies on many effector 

proteins and signal transducers. Once GPCRs are activated, as when catecholamines bind to adrenergic 

receptors, an intracellular, GDP-bound heterotrimeric G protein complex that is inactive separates into 

active Gα-GTP and Gβγ subunits. Guanidine nucleotide Exchange Factors (GEFs) and GTPase-

Activating Proteins (GAPs) facilitate the cycle between GDP and GTP bound G proteins. 

Accompanying regulatory mechanisms of GPCRs involve a group of proteins called arrestins (55). This 

family of proteins binds to phosphorylated GPCRs, desensitizing the receptor, and is also key in 

facilitating signaling for receptor internalization, as arrestins have been shown to bind clathrin, a protein 

key in vesicle formation and cellular cargo sorting.  

There are two classes of adrenergic receptors: alpha-adrenergic receptors (αAR), consisting of 

two subtypes, and three subtypes of beta-adrenergic receptors (βAR). These five subtypes are expressed 

across many different tissues. For example, smooth muscle cells express both α1ARs and α2ARs, while 
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platelets are positive for α2ARs. β1ARs are found on cardiac muscle and increase heart rate when 

activated (56-58). β2ARs regulate vasodilation in heart and lung, and control myeloid cell trafficking 

(45). Adipocytes are positive for β3ARs, and their activation leads to increased oxygen consumption and 

insulin secretion (59). Specifically discussing the β2AR, one of the focal points of this dissertation, this 

adrenergic receptor is rather ubiquitously expressed, detected in osteoblasts, and is known to regulate 

bone homeostasis (44, 46, 47). β2AR is coupled almost primarily to a Gαs family member, and Gαs 

signals through the secondary messengers adenylyl cyclase and cyclic AMP (cAMP). Gαs is described 

as activating because this G-protein member induces increases in intracellular cAMP, which further 

activates protein kinase A (PKA) through direct binding; PKA is an important negative regulator of the 

β2AR (54, 55). The cAMP arm of β2AR signaling further supports activation of RAF/MEK/ERK 

signaling pathway, a set of kinases that are highly associated with survival and proliferation of cancer 

cells (Figure 2).  

As previously mentioned, stressful stimuli activate adrenergic receptors through the SNS arm of 

the nervous system. Short-term activation of the SNS is beneficial for survival; it is when this activation 

becomes chronic that pathologies arise. Autoimmune diseases as well as cardiovascular diseases have 

been linked to chronic stress (60). In regard to cancer, multiple tumor types have been shown to express 

adrenergic receptors, but the level of benefit from activation of these receptors varies by tumor type, 

suggesting a level of complexity regarding stress and its effects on cancer. Indeed, Schuller and 

colleagues in 1999 noted that β2ARs promote DNA synthesis in lung adenocarcinoma (61). Kasbohm 

and colleagues reported that βARs in prostate cancer could stimulate androgen receptors through 

increasing accrual of cAMP and PKA (62). Studies of ovarian cancer reveal that this tumor type also 

gains a survival benefit from adrenergic signaling through growth factor production and vascularization 

(63, 64). Furthermore, stromal cells associated with tumors such as bone marrow, endothelium, and 
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nerves, also express adrenergic receptors and can affect tumor progression through growth factor 

secretion and immune suppression (65).  

 

Adrenergic Blockers in Clinical and Translational Cancer Studies  

 Many clinical cancer studies have elucidated advantageous actions of beta-blockers, a class of 

adrenergic receptor antagonist known to be effective at targeting arrhythmia and high blood pressure. 

Patients with breast cancer, malignant melanoma, and NSCLC were reported to have improved survival 

outcomes if their treatment regimen included a beta-blocker (66-68). One clinical study of CRC patients, 

however, showed no clinical benefit with beta-blocker treatment, highlighting the need for more scrutiny 

as to how beta-blockers affect the progression of multiple forms of cancer (69).  

 Translational studies have dissected many of the mechanisms behind how SNS activation 

promotes tumor progression and how beta-blockers negatively affect this progression. Researchers 

report direct effects on tumor growth and regulating tumor apoptosis of hemangiomas, ovarian cancer, 

breast cancer, and prostate cancer, showing that catecholamines can directly bind tumor cells and 

activate pro-survival pathways (48, 63, 64, 70). Effects of catecholamine signaling have also been 

shown to promote migratory and invasive behaviors. A study by Creed and colleagues reports that the 

TNBC cell line MDA-MB-231s exhibited increased invadopodia formation with ISO treatment. 

Moreover, use of a β2AR-specific inhibitor reduced that increase as well as the function of these 

invadopodia (71). Others report increases in the gelatinases MMP-2 and MMP-9, proteins that degrade 

the ECM and promote tumor cell invasion upon ISO treatment (72).  
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Figure 2: Simplified Schematic of β2AR signaling. Black cylinders 
represent α-helices of the β2AR. Norepinephrine (NE) binds extracellularlly, 
leading to activation of the heterotrimeric G-protein. Gαs then increases 
adenylyl cyclase activity, cAMP levels, and corresponding downstream 
targets. GRKs, β-arrestins, and PKA negatively regulate β2AR signaling. 
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Along with these direct effects on the tumors themselves, adrenergic signaling also changes 

stromal and immune cells that constitute the tumor microenvironment in ways that support tumor 

progression. NE and EPI have been shown to negatively alter levels of NK cells and macrophages in 

manners that promote prostate cancer growth (73, 74). Furthermore, Sloan et al. showed that stress-

induced changes in the lung microenvironment via infiltration of tumor-promoting macrophages support 

breast cancer metastases to that specific site (75). Primary tumor angiogenesis was also negatively 

affected in models of ovarian cancer and neuroblastoma when beta-blockers were added to treatment 

regimens in the specific mouse models (63, 76).   

 

Blood Vessel Formation, VEGF-A and Its Receptors, and Bone Vasculature 

  In addition to being innervated by sympathetic nerves, the bone is also highly vascularized. The 

formation of blood vessels can be categorized into two processes. Vasculogenesis is the de novo 

synthesis of blood vessels, which requires endothelial progenitor cells and angioblasts, as well as 

differentiation into functional endothelium. Angiogenesis, on the other hand, is the synthesis of blood 

vessels from existing vessels present in tissues. This developmental pathway involves tightly regulated 

schema of growth factors and developmental proteins. Vascular endothelial growth factor (VEGF) is 

essential for blood vessel formation, both in normal and tumor biology. This family of growth factors is 

transcribed by hypoxia-inducible factors (HIFs), has five members, and binds to three different VEGF 

receptors that belong to the receptor tyrosine kinase family (RTK) (77). VEGF-A, the isoform that is a 

main part of this dissertation work, is known to be alternatively spliced into as many as nine distinct 

isoforms and has been shown to bind VEGFR1 and VEGFR2. The VEGFA gene is comprised of eight 

exons and seven introns, which allows for the creation of multiple isoforms via alternative splicing. The 

four most common isoforms are VEGF121, VEGF165, VEGF189, and VEGF206. Where these proteins 
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differ most notably relates to properties involving binding affinity and localization. 121 is a diffusible 

protein, while the larger two isoforms, 189 and 206, are relegated to the extracellular matrix (ECM). 

165, compared to the other three, is the most versatile isoform of VEGF-A; it is both secreted and bound 

to the ECM, and binds with high affinity to VEGF receptors and co-receptors. 121 and 165 are the most 

highly synthesized isoforms (78).  

As previously stated, VEGF-A binds to two RTKs, VEGFR1 and VEGFR2. These RTKs are 

structured with an extracellular domain where the ligands bind, a single transmembrane region, a 

juxtacrine membrane domain, an interrupted kinase domain, and a C-terminal tail. Most commonly, 

these proteins form homodimers and are in part regulated by HIFs, similar to the VEGF-A ligand. When 

bound to VEGFR2, VEGF-A activates pro-angiogenic signaling and promotes migration and survival of 

endothelial cells; binding VEGFR1, however, activates anti-angiogenic signaling pathways and has been 

shown to negatively regulate VEGFR2 activity (79). This yin and yang relationship of VEGFR1 and R2 

is key for normal vascular and organ system development, as genetic ablation of either receptor results 

in embryonic lethality (80). Furthermore, a secreted form of VEGFR1 (sVEGFR1) exists and plays a 

role in vessel formation and directed growth. There are scientific reports indicating that VEGFR1/R2 

heterodimers exist, and that this specific receptor activates pro-angiogenic signaling.  

Additionally, Notch signaling plays a role in dictating vessel sprouting and vessel structure. As 

the Notch pathway is the epitome of juxtacrine signaling in development, it is not surprising that it was 

discovered to be key in blood vessel formation (81). Communication between tip cells, which are at the 

leading edge of a new blood vessel, and neighboring stalk cells is heavily dependent on Notch. Elevated 

levels of VEGF that are sensed by the tip cell cause an increase in delta-like ligand 4 (Dll4); this ligand 

activates Notch in adjacent endothelial cells, which will eventually become the stalk cells. Subsequently, 

this leads to reductions in VEGFR2 and increases in sVEGFR1 (82). Furthermore, this increased 
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production of sVEGFR1 contributes to the proper production of blood vessels in a controlled, direct 

manner (83). Once the nascent vessel is formed, oxygen levels rise, reducing VEGF levels and 

ultimately halting angiogenesis.  

 

Angiogenesis and Osteogenesis Are Coupled 

 Angiogenesis is tightly regulated in tandem with bone formation during endochondral bone 

development. After a cluster of condensed mesenchymal cells differentiate into chondrocytes, the center 

most group of this cell cluster stops proliferating and becomes hypertrophic (21, 84). Not only do these 

hypertrophic chondrocytes control mineralization of the surrounding tissue, they recruit endothelial 

progenitors and endothelial cells through the creation of a hypoxic environment and subsequent VEGF 

production in order to trigger the formation a blood vessel network (85). This complex network contains 

a central nutrient artery, epiphyseal and metaphyseal vessels, and periosteal vessels that supply each 

section of bone tissue, with the exception of the growth plate and articular cartilage. Osteoblast 

recruitment follows this vascular invasion and leads to the production of the primary spongiosa, 

providing structure for bone collar development and bone growth.  

Importantly, osteoblasts are known sources of several pro-angiogenic growth factors, including 

VEGF-A. Many studies have shown that osteoblasts are an essential source of VEGF for normal bone 

homeostasis, and perturbations regarding this protein can lead to detrimental changes in bone. During 

development, hypertrophic chondrocytes instruct perichondral cells to become osteoblasts and recruit 

endothelial progenitor cells to the bone. These newly differentiated osteoblasts initiate formation of the 

bone collar and vascularization of the primary spongiosa through VEGF-A and other growth factor 

production (21, 86). Furthermore, Hu and Olsen elucidated multiple roles of osteoblastic VEGF-A in the 

context of bone repair in response to a monocortical osseous hole injury. These mice that lacked Vegf-a 
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specifically in osteoblasts via OsxCre:Vegfaflox system exhibited defects in macrophage recruitment 

and angiogenesis during the inflammatory phase of repair. Additionally, osteoclast formation was 

decreased during the remodeling stage of bone repair, illuminating a key role for VEGF-A in bone 

stromal cell communication (87). Manipulations of hypoxia-related genes specifically in osteoblasts can 

also cause changes in angiogenesis and osteogenesis. Overexpression or increased activation of hypoxia-

inducible factor 1 (Hif-1) promotes both angiogenesis and osteogenesis, while silencing this pathway 

reduces blood vessel and bone formation (88). Factors such as BMPs, TGF-β, and vitamin D3 induce 

expression of VEGF in osteoblasts, linking the processes of osteogenesis and angiogenesis (85).  

 

Bone Vascular Subsets 

The structure and cellular involvement of blood vessels and the vascular system of each organ is 

unique. Bone vasculature has a sinusoidal layout that forms an open vascular bed. This configuration 

allows for greater entrance and exit of cells to and from the blood stream, specifically those of the 

hematopoietic lineage (89). Moreover, the bone is comprised of microvascular subsets that have distinct 

molecular characteristics. In depth analysis has revealed two subgroups of vessels that differ in 

expression patterns, locations, interaction with supporting stromal cells. They are designated Type H 

vessels and Type L vessels.  

Type H vessels have high expression of the endothelial markers Cd31 and Endomucin. These 

cells comprise a small percentage of the total bone vessel vasculature and are located preferentially at 

the metaphysis near the growth plate and along the endosteum. Osterix-positive osteoprogenitor cells as 

well as PDGFRα and NG2+ pericytes were found to localize with Type H vessels via 

immunofluorescence (90). Interestingly, this subpopulation in vivo increases after an irradiation 

challenge and decreases with defective Hif1-α signaling. Old mice have a decreased amount of Type H 



	 21 

vessels, which correlates with lower Hif1-α signaling (88). In addition to Hif1-α signaling, Notch 

signaling plays a key role in Type H vessel biology. Mice lacking Rbpj, a protein that controls Notch-

induced gene transcription, have lower BV/TV percentage and reduced Type H vessels. Conversely, 

endothelial ablation of Fbxw7, a protein that is part of an ubiquitin protein ligase complex that targets 

Notch, restores Type H vessel expansion (82).  

The other subset of vessels described by the Adams group is Type L vessels. They have low 

expression of Cd31 and Endomucin and are located throughout the diaphysis of the long bones. Type L 

vessels are associated with the sinusoidal structures and can be derived from the Type H vessels. This 

group of vessels decreases upon irradiation, and seems to be replenished by the Type H vessels. CAR 

cells and LEPR+ cells have been found to interact with this vessel subtype (89). The percentage of type 

L vessels remains constant over time and is less metabolically active than their H vessel counterparts 

(89, 90). 

Additionally, a range of perivascular cells is needed for support and function of bone 

vasculature. Pericytes, leptin receptor positive cells (LepR+), and CXCL12-abundant reticular cells 

(CAR) associate distinctly with Type H and L vessels and interact with the hematopoietic stem cells 

(HSC) niche in unique manners. Pericytes are a type of smooth muscle cell that surround small vessels 

and maintain their structure and function. Typically, these cells are both α-SMA and NG2 positive and 

localize to arteries. There is, however, an additional subset of PDGFRβ positive pericytes that associates 

with arterioles and Type H vessels. CAR cells function to maintain and regulate hematopoiesis through 

secretion of stem cell factor (SCF) and CXCL12 (82, 89). Using lineage tracing experiments, Zhou and 

colleagues showed that LepR+ cells found in the bone marrow microenvironment can differentiate into 

bone, cartilage, and adipose when exposed to different signals (91). Both CAR and LepR+ cells 

typically localize with Type L vessels. Little is known about how each of these vascular subsets might 
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affect breast cancer metastasis to bone, and how their functions may be altered in the presence of 

tumors. A key observation of bone physiology shows that the nerves of the SNS that innervate the bone 

run parallel to the bone vasculature on paths through both Haversian and Volkmann’s canals and in 

compact as well as spongy bone (92). Research relating bone vasculature to SNS nerves and how they 

contribute to cancer progression is understudied and may lead to new and intriguing mechanisms of 

bone homeostasis and cancer metastasis to bone.   

 

Targeting Vasculature in Cancer  

 The vasculature is a common target of many therapies in the cancer field, as tumors that become 

vascularized can grow exponentially and tend to be more aggressive. Additionally, the vascular network 

of the tumor is a series of conduits for metastatic cells to intravasate and initiate metastasis. Therefore, 

targeting tumor vascular networks by either inhibiting vessel recruitment and formation or normalization 

of tumor vessels to enable enhanced drug delivery became an important area of cancer research 

involving the stroma. 

  Bevacizumab is a humanized monoclonal antibody that targets VEGF-A, preventing its binding 

to both VEGFR1 and R2 (93). This treatment is currently approved for multiple cancers, like non-small 

cell lung cancer (NSCLC), breast cancer, and colorectal cancer. The clinical benefits, however, are 

reported to be moderate for breast cancer and pancreatic cancer, and side effects such as hypertension, 

proteinuria, and hemorrhage were reported (94). When combined with chemotherapy, Bevacizumab 

exhibits its beneficial effect and prolongs progression free survival of cancer patients with metastatic 

breast cancer by approximately 3 months (95). The suggested mechanism of action related to the clinical 

benefit of the Bevacizumab/ chemotherapy combination is that the anti-VEGF-A antibody normalizes 

and improves the integrity of tumor blood vessels, which are known to be leaky and corrupt. With the 
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vessels more structured, delivery of chemotherapies is now more efficient, targeting more of the tumor 

mass and killing more of the cancerous cells (96).  

 Small molecule inhibitors (SMIs) of VEGFR2 like Sunitinib and Sorafenib are approved for 

treatment multiple tumor types yet also cause multiple off-target effects: fatigue, hypertension, and skin 

rashes being the most common (97). This is partially due to the fact that these SMIs are multi-targeted 

kinase inhibitors; along with VEGFR2, these drugs inhibit c-KIT, PDGFRβ, and FLT3, each of which in 

its own right is linked to cancer pathology (98). Currently, according to the National Cancer Institute, 

sorafenib is FDA approved for treating renal cell carcinoma (RCC), differentiated thyroid carcinoma, 

and hepatocellular carcinoma; sunitinib is approved for Gastro-intestinal stromal tumor (GIST), 

pancreatic neuroendocrine tumors (pNET), and RCC. 

Clinical results have shown that there is synergy between VEGF/R inhibitors with anti-

metabolite and platinum-based chemotherapies, suggesting that targeting angiogenic signaling in cancer 

biology is efficacious (99). One way that these treatments could be improved is through more direct and 

specific delivery methods, both site as well as tumor specific targeting. Many of the current anti-

angiogenic therapies target multiple arms of VEGF signaling, both pro and anti-angiogenic, or other 

RTK family members. More research is needed to understand if this multi-targeted approach is always 

beneficial, or whether more selective drugs that target one aspect of angiogenic signaling could be more 

efficacious in treating cancer. Moreover, stromal vasculature and the changes that can occur in the tumor 

microenvironment must be considered and studied in the context of cancer metastasis and disease 

progression (Figure 3).   
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Figure 3. Graphical Abstract of the Influence of Stress on Bone Vasculature 
and Breast Cancer Bone Metastasis. 
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CHAPTER II 
 

Skeletal Colonization by Breast Cancer Cells is Stimulated by an Osteoblast and β2AR-dependent 

Neo-angiogenic Switch 

 

The data presented in this chapter are published in the Journal of Bone & Mineral Research under the 

same title. Some words and figures have been edited for this dissertation. 

 

Introduction 

According to the American Cancer Society, ~250,000 US women are diagnosed with breast 

cancer each year, and around 41,000 will ultimately succumb to the disease (100). Up to 75% of breast 

cancer patients with diffuse metastatic disease will develop a bone lesion (13). Bony metastases lead to 

hypercalcemia, intractable bone pain, bone destruction, and fracture. Although treatments are now 

available to limit bone destruction when skeletal metastases are detected, the clinical management of 

breast cancer patients remains palliative, and life expectancy is still limited (13). Uncovering the major 

determinants controlling the nesting of metastatic cancer cells within the skeleton, at early stage of the 

disease, is necessary to design new strategies to treat bone metastases and prevent the complications 

associated with these lesions.  

Clues about the conditions driving the osteotropism of metastatic cancer cells can be obtained 

from retrospective studies, in which factors associated with reduced survival are identified. In that 

regard, chronic emotional stress has been linked to higher breast cancer recurrence, reduced survival, 

and poor prognosis, and β-blockers were associated with prolonged survival in breast cancer patients 

when treatment was initiated at time of diagnosis (48-51, 101-104). A common factor between these 
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studies is the activity of the sympathetic nervous system (SNS) that is stimulated by chronic 

psychosocial stress and whose action is antagonized by β-blockers.  

The skeleton is richly vascularized, with arterial vessels dividing within the marrow into 

arterioles and capillaries that span throughout the bone marrow and supply sinusoids. An interesting 

observation is that this vascular network is closely associated with nerves, including sympathetic 

dopamine β-hydroxylase-positive fibers that have a circumferential perivascular distribution in bone but 

also branching varicosities in proximity with bone trabeculae (43). Although the influence of this 

neurovascular network on bone metastasis is unknown, previous studies provided evidence that 

sympathetic outflow increases cell proliferation as well as vascular endothelial growth factor (VEGF) 

levels and vascular density in primary tumors (63, 104). While these studies focused on the effect of 

sympathetic nerves in tumors, the same scrutiny has not been given to the different microenvironments 

to which breast cancer cells spread. 

Severe emotional stress stimulates the Hypothalamic-Pituitary Axis (HPA) and sympathetic 

outflow, causing the release of peripheral catecholamines that stimulate post-synaptic β-adrenergic 

receptors (βARs) (105-107). Osteoblasts mainly express the β2AR and respond to βAR agonists by an 

increase in Receptor Activator of Nf-κB ligand (RANKL), a key cytokine involved in the maturation of 

osteoclasts and bone turnover (22). Our group and others have shown that high sympathetic outflow and 

HPA activation triggered by chronic immobilization stress promotes breast cancer homing to lungs and 

bone, implicating macrophages and RANK/RANKL signaling, respectively (51, 75). Daily 

administration with the non-selective β1/β2AR agonist, isoproterenol (ISO), triggered the same effects, 

validating this approach to mimic an increase in sympathetic nerve outflow without overt effect on the 

HPA axis. However, a retrospective study by Santini et al. showed that a large proportion of bone 

lesions in breast cancer patients contained RANK-negative cells, suggesting that additional mechanisms 
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might be at play for sympathetic nerves signals to influence the homing of metastatic cancer cells into 

the skeleton (30).  

In this study, we show that βAR stimulation in mice promotes the expansion of the post-natal 

bone vascular network via an osteoblastic βAR- and VEGF-dependent mechanism, and that this stromal, 

neo-angiogenic switch contributes to the colonization of the bone marrow environment by breast cancer 

cells.  

 

Materials & Methods 

In Vivo Drug Treatments 

The Institutional Animal Care and Use Committee at Vanderbilt University Medical Center 

approved all procedures. All mice used for in vivo studies were female. Mice were housed 2-5 per cage, 

and any mice on the Rag2-/- background were housed in sterile cages, also 2-5 per cage. The β-agonist 

Isoproterenol (ISO, Sigma #I6504-1G) was injected intraperitoneally each day for 6 weeks at a dose of 

3mg/kg in 100 µL of sterile PBS. For the tumor and vessel characterization studies, 200 µg mcr84 

(kindly shared by Dr. Brekken) or control IgG2 antibodies (generated by the Vanderbilt University 

Antibody and Protein Core) were injected intraperitoneally twice a week for 6 weeks. The 

mcr84antibody is a mouse chimeric IgG2, monoclonal antibody that targets VEGF-A specifically and 

prevents it from binding to VEGFR2 (80, 98, 108).  

 
 
Generation of Rag2-/-; Adrβ2flox/flox; Col1-Cre Mice 
 

β2ARobKO mice (Adrβ2flox/flox; mouse 2.3kb Col1-cre on the C57BL/6 background) were 

generated by crossing the mouse 2.3kb α1(1)-collagen-cre transgenic line with the Adrβ2flox/flox mutant 

mouse line expressing a floxed allele of Adrβ2, kindly shared by Dr. Karsenty. For tumor studies 
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utilizing human MDA-MB-231 cells, β2ARobKO mice were bred with immunodeficient Rag2-/- mice to 

allow human-derived tumor take in the resulting double KO mice (109, 110). Rag2-/-; Adrβ2flox/flox; 

2.3kbCol1-cre-positive mice are herein called Rag/β2ARobKO, and control littermates (Rag2-/-; 

Adrβ2flox/flox, 2.3kbCol1-cre-negative mice) are herein called Rag/WT. These immune-compromised 

mice have experimental advantages and limitations. They allow the use of human cancer cells in a 

genetically modified murine host and to exclude the potential contribution of βAR-expressing immune 

cells when interpreting results, thus reducing complexity of the experimental system. However, the age 

of these mice and their immune-compromised status is not clinically relevant, hence the relevance of 

these findings will need to be further addressed in immune-competent models and in humans. 

 

Intracardiac Injection of Cancer Cells 

For all experiments requiring tumor cells, a bone metastatic clonal variant of the human triple 

negative breast cancer cell line MDA-MB-231 was used (111). This variant was established by serial in 

vivo passage of parental MDA-MB-231 cells (ATCC) that metastasized to bone following intracardiac 

injection. These osteotropic MDA-MB-231 cells were cultured in 10% DMEM (Gibco) containing 10% 

fetal bovine serum and 1% penicillin/streptomycin, trypsinized at 70% confluence, and re-suspended in 

cold PBS at 106 cells/ml. Six-week old, Rag/WT or Rag/β2ARobKO female mice were anesthetized with 

isoflurane and injected in the left cardiac ventricle with 100 µL of cell suspension (a total of 105 cells) as 

previously described (101).  

 

Imaging Analysis 

Bone metastases were assessed via a Faxitron digital x-ray imaging system. Osteolytic lesions 

were quantified in the hind limbs and the forelimbs at end point (28 days) from Faxitron images by ROI 
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analysis using MetaMorph software (Molecular Devices, Inc.). Measurements were performed blinded 

from treatment/genotype and by three persons. Presence of bone tumors was confirmed by histology. 

Lesion number was calculated as total number of hind limb and forelimb osteotropic lesions per mouse. 

Lesion area was analyzed from the hind limb and forelimb lesions present by x-ray and calculated by 

pixel area using the MetaMorph Software. 

Microcomputed Tomography (µCT) Analysis 

Hind limbs from each mouse were dissected, cleaned, and fixed for 48 h in 10% formalin/PBS 

and move to 70% EtOH. Femurs were then loaded into 12.3-mm-diameter scanning tubes for imaging 

(µCT 40; Scanco Medical, Bassersdorf, Switzerland). Tubes were able to house one to four femurs. The 

scans were converted to three-dimensional (3-D) voxel images for analysis. A Gaussian filter 

(sigma = 0.8, support = 1) was used to reduce signal noise, and a threshold of 300 was applied to all 

analyzed scans. Scans were done at 12 µm resolution (E = 55 kVp, I = 145 µA). Two hundred transverse 

slices of the distal femur were taken from the growth plate and extended away from the distal growth 

plate. All femoral measurements were made by manual determination of appropriate slices and 

automated contouring, using voxel counting and sphere-filling distance transformation indices. 

Histomorphometry  

For histological analyses, hind limbs were dissected and immediately placed into neutral 

buffered formalin for 48 hours at 4°C on a plate shaker. The bones were then transferred to 20% EDTA 

for 5 days at 4°C for decalcification. Following this step, the bones were processed for paraffin 

sectioning according to standard protocols. Samples were mounted in wax blocks and sectioned at 6 µm. 

Sections were stained for Vegf- a, Endomucin, or CD31 according to the manufacturers’ instructions 

(Primary- Abcam #46154 (5µg/mL), Santa Cruz sc-65495 (1:100) or Abcam #56299 (1:100); 
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Secondary- Santa Cruz sc-2005 (1:500)). A 20 µg/mL proteinase K solution (Roche #03115828001) was 

applied for 20 minutes to sections for antigen retrieval. Signal was detected by immunohistochemistry 

using the NOVA Red Kit (Vector Laboratories, #SK-4800) or immunofluorescence (Primary- Santa 

Cruz sc-65495 (1:100); Secondary- Thermo Fisher Alex Fluor 647 A-21247 (1:500) (112).  

Osteoclast and osteoblast number and size were assessed using the Osteomeasure imaging 

software (OsteoMetrics, Decatur, GA). Hind limb sections were analyzed for osteoclasts by counting 

tartrate resistant acid phosphatase (TRAP)-positive cells with 3 or more nuclei along the bone surface. 

Sections were counterstained with hematoxylin. Osteoblasts were counted based on morphology, contact 

with bone tissue, and a series of at least 3 similar cells. Immunohistochemistry images were captured 

using an Olympus BX41 Microscope, and immunofluorescence results were analyzed using a laser-

scanning microscope (510/Meta/FCS Carl Zeiss, Inc.) with 10x and 20x objectives using 0.7x zoom. 

 

Mouse Metatarsal Assay 

Two day-old C57BL/6 pups were sacrificed, and their hind limb metatarsals were dissected as 

previously described (113). Metatarsals were cultured in α-MEM medium (Gibco) containing 10% fetal 

bovine serum (hereby 10% α-MEM) and 1% penicillin/streptomycin in a 24-well plate for 14 days. For 

conditioned media (CM), MC3T3 mouse osteoblasts were cultured in 10% α-MEM and passaged in a 

1:3 ratio. Once cells became 70% confluent, cells were treated with PBS or drug overnight (18 hours) in 

10% α-MEM. The following morning, CM was collected. After 3 days in 10% α-MEM, metatarsals 

were treated with one of the following: unconditioned 10% α-MEM or the CM of PBS, 10 µM 

norepinephrine (NE), or 10 µM isoproterenol (ISO)-treated osteoblasts. After 4 CM treatments over the 

2-week experimental time course, metatarsals were fixed with 10% Zinc formalin and stained for CD31 

(Primary- BD Pharmingen #553370 (1:100), Secondary- Santa Cruz sc-2005 (1:500)). The number of 
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vessels sprouting from the bones was calculated. Measurements were performed blinded from treatment 

by three persons. 

Primary Mouse Bone Marrow Stromal Cell (BMSCs) and Mouse Bone Marrow Endothelial Cell 

(BMECs) Cultures 

Hind limbs from WT C57BL/6 mice were used to prepare primary mouse bone marrow stromal 

cells (BMSCs). Femur and tibia were stripped of skin and muscles, distal and proximal epiphyses were 

cut off, and each bone was inserted into a punctured 0.5mL tube placed into a 1.5mL tube containing 

1mL of 10% α-MEM. Tubes were centrifuged for 2 mins at 13.2x1000 rpm at 4°C. Resulting pellets 

were resuspended in 10% α-MEM, and cells were plated. Cultures were grown in 10% α-MEM for 4 

days, and then switched to an osteogenic medium (10% α-MEM containing 50ug/mL ascorbic acid 

(Sigma, #A-5950) and 5 mM beta-glycerophosphate (Sigma, #G9891-25G)) for 8-14 days.  

Primary mouse bone marrow endothelial cells (BMEC) were harvested as previously described 

(114). Mouse hind limb bone marrow was flushed and centrifuged in Complete Endothelial Cell Growth 

Media (ScienCell #1001). Cells were plated on tissue culture dishes or in tissue culture flasks coated 

with 4 µg/mL fibronectin (Gibco #33016015) in Complete Endothelial Cell Growth Media. After 7 days, 

cells were used for experiments. 

 

Tube Formation Assay 

Twenty-four well plates were coated with 200 µL of growth factor reduced matrigel (Corning 

#354230) for 45 mins at 37°C before 30,000 HUVECs (Gibco #C0035C), or BMECs from wild-type 

C57BL/6 mice were plated and cultured in 500 µL of Basal Endothelial Cell Growth Media (ScienCell 

#1001). Cells were then treated with human (10ng/mL) or mouse (50ng/mL) rVEGF (R&D Biosystems 

#293-VE, #493-MV), PBS, or 10 µM ISO. For conditioned media treatments, mouse MC3T3 osteoblasts 
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were treated with PBS or 10 µM ISO for 24 hours in 10% FBS αMEM. Media was collected, and a total 

500 µLs of media were added in the wells. For blocking experiments, mcr84 or a control IgG antibody 

was added at 100 µg/mL to conditioned media. The experiments were run at 37°C for 12hrs, and 

pictures were taken under 4x and 10x objectives on an Olympus CKX41 Microscope. Total tube length 

was analyzed using MetaMorph software. Measurements were performed blinded from 

treatment/genotype by three persons. 

 

Mouse Vegf-a ELISA 

An ELISA for mouse Vegf-a was run per manufacturer’s instructions (R&D Systems, 

#MMV00). Media used for this assay was collected from primary BMSCs after 24 hours of either PBS 

or 10 µM ISO treatment.  

 

Quantitative PCR  

Mouse tissues were snap frozen in liquid nitrogen immediately following mouse sacrifice and 

stored at -80°C. Tissue samples were pulverized with liquid nitrogen-cold mortar and pestle into 

powder. RNA extraction for both tissues and cells was performed using TRIzol (Life Technologies 

#15596018). cDNA for qRT-PCR experiments was synthesized using the High Capacity cDNA Reverse 

Transcription Kit from ABI Applied Biosystems (#1502205). Taqman probes were used to amplify the 

following genes: Murine Vegf-a (Mm00437304), Murine Hprt (Mm01545399), Murine 18s (4333760T), 

Human VEGFA (Hs00900055), and Human HPRT (Hs02800695). Expression was analyzed by the 

ΔΔCt method.  
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Statistics 

All data are presented as means ± the standard error mean (SEM). For experiments comparing 

two groups, a standard two-tailed student’s t test was used unless otherwise stated in the figure legend. 

For experiments comparing more than 2 groups, one-way ANOVA was used with a Newman-Keuls 

post-hoc test unless specifically stated in the figure legend. For all tests, a p value less than or equal to 

.05 was considered significant. 

 

Results 

βAR Stimulation Increases Blood Vessel Formation in Post-natal Mouse Bones.  

During our previous studies, we noticed the presence of a high number of vascular structures in 

hind limb sections of mice subjected to daily βAR stimulation by ISO, in which erythrocytes were 

stained bright red by H&E (51). Because such treatment and chronic stress have been linked to vascular 

changes in normal physiology and cancer (115-117), we asked whether an increase in sympathetic 

outflow, typically caused by chronic stress, could alter the vasculature of the adult skeleton and 

contribute to the efficiency of cancer cells colonization into the skeleton. 

To address this question, we reanalyzed the hind limbs of 6 week-old nude mice subjected to a 

chronic immobilization stress (CIS) protocol (51, 102) that was aimed at stimulating an endogenous 

stress response. We also analyzed the hind limbs of 6 week-old nude mice treated for 6 weeks daily with 

the non-selective β1/β2AR agonist isoproterenol (ISO, 3mg/kg ip), used to mimic an increase in 

sympathetic outflow without stimulating the HPA axis or raising glucocorticoids levels. At endpoint in 

both models, we measured a 25 to 50% higher vessel area and vessel number per bone marrow area in 

the treated groups (ISO or CIS) compared to the control groups (Figure 4A, B). We then used an ex vivo 

tube formation assay to further define the angiogenic properties associated with ISO treatment and 
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relevant mode of action. In this experiment, HUVECs as well as CD31-positive, tube-forming primary 

mouse bone marrow endothelial cells (BMECs) prepared from WT mice were seeded on growth factor-

reduced matrigel in 0% serum endothelial cell growth medium, and treated with PBS or ISO (10µM) 

(114). Direct treatment of these endothelial cell cultures with ISO did not significantly increase tube 

length, suggesting that ISO acts indirectly to stimulate bone vessel formation in vivo (Figure 5A-C). 

Therefore, to address the contribution of a putative bone-derived factor to the increase in bone vascular 

density in response to βAR stimulation, the 24hr-conditioned medium (CM) from PBS or ISO-treated 

mouse MC3T3 osteoblasts was compared in two independent angiogenesis assays. We first treated 

HUVEC and BMEC cultures with the CM from PBS or ISO-treated mouse MC3T3 osteoblasts. In both 

endothelial cell cultures, the CM from ISO-treated osteoblasts increased tube length compared to PBS 

control (Figure 4C, D), suggesting that osteoblasts secrete pro-angiogenic factor(s) in response to βAR 

stimulation. We also cultured metatarsal bone explants from 2 day-old mouse pups in the CM from 

MC3T3 cultures treated by PBS, ISO (10µM), or the natural βAR ligand norepinephrine (NE, 10 µM) 

(Figure 4E). Following 2 weeks, outgrowing blood vessels were labeled by CD31 staining, and vessel 

sprouting was quantified. We observed that the CM from both NE and ISO-treated osteoblasts caused a 

significant 80% increase in the number of sprouting parental vessels compared to PBS controls, to a 

level equal or higher to the one induced by recombinant VEGF, a major angiogenic factor used here as 

positive control (Figure 4E, F).  
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Figure 4. Isoproterenol Treatment Increases Skeletal Blood Vessel Area and Number In 
Vivo via Bone-derived Factors: A) Representative 40x H&E images of hind limb bone 
sections from athymic nude mice treated with PBS, 3mg/kg Isoproterenol (ISO), or Chronic 
Immobilization Stress (CIS). Arrows indicate blood vessels (red). Bar=100µm B) 
Quantification of vessel area (VsA) and vessel number normalized by tissue area (TA) in mice 
that received PBS (N=12) or ISO (N=7) (p=.009 and p=.037), as well as PBS (N=5) or CIS 
(N=6) (p=.296 and p=.004). C) Quantification of primary mouse BMEC tube length (P<.001) 
(*=<.05, N=3). D) Quantification of HUVECs tube length (P<.001) (*=<.05, ***=<.001, N=6). 
E) A schematic of the metatarsal assay and representative 4x Images of metatarsals according to 
each treatment. After 2 weeks of culture, mouse explants were stained for the endothelial cell 
marker CD31. F) Quantification of the number of CD31+ parental vessels sprouting from the 
metatarsal bones (P<.001) (*=<.05, ****=<.0001 N≥3). 
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Figure 5. Direct Isoproterenol Treatment of Endothelial Cells Does Not 
Induce Tube Formation: A) 4x Images of both HUVECs and BMECs treated 
with PBS or ISO (10µM). VEGF treatment (positive control: 10ng/mL hVEGF, 
50ng/mL mVegfa) increases tube length as compared to PBS or ISO. B) & C) 
Quantification of tube length for HUVECs (B) and mouse BMECs (C), 
respectively, following treatment (*=<.05, ***=<.001, N=3 for both data). 
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βAR Stimulation in Osteoblasts Increases Vegf-a Expression and Bone Angiogenesis.  

VEGF-A is a well-known pro-angiogenic growth factor. Consistent with the observed increase in 

blood vessel formation in ISO and CIS-treated mice, its expression level in long bones from mice treated 

with ISO was 50% higher than in bones from PBS control mice (Figure 6A).  Multiple cell types within 

the bone microenvironment, including osteoblasts, express the β2AR and could be the source of the 

increased Vegf-a levels measured in bone following ISO treatment (44). To determine if the osteoblast 

lineage was one of the principal sources of bone Vegf-a secreted in response to βAR agonists, a series of 

in vitro and in vivo experiments were performed. First, MC3T3 osteoblast cultures, which represent a 

pure culture of osteoblastic cells, as well as adherent primary mouse bone marrow stromal cells 

(BMSCs), were treated with PBS or ISO (10µM).  After 2hrs of ISO treatment, Vegf-a expression 

increased 10-fold in MC3T3 cells, and returned to normal levels within 24 hours (Figure 6B). Similar 

results were observed with BMSCs treated with ISO, although the response was of lesser intensity, 

which most likely reflects the more heterogeneous nature of this type of culture (Figure 6C).  Vegf-a 

expression was not increased in ISO-treated BMSCs prepared from β2AR-deficient mice, indicating that 

in osteoblasts, the β2AR specifically controls Vegf-a expression (Figure 6D). The increase in Vegf-a 

mRNA expression in BMSCs was associated with a 3-fold increase in VEGF protein expression, 

measured by ELISA (Figure 6E). Expression of additional angiogenic genes, including other Vegf 

isoforms, Vegfr2, Ang-2, Fgf2, and Pdgfa in BMSCs was not affected by ISO treatment (Figure 7A-H). 

 

 



	 38 

  

Figure 6. ISO Increases Vegf-a Bone Levels both In Vivo and In Vitro: A) ISO 
(2 hrs, 3mg/kg, IP) increases Vegf-a expression significantly in whole mouse bone, 
P=.0064 (qPCR, N=3 for ISO, N=5 for PBS). B) ISO increases expression of Vegf-
a in MC3T3 mouse osteoblasts, P<.001 (qPCR, N=3). C) ISO increases expression 
of Vegf-a in primary mouse BMSCs, P=.012 (qPCR, N=6). D) Vegf-a expression 
does not increase upon ISO treatment in β2ARKO BMSCs (qPCR, N=2). E) ISO-
treated CM from BMSC contains higher amounts of mVegf (N=5, p=.0159 via 
Mann Whitney U Test, *P=<.05, **P=<.01, ***P=<.001). 
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Figure 7. Isoproterenol Treatment Increases Vegf-a Expression but Not 
Other Angiogenic Genes: A) ISO increases expression of Vegf-a in primary 
mouse BMSCs. B-H) ISO treatment does not increase Vegf-b, Vegf-c, Vegf-d, 
Vegfr2, Angpt2, Fgf2, or Pdgfa (qPCR, N=4, Kruskal-Wallis test, **=<.01, 
****=<.001).   
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To determine whether osteoblasts are the source of the increased Vegf-a expression in response 

to ISO treatment in vivo and whether the β2AR mediates this effect, ISO (3mg/kg) or PBS (control) 

were administered to mice lacking the β2AR in type I collagen-expressing osteoblasts (Adrβ2flox/flox; 

mouse 2.3kb Col1-cre, called herein β2ARobKO) or WT mice (Adrβ2flox/flox, called herein WT) for 6 

weeks. At endpoint, femoral vessel density was quantified by measuring the number of endomucin-

positive vessels. β2ARobKO mice showed a blunted response to ISO treatment compared to WT mice, as 

measured by a significant reduction in the number of endomucin-positive vessels compared to ISO-

treated WT mice (Figure 8A-C), and this phenotype was accompanied by a reduction in the number of 

Vegf-positive osteoblasts (Figure 9A, B). Similar results were obtained with mice globally deficient for 

the β2AR (Figure 10).  
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Figure 8. Genetic Loss of β2AR in Osteoblasts Prevents ISO-induced Vascular 
Increase In Vivo:  A) Representative 10x and 20x confocal images of hind limb bone 
sections from WT and β2ARobKO mice treated with PBS or ISO for 6 weeks. Bar: 
100µm.  Hoechst= Blue, Endomucin= Red. B) Quantification of Endomucin (+) Area/ 
Total Area in WT and β2ARobKO mice receiving PBS or ISO (P<.001) (N=4-5). C) 
Quantification of the number of Endomucin (+) Vessels/ Area (N=4-5) (P<.001) 
(*=<.05, **=<.01 ***=<.001).  
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Figure 9. ISO Treatment Does Not Increase Vegf-a Positive Osteoblasts in 
Hind Limbs of β2ARobKO Mice: A) Vegf-a positive osteoblasts were counted 
using 40x images of hind limbs. Cells were designated osteoblasts based on cell 
shape, contact with secondary spongiosa, and a series of at least 3 similar cells. 
(P=.0018, **=<.01, N=4-5 mice per group) B) Vegf-a positive osteoblasts 
surface over bone surface as a representation of osteoblast size was measured 
using Osteomeasure software. (P=.0004, **=<.01,***= <.001, N=4-5 mice per 
group)  
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Osteoblast-derived VEGF-A Promotes Bone Angiogenesis in Response to β2AR Stimulation.  

To confirm that the pro-angiogenic effect induced by β2AR stimulation in osteoblasts was 

mediated by VEGF-A, we used an antibody (mcr84) that specifically perturbs VEGF-A:VEGFR2 

signaling in a tube formation assay with BMECs (118, 119). Upon addition of mcr84 (100µg/mL), the 

pro-angiogenic effect of the CM from ISO-treated BMSC cultures was significantly attenuated 

compared to addition of a non-immune IgG. Total tube area and tube length were reduced, and the 

complexity of the vascular network (average branching points) was lost upon treatment with mcr84 in 

the presence of CM from ISO-treated osteoblasts (Figure 11A-D). 

The VEGF-A:VEGFR2 blocking properties of mcr84 were then tested in vivo to determine if the 

observed increase in bone blood vessel formation upon β2AR stimulation was mediated by an increase 

in Vegf-a expression. For that purpose, WT C57BL/6 female mice were injected for 6 weeks with either 

PBS or 3mg/kg ISO daily, along with mcr84 (200 µgs/ inj.) or a control IgG antibody twice per week 

(98). Quantitative analysis of femoral bone sections via immunofluorescence confirmed a 70% increase 

in endomucin-positive vessel area in the ISO group versus PBS group, and a significant reduction in 

endomucin-positive vessel area and number in the ISO, mcr84 group compared to the ISO, IgG group 

(Figure 12A-C). ISO increased osteoclast number per bone perimeter, as expected from our previous 

studies, but this osteoclastogenic effect was not affected by mcr84 treatment, suggesting that VEGF-A is 

not involved in the osteoclastogenic effect of ISO (Figure 13). 
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Figure 10. Global Loss of β2AR in Mice Receiving ISO Nullifies the Increase in 
Bone Vascular Density and Blunts ISO-induced Changes in Bone Turnover: A) 
Representative 20x Images of femurs for each group. Red indicates CD31+ cells. Bar 
=100µm B) Quantification of CD31 positive vessel area/tissue area in the femurs of 
WT and β2KO mice (N=6-7 mice/group, P=.0003, *=<.05, ***=<.001, N=6-7). C) 
BV/TV, D) Trabecular Number, and E) Trabecular Spacing of tibiae all reveal that 
ISO is ineffective in stimulating bone turnover in β2ARKO mice. (N=6 mice/group, 
P=.0127, <.001, and <.001 for C, D, and E respectively).  
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Figure 11. Blocking Vegf-a:Vegfr2 Signaling Diminishes the Effects of 
Conditioned Media from ISO-treated BMSCs on Primary Endothelial Tube 
Formation in vitro: A) 4x phase contrast images of mouse BMECs differentiated on 
Matrigel and receiving the conditioned media from BMSCs treated with either PBS or 
ISO, and with either mcr84 (100ugs/mL) or IgG2a control antibody for 12 hrs. B) 
Quantification of the percentage of GFP-positive cellular area used as an assessment 
of tube formation after 12 hours. (P=.003) C) Tube length was also used to assess tube 
formation. (P<.001) D) Average Branching Points were assessed via bright field 
images (P<.001) (*=<.05, **=<.01, ***=<.001, N=6 for each analysis). 
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Figure 12. Blocking the Interaction Between Vegfa and Vegfr2 Diminishes the 
Increase in Bone Vascular Density Caused by ISO Administration: A) 
Representative 10x and 20x confocal images of hind limb paraffin sections from mice 
treated with either PBS or ISO, and with either mcr84 or IgG2a control antibody for 6 
wks. Hoechst= Blue, Endomucin= Red. Bar: 100µm. B) Quantification of the 
Endomucin-positive Area/ Total Area. C) Quantification of the number of Endomucin 
(+) Vessels/ Area (*=<.05, **=<.01, ***=<.001, N=6-7).  
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Figure 13. Mcr84 Does Not Alter Osteoclast Number in Mouse Hind Limbs: A) 
Representative 20x images. TRAP+ osteoclasts are stained red and have ≥3 nuclei. 
Arrows indicate osteoclasts. B) Osteoclast number per bone surface in mouse hind limbs 
after 6 weeks of listed treatments. (*=<.05, N=5-7)  
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The Increase in Bone Vascular Density Caused by Osteoblastic βAR Stimulation Promotes the 

Colonization of Breast Cancer Cells in Bone. 

Since blood vessels act as conduits through which disseminating tumor cells travel to distant 

organs, we posited that the stimulatory effects of ISO on osteoblasts, VEGF-A expression, and bone 

vascular density could contribute to the successful establishment of circulating metastatic cells into the 

skeleton. This question was addressed experimentally by measuring the bone homing efficiency of bone 

metastatic triple negative MDA-MB-231 breast cancer cells in response to ISO treatment, in absence of 

either the β2AR in osteoblasts or VEGF-A: VEGFR2 interaction. 

Four week-old female Rag/β2ARobKO or control littermates, Rag/WT, were given PBS or ISO 

(3mg/kg) ip injections for 3 weeks, a dosing and time frame verified to allow a significant increase in 

long bone blood vessel density (Figure 14). The day following the last injection, 105 osteotropic MDA-

MB-231 breast cancer cells were inoculated into the left cardiac ventricle. We used this model of cancer 

cell inoculation to specifically focus on the late phase of the metastatic process, excluding confounding 

factors related to a possible effect of ISO on the primary tumor. The skeletal colonization of metastatic 

MDA-MB-231 cells was assessed 4 weeks later by radiographic and histological analyses. Confirming 

our previous results in nude mice (51), we observed that the area and number of long bone metastatic 

osteolytic lesions on X-rays was more than 50% higher in ISO-treated WT mice compared to PBS-

treated WT mice (Figure 15A-C). Importantly, lack of the β2AR in Rag/β2ARobKO mice blunted the 

stimulatory effect of ISO on bone lesion area and number. X-rays lesions were verified by the presence 

of cancer cells at sites of lesion by histology (Figure 15D). 
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Figure 14. Femoral Vessel Density Increases after 3 weeks of ISO 
Treatment: A) Endomucin-positive vessels in mouse femurs increase 
after 3 weeks of daily ISO IP injections. Counts were normalized by 
tissue area (p=.048, N=5). B) Representative 40x images of mouse 
femurs stained for endomucin (brown).  
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In a second experiment, four week-old Rag2/WT mice were treated with PBS or ISO as above 

for 3 weeks, in combination with the VEGF-blocking antibody, mcr84 (200 µgs/inj., twice per week), or 

a control IgG2 antibody. The day following the last injection, 105 osteotropic MDA-MB-231 breast 

cancer cells were inoculated via the intracardiac route, and mice were sacrificed 4 weeks later. 

Radiographic and histological analyses again confirmed an increase in bone colonization upon ISO 

treatment (Figure 16A-D), and similarly to the lack of β2AR, mcr84 treatment significantly reduced the 

number and area of bone lesions compared to ISO and IgG-treated mice. Confirming our previous 

results, we found that average total bone tumor area was increased in ISO-treated mice, but the average 

area of each bone tumor foci was unchanged, suggesting that the action of ISO on the bone 

microenvironment mainly affects the colonization efficiency of metastatic cancer cells, and not their 

growth in bone (Figure 17). Together with the β2AR-dependent increase in bone blood vessel number 

induced by ISO treatment shown above, these results support a model in which increased sympathetic 

outflow in mice triggers a VEGF-dependent neo-angiogenic switch in the bone microenvironment, via 

stimulation of the β2AR in osteoblasts, favoring the early skeletal establishment of metastatic cancer 

cells.  
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Figure 15. Absence of β2AR in Osteoblasts Abrogates the Stimulatory Effect of ISO 
on Osteotropic MDA-MB-231s Seeding in Long Bones: A) Representative X-rays of 
hind limbs 28 days following intracardiac inoculation of osteotropic MDA-MB-231 
breast cancer cells in Rag/WT and Rag/β2ARobKO mice that received PBS or ISO for 3 
weeks prior to cancer cell inoculation. B) Quantification of lesions in the forelimbs and 
hind limbs of mice detected by full-body X-ray at day 28 post IC injection. (*=<.05, 
N=8). C) Total lesion area in each group of mice, calculated from the same X-ray 
images. (*=<.05, N=8). D) 20x H&E Images of mouse femurs. Lesions are outlined in 
black. 
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Figure 16. Blocking the Interaction Between Vegf-A and Vegfr2 Prevents the 
Stimulatory Effect of ISO on Osteotropic MDA-MB-231 Seeding in Long Bones: 
A) Representative X-rays of hind limbs 28 days following intracardiac inoculation of 
osteotropic MDA-MB-231 breast cancer cells in Rag2-/- mice treated with PBS or 
ISO, and with either mcr84 or an IgG2a control antibody. B) Quantification of lesions 
in the forelimbs and hind limbs of mice detected by full-body X-ray at day 28 post IC 
injection (**<.01, N=7-8). C) Total lesion area in each group of mice, calculated from 
the same X-ray images (*=<.05, **=<.01, N=7-8). D) 20x H&E Images of mouse 
femurs. Lesions are outlined in black. 
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Figure 17. Total Tumor Area, but Not Average Tumor Size, Is 
Affected by Absence of β2AR or mcr84 Treatment in Mouse Models of 
ISO-induced Stress: A) Total lesion area in each group of mice. (*=<.05, 
N=8). Average size of individual tumors does not differ between Rag/WT 
and Rag/β2ARobKO treatment groups. (P=0.411). C) Totla lesion area in 
each group of mice. (*=<.05, **=<.01, N=7-8). D) Average size of 
individual tumors does not differ among treatment groups. (P=0.449) 
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Discussion 

The vasculature is essential for tumor growth and escape of metastatic cells from the primary 

tumor, and pro-angiogenic pathways became and still are a major target of many cancer therapeutic 

drugs (49, 50, 106, 117-123). We show here that an increase in vascular density can be induced in the 

mouse bone microenvironment following stimulation of the β2AR by ISO treatment, which mimics a 

state of high sympathetic outflow. Through in vitro and in vivo loss-of-function approaches, we show 

that these changes in bone vascular density are mediated in part by an increase in Vegf-a expression and 

the β2AR expressed in osteoblasts. We also provide experimental evidence that this increase in bone 

vascular density favors the colonization of bone metastatic MDA-MB-231 cells in the skeleton. 

Together, these results strengthen the importance of sympathetic nerves and chronic SNS activation in 

the process of metastatic bone colonization, and implicate neo-angiogenesis in this process.  

The effect of stress on sympathetic nerve activity has beneficial consequences in the short term 

(fight-or-flight response), but can lead to a wide range of pathologies if it becomes chronic, as the SNS 

regulates the homeostasis of many peripheral organs (115). We have previously shown that bone 

remodeling and the expression of RANKL by osteoblasts are under the control of sympathetic nerves 

(51, 102). RANKL is well known for its osteoclastogenic properties, and its pro-migratory effects on 

metastatic cancer cells have been more recently demonstrated (14, 17, 124). In the specific context of 

breast cancer, we have shown that ISO treatment leads to increased number of bone metastatic tumors 

following intracardiac injection of MDA-MB-231 breast cancer cells (51). An increase in the size of 

osteolytic lesions in these conditions was expected as ISO treatment increases RANKL, 

osteoclastogenesis, and bone resorption, thus feeding the osteolytic bone destruction associated with the 

presence of breast cancer cells in bone (71). However, the observed increase in the number of metastatic 

foci and bone osteolytic lesions suggested a specific effect on cancer cell colonization. This was 
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demonstrated in this model by restricting ISO treatment prior to cancer cell inoculation, in order to 

affect the bone microenvironment without directly impacting the behavior of metastatic cancer cells. In 

this experiment, bone colonization by cancer cells was still increased, confirming a major effect of ISO 

on the bone microenvironment, and likely via osteoblasts. Additional in vitro and in vivo experiments 

demonstrated the contribution of RANKL to the bone homing response observed in these conditions that 

mimic chronic SNS activation (51). Our new findings related to the effect of ISO on bone vascularity 

thus suggest that the activity of sympathetic nerves in the bone microenvironment can influence the pre-

metastatic niche via at least two mechanisms: 1) by increasing the likelihood of bone colonization 

through a higher density of blood vessels, and 2) by promoting the migration of breast cancer cells after 

extravasation into the bone marrow toward the RANKL-secreting osteoblastic niche. Of note, the effect 

of increased sympathetic outflow on vascular structures in the context of metastasis is not limited to the 

bone microenvironment, as chronic stress also promotes breast cancer cell intravasation into lymphatic 

vessels in mice, via a Vegf-c:Cox-2 mechanism (125). In addition, the increased number of tumor-

induced bone lesions in ISO-pretreated mice was interpreted to reflect increased tumor cell colonization 

of the skeleton, but one cannot exclude an effect on blood and nutrient supply leading to increased tumor 

growth after cells have reached the bone microenvironment, even if initial tumor bone colonization was 

equivalent in control and ISO-treated groups. However, the observation that the average size of single 

bone tumors per mouse was not significantly different between groups does not support the latter 

mechanism.  

It has been shown that multiple tumor types express adrenergic receptors and benefit from their 

activation in term of growth or survival (126-128). Our experimental set up of a 3-week ISO pre-

treatment, prior to MDA-MB-231 inoculation, however exposes tumor cells to negligible levels of ISO, 

thus supporting the key role of the stroma in the higher bone colonization efficiency observed following 
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β2AR stimulation. The fact that ablation of the β2AR in osteoblasts blunted the average number of 

Vegf-a-positive osteoblasts and the increase in blood vessel density following ISO treatment brings 

further evidence that the osteoblast is one of the main cell responsive to sympathetic nerves in bone.  

The molecular mechanism whereby β2AR stimulation in osteoblasts leads to increased Vegf-a 

expression remains to be identified. The contribution of HIF-1α or HIF-2α to a β2AR-dependent 

increase in VEGF-A expression needs to be addressed, as expression of HIF-1α or HIF-2α can be 

controlled in a hypoxia-independent manner (129, 130). In addition, the bone vasculature is composed of 

different types of endothelial cells that respond to different signaling pathways (82, 90). Which specific 

population of endothelial cells engaged in the ISO-induced neo-angiogenesis reported here needs to be 

further defined. Lastly, it can be noticed that the inhibitory effect of Vegf-a blockade on ISO-induced 

angiogenesis was partial. Although a suboptimal dose or treatment regimen could explain this 

observation, it cannot be excluded that other angiogenic factors than Vegf, Fgf2, Angpt2 and Pdgfa are 

involved. 

From a therapeutic point of view, angiogenesis, being a normal physiological process, imposes 

limitations and difficulties as a therapeutic target for cancer treatments. This partially explains why the 

clinical use of VEGF inhibitors, although beneficial in certain cancers, is still limited by adverse effects, 

toxicity, and acquired drug resistance (131). Contrastingly, the use of β-blockers as adjuvant therapy in 

patients diagnosed with breast cancer may have several therapeutic advantages. If both Vegf-a and 

Rankl are β2AR target genes and critical mediators of bone resorption, angiogenesis and metastatic 

cancer cell colonization of bone, the use of a single drug with β-blockade activity has the potential of 

reducing bone resorption, angiogenesis, and bone tumor establishment in at-risk patients (132). These 

properties could make β-blockers particularly efficacious in preventing disseminated cancer cells from 

reaching the safe haven of the bone microenvironment and may expose these cells more readily to 
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chemotherapy or actions of the immune system. In that regard, several preclinical and clinical studies 

have shown a benefit from β-blocker use on survival in patients with triple negative breast cancer, non-

small cell lung cancer, hemangiomas, and ovarian cancer (63, 70, 98, 104, 117, 133). Whether this 

protective effect is mediated through a reduction in cancer cell growth, bone metastasis, or other 

mechanism(s) remains unknown.  

In conclusion, this work supports the importance of sympathetic nerve activation on breast 

cancer bone colonization and identifies an osteoblastic, β2AR- and VEGF-A-dependent neo-angiogenic 

switch mechanism contributing to this effect. It provides suggestive preclinical evidence in mice that 

targeted therapies that prevent these vascular changes could improve treatment outcomes for women 

diagnosed with breast cancer; especially for women subjected to chronic stress, such as those with poor 

socioeconomic status or facing challenging familial situations. These preclinical findings need to be 

further investigated clinically. 
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CHAPTER III 

Sympathetic Activation Increases Il-6 in Osteoblasts and Promotes Breast Cancer Cell Adhesion to 

Bone Marrow-derived Endothelial Cells In Vitro 

 

Introduction 

A majority of cancer patients die due to diffuse metastatic disease. Breast cancer, the most 

common cancer diagnosed among women, routinely metastasizes to bone, causing severe pain, 

decreased quality of life, and death. Moreover, current treatments for bone lesions are palliative, 

requiring more research to understand the mechanisms responsible for bone metastases and how to 

specifically and successfully treat them in patients. Recent studies have shown that stress can exacerbate 

cancer progression in many tumor types (62-64, 108, 132-136). Furthermore, clinical studies reveal that 

certain cancer patients, including those with triple-negative breast cancer (TNBC), have increased 

survival metrics when the treatment regimen includes a beta-blocker such as propranolol (66). 

Stress activates the Sympathetic Nervous System (SNS) via release of NE from nerves, which 

then bind adrenergic receptors present throughout the body. Regarding the immune system, adrenergic 

activation stimulates B-cell activation, IgE production, and acute phase protein synthesis (137). In the 

context of bone biology, osteoblasts express the β2AR and are known to respond to signals from the 

SNS (44). Previous research has shown that chronic activation of the SNS can promote primary tumor 

growth and metastasis via changes in stromal homeostasis, an influx of pro-inflammatory macrophages, 

and increases in primary tumor vasculature (63, 75). While these results implicate stress signaling in 

cancer progression, the concept needs to be explored further in the many cells that comprise the different 

microenvironments to which tumors spread.  
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The vasculature is a crucial component of the metastatic process. Interactions with endothelial 

cells must occur in order for tumor cells to extravasate from circulation and establish at a secondary site 

(138, 139). The bone is a highly vascularized tissue, and osteoblasts, the bone-forming cells, are known 

producers of proteins, such as Vegf-a and RANKL, that regulate angiogenesis and bone remodeling (85, 

87). Similar to the diapedesis of immune cells, tumor cells are recruited in secondary sites by 

chemotactic gradients of cytokines and growth factors. Pro-inflammatory cytokines, such as Interleukin 

6 (IL-6) IL-1β, and TNF-α, have been show to support cancer cell interactions with endothelial cells by 

altering the levels of adhesion proteins present on the endothelium. Elevated production of the 

aforementioned cytokines are known to increase protein levels of adhesion molecules such as VCAM1, 

E-Selectin, and multiple β-integrins, all of which facilitate extravasation of metastatic breast and 

prostate tumor cells into bone (137-142). However, it is unknown how chronic SNS signaling, which 

regulates bone homeostasis, affects adhesion proteins on bone marrow endothelium that mediate breast 

cancer bone metastases.  

In this chapter, it is reported that osteoblast-derived Interleukin 6 (Il-6) supports breast cancer 

cell interaction with BMECs in vitro.  

 

Materials & Methods 

Primary Mouse Bone Marrow Endothelial Cells  

Primary mouse bone marrow endothelial cells (BMEC) were harvested as previously described 

from with WT or Il6KO mice (114). Mouse hind limb bone marrow was flushed and centrifuged in 

Complete Endothelial Cell Growth Media (ECM) (ScienCell #1001). Cells were plated on tissue culture 

dishes or in tissue culture flasks coated with 4µg/mL fibronectin (Gibco #33016015) in Complete 
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Endothelial Cell Growth Media. After 7 days, cells were used for experiments with both human MDA-

MB-231 breast cancer cells and 4T1 mouse mammary tumor cells. 

 

BMEC and Tumor Cell Co-Culture Experiments 

BMECs were grown on fibronectin-coated 4-well chamber slides for 7 days in Complete ECM 

(ScienCell). The next day, media were changed to 0% FBS ECM or BMSC conditioned media, and 

BMECs were treated with varying stimuli for 24 hours. Then, 30,000 GFP-labeled MDA-MB-231s or 

4T1s were added to the chambers; after 3.5 hours, chamber slides were fixed and processed for 

fluorescent imaging. DAPI (1:4000) was used to mark nuclei of all cells, and pictures were taken at 4x 

and 10x objectives on an Olympus BX41 upright microscope.  

Mouse Il-6 and an anti-mIl6 antibody were purchased from R&D Biosystems (406-ML-005, 

MAB406) and used at 50ng/mL and 200ng/mL concentrations, respectively. Conditioned media were 

harvested from WT as well as Il6KO primary mouse bone marrow stromal cells (BMSCs) after 24hours 

of treatment with PBS or 10µM ISO.    

 

Quantitative PCR  

Mouse hind limbs, lungs, heart, and spleen were snap frozen in liquid nitrogen immediately 

following mouse sacrifice and stored at -80°C. Bone samples were pulverized with liquid nitrogen-cold 

mortar and pestle into powder. RNA extraction for cells and mouse tissue was performed using TRIzol 

(Life Technologies #15596018). cDNA for qRT-PCR experiments was synthesized using the High 

Capacity cDNA Reverse Transcription Kit from ABI Applied Biosystems (#1502205). Taqman probes 

were used to amplify the following genes: Murine Il-6 (Mm00437304), Murine Hprt (Mm01545399), 

Murine 18s (4333760T). Expression was analyzed by the ΔΔCt method.  
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The RT2 Profiler qPCR array targeting mouse adhesion and extracellular matrix genes was 

performed per manufacturer’s instructions (QIAGEN #PAMM-013ZA). RNA from BMECs treated with 

PBS or 50ng/mL mIl-6 was harvested after 24 hours using QIAGEN Shredder technology, and online 

software was used to produce a heat map that visually represents the data from the array. 

(www.SABiosciences.com/pcrarrayanalysis.php)    

 

Mouse Il-6 ELISA 

An ELISA for mouse Il-6 was run per manufacturer’s instructions (R&D Systems, #M6000B). 

Media used for this assay were collected from either WT or IL6KO BMSCs after 24 hour treatment of 

either PBS or 10 µM ISO.  

 

Statistics 

All data are presented as means ± the standard error mean (SEM). For experiments comparing 

two groups, a standard two-tailed student’s t test was used unless otherwise stated in the figure legend. 

For experiments comparing more than 2 groups, one-way ANOVA was used with a Newman-Keuls 

post-hoc test unless stated specifically in the figure legend. For all tests, a p value less that .05 was 

considered significant. All data are an average of at least 3 individual experiments. 

 

Results 

Conditioned Media (CM) from ISO-treated BMSCs Promotes Tumor:Endothelial Interaction In 

Vitro 

In order for tumor cells to successfully seed in a secondary organ, they must interact with the 

endothelium and traverse into a separate tissue. Regarding the bone microenvironment, osteoblasts have 
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been shown to produce many tumor-promoting proteins, some of which can affect the vascular density 

of adult bones (Chapter II). Following up on these results, we asked whether these proteins could also 

impact the function of bone endothelial cells in a way that could promote tumor metastasis. To address 

this question, we assessed whether the conditioned media from ISO-treated primary osteoblasts could 

promote tumor cell interaction with BMECs. Conditioned media (CM) from primary BMSCs treated 

with ISO for 24 hours increased the number of both human MDA-MB-231s breast cancer cells that 

interacted with the BMECs after 3.5 hours in vitro, compared to PBS-treated BMSC CM.  Similar 

results were obtained with murine 4T1s mammary cancer cells (Figure 18A, B).  These results indicated 

that activation of the β2AR in osteoblasts leads to the secretion of proteins that promote tumor cell 

interaction with bone marrow endothelium in vitro.   

 

ISO Treatment Increases Il-6 Expression In Vitro and In Vivo 

Due to the interaction observed between tumor cells and BMECs, we investigated proteins 

produced by osteoblasts that could alter adhesion proteins in endothelial cells. Il-6 has been shown to 

change levels of several adhesion proteins in both untransformed cells and tumor cells, and is produced 

by osteoblasts for normal bone homeostasis (142). Upon ISO treatment, MC3T3 osteoblasts and primary 

BMSCs displayed an immediate and short term induction of Il-6 mRNA after 2 hours (Figure 19B, C). 

To corroborate this finding in vivo, Il-6 expression in whole mouse bone was measured. Similar to the in 

vitro results, whole mouse femurs exhibited an increase in Il-6 expression, showing that beta-adrenergic 

signaling in bone increases in Il-6 (Figure 19A). Furthermore, Il-6 ELISA data indicated that WT 

BMSCs treated with ISO secrete nearly 10-fold more Il-6 than WT BMSCs treated with PBS; Il6KO 

BMSCs, regardless of treatment, secreted no Il-6 (Figure 19D).      
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		 	Figure 18. Conditioned Media from Isoproterenol-treated BMSCs 
Increases Mammary Tumor Binding Capacity to BMECs: A) Primary 
mouse BMECs were treated for 24hours with CM_PBS or CM_ISO prior to 
addition of MDA-MB-231s or 4T1 cells. Quantification of adherent tumor 
cells was calculated by fluorescence microscopy and graphed as fold change 
relative to CM_PBS. (N=4 *=p<.05, ***=p<.001) B) Representative 20x 
images of co-cultures. Blue-DAPI, Green-Tumor Cells 
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Figure 19. Isoproterenol Treatment Increases Murine Il-6 Expression in vivo 
and in vitro: A) ISO (3mg/kg) increases Il-6 expression in whole mouse bone in 
vivo after 2 hours of treatment. (N=3, **=p<.01) B) 10 µM ISO increases 
expression of Il-6 in MC3T3 mouse osteoblast cell line after 2 hours. (N=3, 
***=p<.001 C) 10 µM ISO increases Il-6 expression in primary mouse BMSCs 
after 2 hours. (N=3, ***=p<.001) D) Il-6 ELISA data reveal that BMSCs treated 
with ISO secreted more Il-6 than PBS-treated. Il6 KO BMSCs were used as a 
negative control. 
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Figure 20. Mouse Il-6 Increases Mammary Tumor Binding 
Capacity to mBMECs: A) Primary BMECs were treated with mouse 
recombinant IL6 (50nM) for 24hrs prior to addition of MDA-GFPs or 
4T1-GFPs for 3.5hrs. Number of adherent tumor cells was calculated 
using fluorescence microscopy and graphed as fold change relative to 
PBS group. (N=3-4, *=p<.05, **=p<.01) B) All images are 20x; 
Blue=DAPI, Green=Tumor Cells.  
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Figure 21. Other Osteoblastic Proteins Induced by ISO Treatment 
Do Not Promote Adhesion of MDA-MB-231s to BMECs. Treatment of 
BMECs with murine Vegf-a or RANKL does not increase adhesion 
compared to mIl-6. (N=4, **=p<.01, ***=p<.001) 
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To test the functionality of Il-6 in the adhesion assay, we repeated the tumor cell-BMEC co-

culture experiment with direct treatment of mouse Il-6. After a 24-hour treatment of BMECs with this 

cytokine, an increase in the attachment of tumor cells was observed for both tumor cell lines tested, 

compared to PBS treatment (Figure 20A, B). Importantly, mouse Il-6 cannot bind the human IL-6R, 

reinforcing the notion that this endothelial-tumor cell interaction is in part mediated by action of 

stromal-derived IL6. Moreover, treating the BMEC monolayer with Rankl or Vegf-a, two other ISO-

induced osteoblastic proteins, did not promote cancer cell adhesion in the co-culture experiment (Figure 

21).   

 

Loss of Il-6 Signaling Reduces Tumor Cell Adhesion to BMECs 

In order to strengthen the claim that stromal Il-6 is key for breast cancer cell adhesion to 

BMECs, we performed co-culture experiments with MDA-MB-231s and 4T1s in two systems of Il-6 

inhibition. In the first system, the CM from WT BMSCs and Il6KO BMSCs was added to the BMEC co-

cultures. Both breast cancer cell lines adhered to BMECs in the presence of WT-ISO CM in greater 

numbers compared to WT BMSCs treated with PBS, and IL6 deficiency prevented this increase induced 

by ISO (Figure 22A-D).  

Secondly, an Il-6 neutralizing antibody or an IgG control antibody was added to the conditioned 

media co-culture experiment. The results reveal that the Il-6 neutralizing antibody, when added to the 

CM-ISO group, reduced the number of adherent MDA-MB-231 cells compared to CM-ISO plus the IgG 

antibody (Figure 23A, B). These results infer that stromal Il-6 stimulates tumor and endothelial 

interaction in vitro. 
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Figure 22. Conditioned Media from Il6KO BMSCs Does Not Promote Tumor Cell 
Interaction with BMECs: A) Fold change of GFP-positive MDA-MB-231 cells that 
adhered to BMECs treated with varying BMSC conditioned media. B) Representative 20x 
images (Blue=DAPI, Green=MDA-GFPs, N=3). C) Fold change of GFP-positive 4T1s 
that adhered to BMECs treated with varying BMSC conditioned media. D) Representative 
20x images (Blue=DAPI, Green=4T1s, N=3, P=.0027).  
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Figure 23: Addition of a Neutralizing Mouse Il-6 Antibody Reduces MDA-
MB-231 Adhesion to mBMECs Caused by ISO-treated BMSC Conditioned 
Media.  A) Primary BMECs were treated for 24hrs prior to addition of MDA-
GFPs. Number of adherent tumor cells was calculated using fluorescent 
microscopy and graphed as fold change relative to PBS group. (N=6, **<.01, 
***<.001) B) All images are 20x; Blue=DAPI, Green=Tumor Cells, Red=Cell 
Membrane Dye.  
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Neither Direct Treatment of BMECs with ISO nor Endothelial Il-6 Is Required for Breast Cancer 

Cell Adhesion In Vitro 

It is reported that endothelial cells express α1ARs and β2ARs that control vasodilation and 

vasoconstriction, and in turn alter vascular biology (70, 137). Therefore, to investigate whether 

endothelial adrenergic signaling could promote interactions with breast cancer cells, BMEC monolayers 

were treated with Il-6, PBS, or ISO prior to addition of MDA-MB-231-GFPs or 4T1-GFPs. Regarding 

both cell lines, Il-6 caused the greatest amount of tumor cell interaction with BMEC monolayers, 

confirming previous results (Figure 24A, B). ISO treatment yielded a moderate increase in adherent 

MDA-GFPs compared to the PBS group. 

To study whether endothelial Il-6 may be partially responsible for this result, we repeated this 

co-culture experiment with BMECs derived from the bone marrow of Il6KO mice. Both the MDA-GFPs 

and 4T1-GFPs exhibited adhesion to the Il6KO BMECs upon Il-6 treatment in a similar manner 

observed with WT BMECs. Neither PBS nor ISO promoted tumor/ BMEC interaction, a pattern 

mimicked in WT BMECs (Figure 24A, B). This result was also reflected when the total number of each 

tumor cell line was analyzed (Figure 25A, B). These findings suggest that endothelial Il-6 is not 

required for tumor cell interactions, and that β adrenergic signaling in the BMECs does not promote 

their adhesion to the tumor cells in static culture.  

 

qPCR Array Data Reveal Multiple Adhesion Proteins of Interest 

Due to the enhanced interactions between tumor cells and BMECs in both the Il-6 and ISO-CM 

co-culture systems, we were interested in examining proteins that could mediate this phenotype. A non-

candidate approach was used via a qPCR array consisting of genes related to adhesion and extracellular 

matrix (ECM). BMECs treated with murine Il-6 for 24 hours showed that each isoform of the anti-  



	 71 

	

	

	

Figure 24. MDA-GFPs and 4T1-GFPs Adhere to Il6KO BMECs with 
Il-6 Treatment: A) MDA-231-GFP adhere to WT and Il6KO BMECs 
treated with Il-6. B) 4T1-GFPs adhere to WT and Il6KO BMECs treated 
with Il-6. Direct ISO treatment does not support tumor/endothelial 
interaction compared to Il-6 treatment. (N=3-4) 
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Figure 25: Endothelial Il-6 Is Not Required for Tumor/ BMEC 
Interaction In Vitro. A) Average Total MDA-231-GFP adhering to WT 
and Il6KO BMECs. B) Average Total 4T1-GFP adhering to WT and 
Il6KO BMECs. (N=3-4) 
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Figure 26: qPCR Array of Mouse Adhesion and ECM Genes Reveals Increased 
Expression of Multiple Adhesion Proteins in Primary BMECs upon Il-6 
Treatment. A) Table of genes tested in the array. B) Heat Map reveals expression 
fold changes in array. cDNA was prepared from RNA of primary mouse endothelial 
cells cultured on fibronectin-coated tissue plastic for 7 days and treated with either 
PBS or 50ng/mL mIl-6 for 24 hours on day 7. C) Selected genes of interest that were 
upregulated or downregulated. Gusb was used at the housekeeping gene (HKG).  
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angiogenic protein thrombospondin was decreased upon Il-6 treatment, suggesting that Il-6 activates 

BMECs to a pro-angiogenic state (Figure 26). Many genes of interest were increased with the Il-6 

treatment, warranting verification and further scientific investigation. Five such genes were chosen due 

to their studied roles in tumor metastasis, bone biology, and endothelial biology: Integrin β1, Integrin 

β3, Vcam1, E-selectin, and P-selectin.  

 

Integrin β1 and β3, and Vcam1 Expression Do Not Increase in Il-6 Treated BMEC Cultures In 

Vitro 

 Integrins are a set of proteins that form heterodimeric complexes and are involved in cellular 

signaling regarding the surrounding environment. These complexes facilitate cell adhesion to the ECM, 

leading to clustering of actin filaments, stress fibers, and signaling through focal adhesion kinase (FAK). 

Integrins β1 (ITGB1) and β3 (ITGB3) have been implicated in cancer progression, particularly to the 

bone (143-148). Although an increase was observed in these two proteins in the qPCR array, verification 

studies in vitro showed no increase in mRNA expression of either family member upon treatment of 

BMEC monolayers with Il-6 (Figure 27A, B). 

 Next, vascular cell adhesion molecule 1 (VCAM1) expression was measured in BMECs in vitro. 

This protein belongs to the transmembrane immunoglobulin superfamily. Multiple reports indicate that 

VCAM1 levels are increased in renal cell carcinoma, breast cancer, gastric cancer, and breast cancer 

bone metastases, strongly implicating this protein in tumor progression (149-151). BMECs treated with 

Il-6 in vitro, however, exhibited a 40% reduction in Vcam1 expression (Figure 27C).  
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Expression Levels of Both E-Selectin and P-Selectin Increase in BMEC Cultures in Vitro 

The next two adhesion proteins selected for verification were E-Selectin (SELE) and P-selectin 

(SELP). These glycoproteins are cell adhesion molecules known to be expressed by endothelial cells and 

facilitate interactions with platelets, leukocytes, and endothelial progenitors (153). Additionally, SELE 

and SELP have been implicated in the progression of various tumor types including breast, pancreatic, 

and prostate cancer (154-161). Treatment of BMECs with Il-6 in vitro caused a 3 and 7-fold increase in 

expression of Sele and Selp, respectively, confirming the array data (Figure 28A, B). Connecting these 

results to clinical data, information from Kaplan Meier (KM) Plot show that breast cancer patients 

whose tumors expressed high levels of E-Selectin Ligand 1, a ligand for SELE and SELP, had reduced 

distant metastasis free survival (DMFS), suggesting that targeting these proteins may be beneficial for 

breast cancer patients with metastatic disease (162) (Figure 29). 
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.		Figure 27: Expression of Integrin Beta1 and Beta3 Do Not Change, while 
Vcam1 Expression Decreases with Il-6 Treatment in BMECs. A) Integrin 
Beta1 expression and B) Integrin Beta3 expression do not change significantly 
with Il-6 treatment. C) VCAM1 levels decrease by 40% in BMECs with Il-6 
treatment. N=3 for each analysis. (*=p<.05) 
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Figure 28: Il-6 Increases Expression of E-Selectin and P-Selectin in 
primary BMECs in vitro. A) E-Selectin levels increase in BMECs treated 
with 50ng/mL Il-6 for 24 hours. B) P-Selectin levels are significantly 
increased with this treatment as well (N=3, ****= p<.0001). 
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Figure 29: Certain Adhesion Proteins Are Linked to Worse Distant Metastasis-
Free Survival in Breast Cancer Patients. Low levels of A) ESL1 show a better 
prognosis for DMFS.  C) Low levels of MUC-1 trend toward significance regarding 
DMFS, while elevated B) PSL1 and D) CD44 levels suggest a better prognosis. 
Source of Data is KM Plot. 
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Discussion 

Breast cancer commonly metastasizes to bone, and in order for the metastatic cells to 

successfully colonize that secondary site, they must extravasate from circulation by interacting with the 

bone vasculature. In this chapter, I showed that stromal Il-6 produced by osteoblasts following 

stimulation of beta-adrenergic receptor signaling promotes the interaction between MDA-MB-231 and 

4T1 tumor cells with primary mouse BMECs in vitro. Furthermore, I showed that endothelial-derived Il-

6 is not required for tumor cell interaction with BMECs, as both tumor cells tested adhered equally to 

WT and Il6KO BMECs stimulated by the CM of ISO treated BMSCs. Additionally, we further 

examined expression levels of five proteins known to play roles in cell adhesion and tumor progression. 

Il-6 treatment increased expression of E-Selectin and P-Selectin in BMEC cultures, but not Integrin β1, 

Integrin β3, or Vcam1.   

IL-6 is a pro-inflammatory cytokine that is synthesized by many different cell types, including 

macrophages and osteoblasts. In osteoblasts, IL-6 increases the production of RANKL, thus promoting 

osteoclastogenesis and bone turnover. However, osteotropic tumor cells can also produce this cytokine, 

leading to tumor survival and progression through propagation of the “vicious cycle “by activating 

osteoblasts and enhancing bone turnover (14, 33). There are many drugs that target this cytokine, as well 

as components of the IL-6 receptor, and its specific downstream pathways (39, 163, 164). Regarding 

breast cancer, IL-6 can induce migration and promote resistance to apoptosis (40, 164). In addition, 

activation of IL-6 receptor has been linked to both de novo and acquired Trastuzumab resistance in 

HER2+ breast cancer; knocking down this cytokine in MDA-MB-231 cells caused a reduction in bone 

lesion area in a mouse model of metastatic breast cancer (41, 165). IL-6 has also been reported to affect 

multiple steps of the metastatic cascade, such as invasion and extravasation: Geng and colleagues report 

that IL-6 and TNF-α are able to induce an aggregation phenotype in breast cancer cells and promote 
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invasiveness of MDA-MB-231s in vitro (139). Circulating tumor cells express myriad of adhesion 

proteins that allow them to roll along the endothelium, interacting with corresponding binding partners 

present on the blood vessels. Regarding bone metastases, certain proteins have been shown to correlate 

with disease severity and progression (166). Indeed, Yasmin-Karim and colleagues report that prostate 

cancer cells which express high levels of the E-selectin (SELE) binding protein ESL-1 are more 

aggressive and more likely to metastasize to bone (167). This implicates a direct interaction with bone 

vasculature for prostate cancer cells, as SELE is an endothelial-specific surface protein.  

 Of the five genes selected from the qPCR array for verification, E-selecin (Sele) and P-selectin 

(Selp) expression levels were increased in BMECs treated with Il-6 in vitro. These cell adhesion 

molecules contain an extracellular N-terminus, a calcium-dependent lectin domain, an EGF-like domain, 

a single transmembrane domain, and an intracellular C-terminal tail (153, 154). SELE is found 

exclusively on endothelial cells, and SELP is expressed by endothelial cells and platelets. It has been 

known that the vasculature of the bone marrow, spleen, and liver constitutively express SELE. 

Schweitzer et al. revealed that Sele expression was increased by many different cytokines in mice, such 

as IL-1β, TNF-α, lipopolysaccharides, and IL-3 (155). In the context of bone homeostasis, Yang and 

colleagues reported that Esl-1KO mice have severe osteopenia due to decreased mineralization by 

osteoblasts and increased number, size, and activity of osteoclasts. Intriguingly, treating these 

genetically altered mice with 1D11, a pan-TGF-β inhibitor, rescues their osteopenia phenotype, linking 

these two pathways (156). P-selectin (SELP) is important for inflammatory responses as well. This 

adhesion protein, when found on endothelium, promotes leukocyte binding via interactions with P-

selectin Ligand 1 (PSGL-1). Platelet and monocyte interactions are dependent on SELP-PSGL-1 

binding, leading to further inflammatory signals and thrombosis. Additionally, eosinophils and 

neutrophils are recruited to sites of inflammation via SELP-dependent mechanisms (157).    
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 Various cancers are able to commandeer the biological pathways associated with both SELE and 

SELP in order to survive and progress. Tremblay and associates reported that SELE is required for HT-

29 colorectal cancer (CRC) cell rolling and extravasation through an endothelial monolayer. HT-29s 

exhibited this SELE-dependent extravasation in both static and dynamic culture systems (159). 

Moreover, patient data regarding prostate cancer show that metastatic tumors have higher gene 

expression of ESL-1, a common SELE binding partner, compared to either primary prostate tumors or 

normal prostate tissue (167). Podocalyxin, another SELE binding partner, was shown to be expressed by 

metastatic pancreatic cancer and localize mostly to the invasive fronts in histological sections (158). 

Pertaining to SELP, Coupland et al. revealed that endothelial Selp was necessary for B16F1 melanoma 

metastases to the liver in mice (160). Nasti and colleagues further explored the role of Selp on mammary 

tumor progression and metastasis. Along with confirming a protective effect against primary mammary 

tumor growth in SelpKO mice, their study showed that SelpKO mice exhibited reduced lung metastases 

(161). Interestingly, this effect was due in part to a reduction in CD4+ Foxp3+ regulatory T-cells and 

elevated levels of interferon gamma (IFNγ). It is unknown whether chronic adrenergic signaling is 

linked to altered E-selectin and P-selectin activity in the bone microenvironment as it pertains to 

extravasation and establishment of breast cancer bone lesions. The expression results we obtained need 

to be further explored in vivo and in metastatic mouse models of bone metastases.  

One limitation of the co-culture model presented in this chapter is its static nature. Tumor 

metastasis is a dynamic process affected by blood flow and 3-dimensonal, physical stressors, The use of 

a parallel plate flow chamber or bioreactor to create a controlled, dynamic model of tumor-bone 

endothelium will be a useful tool to more accurately assess the effects of stress-induced Il-6 on breast 

cancer cell extravasation.   
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Adrenergic signaling is also known to regulate aspects of vascular biology and cardiac function 

through recruitment of endothelial progenitor cells, increased eNOS expression, and Nf-kB signaling 

(168, 169). Ciccarelli et al. demonstrated that global β2ARKO mice have defects in responding to 

multiple angiogenic stimuli when subjected to femoral artery resection (170). While we report no direct 

effect of βAR stimulation with Isoproterenol on BMECs in the context of increased tumor cell 

interaction in an in vitro co-culture system, this relationship should be further explored in an in vivo 

model.    

Research documented in this chapter shows that chronic activation of the SNS can affect tumor-

to-endothelial interaction via osteoblasts production of IL-6. This cytokine is known to regulate the 

expression of multiple adhesion proteins, which was reflected in the qPCR array results. Future 

intentions aim to explore the biological relevance of these stromal-dependent tumor-to-endothelial 

interactions in murine tumor studies focused on disruption of Il-6 signaling, as well as potentially 

inhibiting contact between certain adhesion protein pairs, specifically those involving E-Selectin or P-

selectin.   
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CHAPTER IV 

Conclusions and Future Directions 

 

Summary of Studies 

 Tumor metastasis to bone remains a clinical challenge for physicians and a life-threatening 

phenomenon for patients diagnosed with cancer. The research documented in this dissertation 

demonstrates that chronic SNS activation alters the bone vasculature in manners that promote tumor 

establishment in the bone microenvironment in mice, and suggests that βAR stimulation in osteoblasts 

enhances interaction between breast cancer cells and primary bone marrow endothelial cells (BMECs).   

The osteoblasts, which express β2ARs, respond to SNS activation through adrenergic receptor 

signaling and amplify production of VEGF-A and IL-6 at both the RNA and protein levels. Elevated 

osteoblastic VEGF-A increases bone vascular density in both mouse metatarsal and endothelial tube 

formation assays, as well as in mouse models of chronic stress. Disruption of SNS-VEGF-A signaling, 

either through genetic ablation of the β2AR in osteoblasts, or treating mice with the anti-VEGF-A 

antibody mcr84, reduces the vascular density expansion caused by SNS activation. Importantly, loss of 

β2AR as well as mcr84 treatment hinder the ability of MBA-MB-231s, a triple negative breast cancer 

cell line, to colonization the bone in the context of chronic SNS activation. Upregulated osteoblastic IL-

6 promotes physical interaction between breast cancer tumor cells and BMECs in vitro, as conditioned 

media from SNS-activated osteoblasts promotes tumor-endothelial interaction. However, conditioned 

media from IL6KO osteoblasts, or the addition of an IL-6 blocking antibody, diminishes that tumor-

endothelial interaction in culture. These results may be related to adhesion proteins, as IL-6 treatment 

increases expression of E-selectin and P-selectin in primary BMECs.  
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Because targeting VEGF-A and/or β2ARs in the bone reduces the effects of chronic stress on 

breast cancer colonization of bone, these aspects of bone biology warrant further study and could be key 

for improving treatments in the clinic for patients with osteotropic breast cancer lesions. Currently, 

bisphosphonates like Zoledronic Acid (ZA), and Denosumab, a neutralizing antibody against RANKL, 

are the most commonly used regimens for osteolytic lesions caused by breast cancer and multiple 

myeloma bone lesions. Denosumab has also shown efficacy regarding prostate cancer bone lesions that 

tend to manifest as both osteolytic and osteosclerotic (171). Although both of these treatments reduce 

bone pain and improve patients’ quality of life, these drugs do not improve survival nor target the 

tumors directly; they are palliative in nature. Therefore, new therapeutic options must be researched and 

tested.  

 Chronic activation of the SNS due to stress and depression are linked to a wide range of 

pathologies, and creation of pre-metastatic niches is also one of the biological effects of chronic stress. It 

is estimated that approximately 25% of cancer patients are clinically depressed, and these patients could 

be at a higher risk of developing a metastatic lesion (172). Palesh et al. report that breast cancer patients 

that experienced a traumatic event had their tumors recur the fastest compared to other patients. 

Furthermore, the percentage of bone lesions was highest in these “traumatic” patients (50). The work 

documented in this dissertation, as well as many of the clinical studies cited throughout it, would 

strongly suggest that addition of either an anti-angiogenic drug or a beta blocker in the early stages of 

breast cancer development would have a beneficial effect on reducing the likelihood of bone lesions 

through preventing vascular changes and expression of pro-migratory and inflammatory factors in the 

bone microenvironment, ultimately increasing survival metrics of patients. 

While effects of adrenergic signaling have been documented to affect tumor growth, tumor 

vasculature, and tumor survival, its effects on the stromal cell compartments in the context of metastasis 
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have been understudied, especially regarding bone metastasis. The novelty of the research detailed in 

this dissertation is that a relationship between osteoblastic adrenergic signaling and the exacerbation of 

breast cancer bone metastasis was experimentally linked to bone vascular changes. Communication 

between osteoblasts and endothelium is essential for bone development, bone turnover, and bone repair. 

Chronic SNS signaling in adult mice alters the bone vasculature by increasing its density and elevating 

expression of endothelial adhesion proteins shown to be involved in successful bone metastasis. Tumors 

that metastasize to bone benefit from these stress-induced changes, as expansion of the bone vascular 

network and increased levels of endothelial adhesion proteins in bone endothelium induced by SNS 

activation increase the likelihood of tumor cells migrating to, docking, and extravasating into bone tissue 

while in circulation. Furthermore, the proteins responsible for these vascular changes and migratory 

behavior, namely Vegf-a, Rankl, and Il-6, all promote tumor growth in the bone microenvironment and 

are all increased by chronic SNS signaling.. These studies highlight bone vasculature as a key 

component of tumor induced bone disease (TIBD) and emphasize the importance of osteoblast-

endothelial cell communication in breast cancer progression, an understudied concept in cancer and 

bone biology. Further exploration of the mechanisms involved in osteoblast-endothelial cell 

communication during disease states of bone could lead to effective therapies for patients with bone 

metastatic lesions.  

 

Vascular Therapies for Metastatic Bone Lesions 

 The addition of drugs early in treatment regimens that target angiogenesis and blood vessels may 

prove to be beneficial for patients that present with malignant tumors. Targeting angiogenesis has been 

explored for decades, and there are multiple types of these drugs used to treat several cancers. 

Bevacizumab, a monoclonal antibody that targets human VEGF-A, is one of the most well-known anti-
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angiogenics. It was approved in 2010 by the FDA for the treatment of breast cancer and exhibited 

beneficial effects on progression-free survival and overall response rate in multiple clinical trails. 

However, due to minimal significant effect on overall survival and causing a multitude of side effects, 

such as hypertension, proteinuria, and congestive heart failure, this drug is now used in very controlled 

drug regimens for certain breast cancer  pathologies (173). Even though these clinical results were 

disappointing, angiogenesis, notwithstanding, is a hallmark of cancer progression, and current research 

still suggests benefits from anti-angiogenic drugs. Our research, as well as others, imply that therapies 

more specifically targeted to VEGF-A:VEGFR2 that are given to patients early in their regimens would 

be beneficial in treating metastatic bone lesions by possibly preventing vascular expansions in the bone 

and commandeering of the vascular network by the tumor mass. 

Bachelier and colleagues highlighted the importance of tumor VEGF signaling of bone-tropic 

MDA-MB-231s via shRNA technology. Tumor cells with shVEGF-A had reduced vascularity and were 

smaller in vivo compared to their control counterparts. Furthermore, treatment of mice with both 

Bevacizumab and the anti-angiogenic small molecule inhibitor (SMI) Vatalanib caused severe reduction 

in bone lesions caused by the bone-tropic MDAs (174). Cabozantinib, an SMI that targets c-MET and 

VEGFR2, has been shown to alter the bone microenvironment and affect metastatic bone lesions. This 

drug caused an increase in osteoblast number, a decrease in osteoclast number, and a modest increase in 

BV/TV (175). Varkaris et al. show that Cabozantinib is effective in the treatment of both primary 

prostate cancer and lesions present in bone. Further dissection of the mechanism behind this effect 

revealed that the targeting of VEGFR2 was most effective, and that this anti-angiogenic means of action 

not only promoted tumor cell death but also decreased vascularity of the tumor mass (176). One could 

infer from these studies, as well as the information presented in this dissertation, that drugs that prevent 
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angiogenesis could be used to counter the effects that stress and chronic SNS signaling have on both the 

tumor itself and the surrounding stroma.  

Along with treatments that prevent angiogenesis, drugs that promote vessel normalization have 

been proposed as a methodology to treat tumors. The vasculature of tumors is leaky and structurally 

unsound due to constant stimuli that affect vessel establishment and development. As a result, blood 

flow is compromised, and drug delivery is inefficient. Correcting these structural issues regarding tumor 

vasculature could lead to improved delivery and potentially tumor static effects. Schadler and colleagues 

were able to show that aerobic exercise was effective at increasing the delivery of gemcitabine and 

doxorubicin to PDAC and melanoma tumors, respectively (177). Moreover, these increases in delivery 

and subsequent tumor cell apoptosis were linked to increased NFAT signaling and elevated levels of 

endothelial Tsp-1, an anti-angiogenic protein, in both primary tumor cites and the lungs. These data link 

back to a study by Ghajar et al. referenced earlier in this dissertation, which shows that increased Tsp-1 

levels are protective against the growth of breast cancer bone lesions (178). Perhaps increased levels of 

anti-angiogenic proteins restore balance regarding vascular signaling, therefore impeding the 

commandeering of host biology by tumors. Glycolysis inhibitors have also been proposed to normalize 

vasculature, as active and sprouting endothelium favor glycolysis over oxidative phosphorylation in 

manners that are similar to tumor cells (179). The importance of the vasculature cannot be overlooked 

moving forward regarding therapies for bone metastatic lesions.  

 

Effects of SNS on the Signaling that Regulates VEGF-A Expression in Bone  

There remain many unanswered questions pertaining to the SNS-induced increase in VEGF-A 

seen in these studies. Even though our results show that SNS activity can promote breast cancer bone 

metastasis through bone vascular changes, the specific mechanisms responsible for these changes need 
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to be elucidated. Two plausible next areas of research should focus on transcription factors as well as 

signaling and processing proteins that could be responsible for the elevated levels of this growth factor. 

The literature revealed that hypoxia-inducible factor 1 (Hif1-α) can induce the expression of pro-

angiogenic genes like VEGF-A. Furthermore, S-Y Park et al. show that treatment with NE in vitro is 

linked to elevated Hif1-α protein and activity in MDA-MB-231 breast cancer cells, PC-3 prostate cancer 

cells, and SK-Hep1 hepatocellular carcinoma cells (180). Whether this relationship exists in bone during 

SNS activation remains to be studied. Manipulation of the transcriptional activity of Hif1-α through 

mutation or shRNA-mediated knockdown in osteoblasts would illuminate its possible involvement in 

isoproterenol-induced increases in Vegf-a.  

 Secondly, certain MMPs have been linked to developmental and tumor angiogenesis in the 

literature. Proteins that belong to the MMP family cleave ECM components for tissue remodeling and 

development, as well as certain ECM substrates like growth factors and cytokines that also induce 

structural and physiological changes. It is well understood that many MMPs are directly involved in the 

vascular invasion that accompanies formation of the primary and secondary ossification centers during 

bone development (79, 181). MMP13, a collagenase, and MMP9, a gelatinase, are two of the principal 

MMPs associated with this process, as genetic ablation of either of these proteinases results in defects in 

ossification and a disorganized hypertrophic chondrocyte zone (181). Regarding bone metastatic lesions, 

both MMP13 and MMP9 seem to exert key promotional roles. Nannuru and co-authors revealed that 

mammary tumors exhibit increased levels of MMP13 at the invasive tumor front that physically contacts 

the bone (182). This observation also correlated with increased active MMP9 and linked MMP13 to 

tumor angiogenesis and breast cancer bone lesion colonization (183, 184). Furthermore, MMP13 

derived from multiple myeloma was sufficient to promote osteoclast fusion and osteolytic bone 

destruction (185). Expression, protein, and activity of MMP13 and MMP9 should be tested in vivo and 
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in osteoblasts to determine if these proteins could be related to elevated VEGF-A and vascular density 

amounts induced by SNS activation. 

  

Link between SNS-induced Vascular Expansion and Activation of Dormant Tumor Cells  

 Stress and its influences on cellular communication may play a role in awakening dormant 

tumors, specifically through altering vascular potential and the availability of certain growth factors 

based on the research presented in this dissertation as well as that of others in the field. Dormancy is 

defined in biology as cells being in a non-diving state and suspending their physiological functions (186-

188). This concept, when applied to tumor biology, has implications for the clinic and for research. 

Clinically, dormant tumors mean patients have residual disease but are asymptomatic. It is known that 

many cancer patients will relapse, and this occurs in up to 45% of patients with breast or prostate cancer 

(189, 190). Many of the residual tumors discovered in these patients will be in their bones, and a 

majority of the mechanisms behind why these tumors arise, sometimes decades after treatment of the 

initial tumor, and how to properly treat them, need to be understood (186). 

 Multiple groups have begun dissecting the mechanisms surrounding tumor dormancy and the 

specific pathways involved. Primary samples from prostate cancer patients showed that ones with no 

evidence of disease had increased levels of proteins linked to p38 signaling, suggesting p38 might be a 

residual disease indicator for prostate cancer (191). Clinical reports regarding breast cancer patients 

show that low expression of the Leukemia Inhibitory Factor Receptor (LIFR) correlates with bone 

metastases. Johnson and colleagues further explored this relationship, revealing that loss of LIFR in 

MCF7s, breast cancer cells with low metastatic potential, caused this cell line to induce greater 

osteolytic disease in a mouse model. Additionally, knockdown of LIFR alters a wide array of genes 

associated with dormancy and stem cell behavior (192). Ghajar and collaborators showed that breast 
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cancer cell dormancy is linked to angiogenic signals in the bone marrow. Tumor cells that did not 

actively divide resided in vascular niches that contained high levels of thrombospondin-1 (TSP-1), a 

potent anti-angiogenic protein (193). Indeed, increases in vascular density in the bone microenvironment 

caused by chronic SNS activation, as explained in Chapter II of this dissertation, would suggest an affect 

linked to the results found by Ghajar et al. Increasing levels of VEGF-A might activate endothelial cells 

to form vessels and concomitantly reduce TSP-1, a result that may awaken dormant breast cancer cells 

(178). Also, results from Chapter III are connected to the LIF:LIFR data from Johnson et al. IL-6 and 

LIF belong to the same family of cytokines and have distinct effects of tumor biology (198). The levels 

of LIF in the context of stress have not been explored, however the data in this dissertation would 

suggest that high levels of IL-6 would potentially awaken dormant tumors at the expense of pro-

dormancy proteins such as LIF. Exposing mouse models of tumor dormancy to chronic stress and 

assessing dormancy gene profiles, tumor burden, and cancer progression in the bone microenvironments 

may reveal a mechanism of how stress drives cancer progression by activating dormant tumors.  

 

Social Implications of This Work 

 The work documented in this dissertation regarding chronic SNS activation and its effect on 

bone vasculature and breast cancer progression reaches beyond the science, directly impacting many of 

the health disparities and complications cancer patients experience during a fight with the disease. It has 

been well chronicled that racial and socioeconomic statuses are linked to cancer progression, treatment, 

and survival (195). Regarding breast cancer, African-American women tend to be diagnosed at an earlier 

age, have more aggressive forms of breast cancer such as triple negative breast cancer (TNBC), and 

have poorer overall survival compared to White and Asian American women. Latina women also 

displayed a similar pattern (196). As previously mentioned, chronic activation of the SNS via chronic 
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stress or depression has been linked to breast cancer recurrence and worse overall survival. Poverty and 

constant discrimination, both at a social and institutional level, can lead to chronic anxiety, stress, and 

depression. Similar patterns are seen for prostate, lung, and colorectal cancer; screening rates for 

colorectal cancer are lower in African-American men, and changes in smoking patterns directly correlate 

with the decreasing deaths in both Black and Latino communities and the interesting increase in deaths 

among White women (195). 

One disturbing observation is that these discriminations regarding cancer continue on even 

during survivorship (197).  Cancer survivors living in low socioeconomic neighborhoods and/ or with 

low education have a shorter time to recurrence and reduced overall survival. This result could be linked 

to being uninsured or not being able to afford proper initial care, and scientifically linked to the potential 

awakening of dormant micrometastatic lesions. In order to resolve this problem, more outreach to these 

communities and understanding of the groups that need to be treated is required by clinicians and 

healthcare professionals. Former President of the United States, Barack Obama, signed into the law The 

Affordable Care Act (ACA), which requires all US citizens to have health insurance and attempts to 

make coverage and treatments more affordable, regardless of socioeconomic status (198). Greater access 

to and coverage for preventative care and screens, such as mammograms and colonoscopies, could help 

reduce cancer rates and deaths. Although more research connecting psychosocial and emotional factors 

to cancer progression is needed, it is clear that stress, in multiple ways, exacerbates cancer and needs to 

be focused on during treatment. 
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APPENDIX A 

Extraction and Culture of Primary Mouse Bone Marrow Endothelial Cells (BMECs) 

 

Introduction 

 Cell culture has become an integral part of biological research over the past century. Generally, 

cell culture involves the removal of tissue or cells from their natural environment and placement into an 

artificial one that best represents an appropriate in vivo setting. Cell culture overarchingly incorporates 

the usage of both primary cells, cells taken directly from an animal, and established cell lines that have 

been passaged in vitro for long periods of time. Most notably, the questionably unscrupulous culture of 

the HeLa cervical carcinoma cell line by Gey and colleagues at Johns Hopkins in 1952 and the design of 

defined cell culture medium by Eagle in 1955 were crucial catalysts in cell culture becoming routine in 

wet science labs in the biological sciences (199). The development of cell culture techniques has lead to 

many discoveries regarding cellular behavior, understanding of myriad of diseases, and genetic 

manipulation tools.  

 Cell lines have many beneficial attributes; they are relatively easy to culture and grow, are highly 

proliferative, and are widely accepted and published by many different researchers and scientific 

communities. Furthermore, cell lines have very long lifespans, as many of them are either immortal or 

continuous, and can be modified via transfections or transductions are high efficiencies. One glaring 

limitation of cell lines, however, is that over time, a line becomes more phenotypically and genetically 

different from the tissue of origin (200). When relating experimental results of non-transformed cell 

lines back to the tissue it represents, this delineation can be problematic.  

 A strong cell culture practice to circumvent cell line culturing issues is the extraction and use of 

primary cells. Although primary cells tend to require more maintenance and have a limited lifespan in 
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vitro, because these cells are isolated directly from tissues of interest, they are more reflective of an in 

vivo model (201). Furthermore, primary cells contain low levels of mutations and are able to behave 

naturally in culture. 

 In order for the experiments discussed in this dissertation to be relevant to bone vasculature and 

bone biology, it is essential that the endothelium used be derived from the bone tissue and, therefore, 

maintains many of its unique genetic and phenotypic properties in an artificial system. In order to do 

this, two existing protocols were adapted and merged, one from the Vanderbilt Center for Bone Biology 

that explains how to extract bone marrow stromal cells from mice, and a second from a manuscript by 

H. Sekiguchi et al. that focuses on isolation of endothelial progenitor cells from bone marrow (114). 

This appendix lists out the materials used in the extraction of mouse bone marrow endothelial cells and 

the steps of maintaining these cells in culture.  

 
Materials 

 
1.) Autoclaved 1.5mL and 0.5mL Eppendorf tubes (1 per pair of long bones) 

2.) Appropriate Tube Racks 

3.) 18-gauge Needle 

4.) 4-well Chamber Slides 

5.) Dissecting tools 

a. Scalpel 

b. #10 Blade 

c. Curved Scissors 

d. Forceps 

6.) Kim Wipes 

7.) P1000 Pipette and Pipette Tips 
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8.) Sterile Hood with Laminar Flow 

9.) 4ug/mL Fibronectin Solution, (Life Technologies, 33016-015) 

10.) 5% Endothelial Growth Medium (EGM), (ScienCell, #1001) 

a. Media contains 5% Fetal Bovine Serum, 1% antibiotics, and 1% Endothelial Growth 

Supplement. All solutions are provided from ScienCell 

 
 

 Extraction Methods 

1.) Prepare 4-well chamber slides by coating with 300-500uL of 4µg/mL Fibronectin solution. Warm 

for 30min in 37°C incubator. 

2.) Pierce the 0.5mL tube bottom with the 18-gauge needle. 

3.) Place 0.5ml Eppendorf tube in the 1.5ml Eppendorf tube. 

4.) Add 1 ml of Endothelial growth medium (EGM) to the tubes. Note that the EGM should be 

allowed to pass through the hole created with the 18-gauge needle. The 0.5 ml punctured 

Eppendorf tube will support bone within the 1.5 ml Eppendorf tube during centrifugation step. 

5.) Dissect long bones (Femur and tibia. Humeri are optional) from euthanized mouse using dissection 

tools.  

6.) Cut off distal and proximal epiphyses of all long bones harvested.  Place each pair of bones into 

0.5ml punctured Eppendorf tubes containing 1mL of EGM, with the widest part of bone down 

(distal femur, proximal tibia, proximal humerus).  

7.) Centrifuge 13.2x1000 rpm at 4°C for 2 minutes. 

8.) Use P1000 pipette tip to re-suspend pellet in the endothelial cell medium by pipette. 

9.) Pool cells collected from each genotype or mouse depending on the study design. 
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10.) Suction off the Fibronectin solution and add at least 250uLs of EGM to each well. Then, add equal 

number or equal volume of cells to each chamber.  

 

Culturing BMECs Methods 
 

1.) Culture in EGM for 6-7 days. Replace medium with fresh medium to remove non-adherent cells 

2.) Replace medium every 2-3 days with fresh EGM to remove non-adherent cells and to replenish 

growth factors for the BMECs. 

3.) Verify BMEC identity using Immunofluorescence, checking for markers such as Cd31, Cd34, and 

Ve-Cad. Also, Matrigel Tube Formation Assay is a functional assay to verify BMECs.  

 

Verification Results 

 In order to analyze how representative of endothelial cells the BMECs were, I chose to perform 

two separate experiments. The first was an in vitro immunofluorescent assay of BMECs cultured on 

fibronectin-coated plastic. The imaging results show that these BMECs were CD31 positive, a protein 

expressed on bone vasculature (202). Additionally, certain cells were also Ng2 positive, a common 

marker of pericytes, which is another cell type found in the sinusoidal vascular niche of the bone. The 

second experiment examined the functional behaviors of these BMEC cells. After being cultured on 

fibronectin-coated plastic plates for 7 days, BMECs were treated with accutase, collected, and plated on 

matrigel coated-wells of a 24-well plate at 30,000 cells/ well. Bright field microscopy shows that after 

12 hours of 50ng/mL Vegf-a treatment, BMECs formed a complex vascular network compared and tube 

length increased 25% when compared to PBS-treated BMECs (Figure 30).  
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Figure 30: Endothelial Cells Harvested from Bone Marrow (BMEC) Express 
Endothelial Markers and Are Vegf-a Responsive. A) Fluorescent staining 
reveals CD31 (red) and NG2 (green) positive cells in BMEC culture. B) BMECs 
cultured on matrigel respond to 50ng/mL mVegf-a treatment by creating a tube 
network. C) Quantification of tube length of matrigel assay. (N=6, p=0.0129)  
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APPENDIX B 

TRIzol and Alu qPCR-based Quantification of Metastatic Seeding within the Skeleton 

 

The data presented in this appendix are published in Nature Scientific Reports under the same title. 

Some words and figures have been edited for this dissertation. 

 

Introduction 

Numerous imaging technologies exist for assessing skeletal tumor burden in preclinical cancer 

metastasis models, but all require a well-established tumor to generate sufficient signal. Smaller 

numbers of metastatic cells can be detected with flow cytometry, but this approach is costly, requires 

marrow flushing, and is prone to high inter-sample variability. Understanding the mechanisms that drive 

early skeletal establishment of metastatic cancer cells requires more sensitive and quantitative methods 

than those currently in common use. One such method relies on the presence of Alu tandem repeats in 

the human genome, which was first documented three decades ago (203). These short, interspersed 

fragments are ~300 bp retrotransposons, repeated more than 106 times per genome, and exclusively in 

higher primates. The vast number of these sequences has allowed them to be used as a very robust 

detection tool in anthropology and forensics for identifying human elements in ancient bone samples and 

remains (204, 205). The potential for using real-time qPCR amplification of human repeats to accurately 

quantify small numbers of cells in vivo in scientific investigations has been known for more than 20 

years, but this technique has had limited value due to high background signals from human 

contamination and the challenges of consistent DNA extraction across different tissue types (206, 207). 

 Technical difficulties inherent in tissue extraction of DNA are compounded in bone. The 
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entrapment of DNA in the calcified organic material of bone and shells is beneficial for archaeologists 

and paleontologists, as these chemical interactions can stabilize and preserve DNA for centuries (208, 

209). However, these same interactions make the process of extracting DNA from bone difficult, as it 

binds with hydroxyapatite and matrix proteins such as collagen (210-212). Our objectives were to 

improve upon existing methods of nucleic acid extraction from bone and to utilize genomic human Alu 

repeats in xenograft models to establish a fast, reliable, inexpensive and highly-sensitive technique for 

earlier quantification of bone metastatic human tumor cells within skeletal tissues. Specifically, we set 

out to find a method which would allow researchers to easily acquire DNA and RNA from the same 

sample of bone tissue and then use these samples to accurately quantify disseminated tumor cells and 

corresponding host gene expression in order to determine which stromal factors contribute to metastatic 

establishment. 

 

Methods 

TRIzol DNA and RNA Extraction  

1 mL of TRIzol reagent was added to each powdered tissue sample (30-90 mg fresh tissue 

weight) on ice, followed by 10–30 sec of vortexing, to ensure that any clumps of tissue were dispersed. 

Samples were incubated at RT for 5 min to allow for lysis and disruption of cells. To each tube 200 µ L 

of chloroform was added, followed by 30 sec of shaking/inversion and a 5 min incubation at RT. 

Samples were then centrifuged at 16000 Å~ g for 10 min at 4 °C to separate RNA into aqueous phase. 

350 µ L of aqueous phase were carefully transferred to another microcentrifuge tube, and the RNA was 

precipitated with 500 µ L of isopropanol at RT for 5 min. Samples were centrifuged at 16000 Å~ g for 

10 min at 4 °C to pellet RNA. Supernatant was removed and the pellet was washed with 1 mL of 70% 

EtOH, followed by a brief centrifugation at 5000 Å~ g for 5 min. The supernatant was carefully 
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removed and samples resuspended in 40-100 µ L of DEPC-treated water, then incubated at 65 °C for 30 

min to dissolve the RNA.  

After RNA extraction, the remaining aqueous layer from each sample was very carefully 

removed. Brief centrifugation for 5 min at 16000 Å~ g was necessary to separate phases if interphase 

disruption had occurred. To each sample, 400 µL Back Extraction Buffer (BEB), which is an aqueous 

solution of 4 M guanididium thiocyanate, 50 nM sodium citrate and 1 M Tris, was added. After 10–30 

sec of vortexing, the samples were centrifuged at 16000 Å~ g for 15 min at RT. The aqueous phase was 

transferred to a new tube and DNA precipitated with 400 µL of isopropanol for 5 min at RT.  

 

DNA Purification  

DNeasy Blood & Tissue Kit from QIAGEN was used according to the manufacturer’s 

instructions. Briefly, bone samples were snap frozen in liquid nitrogen, then pulverized using a mortar 

and pestle, and up to 100 mg of sample were placed into a 2 mL microcentrifuge tube in order to begin 

the purification. The steps described by the kit involve lysing of samples with a proteinase K-containing 

buffer, binding the DNA to the DNeasy Membrane of the DNeasy mini spin columns during 

centrifugation, 2 wash steps to remove impurities and enzyme inhibitors in the samples, and elution of 

the desired DNA in TE buffer or water.  

Proteinase K method: samples were snap frozen in liquid nitrogen, then pulverized with a mortar 

& pestle and placed into a 2 mL microcentrifuge tube. 1 mL of Proteinase K lysis buffer (10 nM Tris, 

100 mM NaCl, 10 nM EDTA, 0.5% SDS, 400 µ g/mL Proteinase K) was added to each bone sample and 

then mixed by vortexing and pipetting. Samples were incubated for 2 hr at 60˚C, with intermittent 

mixing before debris were precipitated with excess NaCl (6 M). After centrifugation, supernatant was 

removed and DNA precipitated with isopropanol. Each pellet was washed with 70% EtOH and 
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resuspended in TE or water. Cell number data was approximated using a standard curve established by 

adding log-fold dilutions of human MDA-231 cells to whole murine bones ex vivo.  

 

 Quantitative PCR 

Real-time PCR was performed using TaqMan gene expression assays or SYBR Green on a 

BioRad CFX96 Real Time System. Taqman probes/primers were from Applied Biosystems. For RNA 

experiments, cDNA was generated using the High Capacity Reverse Transcriptase Kit (Applied 

Biosystems #438814). Results were analyzed using standard curve quantification or ddCt methods. The 

following primers and conditions were used: Human Alu, Fw: YB8-ALU-S68 5′ -

GTCAGGAGATCGAGACCATCCT-3′, Rev: YB8-ALU-AS244 were 5′ -AGTGGCGCAA 

TCTCGGC-3′, Probe: YB8-ALU-167 5′ -6-FAM-AGCTACTCGGGAGGCTGAGGCAGGATAMRA- 

3′ . Mouse β -actin (Mm00607939_s1) was used as an endogenous control to normalize each sample and 

gene. PCR reactions were performed in a 10 µL volume using 0.5 µ l TaqMan probe, 100 ng cDNA 

template, 5 µL TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City, CA), and 2.5 

µL DNase/RNase molecular grade water (Ambion, Austin, TX).  

All TaqMan assays were performed using the following PCR conditions: denaturation at 95 °C 

for 15 min followed by 40 cycles of denaturing at 95 °C for 10 sec, and annealing at 60 °C for 1 min. 

Reactions were run in duplicate.  

All SYBR Green primer pairs were validated for specificity using a Tm gradient protocol prior to 

the experiments performed in this manuscript. eGFP expression was assessed from RNA that was 

isolated from hindlimb bones of athymic nude fox3pnu/nu female mice aged 4–6 weeks, which 

contained a certain spiked number of GFP-transduced MDA-231VU human breast cancer cells. RNA 

was converted to cDNA using the High Capacity cDNA Kit from Life Technologies as per the 



	 101 

manufacturer’s instructions, and we utilized SYBR Green technology to measure gene expression. A 

serial dilution of MDA-231VUs was used to create a standard curve for eGFP expression. The 

expression of mouse HPRT, a common housekeeping gene, was also measured to assess the quality of 

the samples. Each reaction was performed in triplicate, and each sample was plated in technical 

triplicates. Using the Ct value of the y-intercept of the standard curve as a representation of 1 cancer 

cell, we were able to correlate the number of cancer cells the eGFP qRT-PCR yielded to the number of 

cells spiked into the mouse bones. 

 

Animal Models  

All experiments using live mice were performed in accordance with the Guidelines and 

Regulations for the Care and Use of Laboratory Animals in AAALAC-accredited facilities, and were 

approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center. 

Mice were group housed in plastic cages (n = 5/cage) under standard laboratory conditions with a 12-h 

dark, 12-h light cycle, a constant temperature of 20 °C, and humidity of 48%. Mice were fed a standard 

rodent diet (Pharma Serv, Purina Rodent Laboratory Chow 5001; Framingham, MA). Nude mice were 

housed in sterile conditions and fed autoclaved standard chow. 

 

Intracardiac MDA-MB-231 Model  

MDA-231VU cells were selected by serial in vivo passaging of GFP-expressing MDA-MB-231 

cells. Briefly, cells were injected via intracardiac method, and GFP-positive cells were harvested from 

the long bones. The highest 10% of GFP-expressing cells were sorted via FACS. MDA-231VU cells 

were cultured in 10% FBS DMEM with 1% penicillin/streptomycin. Cells were trypsinized at 70–90% 

confluence, rinsed and re-suspended in cold PBS at 106 cells/mL. Athymic nude fox3pnu/nu female 
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mice aged 4–6 weeks were anesthetized and injected in the left cardiac ventricle with 100 µL of cell 

suspension (105 MDA-231VU cells). 

 

Chronic Immobilization Stress (CIS) 

CIS was carried out by placing fox3pnu/nu in 50 mL laboratory conical tubes, perforated for 

adequate air supply, 2 hours daily, for 10 days until the time of intracardiac injection.  

 

Intratibial Injections of MDA-231VU Cells 

MDA-231VU cells were cultured as previously stated. Cells were trypsinized at 70–90% 

confluence, rinsed, and re-suspended in cold PBS at 107 cells/mL. Athymic nude fox3pnu/nu female 

mice aged 4–6 weeks were anesthetized using isoflurane, and the mice were injected in the tibias at the 

proximal epiphysis with 10 µ L of cell suspension (ranging from 0–105 MDA-231VU cells). Mice we 

sacrificed after a certain number of days, and whole hindlimb DNA was harvested in order to perform 

Alu and β -actin qPCR.  

 

Imaging 

Fluorescence data were obtained with the Maestro™ in-vivo fluorescence imaging system 

(Cambridge Research & Instrumentation) using 480 nm excitation and 515 emission filters to 

discriminate eGFP. Luminescence data were acquired with the IVIS 200® (Perkin Elmer) imaging 

platform.  

 

FACS 

BMSCs and MDA-231VU cells were trypsinized and counted. MDA-231VU cells were spiked 
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into 3e6 mouse BMSCs. Cells were discriminated based on cell size and granularity using forward and 

side-scatter analysis. Nonviable cells were gated out of further analysis. GFP gating was based on 

MDA- 231VU run alone without BMSCs as a positive control and BMSCs run alone without MDA-

231VU as a negative control. GFP analyses were conducted on a BD LSRII flow cytometer (Franklin 

Lakes, New Jersey, USA).  

For cell-sorting experiments, MDA-231VU cells were trypsinized and sorted into 10 µL of 

media using a BD FACS Aria III cell sorter. Cells were discriminated based on cell size and granularity 

using forward and side-scatter analysis. Nonviable cells were gated out of further analysis. 

 

Results 

Several established nucleic acid extraction techniques were systematically evaluated and we 

found that a modification of the TRIzolTM protocol using a back extraction buffer (TRIzol-BEB 

method) allowed for the most efficient extraction of DNA from bones. Yields were superior to those 

obtained with a commercial kit (DNeasy kit, Qiagen) and another commonly used protocol based on 

proteinase K digestion (Figure 31a-b). It is important to note here that RNA expression data and DNA 

can be extracted from the same sample with the TRIzol-BEB method, while the other techniques yield 

only genomic information to be quantified. Other methods of DNA extraction from bone, which did not 

consistently yield serviceable DNA, included using EDTA decalcification, NaOH and boiling, or other 

TRIzol modifications recommended by the manufacturer (data not shown). For TRIzol-BEB DNA 

extraction, frozen samples were pulverized using a carbon steel mortar and pestle, previously cooled in 

liquid nitrogen. By keeping the surface of the pestle between -100 and 0 °C, we were able to exploit the 

Leidenfrost effect, which slows the evaporation time of liquid nitrogen and allows for nucleation of the 

suspended sample powder on the collection tool, thereby significantly reducing contamination and  
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Figure 31. PCR-grade Quality DNA and RNA from TRIzol-BEB Extraction: a) The 
concentration of DNA samples from mouse bones using 3 different protocols was 
determined by measuring UV absorbance. b) Electrophoresis of DNA extracted from 
mouse tibiae using different protocols on a 1% (wt/vol) agarose gel in 0.5x TAE running 
buffer (2.0 µg of DNA loaded in each lane). c) RNA and DNA extracted with 
TriZOLBEB from the same bone sample were run on a denaturing gel, showing no 
evidence of cross contamination in the samples. d) TriZOL-BEB method allows for 
extraction of DNA and RNA from bone tissues. Alu qPCR of samples with 103 MDA-231 
cells spiked into a mouse tibia (d) with corresponding mouse b-actin expression. e) using 
up to 200 ng DNA extracted from bone tissue, (n = 3). 
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sample loss. Powdered samples were then resuspended in TRIzol and thoroughly vortexed before 

proceeding with extraction and precipitation. The range of RNA yield was 0.23–1.24 µg per mg of 

starting tissue, (x̄ = 0.63 µg/mg of tissue). Cross-contamination was not detectable in the RNA or DNA, 

which were extracted from the same sample, as shown by gel electrophoresis (Figure 31c).  

In addition to problems from RNA-DNA cross-contamination, efficient PCR of nucleic acid 

extracts from bone can be inhibited by excess Ca2+ ions and protein impurities, which are not detectable 

on agarose gel analyses, but RNA and DNA extracted with the TriZOL-BEB method showed no 

evidence of PCR inhibition, as shown by: A260/A280 ratios between 1.71 and 1.97 (x̄= 1.85 for DNA) 

and 1.54 and 2.10 (x̄ = 1.89 for RNA) (Figure 32a–d), and linear qPCR amplification values of bone 

mouse β-actin in serial dilutions (Figure 31d), with starting DNA concentrations as high as 200 ng. Alu 

detection of 103 human MDA-MB-231 breast cancer cells in 20ul PBS pipetted directly, “spiked”, into 

bone samples (~75 mg of tissue), by qPCR showed no evidence of either degradation or inhibitors in the 

extracted samples, as shown by slope and R2 of Ct Alu plot (Figure 31e), even at 10-fold DNA 

concentration. In both RNA and DNA extraction, inhibitor carryover at the precipitation step could be 

greatly reduced by using isopropanol extraction rather than ethanol and salt (213).  

Though qPCR of primate Alu repeats has been used routinely in forensics and anthropology, 

attempts at using Alu qPCR to quantify human tumor cells in xenograft models have been hampered by 

extraction difficulties and background signal from human DNA contamination. Genomic DNA extracted 

using our modified TRIzol-BEB protocol was used for Alu qPCR and gave accurate linear quantification 

of 101 to 106 human cell numbers from serial dilutions of MDA-MB-231 cells spiked into 106 murine 

bone marrow cells (Figure 33a). Accurate cell number counts were also seen when Alu qPCR was used  
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Figure 32. TriZOL-BEB Extraction Overview: a) Frozen tissue was pulverized, then 
TriZOL was added to each sample and immediately vortexed. After chloroform 
extraction, RNA was precipitated with Isoproranol, washed, and resuspended. Average 
RNA yield and 260/280 from mouse bones (b, c) n=200. Following RNA extraction, 
residual aqueous layer was removed, BEB was added followed by at least 30s of vortexing 
of each sample (d). Aqueous layer was removed and sample DNA precipitated with 
isopropanol, washed, and resuspended. e) & f) Average DNA yield and OD 260/280 after 
TriZOL/BEB method, n=200. Images created by JPC. 
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to count MDA-MB-231 cells that were spiked directly into entire pulverized mouse femora (Figure 

33b), demonstrating that the combined methods of TRIzol-BEB extraction and Alu qPCR provide a 

sensitive method to quantify disseminated human metastatic cells in bone tissue. 

Although we were able to detect the presence of 1 human cell within 106 mouse bone cells 

(Figure 33a) and 10 human cells per bone (Figure 33b), the accuracy of these data is limited by the 

inherent imprecision of using serial dilutions to isolate a single cell. To overcome this technical 

limitation and determine the maximum sensitivity of the method, we used fluorescence assisted cell 

sorting (FACS) to single-cell sort between 1 and 64 GFP-expressing MDA-MB-231 cells into 10 µL of 

media, which was added directly to an entire crushed mouse humerus, containing approximately 107 

bone cells. After using TRIzol-BEB extraction to obtain gDNA from these samples and performing Alu 

qPCR, we were able to distinguish the difference in signal between 1 and 2 cells (Figure 33c), both of 

which were above background.  

Among currently used techniques for quantifying cell numbers, flow cytometry at present has the 

most sensitivity, theoretically capable of detecting a single cell within any population of cells. We 

compared its sensitivity to the TRIzol-BEB-Alu qPCR technique for quantifying cell numbers ex vivo, 

by serial dilution of human MDA-MB-231 cells into bone marrow cells flushed from mouse femora. 

Quantification of MDA-MB-231 cells by flow cytometry, though very precise, estimated the cell counts 

at 1/3 of the actual number (Figure 33d-e). Furthermore, the background signal in the flushed marrow 

limited the sensitivity to 1 in 105 cells, which is less than what was achieved with qPCR of Alu 

sequences (Figure 33c). These results demonstrate that qPCR of Alu repeats is more accurate, precise, 

and sensitive than FACS for the detection of human cancer cells in mouse bones. In addition to being 

more expensive, flow cytometric methods are also technically hampered by the requisite of flushing the 

marrow from the bone in order to obtain cells. Though marrow extraction techniques have been in the  
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Figure 33. Alu PCR Is a Sensitive Technique for Detecting Xenograft Cells within 
the Bone: Correlation of ct of Alu with number of human MDA-MB-231 cells spiked 
into murine BMSC (a) and whole mouse femora (b). c) Cell number could be 
quantified by Alu qPCR from low numbers of MDA-MB-231GFP sorted into entire 
mouse humerii. Comparison of sensitivity of FACS with Alu qPCR (d) in detecting 
MDA-MB- 231-GFP cells spiked into 106 mouse BMSCs. Dashed lines are placed at 
the level of background signal from negative controls (no human cells) using the 
gating for eGFP shown in (e), n = 3. 
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literature since 1945, these methods do not allow an exhaustive removal of cells from the bone, which is 

needed to consistently locate small tumor foci by FACS or histology. Metastatic tumor cells in bone 

typically colonize near metaphyses rather than in the diaphyseal marrow and most of these cells remain 

undisturbed after marrow flushing (Figure 34a–d), thereby preventing subsequent FACS analysis of the 

tumor cells detection.  

In the commonly used preclinical models of bone metastasis, it has been speculated that very few 

of the metastatic cells survive, and that most die over the course of the first week, resulting in a trough 

of bioluminescent signal during this first week. Attempts have been made with fluorescence or 

bioluminescence approaches to quantify the events in the early hours or days of metastatic 

establishment, but these techniques are limited by low reporter gene expression seen in metabolically 

quiescent cells, limited depth of penetration and scattering of signal, multiple layers of tissue between 

deep metastatic cells and the detector, and by the relative opacity of dense tissues like bone (214, 215). 

Given these limitations, we applied the Alu qPCR technique to reveal the fate of bone metastatic cells in 

the intracardiac mouse metastasis model, and compared the results with eGFP fluorescence data and 

eGFP RNA expression from the same samples. According to Alu qPCR, 10–100 cells arrested in any 

one long bone at 3 hours post intracardiac injection, and cell number increased steadily until mice were 

sacrificed at 14 days (Figure 35a). In contrast to the increasing number of cells quantified by Alu qPCR, 

eGFP qPCR of MDA-MB-231 cells that express eGFP driven by the CMV promoter (Figure 36a) 

showed a decrease from d1 to d7 that would suggest a reduction in cell number in the tissues. When in 

vitro eGFP and Alu qPCR signals were compared from MDA-MB-231 cells alone, the slopes were not 

significantly different (Figure 36a–b) which excludes the possibility of differences in qPCR efficiency 

between eGFP cDNA and Alu genomic DNA. The discrepancy between in vivo and in vitro Alu DNA 

vs. eGFP RNA signal may be due to metabolic changes in tumor cells, which are known to affect  
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Figure 34. Early Stage Metastasis Is Detectable with Alu qPCR but not Fluorescence 
Imaging: a) Fluorescence ex vivo imaging of mouse bones with GFP+ tumors (arrows). Bones 
have been cleaned of excess tissue, (b) and have visible red marrow. Image of bones after ends 
have been cut and the marrow removed by flushing and/or centrifugation techniques (c). After 
fixation and staining, large amounts of cells and tumor remain in the bone (d). Comparison of 
cell number quantification by Alu with fluorescent signal in the same bones (e) showing great 
variability in fluorescence intensity depending on depth of tumor and angle of bone. f) 
Comparison of number of bone metastases detected with GFP vs Alu qPCR (n=5). 
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Figure 35. Alu PCR Accurately Quantifies Tumor Cell Establishment in the 
Bone: Representative ex vivo imaging of tibiae at different time points after 
intracardiac injection of MDA-231 tumor cells (b) and quantification of GFP+ bone 
tumors per mouse (a, c) (n = 5) with representative GFP images (b). BLI of tibiae 
injected with known numbers of MDA-231 cells expressing Luciferase (d) and 
corresponding Alu qPCR from the same bones (e), n = 2. 
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Figure 36. eGFP mRNA Expression Can Be Used to Quantify Cancer Cell 
Number: a) In vivo comparison of eGFP and Alu qPCR quantification of 
metastatic tumor cell number in femora of mice after intracardiac injection (n=5 
mice at each time point). b) In vitro comparison of ct values from qPCR of egfp, 
Alu, and ACTB after Trizol RNA and DNA extraction of differing numbers of 
MDA-MB-231VU cells (n=3). 
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expression of reporter genes, even when under the control of a constitutive promoter (216). 

Using fluorescence imaging, we did not observe an ex vivo signal in bone until 9 days after 

injection, which corresponded to >1000 cells (Figure 35b), consistent with previous findings regarding 

the sensitivity of spectral imaging in vivo (217). Furthermore, many large tumor foci were rendered 

undetectable by ex vivo fluorescence; by simply adjusting the positional angle of the bone during 

imaging and fluorescence, the resulting data- used to quantify tumor burden- were highly variable (data 

not shown). Interestingly, the number of bones with detectable metastases (more than 10 Alu + cells) did 

not increase over two weeks, though detectable metastases by ex vivo fluorescence appeared to increase 

(Figure 34f). This observation further supports the advantage of Alu detection to precisely quantify the 

number of metastatic tumor cells in the skeleton (and other tissues) at the earliest stage of metastasis, 

and reinforces the recent observation that circulating tumor cell clusters may have higher metastatic 

potential than isolated tumor cells (218).  

We next considered that possible artifacts, such as clonal expansion of cells with low eGFP 

expression, decrease reporter expression in less metabolically active foci, or that hypoxic conditions in 

the bone metastatic site could attenuate the GFP signal and thus decrease the sensitivity of fluorescent 

detection methods. In order to control for these variables, we intratibially injected between 101 and 105 

MDA-MB-231 cells which expressed both luciferase and GFP. We quantified tumor signal within 1 

hour using luminescence and fluorescence, both in vivo and ex vivo, before extracting DNA and 

performing Alu qPCR. We used this short time course to minimize large scale changes in eGFP RNA 

that could affect the sensitivity of imaging modalities. Neither fluorescence nor luminescence imaging 

modalities could consistently detect < 1000 tumor cells in vivo, and though both methods were sensitive 

for detection ex vivo, they could not accurately quantify absolute or relative numbers of cancer cells 

within bone (Figure 35c-d). Alu qPCR, however, was able to both detect and accurately quantify tumor 
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cells from within the bone of all the samples (Figure 35e).  

We previously reported that chronic stress-induced expression of RANKL by osteoblasts 

mediates an increase in MDA-231VU metastasis to the skeleton, as measured at end point (28 days post 

inoculation) by ex vivo GFP fluorescence imaging (51). In order to determine if the same 

neuroendocrine stimuli could cause quantifiable changes in tumor cell number at early post-inoculation 

time points, we subjected mice to chronic immobilization stress (CIS) for 10 days prior to intracardiac 

injection of tumor cells. Without any further treatment, we were able to measure a significant increase in 

the number of metastatic cells 5 days post-inoculation in the CIS group compared to controls (Figure 

37a–b), confirming that Alu qPCR can be used to quantify changes in tumor cell number at the earliest 

stages of metastatic establishment.  

 

Discussion 

The TRIzol-BEB extraction and Alu qPCR methods discussed herein is both more accurate and 

precise than existing imaging modalities for measuring absolute numbers of metastatic tumor cells in 

skeletal tissues, while allowing gene expression studies from the same bone biopsies. In addition to high 

sensitivity, the quantification of metastasis by Alu qPCR allows one to quantify disseminated tumor 

without requiring stable transfection for imaging, which can drastically change the phenotype of the 

tumor cells. This advantage is critical in patient derived xenograft studies where minimal manipulation 

of the tumor is desired in order to maintain patient phenotype and more accurately predict patient 

outcomes. Additionally, Alu qPCR relies on amplification of a robust and stable genomic signal, 

allowing a more sensitive, consistent and accurate cell number quantification than the inherently 

variable mRNA expression data of reporter genes. Importantly, this method allows for simultaneous 

quantification of gene expression from host mRNA and precise cell number from tumor DNA. We 
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validated the Alu qPCR method with the two most widely used in vivo models of skeletal metastasis, 

which allowed us to precisely control both the number of cancer cells and time that samples were 

collected. Further studies with orthotopic xenograft models and with other cancer cell types than breast 

cancer will need to be performed in order to validate the combined techniques’ utility in determining the 

time to metastasis and the number of disseminated cells in each organ. An obvious limitation of this 

method is that information about the specific location of disseminated metastatic cells within the tissue 

is lost during pulverization. However, when combined with imaging modalities, this technique should 

prove a powerful tool in the study of host stromal influences on the early phases of metastatic 

establishment in xenograft models. 
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Figure 37. Alu qPCR Can Quantify Changes in Bone Metastatic Cell Number 
in a Murine Stress Model: mRNA expression of IL-6 according to number of 
tumor cells (a) in bones harvested at 3-7 days after intracardiac injection of MDA- 
231VU with MDA-231VU cells detected by ALU qPCR 5 days after intracardiac 
injection. Number of MDA-231VU cells detected in femora (b) of control mice vs. 
chronically immobilized stress treated mice (CIS) (n=8, p<0.005, t-test with Welch’s 
correction). Number of bones with more than 10 detected cells per mouse, day 3 
(n=8, p<0.005, Fisher’s exact test). 
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