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 Breast cancer is among the most common malignancy in women worldwide. Progress in 

early detection and targeted therapeutics have improved the clinical prognosis of patients with 

localized cancer. However, high mortality rates and short median survival times continue to be 

associated with skeletal metastases, which occur in 80% of patients with advanced disease.  

These dismal statistics reflect an inadequate mechanistic understanding of the 

microenvironmental factors that mediate the progression of primary breast cancer to bone 

metastasis. In particular, hydroxyapatite (HA) mineral, a key component of mammary 

calcifications and an essential nanostructural constituent of bone tissue, has largely been 

overlooked in studies of breast cancer, but may play an important role in its malignant 

progression. Thus, the overall goal of this work was to examine the relevance of HA mineral to 

bone metastatic disease within mineralized microenvironments specific to the breast cancer 

metastatic cascade. To this end, innovative, interdisciplinary approaches spanning tissue 

engineering, materials science, and cell biology were pursued. Chapter 2 focuses on the 

functional characterization of tumor cell-HA interactions and details the use of a tissue-

engineered scaffold system to investigate whether HA can actively promote breast cancer cell 

malignancy. Interestingly, it was found that premalignant MCF10DCIS.com cells exposed to HA 

mineral adopted morphological changes associated with increased invasiveness and exhibited 

increased motility that was dependent on IL-8 signaling. Furthermore, DCIS xenograft tumors 

initiated in HA scaffolds exhibited evidence of increased malignant progression. Meanwhile, 

chapter 3 describes a multiscale characterization of the bone metastatic site in animal models of 

advanced breast cancer. Here, by combining high resolution X-ray scattering analysis with large 



 

area Raman imaging, backscattered electron microscopy, histopathology, and micro-computed 

tomography, it was observed that HA nanocrystal immaturity may be linked with secondary 

tumor formation in bone and that mammary tumors remotely alter HA nanostructure via possible 

osteogenic mechanisms. Collectively, the results from this work suggest a dynamic reciprocity 

between breast cancer cells and the HA embedded within their mineralized microenvironments. 

More studies will be needed to elucidate the mechanisms by which tumor cell-HA interactions 

drive malignancy to potentially identify improved therapeutic strategies. Importantly, this work 

has provided a framework for how future studies could utilize tissue engineering and materials 

science approaches to investigate mineralized tumor microenvironments relevant to breast cancer 

and bone metastasis.  
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CHAPTER 1: INTRODUCTION 
 
 
1.1 Hydroxyapatite mineral and bone metastatic breast cancer 
 

Breast cancer is the most frequently diagnosed cancer in women worldwide (1). In the 

United States, improvements in detection and treatment have increased the 5-year survival rate for 

breast cancer to over 95% when detected at the earliest stages (2). However, the 5-year survival 

rate drops to 83% for patients diagnosed with regional spread and to only 26% for those with 

distant metastases (3). Advances in genomics have yielded insight into the molecular profiles of 

breast tumors and have resulted in the development of targeted therapies against certain oncogenic 

drivers such as the estrogen receptor (ER) and human epidermal growth factor receptor-2 (HER2) 

(4). Still, these therapeutic options are limited and do not address bone metastatic disease, which 

occurs in 80% of advanced breast cancer patients and represents their main cause of death (5). 

Current clinical treatments for breast cancer bone metastasis are palliative at best and mean 

survival time remains at a dismal two-years post diagnosis (6). These grim statistics reflect an 

insufficient mechanistic understanding of this disease and may be due to limitations of traditional 

approaches used to perform breast cancer research.  

The vast majority of the research efforts thus far have been focused on the cellular and 

biochemical mechanisms that govern the bone metastatic capability of breast cancer cells (6–8). 

Studies now demonstrate that components of the extracellular matrix (ECM) also drive cancer 

pathogenesis and may be just as essential as genetic drivers (9). For breast cancer, matrix proteins  

 
*Certain text and images adapted from 1. He F, Choi SY, Estroff LA, Fischbach C (2017) Mineralized 3D 
Culture Systems for Studying Bone Metastatic Breast Cancer. Engineering 3D Tissue Test Systems, ed 
Burg K. (Taylor and Francis Group), pp 169-191; 2. Chiou AE, Fischbach C (2018) Tissue-Engineered 
Models for Studies of Bone Metastasis. Tumor Organoids, ed Soker S. (Springer International Publishing 
AG), pp 95-116; 3. Gamsjaeger S, Kazanci M, EP P, Fratzl P (2009) Raman Application in Bone 
Imaging. Raman Spectroscopy for Soft Matter Applications, ed Maher S. Amer (John Wiley & Sons, Inc), 
pp 227-267.  
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such as collagen, fibronectin, laminins, and proteoglycans have been shown to play a major 

functional role in breast cancer progression and metastasis (10). However, the role of 

hydroxyapatite [(Ca10(PO4)6-x(CO3)x(OH)2)] (HA), a mineral component embedded within the 

ECMs of both the primary and bone metastatic sites of breast cancer (Fig. 1.1), is almost 

completely unknown. In vitro studies have indicated that HA is a bioactive material that modulates 

key features of cancer cell aggressiveness, including migration (11) and secretion of tumorigenic 

chemokines (12–14). Hence, it is possible that HA may play a role in the progression from primary 

breast cancer to bone metastatic disease. However, the underlying mechanisms remain unclear. 

 

 
 
Figure 1.1: Mineralized microenvironments in the primary and secondary bone site of breast cancer. 
Hydroxyapatite (HA) mineral is a unique feature of both the primary site and secondary bone site in 
metastatic breast cancer. Mammary microcalcifications composed of HA are frequently associated with 
malignant disease. Tumor cells disseminated to the skeleton will interact with the bone mineralized 
extracellular matrix, which is composed of nanocomposite material of collagen fibrils and mineral platelets. 
Adapted from Chiou AE, Fischbach C (2018) Tissue-Engineered Models for Studies of Bone Metastasis. 
Tumor Organoids, ed Soker S. (Springer International Publishing AG), pp 95-116. 
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Thus, the overall goal of this work was to investigate the relevance of HA mineral to bone 

metastatic disease within mineralized microenvironments unique to the metastatic cascade of 

breast cancer. To this end, innovative, interdisciplinary approaches were pursued. Specifically, 

techniques from tissue engineering and materials science were integrated with cell biology and 

animal models. This introductory chapter will summarize current knowledge of the tumor-mineral 

interactions pertinent to this disease, and then describe physical sciences approaches to 1) 

functionally interrogate cell-mineral interactions and 2) characterize physicochemical and 

structural properties of HA in the bone mineralized ECM. 

 
1.2 Mineralized microenvironments of the breast cancer-bone metastasis cascade 
 

Breast carcinomas typically arise within the inner lining of the milk ducts or lobules of the 

mammary tree, with ductal breast cancers accounting for 80% of all breast cancer diagnoses (15). 

Ductal carcinomas in situ (DCIS) is defined as a premalignant proliferation of neoplastic epithelial 

cells within the confines of the mammary ducts (16) and is considered the precursor lesion to most 

invasive carcinomas (17). Microcalcifications (MCs), or small calcium mineral deposits, have 

been detected via mammographic screening techniques in the vast majority of DCIS patients (18). 

They typically present as white spots or flecks on a mammogram (19) and those that consist of HA 

mineral are frequently associated with malignant disease (20, 21). Although in vitro studies show 

that HA may be pro-tumorigenic (11–14), MCs are still treated as passive indicators of disease in 

clinical settings (19). Given the ubiquitous presence of microcalcifications in DCIS and the 

bioactive nature of HA, one could hypothesize that interactions between tumor cells and 

microcalcifications in the breast tissue could stimulate progression of DCIS to invasive cancer. 

 Meanwhile, metastasis of breast cancer to the skeleton is an osteolytic disease that is known 

to dramatically interfere with the bone remodeling process, resulting in bone that experiences 
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severe degradation during its most advanced forms (6–8). Identifying the multifactorial 

interactions between breast cancer cells and the bone microenvironment is critical to elucidating 

the pathogenesis of skeletal metastasis, yet little is known about the nature of tumor cell-bone 

ECM interactions during the different stages of breast cancer. The mineralized ECM of bone is 

structurally complex, consisting of a fractal-like hierarchical organization based on a 

nanocomposite of collagen fibrils and HA particles, with mineral accounting for 67% of its dry 

weight (22). Conceivably, to facilitate the establishment of a secondary bone tumor, favorable 

interactions between tumor cells and bone mineral HA may be necessary. Interestingly, emerging 

evidence suggests that nanoscale variations in HA materials properties may in fact regulate 

secondary tumor formation. Previous studies with mineral-containing cell culture systems have 

suggested that breast cancer cell adhesion, proliferation and osteolytic factor expression are 

mediated by the materials properties of HA nanoparticles (12, 14, 23). However, as nanoscale bone 

mineral properties have not been previously measured in sites of breast cancer metastasis, it 

remains unresolved whether these in vitro observations are physiologically relevant. 

Characterization of bone mineral properties at sites of metastasis in different stages of breast cancer 

could inform the development of mineralized culture models to study this disease. 

 
1.2.1 Relationships between mammary calcifications and cancer 
 

Breast MCs are pathological mineral deposits that have been used for diagnosing early 

stage, non-palpable breast cancer in routine mammographic screenings (24–26) (Fig. 1.2a). Nearly 

93% of DCIS (18) and 40% of mammary carcinomas (25) present radiologically detectable mineral 

deposits, the shape, size, distribution, and density of which can be further used to predict the level  
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Figure 1.2: Mammary microcalcifications. (a) Microcalcifications are most frequently detected in ductal 
carcinoma in situ (DCIS) when cancerous cells fill the lumen of mammary ducts and mineral deposits 
develop due in part to cell death. (b) Scanning electron microscopy images. Left panels show type I 
microcalcification of a sclerocystic mastopathy (top) and of an in situ lobular carcinoma (bottom). Right 
panels show type II microcalcification in an infiltrating adenocarcinoma of the breast with irregular (top) 
and smooth surface (bottom). (c) Mammographic descriptors of breast microcalcifications. Adapted from 
He F, Choi SY, Estroff LA, Fischbach C (2017) Mineralized 3D Culture Systems for Studying Bone 
Metastatic Breast Cancer. Engineering 3D Tissue Test Systems, ed Burg K. (Taylor and Francis Group), pp 
169-191. 
 

of breast cancer malignancy (19, 27, 28). While the vast majority of detected MCs are benign, it 

has been established that certain clustering patterns and morphologies implicate different subtypes 

or invasive grades of malignant disease. For instance, benign MCs typically have a scattered 

distribution and are coarser with smooth margins, whereas malignant MCs typically have a 
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clustered, pleomorphic appearance and are finer with linear branching patterns (29) (Fig. 1.2c). 

Moreover, breast cancer patients with MCs exhibit decreased survival and increased lymph node 

involvement (25), suggesting their correlation with a more aggressive phenotype. 

Mammary MCs classify into two distinct subgroups and can be distinguished by 

differences in structure and composition (20, 30). Type I MCs exhibit pronounced crystalline 

structures and are predominantly composed of calcium oxalate dihydrate (CaC2O4 • 2H2O) (CO) 

(20), while type II MCs are composed of poorly defined, heterogeneous structures and consist 

mainly of HA (30) (Fig. 1.2b). Interestingly, CO has been strictly found in benign growths (20, 

25, 31, 32), but HA is commonly associated with more invasive disease (20, 21). Furthermore, 

variations of HA composition (e.g. carbonate substitution of HA) may be used to assess the 

malignant potential of breast cancer. More specifically, breast MCs with decreased carbonate 

content may be linked with more aggressive disease relative to their more carbonated counterparts, 

implicating that compositional variations of MCs may serve as prognostic indicators (21, 33).  

Although the exact mechanisms underlying the genesis of breast MCs are unclear, 

experimental evidence implicates synergistic interactions between mammary tumor cells and their 

surrounding microenvironments. It has traditionally been thought that the more crystalline type I 

MCs are formed through cell secretions, whereas the aggregated type II MCs result from cellular 

degeneration and necrosis (21, 29, 31). However, similar to deposition mechanisms of vascular 

and other pathological calcifications, the formation of HA in breast tissue could also be due to 

active cell-mediated processes (34). Indeed, Cox et al. have suggested that tumor cells themselves 

can deposit HA (11), but other cell types may play a similarly important role. For example, not 

only are bone marrow-derived mesenchymal stem cells actively recruited by tumors, but they can 

also spontaneously calcify (35, 36). In particular, morphogens released by activated immune cells 

may play a role in this process (37). In addition to the cells, mammary tumors contain appreciable 
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levels of ECM components known to play a key role in mineral formation, such as bone 

sialoprotein, an RGD-containing phosphoprotein known to initiate HA deposition (38), and 

osteopontin (38, 39), an inhibitor of ectopic calcification depending on its phosphorylation state 

(40, 41). 

 
1.2.2 Bone mineral properties and relevance to metastasis 
 

In bone, mineral occurs in the form of HA platelets that are embedded into collagen fibrils 

(Fig. 1.3a). The composite of collagen fibrils and co-aligned HA mineral platelets composes the 

fundamental building block of bone (42, 43) and thus, influences bone hierarchical structure and 

mechanical performance (22, 44–47). This collagen-mineral arrangement optimizes the toughness 

of the protein with the stiffness of the mineral to provide both rigidity and resistance against 

fracture. Should the geometric arrangement or integrity of each of these two components be altered 

in some way, the mechanical performance of bone tissue would be compromised (48). Relatively 

little is known currently about the modulating effect of breast cancer bone metastasis on bone 

mineral properties. However, a number of related findings indeed suggest that bone mineral 

changes in the presence of breast cancer cells and should thus, be considered when studying bone 

metastasis. 

Clinical studies causally associate high bone turnover with cancer metastasis, and 

inhibiting bone resorption can prevent the growth of tumor cells in the bone (49). After homing to 

bone, breast cancer cells release factors that cause visible degradation in bone structure (3, 7, 8). 

In animal models of bone metastasis these osteolytic lesions most frequently occur in the proximal 
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Figure 1.3: Bone structure is affected by cancer metastasis. (a) Hierarchical structure of mammalian 
bone. Important features are shown at the progressively decreasing length scales from left to right. (b) 
Prostate cancer metastasis engenders large lesions in the proximal tibiae. Yellow and red arrows indicate 
osteolytic and osteoblastic lesions, respectively. (c) Raman spectroscopy reveals that collagen 
mineralization, carbonate substitution, mineral crystallinity, and carbonate: matrix ratio is significantly 
affected by the bone metastasis shown in (b). C, VC, NC, and T indicate the contralateral control, vehicle 
injection control, noninjection control, and tumor conditions, respectively. Adapted from He F, Choi SY, 
Estroff LA, Fischbach C (2017) Mineralized 3D Culture Systems for Studying Bone Metastatic Breast 
Cancer. Engineering 3D Tissue Test Systems, ed Burg K. (Taylor and Francis Group), pp 169-191. 
 

tibiae and in the distal femurs (50–52) and have been attributed to breast cancer cell-associated 

activation of the bone cell-controlled RANKL pathway (8). However, RANKL independent 

osteolytic mechanisms via interleukin 8 (IL-8) signaling (53, 54) and lysyl oxidase (LOX) (55) 

can also contribute to bone degradation. While little is known about whether and how breast tumors 

change HA in the bone, it has been shown for prostate cancer that the metastasized tumor 
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engenders significant changes in the collagen mineralization, carbonate substitution, mineral 

crystallinity, and carbonate:matrix ratio (56), significantly disrupting the nano- and micro-scale 

integrity of bone structure (Fig. 1.3c). Interestingly, recent experimental evidence suggests that 

breast tumors may be able to significantly modulate bone structure even in the absence of skeletal 

metastasis (55, 57). These data implicate that remotely located mammary cancer cells release 

factors into the circulation (e.g. growth factors, exosomes (58)) that cause pre-metastatic 

remodeling of the bone niche, ultimately enhancing tumor cell homing (55). How this increased 

bone homing relates to bone HA and the tumor-mediated changes in its properties remains to be 

demonstrated. 

Indeed, other pathologies such as osteogenesis imperfecta (OI), osteoporosis, 

pycnodysostosis, and fluorosis have been shown to worsen bone quality by altering the mineral-

collagen structural composite (59, 60). Osteogenesis imperfecta, a condition characterized by 

highly brittle bone (61), is a particularly well-studied example of how bone disease influences 

mineral nanostructure. Notably, the collagen fibrils in OI (oim/oim) mice exhibit only half the 

mechanical strength as those from control mice (62), which could be explained by abnormal 

collagen mineralization patterns: some regions of bone do not exhibit any mineralization (63), 

whereas others are over-mineralized and are comprised of abnormally thin and variably aligned 

particles (63–66). Osteogenesis imperfecta bones also exhibit changes in mineral crystallinity (67), 

collagen cross-links (67, 68), and collagen fibril diameters (69). Thorough characterization studies 

like these have not yet been performed on breast cancer-associated bone mineral and collagen 

fibrils. Yet such studies could inform the design of experimental culture models incorporating 

relevant mineral particle characteristics to investigate their influence on tumor cell behavior and 

signaling. 
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1.3 Investigating cell-mineral interactions using engineered culture models 
 

Studies in standard two-dimensional (2D) cell culture have significantly increased our 

understanding of signaling mechanisms relevant to cancer (70). However, 2D cultures typically 

fail to mimic the complex microenvironmental conditions that influence disease progression in 

patients. Indeed, increasing culture dimensionality from 2D to 3D has been shown to significantly 

alter cell protein expression (71, 72), proliferation (73), differentiation (74), and metabolism (75). 

In addition, many other microenvironmental components such as the surrounding extracellular 

matrix (ECM), other neighboring cells, and cytokine gradients have been recapitulated with 

engineered model systems and revealed novel insights (76). 

To directly interrogate cell-mineral interactions, synthetic approaches may enable the most 

amount of experimental control and reproducibility. For example, HA can be incorporated into 

porous scaffolds that consist of biodegradable polymers (e.g. poly(lactide-co-glycolide) [PLG]). 

Such constructs permit control over scaffold architecture and improved mechanical performance 

while enabling cellular organization into 3D tissue-like structures (71, 77). Being able to modulate 

scaffold micro-architecture is not only important for the essential transport of oxygen and 

nutrients, but also for the control of cell proliferation and migration, which are dependent on pore 

diameter and shape (78, 79). Additionally, differences in scaffold micro-architecture may 

influence cell shape, which can regulate many different cellular features relevant to bone 

metastasis including human mesenchymal stem cell differentiation (80) and geometry-dependent 

cell growth and viability (81). Mineral can be introduced into PLG-based systems by the 

incorporation of HA nanoparticles during their fabrication by a gas foaming/particulate leaching 

technique (13, 14) (Fig. 1.4). Using this approach, it was previously demonstrated that the behavior 

of breast cancer cells changes in the presence of HA and that introduction of mechanical 

stimulation further alters their gene expression (82). Moreover, culturing breast cancer cells on 
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PLG scaffolds containing synthetic HA nanoparticles of varying chemical and physical properties 

has shown that HA size and crystallinity regulates tumor cell adhesion, proliferation, and osteolytic 

factor secretion (14). 

 
 

Figure 1.4: HA-containing polymeric scaffolds. Three-dimensional mineral-containing PLG scaffolds 
can be fabricated by incorporating HA nanoparticles during the fabrication process. When seeded with 
breast cancer cells, HA-containing scaffolds enable coherent tissue formation (pink) around HA particles 
(black, von Kossa stained), and conditioned media collected from HA-containing tumor-cell cultures induce 
osteoclastogenesis relative to media from cultures without HA. Adapted from He F, Choi SY, Estroff LA, 
Fischbach C (2017) Mineralized 3D Culture Systems for Studying Bone Metastatic Breast Cancer. 
Engineering 3D Tissue Test Systems, ed Burg K. (Taylor and Francis Group), pp 169-191. 
 
 
1.4 Materials characterization of HA in mineralized tissues 
 

Structural studies of mineralized tissues typically employ a combination of techniques to 

capture information over a large range of length scales. Techniques such as X-ray scattering (83–

88) and Raman spectroscopy (89–92) can reveal structural and physicochemical information on 

HA mineral with nanometer resolution. To account for spatial heterogeneity of mineralized tissues 

(48), these instruments can be programmed to scan larger micrometer-scale regions of interest. 

Importantly, these methods are non-destructive to mineralized tissues. Thus, the obtained data can 

then be mapped onto imaging information obtained from techniques such as micro-computed 
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tomography (µCT), scanning electron microscopy (SEM), and histological staining, which provide 

information at the greater length scales necessary for physiological context. Having this context is 

particularly important when interpreting data obtained from either human patient samples or in the 

case of this thesis work, animal models of metastatic cancer (chapter 3). The following sub-

sections will provide a brief description of how X-ray scattering and Raman imaging has been 

used in the materials analyses of mineralized tissue, especially with regards to bone. 

 
1.4.1 X-ray scattering 
 

X-ray scattering is considered the gold standard technique for the analysis of bone mineral 

nanostructure and has greatly contributed to the understanding of bone biomineralization (48). 

When highly collimated X-rays pass through the experimental specimens, they scatter and produce 

patterns of light that register on a 2D detector. These scattering patterns can then be used to derive 

nanoscale information about mineral crystal size and degree of alignment (83, 86) (Fig. 1.5). This 

technique has been routinely used to characterize HA nanocrystal structure across a range of 

organisms – including humans, mice, rats, baboons, minipigs, and turkeys (48) – and has shown 

that even small variations in nanoscale properties are linked to pathological conditions (59). 

One important consideration during the design of an X-ray scattering experiment is the X-

ray source (86). X-rays can be generated from common laboratory equipment, yielding a 150-200 

µm-sized beam at the sample – appropriate for scanning regions of interest that have larger, 

millimeter-scale dimensions. Standard small-angle X-ray (SAXS) analysis, which provides 

information on average bone mineral crystal thickness (T-parameter) and orientation (r-

parameter), is achievable with this setup. However, to perform higher resolution analysis, access 

to a synchrotron beamline is necessary. X-rays generated from a synchrotron-source will possess 

a smaller beam diameter and a greater beam flux. In addition to SAXS, the use of the synchrotron 
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would also enable the simultaneous collection of the wide-angle X-ray scattering (WAXS) data. 

This would further enable the calculation of bone mineral crystal length (L-parameter) data. 

However, the increased resolution may limit reasonable data collection to smaller, more defined 

regions of interest. 

 

 
Figure 1.5: Characteristics of bone mineral nanostructure obtained via X-ray scattering. 
Hydroxyapatite nanoparticles (2-4 nm in thickness) are typically aligned with collagen fibrils, with the 
crystalline c-axis represented by the red arrow. Hydroxyapatite nanostructural parameters (T, r, L) derived 
from small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) are shown to the right 
of the bone nanocomposite schematic, which is not drawn to scale. 
 
 
1.4.2 Raman Imaging 
 

Raman spectroscopy is a vibrational spectroscopy technique used to assess patterns of 

scattered light from small molecules (60). A sample is irradiated with a monochromatic laser, 

resulting in an extremely small amount (~one in 107 photons) of Raman scattered light (93). A 

charge-coupled device detector will then translate the scattered light into a Raman spectrum, which 

represents the scattered light intensity plotted against its wavelength difference from the incident 

light (94). These characteristic frequency (or Raman) shifts can be used in the identification and 

characterization of specific moieties within biological materials. This technique is sensitive to 

changes in molecular structure and composition (56) and offers superior spatial resolution of 0.5-

1.0 µm (89). 
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Figure 1.6: A typical Raman spectrum of bone. Raman peaks used in this study are highlighted in red. 
Adapted from Gamsjaeger S, Kazanci M, EP P, Fratzl P (2009) Raman Application in Bone Imaging. 
Raman Spectroscopy for Soft Matter Applications, ed Maher S. Amer (John Wiley & Sons, Inc), pp 227-
267.  
 

 
As such, Raman has emerged as a versatile technique to assess the compositional and 

structural qualities of mineralized tissues such as bone (89). A typical Raman spectrum of bone 

will consist of a strong phosphate (v1PO4) band at 960 cm-1, otherwise known as the apatite peak, 

and several bands associated with collagen, including amide III at 1256 cm-1 and amide I at 1677 

cm-1 (95) (Fig. 1.6). Although Raman spectroscopy is not considered a quantitative technique, it 

can provide supporting data on bone mineral nanostructure from an alternative spectroscopic 

perspective. For example, the width of the v1PO4 band can be used to calculate crystallinity, which 

is a measure of mineral maturity that is strongly correlated with stoichiometrical perfection and 

the length of the HA crystals along their c-axes (96). Importantly, Raman imaging enables a more 

complete understanding of the bone ECM because it is especially sensitive to changes in collagen 

composition. The intensities of the amide peaks correlate to collagen content, though proper 

analysis would require that the polarization-dependent amide I and polarization-independent 



 15 

amide III peaks show the same trends to verify that the orientation of the incident beam is not a 

confounding variable (89, 95). Other measures of bone quality can be derived from relative peak 

intensities. One particularly relevant parameter is the ratio of the v1PO4 and amide I peak integrated 

areas (mineral-to-matrix ratio) (60, 89, 94), which, unlike measures of bone mineral density from 

dual-energy X-ray absorptiometry or µCT, accounts for both the mineral and organic phases of the 

bone ECM (60). Collectively, these Raman-based measurements strongly complement the 

quantitative parameters of bone mineral nanostructure obtained through X-ray scattering analyses. 

 
1.5 Research Objectives 
 

For breast cancer, HA mineral is a unique component of the extracellular matrix at both 

the primary tumor site and the secondary bone site. Interactions between breast cancer cells and 

mineral may be critical to disease progression yet the nature of these interactions and how they 

could impact malignancy is not clear. Studies to date lack the appropriate methodologies to address 

these unresolved questions in a controlled, pathologically-relevant manner. Thus, this dissertation 

describes efforts to employ state-of-the-art tissue engineering and materials science techniques to 

investigate tumor cell-mineral interactions within different stages of the breast cancer-bone 

metastasis cascade in both in vitro and in vivo models. Specifically, this work addressed two sub-

hypotheses: 

 
1) Hydroxyapatite mineral actively promotes malignancy in preinvasive tumor lesions 
 
Breast cancer cell responses to HA mineral were investigated using a 3D polymeric scaffold 

system engineered to present HA under dynamic culture conditions. To assess HA-mediated 

changes as a function of breast cancer progression, differences in tumor cell proliferation and IL-

8 expression were assessed in a series of isogenic MCF10A-derived breast epithelial cell lines. 

MCF10.DCIS (DCIS) cells were then specifically used as a premalignant model for further 
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analysis of HA-mediated invasiveness. The DCIS cells were precultured in HA-scaffolds, then 

detached and assessed for changes in single cell shape and colony morphology using 

epifluorescence imaging of cells stained for nuclei and F-actin. Mineral-mediated changes in single 

cell motility were assessed by live tracking DCIS cells precultured in HA-scaffolds over the course 

of 24 hours. Inhibition studies with IL-8 antibody were then used to show IL-8 dependent effects 

of HA-mediated cell motility. To assess pathological relevance of the in vitro findings, DCIS 

tumor xenografts were initiated in HA scaffolds and compared to their PLG counterparts via 

histological analysis. 

 
2) Advanced breast cancer cells remotely alter mineral properties in the bone metastatic site 
 

Tibiae from healthy control mice, mice carrying mammary tumors, and mice with overt 

bone metastasis were analyzed with a set of complementary techniques to assess mineral properties 

in the bone metastatic site. BoM1-2287, a bone metastatic subline of MDA-MB-231 isolated 

through an in vivo selection process (50), was used in different surgical procedures in immune-

compromised mice to establish a controlled set of xenograft models. Bone metastasis was achieved 

by intracardially injecting luciferase-labeled BoM1-2287 cells, while localized mammary tumors 

resulted from implanting the same cells into cleared mammary fat pads. Mouse tibiae harvested 

after 5 to 7 weeks were embedded in polymethylmethacrylate and subjected to µCT, histological 

analyses, and backscattered SEM to assess macro- to micro- scale changes in bone structure. 

SAXS/WAXS as well as Raman imaging was used to bone nanostructure and physicochemical 

composition. To assess whether changes in bone mineral could be mediated by tumor-derived 

soluble factors, immune-compromised mice were systemically conditioned with daily 

intraperitoneal injections of tumor-conditioned media (TCM) over the course of 3 weeks; tibiae 

were then harvested and analyzed for markers of bone matrix remodeling. The osteogenic potential 
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of this TCM was assessed by calcium staining bone marrow-derived mesenchymal stem cells 

cultured in it for 3 weeks. 
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CHAPTER 2: HYDROXYAPATITE MINERAL ENHANCES MALIGNANT POTENTIAL 
IN A TISSUE-ENGINEERED MODEL OF BREAST CANCER 

 
Contributors: Siddharth Pathi, Nora Springer, Matthew Whitman, Yeonkyung Lee, Stephen Marcott, 
Aaron Chiou, Angela Du, Pragya Shah, Joseph Druso, Bryant Blank, Sunish Mohanan, Maxine Jochelson, 
Neil Iyengar, Jan Lammerding, and Claudia Fischbach. 
 
2.1 Abstract 
 
Screening mammograms routinely detect the presence of breast tissue microcalcifications (MCs), 

and MCs comprised primarily of hydroxyapatite (HA) are associated with increased tumor 

aggressiveness and lymph node involvement. The vast majority (90-95%) of ductal carcinoma in 

situ (DCIS) cases present with MCs, though how certain cases progress to invasive breast cancer 

is unclear. Thus, the study of how tumor cells respond to mineral will be critical in understanding 

breast cancer pathogenesis. However, there currently exists limited approaches to effectively 

model tumor cell-mineral interactions. Here, we have cultured breast cancer cells in HA-

containing PLG scaffolds to investigate whether HA can promote tumor cell malignancy. Within 

a series of isogenic MCF10A-derived breast epithelial cell lines representing different stages of 

breast cancer progression, we found that exposure to HA mineral in scaffolds increased the 

expression of pro-tumorigenic interleukin-8 (IL-8) among transformed but not benign cell lines. 

Notably, MCF10DCIS.com cells cultured in HA scaffolds adopted morphological changes that 

were reflective of increased invasiveness and exhibited increased motility that were dependent on 

IL-8 signaling. Moreover, MCF10DCIS.com xenograft tumors initiated in HA scaffolds displayed 

evidence of enhanced malignant progression, including significantly decreased epithelial 

organization and increased fibrosis compared to PLG controls. These results indicate that HA  

 
*Portions adapted from Pathi SP (2013) Minerals and Metastasis: Hydroxyapatite Promotes Breast 
Cancer Colonization of Bone. PhD dissertation (Cornell University). 
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mineral may actively promote malignancy in preinvasive DCIS cells and validate PLG scaffolds 

as useful tools to study microenvironmental parameters in a pathologically relevant manner. 

 
2.2 Introduction 
 

Breast cancer is a leading cause of cancer-related deaths in women (1). Breast tissue 

microcalcifications (MCs) serve as critical diagnostic indicators for non-palpable breast cancer 

during routine mammographic screening (2). Microcalcifications are associated with 90-95% of 

all ductal carcinoma in situ (DCIS) cases as well as some high risk invasive cancers (3–6). The 

presence of MCs in invasive ductal carcinoma (IDC) patients has been correlated with greater 

tumor volume, increased lymph node involvement, and decreased 8-year patient survival (7). 

Despite their value as diagnostic markers, the functional relationship between MCs and 

breast cancer malignant progression remains unclear. Studies focused on MC chemical 

composition have found that MCs associated with benign breast lesions are exclusively composed 

of calcium oxalate while MCs associated with malignant breast lesions are largely composed of 

hydroxyapatite (HA) (4, 5, 8). Although mammary MCs are currently treated as inert in clinical 

settings, in vitro studies have shown that HA is bioactive and can regulate breast cancer cell 

behavior (9–13). Collectively, these observations suggest that HA MCs may actively promote 

tumor progression and consequently, increase metastatic potential. However, the underlying 

mechanisms remain unclear.  

  Both clinical and experimental studies suggest that DCIS is a precursor lesion to most 

invasive breast carcinomas (IBC) (14), though how DCIS progresses to IBC is a subject of much 

inquiry. Ductal breast cancer invasion into the surrounding stroma requires that tumor cells breach 

the basement membrane (15). To facilitate their escape from the primary site, transitioning breast 

cancer cells are known to undergo the epithelial-to-mesenchymal transition (EMT) (16), which is 
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a dynamic, multifactorial process characterized by dysregulated proliferation, loss of cell-to-cell 

contact, and increased cell motility (15, 17–19). These properties are thought to be regulated by a 

network of cytokines in the tumor microenvironment (20–24). Specifically, interleukin-8 (IL-8) – 

which has been found to be enriched in neoplastic breast tissue (25, 26) and in the circulation of 

advanced breast cancer patients (27) – may be critical for the induction of EMT and maintenance 

of the mesenchymal, de-differentiated phenotype (23, 28). Importantly, there is emerging evidence 

to suggest that IL-8 is upregulated in breast cancer cells interacting with HA mineral (11–13). 

These studies, however, are limited by their focus on MDA-MB-231, a highly metastatic breast 

cancer cell line that is unsuitable for modeling the transition of preinvasive breast cancer to a more 

malignant phenotype. 

Three-dimensional (3D) culture systems employing poly(lactide-co-glycolide) (PLG) 

scaffolds can be used to recapitulate pathologically relevant tumor microenvironmental conditions 

(29, 30). Within PLG scaffolds, cancer cells cultured in vitro organize into tumor-like structures 

that are representative of their in vivo counterparts, with comparable growth kinetics, cytokine 

secretion profiles, and formation of hypoxic cores (29). Poly(lactide-co-glycolide) scaffolds have 

also been shown to effectively present mineral to cells, as they enable direct cell-to-mineral 

interactions (11, 12, 31). As such, they are well suited to study how mammary MCs may mediate 

breast cancer cell behavior. We therefore employed engineered mineral-containing scaffolds to 

investigate the role of HA mineral on breast cancer cell malignancy. Isogenic breast cancer cell 

lines of increasing malignancy were first profiled for HA-mediated upregulation of IL-8. 

Morphological and migratory hallmarks of invasiveness were assessed within a premalignant 

DCIS cell line cultured on HA scaffolds. Next, antibody inhibition studies were performed to test 

whether HA-mediated effects on DCIS cell motility were IL-8-dependent. Lastly, to confirm 



 

 28 

pathological relevance, DCIS tumors were initiated in a scaffold-xenografts to investigate the 

effects of HA mineral in an in vivo setting. 

 
2.3 Materials and Methods 
 
2.3.1 Cell lines and growth media 

Human mammary epithelial cell lines from the MCF10A cell line series – MCF10A, 

MCF10DCIS.com, and MCF10CA1a (Karmanos Institute) – were cultured in 1:1 DMEM/F12 

(Gibco) supplemented with 5% horse serum (Invitrogen), 1% penicillin/streptomycin (Gibco), 10 

μg/ml insulin (Sigma), 0.5 μg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma), and 

20 ng/ml EGF (Millipore). Human mammary adenocarcinoma cell line MDA-MB-231 was 

cultured in DMEM (Gibco) supplemented with 10% FBS (Atlanta Biologicals) and 1% 

penicillin/streptomycin (Gibco). 

 
2.3.2 Scaffold fabrication 

Porous, polymeric scaffolds were fabricated using a gas-foaming, particulate leaching 

method (11). For hydroxyapatite-containing (HA) scaffolds, poly(lactide-co-glycolide) (PLG) 

microparticles (ground and sieved, ~250 μm diameter; Lakeshore Biomaterials) and PLG 

microspheres (formed by double emulsion, ~5-50 μm diameter; Lakeshore Biomaterials) were dry-

mixed with nanocrystalline hydroxyapatite (Sigma) and sodium chloride (sieved, ~250-400 μm 

diameter; J.T. Baker). The mixture was then pressed to form matrices (8.5 mm diameter, 1 mm 

thick) at room temperature in a dye press (Fred. S. Carver) and then pressurized in carbon dioxide 

(800 psi) with a non-stirred vessel (Parr Instruments). After a quick de-pressurization, scaffolds 

were soaked for 24 hours in de-ionized water to leach out the sodium chloride. Non-mineral-

containing (PLG) scaffolds were fabricated similarly, excluding the hydroxyapatite in the starting 

mixture. 
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2.3.3 Three-dimensional cell culture 

Scaffolds were sterilized in 70% ethanol for 20 minutes, washed 2 times with sterile PBS, 

then soaked in serum-containing media for 30 minutes. 1.5x106 cells were statically seeded on 

each scaffold and then maintained under dynamic culture conditions on an orbital shaker. The 

scaffold-tumors were subjected to a 72-hour pre-culture period before analysis or additional in 

vitro-based studies. Gene expression analysis was performed after a 10-day culture period to 

increase cell numbers for analysis. For in vivo studies, scaffold-tumors were cultured for 24 hours 

prior to surgeries to enable sufficient cell adhesion within the scaffold. 

 
2.3.4 Scaffold characterization 

To characterize mineralization, blank scaffolds were soaked in Alizarin Red S stain (20% 

of 40mM solution in de-ionized water, pH 4.1; VWR) for 20 minutes at room temperature and 

then washed 4 times in PBS. To visualize distribution of mineral throughout the porous scaffold 

matrix, blank scaffolds were scanned with a μCT system (Zeiss) and false-colored based on the 

attenuation coefficient. To visualize cell associations with mineral in scaffolds, cell-seeded 

scaffolds were fixed in 4% paraformaldehyde (PFA) (VWR) overnight, embedded in paraffin 

blocks, cut into cross-sections, and subjected to von Kossa staining. 

 
2.3.5 Analysis of cell proliferation and IL-8 expression  

To assess proliferation, tumor cell-seeded scaffolds were lysed in Caron’s buffer and 

sonicated at low power to liberate cellular DNA. Total DNA content was measured from these 

samples by the QuantiFluor® dsDNA System (Promega) according to manufacturer instructions. 

To quantify secretion of IL-8, tumor cell-seeded scaffolds were cultured in low serum prior to 

collection of media, which was then used in the IL-8 ELISA (R&D Systems) according to 

manufacturer instructions. To analyze IL-8 gene expression, total RNA was harvested from tumor 
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cell-seeded scaffolds with TRIzol® (Invitrogen) according to manufacturer instructions and 1 μg 

was reverse transcribed to cDNA (qScript cDNA supermix, Quanta BioSciences). Quantitative 

real-time polymerase chain reaction (qRT-PCR) was performed using SYBR green detection 

(Quanta BioSciences) on an Applied Biosystems 7500 System. The following primer sequences 

were used: human IL-8 (fwd: 5’- agaaaccaccggaaggaaccatct-3’, rev: 5’-

agagctgcagaaatcaggaaggct-3’) and human β-actin (fwd: 5’ - aatgtggccgaggactttgattgc-3’, rev: 5’-

aggatggcaagggacttcctgtaa-3’) (IDT Technologies). Quantitative analysis was performed based on 

the ΔΔCt method(32). Sample size was n = 3 or greater per condition. 

 
2.3.6 Cell morphology and cell clustering analysis 

Following an initial pre-culture period, MCF10DCIS.com cells were detached from 

scaffolds with 0.5% trypsin (Gibco) and re-seeded (4000 cells) onto glass coverslips (18 mm, #1 

thickness; Karl Hecht) pre-coated with 30 μg/ml fibronectin (Gibco) (Fn). The re-seeded cells were 

maintained in standard culture conditions for either 4 hours to analyze morphology or 24 hours to 

analyze clustering and other invasive characteristics, then fixed in 4% PFA, and co-stained for F-

actin (1:100 Alexafluor 568 phalloidin; Invitrogen) and nuclei (1:2000 DAPI; Invitrogen). Imaging 

was performed on an epi-fluorescence microscope (Zeiss Observer Z1).  

Morphology analysis of single cells was performed in ImageJ FIJI. Greyscale images were 

thresholded to create binary images and all single cells were analyzed for 1/circularity 

(perimeter^2 / 4*pi*area), which was termed ‘Morphology Factor’ (MF), and aspect ratio (major 

axis / minor axis) (AR). All measures of cell morphology were log-transformed to better fit the 

assumptions of the model (normality of residues, constant variance). The resulting data were 

analyzed using a mixed model with random (sample and nested replicates) and fixed (condition) 
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effects. Sample size was n = 3 per condition and at least 30 cells were analyzed per sample. Graphs 

show the log-transformed MF and AR data.  

Cell clusters were defined as cells that were tightly bound to at least one other cell. Sample 

size was n = 3 per condition; six representative images per sample were taken and manually 

counted for cells. The results were expressed as a percentage of the combined total of individual 

cells and clusters. 

  
2.3.7 Cell motility analysis 

To assess random cell migration, MCF10DCIS.com cells pre-cultured in scaffolds were 

detached with 0.5% trypsin (Gibco) and re-seeded (1500 cells) onto Fn-coated (Gibco) (30 μg/ml) 

optically clear 96-well plates for live cell tracking (IncuCyte) over 24 hours. IL-8 antibody (20 

μg/ml; Cormorant Pharmaceuticals) was added to the media at the start of the experimental period. 

The x- y- movement of single cells were tracked over timeframes of 300 minutes. Sample size was 

n = 4 per condition and at least five cells were analyzed per sample.  

 To assess directed migration, MCF10DCIS.com cells pre-cultured in scaffolds were 

detached with 0.5% trypsin (Gibco) and re-seeded (5000 cells) into bovine collagen I-coated (40 

μg/ml; Corning) transwells (8.0 μm pores; VWR) placed in 24-well plates. The cells were seeded 

in DMEM in the top chambers and induced to migrate towards bottom chambers containing 

DMEM 10% FBS over 16 hours. An IL-8 antibody (20 μg/ml; Cormorant Pharmaceuticals) was 

added to the DMEM in the top chamber at the start of the experimental period. Cotton swabs were 

used to carefully remove cells from the top sides of the transwell membranes. Cells were then fixed 

in 4% PFA and stained for nuclei (1:2000 DAPI; Invitrogen). A 2.5X objective was used to capture 

images that were later stitched together to show the entire transwell, which were then manually 

analyzed for migrated cells. 
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2.3.8 Human samples analysis 

Sixteen patient samples – with mostly mixed pathologies of DCIS and Invasive Ductal 

Carcinoma (IDC) – were obtained for correlative histopathology and immunohistochemical (IHC) 

staining for IL-8. Tissue samples were transferred as frozen blocks from Memorial-Sloan Kettering 

Hospital. Frozen blocks were cryosectioned to 12 μm thickness and mounted on pre-cleaned glass 

slides. Prior to staining, sections were baked for 20 minutes at 65°C and re-hydrated in Tris-buffer. 

Sections were then blocked with 3% hydrogen peroxide to prevent signal interference from 

endogenous activity. Antigen retrieval was performed with Proteinase K (Dako), and TNB solution 

(Perkin-Elmer) was used for blocking. Sections were incubated with primary antibody against IL-

8 (5 μg/m; R&D Systems) overnight at 4°C, followed by a 30 min incubation at room temperature 

with a biotinylated secondary antibody against mouse (Vector Labs). To increase signal, the TSA 

amplification kit (Perkin-Elmer) was used according to manufacturer’s direction. Signal detection 

was performed with DAB chromogen (Thermo Scientific), and sections were counter-stained with 

hematoxylin. Slides were then dehydrated via ethanol gradient and mounted with Entellan 

(Merck). Slides were scanned using the ScanScope System (Aperio). 

Scanned IL-8 IHC images were then transferred to a pathologist for specific evaluation and 

diagnosis. Slides were scored for gross intensity of IL-8 staining, and individual acini and ductal 

structures were identified for each slide and scored for ductal integrity/proliferative capacity as 

well as IL-8 stain intensity. Sections were comprehensively analyzed to identify all ductal 

structures, and all ductal structures were included in the analysis. If at least 3 ducts could not be 

identified, that particular section was not analyzed. All metrics were scored on a 0-to-3 scale, with 

0 representing negligible intensity or proliferation and 3 representing maximal staining or 

excessive proliferation and total deterioration of acinar architecture. This analysis was performed 



 

 33 

blind, without knowledge of radiology or pathology reports from consulting clinicians. After full 

evaluation was completed, IHC evaluation was compared with radiology and pathology notes. 

 
2.3.9 Scaffold-xenograft studies 
 

Animal studies were conducted in accordance with Cornell University guidelines and were 

approved by Cornell University’s Institutional Animal Care and Use Committee (IACUC). 6- to 

7-week-old female Hsd:Athymic Nude-Foxn1nu mice (n = 5 or 6) from Envigo were used for 

MCF10DCIS.com scaffold-xenograft studies. Scaffolds were seeded with 5x105 cells, maintained 

in dynamic culture conditions for 24 hours, and then kept on ice until implantation. Mice were 

anesthetized, and incisions were made to the dorsal interscapular skin. Contralateral subcutaneous 

pockets in the infrascapular regions containing the third pair of mammary glands were then gently 

enlarged using a sterile forcep, and then irrigated with sterile PBS. Cell-seeded scaffolds were then 

inserted into subcutaneous pockets, one on each side. The experimental endpoint was at 4 weeks. 

Scaffold-tumors were halved: one half was fixed in 4%PFA and embedded in paraffin while the 

other half was lysed with TPER buffer and mechanically/sonically digested. Blood was also 

collected and immediately processed to serum. IL-8 ELISA analysis (R&D Systems) was 

performed on both serum and tissue lysates. 

The fixed and embedded scaffold-tumors were stained with hematoxylin and eosin (H&E) 

and Masson’s Trichrome. Scanned images were then transferred to a pathologist for specific 

evaluation and diagnosis. Epithelial morphology, an assessment of ductal organization, was scored 

on a 1-to-4 scale, with 1 representing <25% fields containing organized tubules and acinar 

arrangements with central comedo and with 2, 3, and 4 representing 25-50%, 50-75%, and >75% 

fields with the aforementioned qualities, respectively. Fibrosis was scored on a 1-to-3 scale, with 

1 representing thin distinct bands of fibrovascular stroma throughout sheets of neoplastic cells, 
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and with 2 and 3 representing streaming thick fibrovascular bands separating neoplastic cells in 

<50% and >50% of fields, respectively. Cells with visible chromosomes were assessed as Mitotic 

Figures. This analysis was performed blind.   

 
2.3.10 Statistical analyses 
 

For comparison between two conditions, unpaired Student’s t and Mann-Whitney U tests 

were used to compare parametric and nonparametric data, respectively. For comparison between 

three conditions, ANOVA with Tukey’s post hoc and Kruskal-Wallis with Dunn’s post hoc were 

used to compare parametric data and nonparametric data, respectively. A mixed model was used 

to analyze cell morphology data (see above). For in vitro studies, sample size was either n = 3 or 

4, and at least two separate experiments were performed to confirm trends. Data are represented 

as means +/- SD and p<0.05 was considered statistically significant. GraphPad Prism 8 (GraphPad 

Software) and JMP 12 (SAS Institute) were used for statistical analyses, which were performed in 

consultation with an independent statistician from the Cornell Statistical Consulting Unit. 

 
2.4 Results 
 
2.4.1 Mineral-containing PLG scaffolds enable study of cell-mineral interactions in 3D 
 

To investigate the effects of HA mineral on breast cancer cell behavior, we engineered a 

mineral-containing scaffold-based culture platform that was previously developed by our 

laboratory to study cancer cell behavior in a bone-mimetic microenvironment (11, 33). Here, we 

confirmed that these scaffolds enabled direct interaction between HA mineral and the seeded cells. 

To test surface presence of mineral within scaffold pores, we soaked scaffolds in calcium-binding 

Alizarin Red S Stain (ARS). We observed that the mineral-containing but not control scaffolds 

showed strong absorption of the red stain, suggesting surface availability of HA (Fig. 2.1A). 

Microcomputed tomography images of scaffold cross-sections provided visualization of mineral 
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distribution throughout the porous matrix and showed comparable pore size between mineral-

containing HA scaffolds and control PLG scaffolds (Fig. 2.1B), confirming previous results (11). 

Breast cancer cells were statically seeded onto the scaffolds and maintained in dynamic culture 

conditions (Fig. 2.1C) to form tissue-like structures (Fig. 2.1D) in 3D. Von Kossa staining of the 

seeded breast cancer cells showed that the cells attached along mineral-containing surfaces (Fig. 

2.1D), which corroborated earlier work suggesting that breast cancer cells exhibited strong 

adhesive properties within mineral-presenting culture systems, including mineral-containing PLG 

scaffolds (11) and to mineral-coated surfaces (13). 

 

Figure 2.1: Mineral-containing PLG scaffolds enable study of cell-mineral interactions in 3D. (A) 
Representative Alizarin Red S stain showing surface presentation of mineral in hydroxyapatite (HA)-
containing scaffolds versus PLG control scaffolds. (B) Representative false-color microCT cross-sections 
showing mineral distribution as function of the attenuation coefficient, which increases with atomic 
number. (C) Schematic showing setup of 3D culture system: breast cancer cells were statically seeded onto 
hydroxyapatite-containing PLG scaffolds and then maintained under dynamic culture conditions on an 
orbital shaker. (D) Representative Von Kossa stain showing both calcium phosphate mineral (black) and 
cell nuclei (pink) in tumor cell-seeded HA scaffolds versus tumor cell-seeded PLG scaffolds. 
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2.4.2 Correlation between IL-8 enrichment and presence of mammographic calcifications and 
proliferative ductal epithelia 
 

We had previously shown that HA mineral stimulates IL-8 secretion and proliferation in 

metastatic breast cancer cell lines in vitro (11–13). To evaluate the clinical relevance of these 

findings to DCIS, we analyzed a set of human breast samples with mostly mixed DCIS/IDC 

pathologies. Microcalcifications were detected via mammography in over half of these samples 

and generally presented with morphologies that are linked with malignant lesions (Fig. 2.2A) (4).   

 

Figure 2.2: Histopathological analysis of human breast cancer samples correlates IL-8 enrichment 
with the presence of mammographic calcifications and proliferative ductal epithelia. (A) Patient 
information for assessed specimens, sorted by presence of mammographic calcifications. ‘IL-8’ indicates 
the corresponding degree of total IL-8 stain via immunohistochemistry (IHC). (B) Representative IL-8 IHC 
with hematoxylin counterstain. Image labels: (i) - Weak ductal; (ii) - Strong ductal; (iii) - Strong ductal and 
stromal; (iv) – No IgG. Scale bars = 200 µm. (C) Histopathological scoring for the degree of total IL-8 stain 
as a function of mammographic calcifications. Rubric for total IL-8 staining intensity: 0-to-3, with 0 
representing negligible intensity and 3 representing maximum staining. N vs. Y: p<0.05. (D) 
Histopathological scoring for the degree of ductal IL-8 stain as a function of the ductal proliferation score. 
Rubric for ductal IL-8 staining intensity: 0-to-3, with 0 representing negligible intensity and 3 representing 
maximum staining. Rubric for ductal proliferation: 0-to-3, with 0 representing negligible proliferation and 
3 representing excessive proliferation and total deterioration of acinar architecture. 1 vs. >1: p<0.05. 
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Interestingly, we also noted a possible connection between the presence of MCs and PR-/HER2+ 

subtypes (Fig. 2.2A). IL-8 immunohistochemistry (IHC) showed variable staining patterns, with 

IL-8 present in ducts, stroma, or both (Fig. 2.2B). Total tissue IL-8 levels were found to be greater 

in samples with mammographically detected MCs (Fig. 2.2C), and within ducts, there appeared to 

be a positive correlation between ductal IL-8 staining intensity and ductal proliferation (Fig. 2.2D). 

Taken together, these analyses point to a potential link between the presence of 

mammographically-detected MCs in tumorigenic breast tissue and the upregulation of IL-8. 

 
2.4.3 HA mineral regulates proliferation and IL-8 expression across breast cancer cell lines 
 

To more directly investigate how the progression of breast cancer influences responses to 

HA mineral, we cultured 3 isogenically matched MCF10 cell lines – normal MCF10A (10A), 

premalignant MCF10DCIS.com (DCIS), and metastatic MCF10CA1a (CA1a) (34) – in our 

mineral-containing scaffolds and used non-mineral-containing scaffolds as controls. We extracted 

nucleic acids from our scaffold-tumors to quantify cell proliferation using a DNA assay and IL-8 

gene expression using qRT-PCR (Fig. 2.3A); we also quantified the presence of IL-8 in the tumor-

conditioned media using an ELISA assay (Fig. 2.3A). We observed that HA stimulated 

proliferation in the normal (10A) and premalignant (DCIS) cell lines, but not in the invasive 

(CA1a) cells (Fig. 2.3B). Conversely, however, HA upregulated IL-8 gene expression (Fig. 2.3C) 

and soluble factor secretion (Fig. 2.3D) in the premalignant (DCIS) and metastatic (CA1a) cell 

lines, but not in the benign (10A) cells. Collectively, these data suggest that HA-mediated cell 

proliferation and IL-8 secretion occurs for breast cancer cell lines across a range of molecular 

profiles. The increase in IL-8 secretion may be mediated by differential engagement of the avb3 

integrin (Fig. 2.4) between the breast cancer cells and the HA incorporated within the scaffolds. 

For the remainder of the study, we focused on the MCF10DCIS.com cell line, as they can form, in  
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Figure 2.3: Hydroxyapatite mineral regulates proliferation and IL-8 expression across breast cancer 
cells. (A) Schematic showing extraction of nucleic acids and quantification of soluble factors from 3D 
cultures of MCF10 series-seeded scaffolds. (B) DNA assay quantifying double-stranded DNA harvested 
from breast cancer cell lines cultured in scaffolds. (C) RT-PCR analysis of IL-8 gene expression from RNA 
harvested from breast cancer cell lines cultured in scaffolds. (D) ELISA analysis quantifying IL-8 secretion 
in tumor-conditioned media. Data are means +/- SD. For all plots, *p<0.05. 
 
 

 

Figure 2.4: IL-8 expression of MDA-MB-231 cells cultured in HA scaffolds is mediated by the integrin 
avb3. ELISA analysis quantifying IL-8 secretion in tumor-conditioned media from hydroxyapatite-
containing scaffolds seeded with MDA-MB-231 cells cultured with or without 25 ug/mL LM609 
(Millipore), an antibody antagonist targeting integrin avb3. 
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xenograft models, comedo-type lesions histopathologically representative of the high-grade DCIS 

in human samples (35). Notably, this DCIS cell line exhibited a pronounced response to HA 

mineral, as both proliferation (Fig. 2.3B) and IL-8 expression (Fig. 2.3C, 2.3D) were increased, 

findings that support our histopathological analyses of human breast samples. 

 
2.4.4 DCIS cells interacting with HA mineral in 3D culture adopt morphological hallmarks of 
invasiveness 
 

Next, we were interested in whether HA mineral could promote morphological 

characteristics associated with increased invasiveness. We used epifluorescence microscopy to 

image DCIS cells that were pre-cultured in either mineral-containing or control scaffolds and then 

re-seeded onto Fn-coated glass coverslips for analysis (Fig. 2.5A). A tissue culture-treated 

polystyrene condition (2D) was included to account for effects of dimensionality and confirm that 

any observed effects were not due to enzymatic dissociation from scaffolds during the re-seeding 

process. After an attachment period of 4 hours, we assessed changes in cell shape. We found that 

DCIS cells cultured in HA scaffolds adopted a wide variety of shapes, including elongated 

spindles, dendritic stellates, and others (36, 37) (Fig. 2.5B). We then quantified these changes by 

calculating, for each cell analyzed, a Morphology Factor (MF), which we determined to be 

effective at capturing a range of cell shapes associated with increased motility (Fig. 2.6). 

Correspondingly, we found that DCIS cells cultured in HA scaffolds exhibited a significant 

increase in MF when compared to ones pre-cultured in control PLG scaffolds (Fig. 2.5B, 2.5C). 

To assess how cell colony properties were impacted by HA pre-culture, we allowed the re-seeded 

DCIS cells to proliferate for a total of 24 hours before imaging. We observed that HA appeared to 

promote hallmarks of invasiveness (38), including processes connecting multiple cell bodies and  
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Figure 2.5: DCIS cells interacting with hydroxyapatite mineral in 3D culture adopt morphological 
hallmarks of invasiveness. (A) Schematic showing experimental setup for morphological characterization: 
pre-cultured MCF10DCIS.com (DCIS) cells were detached from scaffolds, re-seeded onto Fibronectin-
coated glass coverslips, and evaluated for single cell (4 hours) and cell colony (24 hours) morphological 
characteristics. 2D polystyrene pre-cultures were used as controls. (B) Typical cell morphologies of DCIS 
cells exposed to different pre-culture conditions. Cells were stained for F-actin for visualization. Each 
vertical panel shows thresholded images of 12 representative cells with a mean Morphology Factor (MF) 
equivalent to the mean MF of each respective condition. Color scale: warmer colors indicate greater MF. 
Scale bars, 50 µm. (C) Graph comparing MFs between pre-culture conditions. The means are depicted by 
the red bars. *p<0.05. (D) Representative fluorescent images from DCIS cells exposed to different pre-
culture conditions. Cells were co-stained for F-actin (red) and nuclei (blue). Insets magnify the regions 
outlined by white boxes. Orange arrows in inset 6 highlight cellular processes. Scale bars: top panels, 200 
µm; bottom panels, 50 µm. (E) Graph comparing % clustering between pre-culture conditions. Data are 
means +/- SD. *p<0.05. 
 

decreased cell-to-cell contact (Fig. 2.5D) when compared with PLG. Accordingly, quantifying the 

relative number of cell clusters (39) confirmed a marked decrease in the percentage of cell clusters 

(and thus, an increase in the percentage of individual cells) in the DCIS cells pre-cultured in the 

HA scaffolds versus the control scaffolds (Fig. 2.5E). As expected, the 3D results were 
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dramatically different from the 2D with regards to cell morphology and clustering as DCIS cells 

pre-cultured in 2D controls were generally round (Fig. 2.5B), and readily formed organized, 

tightly-bound cell colonies (Fig. 2.5D, 2.5E). 

 

Figure 2.6: Calculation of the Morphology Factor captures a range of migratory cell shapes in 
scaffold cultures of DCIS cells. Graph compares log-transformed Morphology Factor (perimeter^2 / 
4*pi*area) (MF) with log-transformed Aspect Ratio (major axis / minor axis) for cells exposed to the three 
pre-culture conditions (2D, PLG scaffolds, HA scaffolds). Thresholded images of three representative cells 
with similarly high MF but varying AR show a range of cell shapes associated with migratory behavior. 
  
 
2.4.5 HA mineral increases DCIS cell motility mediated by IL-8 
 

We then asked whether HA mineral could enhance the motility of individual DCIS cells. 

To this end, we performed live tracking of single DCIS cells that were pre-cultured in either 

mineral-containing or control scaffolds and then re-seeded onto Fn-coated optically-clear plates 

for analysis (Fig. 2.7A). A 2D condition was also included here to account for other experimental 

variables, as discussed above.  
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Figure 2.7: Hydroxyapatite mineral increases DCIS cell motility mediated by IL-8. (A) Schematic 
showing experimental setup for assessment of random migration: pre-cultured MCF10DCIS.com (DCIS) 
cells were detached from scaffolds, re-seeded onto Fn-coated optically-clear plates, and evaluated for 
indices of cell motility over 24 hours. In addition to the indicated pre-culture conditions, cells were treated 
with IL-8 antibody (20 µg/mL) at the start of the tracking period. Cells were analyzed for their x- y- 
movement over 300-minute timeframes. 2D polystyrene pre-cultures were used as controls. (B) Graph 
comparing random migration speeds of cells pre-cultured in different conditions. Data are means +/- SD. a 
(p<0.05): PLG vs. 2D. b (p<0.05): HA vs. PLG; HA vs. 2D. d (p<0.05): HA+IL8 Ab vs. HA. (C) Relative 
(x, y) trajectories of single cells tracked for 300 minutes from different pre-culture conditions. For each 
plot, the lines intersect at position (0,0). Scale bar = 100 µm. 
 

We observed an increase in the random migration speed of DCIS cells pre-cultured in HA 

scaffolds versus control PLG scaffolds (Fig. 2.7B). Interestingly, a subset of HA pre-cultured 

DCIS cells also exhibited greater maximum range (Fig. 2.7C). To assess if the increase in HA-

mediated motility was dependent on IL-8 signaling, we treated the pre-cultured cells with IL-8 

antibody at the start of the tracking period. These effects were decreased during the IL-8 antibody 

treatment of DCIS cells exposed to HA, but in contrast, no differences were observed in either 

speed or range in the control PLG scaffold condition with IL-8 antibody treatment (Fig. 2.7B, 

2.7C). Moreover, we also found HA pre-cultured cells were responsive to IL-8 antibody treatment 

in a trans-well assay of directed migration (Fig. 2.8). Accordingly, DCIS cells exhibited greater 

speed and range when pre-cultured in the 3D scaffold system versus the 2D control (Fig. 2.7B, 

2.7C), corresponding with changes of cell morphology associated with dimensionality. Taken  
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Figure 2.8: DCIS cells exposed to pre-culture in hydroxyapatite-containing scaffolds may exhibit IL-
8 dependent directed migration. (A) Schematic showing experimental setup for assessment of directed 
migration: pre-cultured MCF10DCIS.com (DCIS) cells were detached from hydroxyapatite-containing 
scaffolds, re-seeded in a Boyden Chamber Assay, and evaluated for migration across the transwell 
membrane over 16 hours. Cells were driven to move across a gradient of DMEM-0%FBS to DMEM-10% 
FBS. (B) Graph comparing the percentage of migrated cells between cells pre-cultured on HA scaffolds 
and the same cells treated with IL-8 antibody (20 µg/mL) at the start of the cell migration period. Data are 
means +/- SD. 
 

together, these data suggest that DCIS cells interacting with HA-mineral exhibit increased motility, 

an effect that could be regulated by IL-8 signaling. 

 
2.4.6 DCIS xenografts exposed to HA mineral in scaffolds exhibit characteristics associated with 
increased malignancy 
 

To assess the in vivo relevance of the above in vitro findings, we subcutaneously implanted 

DCIS cell-seeded HA mineral-containing and control PLG scaffolds into the contralateral 

infrascrapular regions containing the third pair of mammary glands of immunodeficient female 

nude mice. After a time period of 4 weeks to enable sufficient tumor progression (35), scaffold-

xenografts were excised from the mice and subjected to histopathological analyses (Fig. 2.9A). As 
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expected, both HA and PLG scaffolds were largely degraded by the endpoint (data not shown) 

(40). In hematoxylin and eosin (H&E) stains of scaffold-xenograft cross sections, we observed 

that the PLG control scaffold tumors were typically composed of comedo-type lesions with 

relatively organized ductal structures (Fig. 2.9B, C), which is comparable to previous non-

scaffold-based xenograft studies with the MCF10DCIS.com cell line at this timepoint (35). In 

contrast, H&E staining revealed significantly disorganized epithelial morphologies within the HA 

condition (Fig. 2.9B, C). Furthermore, Masson Trichrome staining revealed increased levels of 

fibrosis within HA scaffold-xenografts (Fig. 2.9D, E). DCIS xenografts initiated in HA scaffolds 

also presented regions of greater mitotic activity versus DCIS xenografts initiated in PLG scaffolds 

(Fig. 2.9F). Interestingly, regions that exhibited greater mitoses strongly correlated with regions 

that were characterized by more fibrosis (Fig. 2.9G). To assess whether IL-8 could be upregulated 

by the presence of mineral in vivo, we also collected the tumor lysates and serum and performed 

ELISA-based cytokine detection. We found that a subset of mice carrying HA-scaffold xenografts 

exhibited greater tumor and serum IL-8 relative to their PLG counterparts (Fig 2.9H). Accordingly, 

there was a correlation between tumor and serum IL-8 concentrations within the HA condition 

(Fig 2.9H). Collectively, these data suggest that HA mineral may regulate tumor malignancy in 

vivo, as evidenced by decreased epithelial organization, increased desmoplasia, and potentially 

enhanced IL-8 secretion. Importantly, the results from these scaffold-xenograft studies confirm the 

pathological relevance of our in vitro findings and provide additional evidence that HA-mineral 

could be actively promoting the malignant progression of breast cancer.  
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Figure 2.9: DCIS xenografts in hydroxyapatite scaffolds exhibit characteristics associated with 
increased malignancy. (A) Schematic showing experimental setup for scaffold-xenograft studies: Mineral-
containing or control scaffolds seeded with 0.5e6 MCF10DCIS.com cells were implanted subcutaneously 
near the third mammary fat pad. Two scaffolds were implanted per animal. After 4 weeks, scaffold-
xenograft tumors and serum were collected for histopathological and biochemical analyses. (B) 
Representative hematoxylin and eosin (H&E) stained cross sections showing morphology of ducts. (C) 
Histopathological scoring of the epithelial organization as seen in (B). Rubric: 1-to-4, least-to-most 
organized, details in methods. PLG vs. HA: p<0.05. (D) Representative Masson Trichrome stained cross 
sections showing the presence of collagen fibers. (E) Histopathological scoring of the fibrosis as seen in 
(D). Rubric: 1-to-3, least-to-most fibrosis, details in methods. PLG vs. HA: p<0.05. (F) Box-and-whisker 
plots showing Mitotic Figures (chromosomes in a given 200x field). Whiskers represent the 5th and 95th 
percentile. Outlier data points are depicted as dots. (G) Box-and-whisker plots showing Mitotic Figures as 
a function of Fibrosis Score. Whiskers represent the 5th and 95th percentile. Outlier data points are depicted 
as dots. (H) Scatter-plot of serum IL-8 vs. tumor IL-8 as detected by ELISA. Correlation as determined by 
simple linear regression is for HA data points only. For all plots, *p<0.05. 
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2.5 Discussion 
 

Mammary MCs have been correlated with malignant progression in breast cancer but have 

thus far been treated solely as passive indicators of cancer. In fact, the vast majority of DCIS cases 

present with MCs (3), and a recent study analyzing the chemical composition of human DCIS 

samples have confirmed that these calcifications are HA-based (5). Left untreated, between 14-

53% of DCIS will progress to invasive breast cancer (41). However, whether HA MCs can act as 

active microenvironmental triggers to induce malignant transformation is not clear. This work 

investigated the hypothesis that HA promotes invasive characteristics within DCIS lesions to 

facilitate the transition to an overtly malignant condition. By using a tissue-engineered culture 

model to interrogate cell-mineral interactions in both in vitro and in vivo experimental settings, we 

found that HA mineral may stimulate premalignant DCIS cells to develop invasive characteristics 

through a mechanism that may be dependent on IL-8 signaling. 

Previous work has suggested that HA can stimulate secretions of various soluble factors in 

breast cancer cells (9, 11–13). Our data here suggests that elevated levels of IL-8 may be involved 

in driving breast cancer disease progression. A number of studies have pointed to a potentially 

crucial role for IL-8 in metastatic breast cancer, including enrichment of IL-8 in metastatic 

subpopulations of breast cancer cells (42–45) and high IL-8 levels observed clinically in patients 

with metastases (27). Additional studies have also shown that IL-8 can play a role in supporting 

mediators of metastasis in addition to EMT, including angiogenesis (46, 47), hypoxia response 

(29, 47), and cancer stem cell regulation (43, 48, 49). Although limited by sample size, our IHC 

analysis of DCIS/IDC samples correlates IL-8 enrichment with the presence of mammographic 

calcifications and proliferative ductal epithelial. In vitro characterization with the PLG scaffold 

system has shown that HA-mediated IL-8 secretion occurs for breast cancer cell lines with different 

molecular profiles and malignant characteristics, including MCF10DCIS, MCF10CA1a, MCF-7, 
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and MDA-MB-231. Interestingly, the non-transformed cell line MCF10A did not exhibit increased 

IL-8 secretion in the HA-scaffolds, which raises the possibility that MCs may be pro-malignant 

but may not induce cancerous transformation without additional genetic or environmental drivers.  

The observed HA-mediated increase of IL-8 secretion could be regulated by altered 

integrin engagement during the interaction of breast cancer cells with HA mineral incorporated 

throughout the scaffolds. Integrins are essential cell adhesion molecules that are known to promote 

breast cancer metastasis (50). Previous studies have shown that IL-8 secretion is linked to integrin-

mediated cell adhesion (46, 51), the dynamics of which are changed in mineralized cell culture 

systems due to differential protein adsorption onto mineral-containing surfaces (12, 13). 

Specifically, the avb3 integrin may play a role in regulating IL-8 expression in breast cancer cells 

exposed to mineral in 3D culture, as our studies indicate a decrease in IL-8 secretion upon 

treatment of an avb3 antibody antagonist in breast cancer cells cultured within HA scaffolds (Fig. 

2.4). Interestingly, it has also been shown that IL-8 in itself can also feedback and increase 

expression of the avb3 integrin (52, 53), pointing to a possible positive feedback loop between 

HA-mediated avb3 integrin engagement and IL-8 expression. 

The malignant transition of epithelial tumors is characterized by significant changes in 

tumor cell morphology (54), and previous studies have found that OSCC-3 cells – an aggressive, 

oral squamous cell carcinoma line – pre-cultured in PLG scaffolds exhibited less differentiated, 

fibroblastic morphology relative to those cultured in 2D (29). Here we corroborated those findings 

with MCF10DCIS.com cells (Fig 3B), and additionally observed that the incorporation of HA 

mineral into the scaffolds further advanced this trend, resulting in cell shapes associated with both 

mesenchymal and amoeboid morpho-phenotypes (Fig. 2.5B, 2.6) (55). Carcinoma cells are known 

to rapidly switch between these phenotypic states when moving through a 3D matrix environment 
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(56), and the significantly increased diversity of cell shapes (Fig. 2.5B, 2.6) that we observed 

following pre-culture in HA scaffolds could reflect an enhanced morphological plasticity mediated 

by mineral. We can speculate that the HA-mediated morpho-phenotypes may have imbued the 

tumor cells with additional modes of motility (56), as a subset of these cells exhibited more 

persistent movement (Fig. 2.7). Invasive tumor cells can theoretically leverage multiple modes of 

motility to better respond to physical or biochemical changes in their environments (15). 

Interestingly, these pre-cultured tumor cells still maintained 3D morpho-phenotypic characteristics 

during their re-seeded 2D culture periods. This observation supports the idea that HA-mediated 

changes in phenotypic state may in fact persist across multiple generations (57) and result in more 

invasive cell colonies even after initial exposure to HA mineral, which often presents 

heterogeneously in breast tissue (2).  

Our studies here also implicate the potential role of IL-8 signaling in the HA-mediated 

increased in DCIS cell motility. Because our migration studies do not incorporate other cell types 

or additional soluble factors (Fig. 2.7, 2.8), we posit that these differences in motility were 

mediated through mechanisms that involve autocrine IL-8 signaling, which is essential for the 

maintenance of mesenchymal cell states (23) and has been shown to stimulate migratory behavior 

in both normal endothelial (58) and tumor (59, 60) cells. Additional studies could further 

investigate how differences in breast cancer cell malignancy affect motogenic responses to IL-8 

signaling. One could additionally consider the role of interleukin-6, as it has been recently shown 

to be working in concert with IL-8 to promote cell migration (61). Although our studies focus 

exclusively on tumor cell interactions with mineral, future studies could investigate paracrine 

interactions between tumor cells and neighboring cell types within the context of a mineralized 

mammary microenvironment. 
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Microcalcifications are often found in the necrotic cores of breast tumors, likely occurring 

as a result of unregulated mineralization (5). However, there is evidence to suggest that MC 

formation may also be an active, cell-mediated process (62) that increases as a function of breast 

cancer malignancy (63). Interestingly, breast epithelial cells, when induced to acquire 

mesenchymal characteristics, obtain the ability to produce calcifications (64). Mammary tumors 

are also known to recruit pro-tumorigenic mesenchymal stem cells (65) that can spontaneously 

calcify (66, 67). Thus, we can reason that the more malignant the tumor, the more likely that breast 

cancer cells within that tumor will be exposed to MCs. As we demonstrated in this study with a 

premalignant cell line model of DCIS, these increased cell-mineral interactions may further 

accelerate the progression of the malignant phenotype. In our scaffold-xenograft studies, we 

showed that in addition to a more disorganized epithelial morphology, exposure of tumor cells to 

HA mineral may also lead to the increased deposition of collagen fibers shown to be linked to the 

progression of DCIS to IDC (68). However, as DCIS is a highly heterogeneous lesion (69), with 

spatial variations in pathology, it must be acknowledged that intratumoral cellular responses to 

HA MCs may differ across patients. In future work, performing a large-scale analysis of calcified 

tissue samples from controlled patient cohorts of DCIS and IBC will be essential to elucidating 

the functional connections between HA microcalcifications and the progression of breast cancer.  

Using a tissue-engineered approach to model cell-mineral interactions in the breast tumor 

microenvironment, we here demonstrate that HA mineral promotes invasiveness in a premalignant 

cell line model of DCIS. This study further validates the use of 3D polymeric scaffolds to study 

specific microenvironmental parameters that may enable metastasis. Our work implicates HA 

calcifications as active promoters of malignancy in DCIS and supports the potential use of IL-8 as 

a prognostic biomarker for breast cancer malignant progression in patients with mammary MCs. 
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 CHAPTER 3: MULTISCALE CHARACTERIZATION OF THE MINERAL PHASE AT 
SKELETAL SITES OF BREAST CANCER METASTASIS 

 
Contributors: Aaron E. Chiou, Hyun Chae Loh, Maureen Lynch, Bo Ri Seo, Young Hye Song, Min 
Joon Lee, Rebecca Hoerth, Emely L. Bortel, Bettina Willie, Georg N. Duda, Lara A. Estroff, Admir 
Masic, Wolfgang Wagermaier, Peter Fratzl, and Claudia Fischbach 
 
3.1 Abstract 
 
Skeletal metastases, the leading cause of death in advanced breast cancer patients, depend on 

tumor cell interactions with the mineralized bone extracellular matrix. Bone mineral is largely 

comprised of hydroxyapatite (HA) nanocrystals with physicochemical properties that vary 

significantly by anatomical location, age, and pathology. However, it remains unclear whether 

bone regions typically targeted by metastatic breast cancer feature distinct HA materials 

properties. Here we combined high resolution X-ray scattering analysis with large area Raman 

imaging, backscattered electron microscopy, histopathology, and micro-computed tomography to 

characterize HA in mouse models of advanced breast cancer in relevant skeletal locations. The 

proximal tibial metaphysis served as a common metastatic site in our studies; we identified that 

in disease-free bones this skeletal region contained smaller and less oriented HA nanocrystals 

relative to ones that constitute the diaphysis. We further observed that osteolytic bone metastasis 

led to a decrease in HA nanocrystal size and perfection in remnant metaphyseal trabecular bone. 

Interestingly, in a model of localized breast cancer, metaphyseal HA nanocrystals were also 

smaller and less perfect than in corresponding bone in disease-free controls. Collectively, these 

results suggest that skeletal sites prone to tumor cell dissemination contain less mature HA (i.e., 

smaller, less perfect, and less oriented crystals) and that primary tumors can further increase HA  

immaturity even prior to secondary tumor formation, mimicking alterations present during tibial 
 
*Published as He F et al (2017) Multiscale characterization of the mineral phase at skeletal sites of breast 
cancer metastasis. Proceedings of the National Academy of Sciences, 114(40): 10542-10547. 
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metastasis. Engineered tumor models recapitulating these spatiotemporal dynamics will permit 

assessing the functional relevance of the detected changes to the progression and treatment of 

breast cancer bone metastasis. 

 
3.2 Introduction 
 
 Eighty percent of advanced breast cancer patients develop metastases in bone (1). 

Following dissemination to the skeleton, metastatic breast cancer cells intimately interact with 

bone cells to facilitate seeding and expansion while disrupting homeostatic bone remodeling (1–

3). The early stage-colonization of disseminated tumor cells appears to depend on active 

osteogenesis and adhesion to osteoblasts (4), whereas the eventual transition to macro-metastasis 

involves a vicious cycle that promotes osteolytic activity through the aberrant activation of 

osteoclasts (1–3). While most studies have focused on identifying the cellular and molecular 

mechanisms underlying bone metastasis (1–4), very little is known about how breast cancer and 

bone metastasis alter the physical properties of the mineralized bone extracellular matrix (ECM). 

The basic building block of the bone ECM is a nanocomposite of collagen fibrils and co-

aligned mineral crystals that underlie a unique hierarchical structure (5, 6). Primarily composed 

of carbonated hydroxyapatite (Ca5(PO4,CO3)3(OH)) (HA), these mineral crystals are elongated 

platelets with thicknesses of approximately 2-7 nm and with lengths on the order of 15-200 nm 

(5, 7). The physicochemical properties of HA (i.e., crystallinity, chemical composition, size, 

aspect ratio, arrangement) dictate bone mechanical properties (5) and can vary as a function of 

disease, diet, age and anatomical location (8–13). Notably, HA crystal size and orientation 

increase with bone tissue maturity (11–13). These variations, in turn, may modulate tumor 

progression. Studies with synthetically defined cell culture substrates have suggested that breast 

cancer cell adhesion, proliferation, and osteolytic factor expression are regulated by the materials 
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properties of HA nanocrystals (14–16). However, the physiological relevance of these in vitro 

observations is unclear as it remains unresolved whether bone metastasis-relevant sites feature 

specific nanoscale HA materials properties and if these properties vary with cancer. 

Previous in vivo studies of bone metastasis have utilized micro-computed tomography 

(µCT) or dual-energy X-ray absorptiometry to assess various bone indices such as bone mineral 

density, bone volume fraction, and trabecular number or thickness (17, 18). While these 

techniques have yielded important insights, they are not capable of resolving bone mineral 

properties at the nanometer length scale. We sought to address this gap in knowledge by 

employing X-ray scattering, a non-destructive technique which can quantitatively assess the size 

(thickness via the T-parameter and length via the L-parameter) and arrangement (orientation via 

the r-parameter) of bone mineral nanocrystals (11, 19) (Fig. 3.1). To account for the spatial 

heterogeneity of bone mineral (5), X-ray scattering instruments can be programmed to scan 

larger micron-scale regions of interest. This technique has greatly contributed to the 

understanding of bone biomineralization, as it has been widely used to characterize HA 

nanocrystal structure across a range of organisms (e.g., humans, mice, rats, baboons, minipigs, 

turkeys) (5) and has shown that even very small changes to these nanostructural features are 

linked to pathological conditions (20). Here, we have combined X-ray scattering with 

complementary imaging techniques that include large area Raman imaging, backscattered 

electron microscopy (BSE), histology, and µCT. This multiscale approach allowed us to 

correlate HA nanostructural differences with bone tissue chemical composition and mineral 

crystallinity as well as cellularity and global changes in mineral distribution (Fig. 3.2). These 

studies provide the most detailed to date assessment of bone hierarchical structure as it pertains 

to breast cancer and bone metastasis. 
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Figure 3.1: X-ray scattering analysis setup. (A, B) Bone specimens are exposed to highly collimated X-
rays in a stepwise manner on the x- and y- plane perpendicular to the direction of the incident beam. The 
scattered light registers on a 2D detector and can then be used to derive information about mineral 
nanostructure. Laboratory-based SAXS analysis (A) provides information about mineral orientation (r) 
and thickness (T). Synchrotron-based SAXS/WAXS analysis (B) provides enhanced spatial resolution 
and, in addition to orientation and thickness, information about mineral nanocrystal length (L) derived 
from the width of the 002 peak. 
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Figure 3.2: Experimental setup for multiscale analysis of bone hierarchical structure. Different 
stages of human breast cancer were modeled in immunocompromised nude mice. To achieve bone 
metastasis, luciferase-labeled BoM1-2287 cells were intracardially injected, while injection into cleared 
mammary fat pads resulted in localized mammary tumors without overt metastasis. Mouse tibiae 
harvested after 5 or 7 weeks were embedded in polymethylmethracrylate (PMMA) and subjected to 
micro-computed tomography (μCT), histological analysis, and backscattered scanning electron 
microscopy (BSE) to assess macro- to micro-scale changes in bone structure. Small- and wide-angle X-
ray scattering (SAXS and WAXS) as well as large area Raman imaging were used to characterize bone 
nanostructure and physicochemical composition. 
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3.3 Materials and Methods 
 
3.3.1 Tibiae from mouse xenograft models of breast cancer  

Three week-old, female BALB/c athymic nude mice from Taconic Biosciences were used 

for animal studies. To recapitulate either bone metastasis or localized breast cancer in these mice, 

two different surgical techniques were employed. To generate secondary, bone-metastatic 

tumors, luciferase expressing BoM1-2287 cells (105 cells in 100 μL PBS) were injected into the 

left ventricles of the hearts (one injection per mouse). Tibiae were harvested after 5 weeks. To 

assess the effects of a primary mammary tumor, luciferase expressing BoM1-2287 cells (0.756 

cells in 20 μL of DMEM, 10% FBS, 1% antibiotic) were injected into cleared and contralateral 

mammary fat pads (two injections per mouse). Tibiae were harvested after 7 weeks. Tumor cell 

localization was determined by bioluminescent imaging: mice were intraperitoneally injected 

with Luciferin (150 mg/kg, Gold Biotechnology) and then imaged after a 5-minute incubation 

period (Xenogen IVIS-200). Age-matched mice were used as controls. Immediately following 

harvest, tibiae were stored in 70% ethanol for 48 hours and embedded in polymethylmethacrylate 

(PMMA) by the Analytical Microscopy Core Laboratory at the Hospital for Special Surgery. All 

animal studies were performed in accordance with Cornell University animal care guidelines. 

  
3.3.2 Micro-computed tomography (µCT)  
 

Mouse tibia specimens were scanned using two quantitative µCT systems. Bone 

metastatic tibiae were scanned with the Skyscan 1172 (BrukerCT, Kontich, Belgium) while 

control and mammary tumor tibiae were scanned with the Scanco µCT35 (Scanco Medical AG, 

Brüttisellen, Switzerland). Tibiae were scanned at moderate isotropic resolutions of either 10 or 

15 µm. To obtain high-contrast images, the X-ray source was set to a voltage of 55 kV and a 

current of 145 µA. To reduce the effects of beam hardening, a 0.5 mm aluminum filter was used. 
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Avizo Fire 8.1 (FEI-Company, Oregon, USA) was used to assess macroscopic architecture 

following 3D reconstruction of the 2D slices. A sample size of n = 3 was used to compare 

trabecular bone outcomes, which included bone volume fraction (BV/TV), trabecular thickness 

(Tb.Th), and trabecular separation (Tb.Sp), between control and mammary tumor groups.  

 
3.3.3 Backscattered electron microscopy (BSE) 
 

The PMMA sample blocks were cut to expose a longitudinal section of the entire bone. 

An environmental scanning electron microscope (ESEM) (FEI-Company, Oregon, USA) was 

employed under low-vacuum conditions in backscattered mode at a working distance of 10 mm 

with electron beam energies of 10 kV and 12.5 kV. Grayscale images of mineralized tissue were 

captured, with regions of high calcium content appearing brighter than regions of low calcium 

content. 

 
3.3.4 Histological studies  
 

Movat’s Pentachrome staining was performed on 5 µm longitudinal sections of the 

PMMA-embedded samples. The following tissue types were stained: bone (yellow), cartilage 

(blue to green), and fibrous connective tissue (pink to purple). Representative specimens were 

imaged with an Axioskop 2 microscope (Carl Zeiss Microscopy GmbH, Germany). 

 
3.3.5 Small-angle X-ray scattering measurements (SAXS)  
 

Longitudinal sample sections ~200 µm thick were mounted approximately 600 mm from 

the detector and perpendicular to the X-ray beam path. An X-ray generator (Brucker, AXS, 

Karlsruhe, Germany) with a rotating copper anode operating at 40 kV and 100 mA (Cu K-alpha 

radiation) produced a beam with a wavelength of 1.5418 Å. An X-ray radiograph was used to 

select points of measurement. For each sample, approximately 80-100 points to sufficiently map 
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the proximal tibiae was selected along with 5-10 points in the diaphysis. A two-pinhole setup 

with a focal diameter of 200 µm collimated the X-ray beam. The scattering signal was recorded 

for 3600 s by a position sensitive area detector (HI-STAR, Brucker AXS, Karlsruhe, Germany, 

pixel size 105.26x105.26 μm2). Calculation of the beam center was achieved by using a silver 

behenate standard. A sample size of n = 3 was used for both control and mammary tumor groups. 

Image files were analyzed with AutoFit (proprietary Fit2D-based software by the Max Planck 

Institute of Colloids and Interfaces, Potsdam, Germany). The T- (mean mineral crystal thickness) 

and ρ- (degree of alignment) parameters were calculated as previously described (11, 19). To 

consistently assess mineral nanostructure of the metaphyseal bone, all data points that were 

distally within 1000 μm of the growth plate were considered for analysis. 

 
3.3.6 Synchrotron measurements (SAXS/WAXS)  
 

The previously prepared 200 µm thick sections were further polished to obtain ~50 µm 

thick sections. Measurements were obtained at the BESSY II (Berliner Elektronenspeicherring-

Gesellschaft fur Synchrotronstrahlung, Helmholtz-Zentrum Berlin, Germany). The instrument 

produced a 30 µm beam with a wavelength of 0.82656 Å. The samples were positioned 

approximately 300 mm from the detector and perpendicular to the beam path. An X-ray 

radiograph was used to select points of measurement. For each sample, roughly 150 

measurement points from mineralized tissue on both distal and proximal sides of the growth 

plate were selected along with 5 points in the diaphysis. The scattering signal was recorded for 

90 s with a position sensitive CCD-detector (MarMosaic 225, Mar USA Evanston, USA, pixel 

size 73.242x73.242 µm2). Instrument calibration and beam center localization were determined 

by a quartz standard. The raw scattering data was then corrected for ring current variations. A 

sample size of n = 4 was used for both control and mammary tumor groups. Image files were 
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analyzed with AutoFit. The T- (mean mineral crystal thickness), ρ- (degree of alignment), and L- 

(mean mineral crystal length) parameters were calculated as previously described (11, 19) and 

then normalized to the sample means of the corresponding parameter values for diaphyseal 

cortical bone to control for variability between animals. To investigate tumor-mediated effects at 

the growth plate region, all data points that were within 50 µm of the growth plate cartilage were 

considered for comparison with corresponding data points in control samples. 

 
3.3.7 Statistical analysis of X-ray scattering data  
 

Because mouse tibiae were measured in multiple regions and repeatedly measured within 

these regions, a mixed model accounting for both fixed and random effects was used. The fixed 

effects were the 1) disease-state, 2) region, and 3) interaction between the disease-state and the 

region. The random effects were the 1) mouse and 2) region nested within each mouse. Contrasts 

were subsequently run to compare either the regions of interest within each disease state or the 

disease state within each region of interest. A Bonferroni correction was applied to adjust for 

multiple comparisons. The correlation between T-parameter with r-parameter was performed 

using a simple linear regression (n = 148). p < 0.05 were considered statistically significant. JMP 

12 (SAS Institute Inc, Cary, NC, USA) and Graphpad Prism 5 (GraphPad Software, San Diego, 

CA) were used for all statistical analyses, which were performed in consultation with an 

independent statistician at the Cornell Statistical Consulting Unit. 

 
3.3.8 Large area Raman imaging  
 

Representative samples were chosen for supplementary analysis via Raman imaging. 

Raman spectra were collected using a WiTec Alpha300 Raman system. A continuous 532 nm 

laser beam was focused on select regions of 5 μm longitudinal sections. Each spectrum was 

acquired with an accumulation time of 0.33 seconds per point using a CCD behind a grated 



 65 

(600g/mm) spectrometer (WITec UHTS Raman Spectrometer) with a spectral resolution of 4 cm-

1. Raman maps were generated with a spatial resolution of 2 µm. The WiTec Project 4.1 software 

was used for image processing and analysis. To avoid the effect of cosmic rays and other 

aberrations when averaging spectra, data smaller or greater than 3s from the mean were 

excluded, which constituted less than 3% of the data. Background resin spectra was subtracted 

from the raw data for better fitting. PO4 v1 (960 cm-1), amide I (1677 cm-1) and amide III (1256 

cm-1) peaks (21, 22) were fitted with Gaussian functions and their full width at half maximums 

(FWHM) as well as intensities were extracted. Bone tissue with phosphate intensities above 120 

CCD counts were used for further analysis. Phosphate peak FWHM-1 and phosphate-to-amide 

ratio (PO4/Amide I) were calculated at each point. For segmentation analysis, the metaphyseal 

bone was divided into 10 segments with increasing distance from the growth plate. After 

excluding outlier data, the means and standard deviations of each segment were calculated. A 

two-sample t-test was used to assess differences in regions of interest. 

 
3.3.9 Analysis of mouse tibiae from cell-free tumor conditioning  
 

Five-week-old, female NOD.SCID mice from Jackson Laboratories were used for animal 

studies. Animal studies were performed in accordance with Cornell University animal care 

guidelines. For three weeks, mice received daily intraperitoneal injections of tumor-derived 

media (TCM) or blank media control. To generate TCM for injections, MDA-MB-231 breast 

cancer cells (ATCC) at 90% confluency were incubated in low-serum DMEM supplemented 

with 1% FBS (Atlanta Biologicals) and 1% penicillin/streptomycin (P/S, Invitrogen) for 12 

hours. Conditioned media was collected, concentrated 10-fold in an Amicon centrifugal filter 

unit (MWCO 3 kDa, EMD Millipore), and subsequently diluted 5-fold with low-serum DMEM. 

Blank low-serum DMEM were processed similarly (Control) for mice receiving control 
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injections. Tibiae were harvested and fixed in 10% neutral buffered formalin for 48 hours, and 

decalcified in ethylenediaminetetraacetic acid (10% EDTA, pH 7.4). Tartrate-resistant acid 

phosphatase (TRAP) staining for osteoclasts and Picrosirius Red staining for collagen were 

performed on paraffin-embedded sections. Images of TRAP-stained sections were captured using 

a Scanscope digital slide scanner (Aperio, Vista, CA, USA). TRAP+ osteoclasts were counted 

and normalized to bone perimeter (N.Oc/B.Pm). Metaphyseal and diaphyseal regions of 

Picrosirius Red stained sections were imaged under cross-polarized light (Eclipse TE2000-S, 

Nikon, Melville, NY, USA), and green and red integrated density was measured using ImageJ to 

quantify thin/immature and thick/mature collagens, respectively. Metaphyseal measurements for 

each sample were normalized to respective diaphyseal measurements. Sample size was at least n 

= 5 for each group. Collagen content in mouse tibiae was measured over two sections with two 

images per section. The resulting data was analyzed using a mixed model with random effect of 

1) mouse and 2) section nested within mouse. The fixed effect was condition (between mouse 

variable). The response was log-transformed to better fit the assumptions of the model (normality 

of residuals, constant variance). Student’s t-test was used to analyze TRAP staining data. p < 

0.05 were considered statistically significant. JMP 12 (SAS Institute Inc, Cary, NC, USA) was 

used for statistical analyses, which were performed in consultation with an independent 

statistician at the Cornell Statistical Consulting Unit.  

 
3.3.10 In vitro assessment of osteogenic differentiation  
 

TCM derived from MDA-MB-231 and the BoM1-2287 subline (Bone-TCM) were 

collected after 24 hours and processed as above, but instead diluted 5-fold into osteogenic 

induction media (low-serum DMEM supplemented with 50 μM ascorbic acid, 0.1 μM 

dexamethasone, 10 mM β-glycerophosphate). Bone marrow-derived mesenchymal stem cells 
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(3.1x103 cells/cm2, Lonza) were treated with the prepared TCM, Bone-TCM, or Control for 3 

weeks, after which cells were fixed and stained with Alizarin Red S (ARS) to visualize and 

quantify matrix calcification colorimetrically following extraction of ARS with 10% acetic acid. 

Sample size was n = 3 for all groups. One way ANOVA with Tukey’s multiple comparisons was 

used to analyze ARS data. p < 0.05 were considered statistically significant. Graphpad Prism 5 

(GraphPad Software, San Diego, CA, USA) was used for statistical analysis. 

 
3.4 Results 

3.4.1 In tibiae of healthy mice, HA nanocrystals are more immature in regions prone to 
metastasis 
  

In experimental mouse models of breast cancer bone metastasis, the tibia is a common 

site of secondary tumor formation (23, 24). Within the tibia, disseminated cancer cells appear to 

preferentially localize to the metaphysis rather than the diaphysis (23, 24), a phenomenon that 

has been attributed to specific cellular properties of metaphyseal blood vessels and an 

enrichment of chemoattractants (25). What is unclear, however, is whether the physical nature of 

bone mineral also varies between the metaphysis, which is largely comprised of trabecular bone, 

and the diaphysis, which is primarily dense cortical bone (26). To address this question, we 

applied laboratory-based small-angle X-ray scattering (SAXS) analysis (Fig. 3.1A) to establish a 

baseline of differences in HA nanocrystal thickness and orientation (Fig. 3.3A) between 

metaphyseal and diaphyseal bone in the tibiae of disease-free mice. We observed that mineral 

crystals in the metaphysis were significantly thinner (indicated by decreased T-parameter) and 

less oriented (indicated by decreased r-parameter) than those in the diaphysis (Fig. 3.3B-D). In 

fact, crystals that were thinner were also less oriented (Fig. 3.3B), suggesting that the 

development of HA thickness and orientation occur in parallel. Our results are in strong 

agreement with previous studies that identified HA nanostructural heterogeneity in murine long 
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bones (11, 27). The relative immaturity of metaphyseal HA crystals is consistent with their close 

proximity to the ossification center and the high turnover rate of metaphyseal trabecular bone 

(26). As breast cancer cells can adhere and proliferate better on smaller and less perfect HA 

nanoparticles (14), the detected differences in metaphyseal versus diaphyseal HA nanostructure 

may be functionally relevant to the preferential metastatic tumor cell colonization of the 

proximal tibia. 

 

Figure 3.3: Laboratory-based SAXS analysis of tibiae from healthy mice shows that hydroxyapatite 
nanocrystals in the metaphysis are more immature than ones in the diaphysis. (A) X-ray scattering 
techniques provide information on bone mineral nanostructure. (B) Correlation analysis between T-
parameter and ρ-parameter as determined by simple linear regression. Data points represent individual 
measurements. The data is color-partitioned into two regions of interest (‘Diph’ = diaphysis; ‘Mtph’ = 
metaphysis). (C, D) Spatial representation of quantitative data. Representative ρ-parameter (mean mineral 
crystal orientation) (C) and T-parameter (mean mineral crystal thickness) (D) data are overlaid on 
corresponding BSE images. Color scales: Warmer colors indicate greater crystal orientation (C) or 
thickness (D). Box-and-whisker plots of all ρ-parameter (C) and T-parameter (D) data from the regions of 
interest. Whiskers represent the 5th percentile and the 95th percentile. Outlier data points are depicted as 
dots. * indicates p < 0.05. ** indicates p < 0.001. 
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3.4.2 Metastasis initiation in the proximal tibial metaphysis alters the bone ECM 
 

We next performed a multiscale characterization of tibial metastasis to identify tumor-

mediated changes of bone ECM in these sites. To achieve bone metastasis, we injected 

luciferase-expressing BoM1-2287 breast cancer cells, a bone metastatic subpopulation of the 

MDA-MB-231 cell line (24), into the left ventricle of the mouse heart. As expected, this 

approach resulted in the reliable formation of macro-metastasis in the proximal tibiae of 

immunocompromised BALB/c nude mice after 5 weeks (24) (Fig. 3.4A).  

 
 
Figure 3.4: Mouse models of advanced breast cancer. To determine localization via bioluminescence 
imaging, luciferase-expressing bone metastatic breast cancer cells (BoM1-2287) were used in both 
conditions. (A) Injection of tumor cells into the left ventricle of the heart consistently resulted in 
metastasis to the hind limbs and to the brain. Animal is shown in dorsal recumbency. Tibiae were 
harvested 5 weeks post-surgery. (B) Injection of tumor cells into a pair of contralateral mammary fat pads 
resulted in localized tumors only. No macro-metastatic colonies were observed using this method. Animal 
is shown in ventral recumbency. Tibiae were harvested 7 weeks post-surgery. (C) Average body weights 
one day prior to bone harvest. ‘Ctrl’ = control mice; ‘Tumor’ = mammary fat pad-injected mice. In the 
‘Tumor’ group, the weight of the tumor was subtracted from the total weight. p = 0.41. (D) Average 
growth plate thicknesses in the proximal tibiae. ‘Ctrl’ = control mice; ‘Tumor’ = mammary fat pad-
injected mice. p = 0.73. (C, D) Data are means +/- SD (n = 4). Student’s t-test was used to confirm 
statistical significance between groups. Statistical analysis was performed in Graphpad Prism 5 
(GraphPad Software, San Diego, CA). 
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Figure 3.5: Multiscale characterization of the bone metastatic site identifies changes in the 
extracellular matrix associated with secondary tumor formation. (A-D) Macro- to micro-scale 
qualitative analysis: Representative μCT images (A, C) and Movat’s Pentachrome (MP) stained cross-
sections (B, D). Color legend of the MP stain: yellow – bone; green – calcified cartilage; black – nuclei; 
intense red – muscle; red/pink – fibrous tissue. The metastasized tumor is highlighted by the black 
asterisk and outlined with dashed lines (D). (E-J) Nanoscale quantitative analysis: Large area Raman 
imaging of defined regions (black insets) (E, H). ‘Prox’ and ‘Dist’ (E, F, H, I) indicate bone on the 
proximal (i.e., the epiphysis) and distal (i.e., the metaphysis) sides of the growth plate, respectively. The 
metastasized tumor is highlighted by the black asterisk and outlined with dashed lines (H). False color 
heat maps (F, I): Blue and red depict the intensities of the PO4 v1 and amide I peaks, respectively. Mean 
Raman spectra (bold line: means; fill areas: SD) (G, J) of the indicated bone regions with insets (range: 
1600-1700 cm-1) highlighting the amide 1 peak (1677 cm-1). 

 

μCT scans (Fig. 3.5A, 3.5C), Movat’s Pentachrome staining (Fig. 3.5B, 3.5D, 3.6), and 

BSE images (Fig. 3.7) revealed massive degradation of metaphyseal trabecular bone. Viewed at 

these length scales, macro-metastatic outgrowths were largely contained in the metaphysis, did 
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not occur in the epiphysis (Fig. 3.6), and left diaphyseal cortical bone unaffected (Fig. 3.7). 

Growth plate integrity was severely compromised in bone metastasis versus control samples as 

suggested by the presence of fibrous tissue (28) rather than the organized arrays of chondrocyte 

columns (Fig. 3.6). These observations support the possibility that disseminated tumor cells 

preferentially entered the tibiae through sinusoidal vessels supplying the metaphyseal trabecular 

bone (25), and that the growth plate acted as a barrier preventing tumor cell advancement to the 

epiphysis. 

We were specifically interested in characterizing the compositional and structural 

properties of tumor-interfacing bone remnants of what was once a mesh of metaphyseal 

trabecular bone (Fig. 3.6, 3.7). To this end, we used large area Raman imaging to compare the 

chemical signatures of trabecular bone proximal (i.e., the epiphysis) and distal (i.e., the 

metaphysis) to the growth plate in control and metastasis conditions (Fig. 3.5E-J).  

 

Figure 3.6: Representative Movat’s Pentachrome (MP) stained cross-sections show massive 
destruction of metaphyseal trabecular bone and severe disruption of the epiphyseal chondrocytes in 
tibiae with metastasis. (A, B) Color legend of the MP stain: yellow – bone; green – calcified cartilage; 
black – nuclei; red/pink – fibrous tissue. ‘GP’ refers to the location of the growth plate. ‘Prox’ and ‘Dist’ 
indicate bone on the proximal (i.e., the epiphysis) and distal (i.e., the metaphysis) sides of the growth 
plate, respectively. The metastasized tumor (B) is highlighted by the black asterisk and outlined with 
dashed lines. 
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Figure 3.7: The metaphysis experiences severe degradation during bone metastasis while the 
diaphysis remains unaffected. Representative backscattered scanning electron microscopy (BSE) 
images of the proximal tibia (A-D) and diaphysis (E, F) from control mice (A, C) and mice with bone 
metastasis (B, D). Panels C and D show the regions defined by the red insets in A and B, respectively. 
‘GP’ labels the growth plate. 
 

Interestingly, in both control and tumor-bearing tibiae, we observed that the intensity of 

the PO4 v1 peak (960 cm-1) was comparable between the metaphysis and the epiphysis (Fig. 

3.5F, 3.5I). This result suggests that the immediate presence of a tumor has little effect on the 

mineral content of the remaining bone (21). In contrast, we found pronounced spectral 

differences in the amide I peak (1677 cm-1), a proxy for collagen type I content (21), between the 

metaphysis and epiphysis of metastasis-associated bones (Fig. 3.5I, 3.5J). Because the intensity 

of the amide I peak is polarization-dependent and may be affected by polarization orientation of 

the incident beam, we also assessed the intensity of the polarization-independent amide III peak 

(1256 cm-1) (21, 22), which exhibited a concomitant decrease (Fig. 3.8B). In contrast, the amide 
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I and III peaks were virtually unaffected in the tibial metaphysis of control mice (Fig. 3.5F, 3.5G, 

3.8A). Hence, a significant increase in the phosphate-to-amide (PO4/Amide I) ratio (p < 0.05) 

was observed in the bone metastasis condition versus the control condition (Fig. 3.9). 

Collectively, these data suggest a decrease in collagen relative to mineral content within bone 

that is in physical contact with the secondary tumor. 

  

Figure 3.8: Collagen type I content is decreased in metaphyseal bone that is interfacing with the 
secondary tumor. Raman spectroscopy of bone proximal (i.e., the epiphysis) and distal (i.e., the 
metaphysis) to the growth plate in control (A) and bone metastasis (B) conditions. Mean Raman spectra 
with insets (1200 – 1330 cm-1; 1600 – 1700 cm-1) highlighting the amide III (1256 cm-1) and amide I 
(1677 cm-1) peaks, respectively. The bold lines represent the means and the fill areas represent the 
respective standard deviations. 
 

While the mineral content in the remnant bone tissue may have not been affected by the 

immediate presence of a tumor (Fig. 3.5I, 3.7, 3.9B), bone mineral nanostructure may still have 

been impacted (9, 10, 29). As such, we were also interested in assessing changes in HA 

nanostructure within metastasis-associated bone remnants. Targeting these bone remnants with 

X-ray scattering techniques proved technically infeasible, however. As an alternative, we derived 

mineral crystallinity – a measure of HA nanocrystal maturity – from the inverse of the Raman 

PO4 v1 peak full width at half maximum (FWHM) (9, 30). This parameter positively correlates  
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Figure 3.9: Large area Raman imaging indicates that the phosphate-to-amide ratio (PO4/Amide I) 
is increased in metaphyseal bone interfacing with a secondary tumor. (A) PO4/Amide I as a function 
of distance from the growth plate. The bold lines represent the means and the fill areas represent the 
respective standard deviations. (B) PO4/Amide I visualized by heat-maps of the region highlighted in the 
red insets. ‘Ctrl’ = control; ‘Bone Mets’ = bone metastasis. Backscattered scanning electron microscopy 
images (BSE): ‘GP’ labels the growth plate. The metastasized tumor is indicated by the white asterisk and 
outlined with dashed lines. Raman heat-maps (RAMAN): ‘Distance’ refers to the proximity to the growth 
plate. Lighter colors indicate a greater phosphate-to-amide ratio. 
 
 

 
 

Figure 3.10: Large area Raman imaging indicates that metaphyseal bone mineral crystallinity 
(FWHM-1*100 of the PO4 v1 peak) is decreased in mice with localized mammary tumors as well as 
in mice with bone metastasis. (A) Crystallinity as a function of distance from the growth plate. The bold 
lines represent the means and the fill areas represent the respective standard deviations. (B) Crystallinity 
visualized by heat-maps of the region highlighted in the red insets. ‘Ctrl’ = control; ‘Mam Tumor’ = 
mammary tumor; ‘Bone Mets’ = bone metastasis. Backscattered scanning electron microscopy images 
(BSE): ‘GP’ labels the growth plate. The metastasized tumor is indicated by the white asterisk and 
outlined with dashed lines. Raman heat-maps (RAMAN): ‘Distance’ refers to the proximity to the growth 
plate. Lighter colors indicate greater mineral crystallinity. 
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with the stoichiometric perfection and length of the crystallites along the c-axis (30). 

Interestingly, we found that mineral crystallinity in the bone remnants was markedly decreased 

(p < 0.05) in the bone metastasis condition relative to the control (Fig. 3.10). Taken together, the 

immediate presence of a tumor may promote the decrease of mineral maturity along with 

reduced collagen content. 

 
3.4.3 Metaphyseal HA nanostructure is altered by the presence of a localized mammary tumor 
 

Next, we asked if the bone ECM can be altered by the presence of a localized primary 

tumor. While previous studies of bone metastasis have shown that circulating biomolecules can 

modulate bone cell activity (31) and bone collagen remodeling (32), our focus here was to 

investigate the possibility of pre-metastatic changes in the mineral nanostructure of bone. To 

recapitulate a scenario of breast cancer without evident bone metastases, we implanted the same 

BoM1-2287 cells into the mammary fat pads of BALB/c nude mice, which, over a period of 7 

weeks, enabled primary tumor growth but did not result in metastatic outgrowth (33) (Fig. 3.4B) 

or the physical wasting associated with cachexia (Fig. 3.4C). Complementary techniques with 

resolutions spanning the macro- to micro-length scales did not reveal primary tumor-mediated 

changes in metaphyseal bone. Histological staining, BSE imaging, and µCT analysis suggested 

that the cellular composition (Fig. 3.11A), mineral density (Fig. 3.11A), and trabecular bone 

structure (Fig. 3.11B) was similar between the tibial metaphysis of control mice and mice 

carrying primary mammary tumors. 
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Figure 3.11: Macro- to micro-scale analysis of metaphyseal bone suggests no structural differences 
between control mice and mice with mammary tumors. (A) Representative images of Movat’s 
Pentachrome-stained cross sections and BSE images of comparable regions of trabecular bone in the 
proximal tibia. (B) μCT analysis of the trabecular bone highlighted in dark purple. Graphs represent the 
means +/- SD of bone volume fraction (BV/TV), trabecular thickness (Tb.Th), and trabecular separation 
(Tb.Sp) data. 

 

We then used X-ray scattering analysis to examine potential primary tumor-mediated 

changes in bone nanostructure. Laboratory-based SAXS did not indicate differences in HA 

nanocrystal orientation and thickness in metaphyseal bone between control and mammary tumor 

groups (Table 3.1). However, since tumor-mediated differences in the mineral phase could 

conceivably occur on extremely small length scales, we hypothesized that the spatial resolution 

of laboratory-based SAXS (Fig. 3.1A) may have been insufficient to detect these possible 

changes in HA.  

 

Table 3.1: Summary of r- and T-parameter data from laboratory-based SAXS analysis  
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Therefore, we next analyzed the samples using scanning synchrotron-based small- and 

wide-angle X-ray scattering (SAXS/WAXS) (Fig. 3.1B). In addition to providing information on 

mineral crystal thickness and orientation from SAXS, this approach also enables the derivation 

of the mineral crystal length (L-parameter) from WAXS (Fig. 3.1B). Given that the growth plate 

is a region of high metabolic activity and mineralization (26), we focused our analysis on the HA 

mineral within 50 µm of the growth plate cartilage. Here, we observed tumor-mediated changes 

in mineral crystal nanostructure, which were dependent on the location of the scanned mineral 

(Fig. 3.12). More specifically, HA mineral crystals immediately distal to the growth plate were 

significantly shorter in tibiae from mice with mammary tumors versus control mice (Fig. 3.12B). 

A downward though non-significant trend was also detected in both mineral crystal orientation 

(p = 0.33) (Fig. 3.12C) and thickness (p = 0.56) (Fig. 3.12D). This observed decrease in HA 

nanocrystal size was corroborated with Raman imaging measurements of corresponding bone 

regions, which suggested that mineral crystallinity was decreased (p < 0.05) in the mammary 

tumor condition relative to that of the control (Fig. 3.10). Furthermore, these differences 

mimicked measurements of mineral crystallinity in the bone remnants physically adjoined to a 

metastatic tumor mass (Fig. 3.10). During murine bone development, HA crystals undergo large 

increases in length while thickness stays relatively constant (11), which could suggest that HA 

length is more susceptible to aberrant perturbations. Interestingly, these tumor-mediated changes 

were only observed in the tissue distal but not proximal to the growth plate (Fig. 3.12B-D), 

which is consistent with the preferential initiation of secondary tumors in the metaphysis rather 

than in the epiphysis (Fig. 3.5, 3.6). 
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Fig. 3.12: Scanning synchrotron-based SAXS/WAXS analysis of metaphyseal tissue bordering the 
growth plate reveals shorter hydroxyapatite nanocrystals in mice carrying mammary tumors. (A) 
Representative BSE images of the region of interest. ‘Prox’ and ‘Dist’ indicate the proximal and distal 
sides of the growth plate, respectively. (B-D) Spatial representation of quantitative data. Box-and-whisker 
plots summarize all L-parameter (mean mineral crystal length) (B), ρ-parameter (mean mineral crystal 
orientation) (C), and T-parameter (mean mineral crystal thickness) (D) data. Whiskers represent the 5th 
and the 95th percentile. Outlier data points are depicted as dots. * indicates p < 0.05. n.s. indicates non-
significance. Representative L-parameter (B), ρ-parameter (C), and T-parameter (D) data are overlaid on 
corresponding BSE images. Color scales: Warmer colors indicate greater crystal length (B), orientation 
(C) or thickness (D). 
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To explore possible mechanisms by which a mammary tumor could remotely alter 

metaphyseal bone mineral, we assessed markers of bone matrix remodeling in tibiae harvested 

from mice systematically conditioned with daily intraperitoneal injections of tumor-derived 

media over the course of 3 weeks. Picrosirius Red-stained cross sections of the proximal tibiae 

revealed a significant increase in the collagen content of metaphyseal trabecular bone (Fig. 

3.13A) while TRAP staining of this same region revealed no difference in the number of 

osteoclasts (Fig. 3.13B). These data suggest that in a skeletal region prone to metastasis, 

circulating tumor-derived factors can lead to an increase in local osteogenesis, while leaving 

bone resorption unaffected.  

Accordingly, culturing bone marrow-derived mesenchymal stem cells (MSCs) in the 

same tumor-derived media resulted in elevated matrix calcification via Alizarin Red S staining 

when compared to controls (Fig. 3.13C), which is indicative of tumor factor-mediated osteogenic 

differentiation. Importantly, this trend was more pronounced (p < 0.05) when MSCs were 

cultured in media from the bone metastatic cells used in our bone mineral characterization 

studies (BoM1-2287) relative to the parental cell line (Fig. 3.13C). Taken together, these results 

imply that factors secreted from bone metastatic breast cancer cells can aberrantly promote local 

osteogenesis by altering the fate of bone marrow-residing MSCs. Increased osteogenesis may 

explain the enhanced HA immaturity at metastatic sites, as newly formed bone is typically 

comprised of smaller, less perfect, and less oriented HA crystals (7). 
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Figure 3.13: Tumor-secreted factors can promote osteogenic activity. (A) Representative Picrosirius 
Red-stained cross sections of metaphyseal trabecular bone in tibiae harvested from control mice (Control) 
or mice injected with media conditioned by parental MDA-MB-231 (TCM) cells. The growth plate border 
is indicated by the white dotted line. Graphs represent the back-transformed predicted means with 95% 
confidence interval of green and red integrated density measurements for thin/immature and thick/mature 
collagens, respectively. Data are normalized to regions of diaphyseal bone. * indicates p < 0.05. (B) 
Representative TRAP-stained (pink) cross sections (with hematoxylin counterstain) of either Control or 
TCM tibiae. Graphs represent quantification (mean +/- SD) of number of osteoclasts normalized to bone 
perimeter (N.Oc/B.Pm). (C) Representative images of Alizarin Red S stain (ARS) in bone marrow-
derived mesenchymal stem cells treated with control media (Control) or conditioned media from parental 
MDA-MB-231 breast cancer cells (TCM) or BoM1-2287 (Bone-TCM). Red color indicates positive stain 
for matrix calcification. Graphs represent mean +/- SD of ARS extracted from stained matrices. * 
indicates p < 0.05. 
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3.5 Discussion 

 Interactions between breast cancer cells and the bone microenvironment are critical to the 

pathogenesis of skeletal metastases but the associated nanostructural changes of bone mineral 

remain unclear. Gaining an improved understanding of this potential relationship is critical as 

HA nanocrystal properties can significantly alter cellular phenotypes (14–16) and thus, 

conceivably affect malignancy. Using a combination of high-resolution analytical techniques to 

characterize tibiae from mouse models of bone metastatic and localized breast cancer, we show 

that the nanostructure of HA crystals varies between anatomical regions that are more and less 

prone to metastatic colonization, and that primary tumors may reinforce these variations even 

prior to metastatic outgrowth. 

The observation that breast cancer cells preferentially colonize the proximal tibial 

metaphysis may have broader pathological relevance. Adjacent to a secondary ossification center 

and enriched with trabecular bone (26), the tibial metaphysis of young mice can exemplify a 

distinct anatomical site of high bone turnover (i.e., resorption of old bone followed by formation 

of new bone). Clinicians have long observed preferential metastatic localization to sites of active 

remodeling (34), such as the trabecular bone-rich pelvis and spinal vertebral bodies (2, 34). As 

the nanostructure of human and murine bone mineral is similar (5, 11), it is likely that HA 

crystals in these metabolically more active human skeletal sites are also more immature. Future 

studies will need to confirm this possibility and assess the functional role of HA materials 

properties in driving secondary tumor formation in these sites. 

 Furthermore, our SAXS/WAXS and Raman data point to a potential mammary tumor-

mediated increase of local osteogenesis in the initial trabecular network prior to secondary tumor 

formation. This finding supports experimental evidence by others that primary tumors can 

activate pre-metastatic remodeling of the bone, and that these changes ultimately promote 
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metastatic dissemination (31, 32). While these previous studies of mammary tumor-mediated 

changes focused on bone cell activity (31) and circulating markers of bone collagen remodeling 

(32), our data now additionally suggest that structural changes occur in the mineral phase of 

bone. More specifically, we observed a decrease in mineral nanocrystal size in the metaphyseal 

bone tissue bordering the growth plate. Since these changes occurred at a bone growth front, 

these data indicate that a localized mammary tumor may be affecting the mineralization of new 

matrix. In bone, the deposition of HA results from a thermodynamically driven cascade that may 

involve the initial formation of disordered, less stable nanoparticulate phases that become more 

crystalline and increase in size as they progress to the final mineral phase (35, 36). As such, a 

mammary tumor could conceivably decrease general mineral maturity by releasing factors that 

stimulate osteogenic cells to increase their production of new bone (Fig. 3.13), which typically 

consists of smaller, less perfect and less oriented HA crystals (7). Alternatively, the physiological 

maturation of bone mineral could also be directly inhibited by soluble factors secreted by the 

mammary tumor. The glycoprotein osteopontin is a potential candidate, as it is highly expressed 

by the BoM1-2287 cells (24) used in this study and is known to inhibit the growth of HA mineral 

(37). Furthermore, changes in HA nanostructure may have been due to mammary tumor-

mediated effects on the longitudinal bone growth of the young mice (38) used in our studies. 

However, given the similarities in growth plate thicknesses (Fig. 3.4D) and trabecular network 

properties (Fig. 3.11A, 3.11B) between control tibiae and mammary tumor-associated tibiae, the 

metabolic program of growth plate chondrocytes and the consequent rate of endochondral 

ossification (39) appear to be unaffected by the primary tumors. Taken together, our results 

suggest that the primary mammary tumor could induce the formation of less mature bone mineral 

in the absence of a secondary tumor, likely without changing overall skeletal growth. 
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Pre-metastatic, primary tumor-mediated changes in nanoscale bone mineral properties 

may be an underappreciated mechanism that could play a role in the initial establishment and 

survival of a secondary tumor colony in the bone. Because metastatic breast cancer cells exhibit 

increased proliferation and adhesion on smaller and less perfect HA nanocrystals (14), these 

early-stage changes of bone mineral may promote the initial seeding and survival of 

disseminated tumor cells. Furthermore, the deposition of a more immature mineral phase that is 

more susceptible to osteolytic degradation (40, 41) could facilitate the vicious cycle of bone 

metastasis, thus promoting tumor outgrowth. Complemented by our previous work suggesting 

that nanoscale HA materials properties can influence breast cancer malignant progression (14–

16), we propose a modified view of the vicious cycle of bone metastasis in which HA materials 

properties are functionally linked with the pathogenesis of breast cancer bone metastasis (Fig. 

3.14). Detailed in vivo studies will be needed to conclusively define the functional consequences 

of our observations. Nevertheless, our results bring to light that nanostructural parameters of the 

bone metastatic site are currently underappreciated, but should be considered when studying the 

microenvironmental complexities that influence bone metastasis. 

While others have previously reported that breast cancer can remotely engender bone 

destruction (17, 31, 32), we now further advance this field of work by quantifying tumor-

mediated changes in HA nanostructure in skeletal locations associated with metastasis. The 

findings here may inform future therapeutic strategies. For instance, adjuvant prescription of 

antiresorptive drugs such as bisphosphonates (BPs) are currently largely palliative and do not 

improve patient survival rate (1). BPs, which are taken up by bone-resorbing osteoclasts, localize 

to mineralized tissue by selectively binding to HA (1). As molecular simulation studies show that 

BP-HA binding energies are dependent on HA nanocrystal size (42), BP therapeutic efficacy 
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Figure 3.14: Proposed functional relationship between hydroxyapatite mineral characteristics and 
breast cancer bone metastasis. In mice, breast cancer cells typically colonize the metaphysis in the 
metabolically-active proximal tibia. We show that mineral in metaphyseal bone (A) is less mature (i.e., 
smaller, less perfect, and less oriented) relative to other skeletal locations (B) not prone to initiation of 
metastasis. Because previous in vitro findings show that tumor cells preferentially adhere to less mature 
crystals, we propose that this difference in mineral properties may be functionally relevant to the 
establishment of a tumor colony (C). The metastasized tumor cells can then disrupt typical bone 
remodeling processes (D) to result in the aberrant activity of bone cells and the increased release of 
tumor-recruiting soluble factors (E). Furthermore, breast cancer cells located within primary tumors can 
stimulate bone remodeling by secreting circulating factors (F) that enhance local osteogenesis and thus, 
alter the composition and structure of the bone extracellular matrix. Here, we propose that these pre-
metastatic changes lead to the deposition of a less mature mineral phase (G) which may be essential in 
driving the vicious cycle of osteolytic bone metastasis. 
 

may be affected by tumor-induced changes in HA nanostructure. Understanding how nanoscale 

variations in HA structure affect BP binding may aid the development of derivatives and protein 

conjugates (43) that are more effective in the treatment of bone metastasis. 
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Although limited by sample throughput, X-ray scattering analysis and large area Raman 

imaging generate position-resolved information on the micro- to nano- scales that can be 

combined with a host of other techniques to provide a comprehensive assessment of bone 

materials properties in a variety of pathological contexts. Thus, similar approaches to the one 

described in this paper can be used to assess bone nanostructure in animal models of other 

cancers (e.g. prostate, lung) that also metastasize to bone (2). Insights from these analyses will 

inform the design of biomimetic culture systems (44) and high-throughput screening platforms 

(45) to investigate the functional role of HA mineral in bone metastasis as well as the 

development of tissue-engineered tumor models that recapitulate the bone microenvironment 

(46). Moreover, future work will also need to consider the effect of changing bone mineral 

properties in the context of the intimately-associated collagen fibrils and adhesive proteins 

enriched in the metastatic site. Interdisciplinary collaborations between the fields of biomaterials, 

cancer biology, and oncology will be key to this promising new field of work in which materials 

science approaches will play an important role. 
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CHAPTER 4: CONCLUSIONS 
 
 

Hydroxyapatite (HA) mineral is a prevalent yet underappreciated extracellular matrix 

(ECM) component of both the primary and bone metastatic sites of breast cancer. Previous studies 

have suggested that HA can regulate cancer cell behavior, yet it is unclear whether the presence of 

HA mineral in these breast cancer microenvironments is relevant to metastatic disease. This 

general lack of understanding may be due to limitations in current research methodologies. As 

such, the overall goal of this doctoral work was to investigate interactions between tumor cells and 

HA in the bone metastatic cascade of breast cancer by employing physical sciences-based 

approaches in combination with pathologically-relevant in vitro or in vivo model systems. 

 
4.1 A dynamic reciprocity between breast cancer cells and HA mineral  
  

The studies described herein suggest a dynamic reciprocity between breast cancer cells and 

the HA embedded within their mineralized microenvironments. As mammary microcalcifications 

(MCs) composed of HA mineral are commonly associated with malignant disease, it is certainly 

conceivable that HA could be actively contributing to the progression of breast cancer – though 

mechanisms remain largely unexplored. Chapter 2 described the use of a mineral-containing 3D 

culture system to functionally characterize the effect of HA exposure on a cell line model of ductal 

carcinoma in situ (DCIS), which is considered a premalignant condition that presents with MCs in 

over 90% of clinical cases. Interestingly, it was found that HA mineral stimulated the DCIS cells 

to adopt morphological changes that were reflective of increased invasiveness and to exhibit 

increased migratory behavior that was linked to IL-8 signaling. The increased individualization 

 
 
 
*Certain text adapted from He F, Choi SY, Estroff LA, Fischbach C (2017) Mineralized 3D Culture 
Systems for Studying Bone Metastatic Breast Cancer. Engineering 3D Tissue Test Systems, ed Burg K. 
(Taylor and Francis Group), pp 169-191. 
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of DCIS cell pre-cultured in HA-containing scaffolds suggests that mineral may in fact be 

activating elements of the epithelial-to-mesenchymal transition (EMT) known to be associated 

with invasive cells, though additional experiments to assess the hallmarks of EMT (1), such as 

decreased E-cadherin expression at cell junctions, will need to be performed. Additionally, it was 

found that DCIS xenograft tumors initiated in HA scaffolds exhibited evidence of enhanced 

malignant progression. Future studies will be needed to investigate this further by increasing the 

number of experimental endpoints and by detecting potential dissemination in the lymph nodes 

and common metastatic sites of breast cancer, such as the bones and lungs. Collectively, IL-8 was 

identified as a potential HA-mediated driver of DCIS malignant progression. In a set of human 

breast cancer samples, higher IL-8 expression was not only correlated with the presence of 

mammographically-detected calcifications but also with PR- and HER2+ subtypes that are 

associated with higher grade lesions (2). The small sample size of the assessed patient cohort, 

however, limits the strength of these conclusions. More research will be needed to assess IL-8 as 

a useful prognostic biomarker in DCIS patients with suspicious MCs. 

Following dissociating from the primary tumor, metastatic breast cancer cells will enter 

systemic circulation and preferentially establish a secondary tumor in the skeleton. Thus, it is likely 

that interactions between breast cancer cells and the mineralized bone ECM may play a critical 

role in the development of bone metastasis. However, current studies largely overlook the HA 

mineral that is an essential nanostructural component of bone. Thus, chapter 3 described efforts to 

characterize materials properties of the bone metastatic site in mouse models of advanced breast 

cancer. Bone HA nanocrystals were observed to be more immature in the metaphyseal region of 

the proximal tibiae known (3) and confirmed (Fig. 3.5) to be a highly common site of metastasis 

in models of bone metastasis. This was an expected result, for the metaphysis largely consists of 

newly formed trabecular bone. What was more interesting, however, was that in a model of 
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localized breast cancer, the bone mineral nanostructure was observed to be even more immature 

in the growth plate region of the metaphysis when compared to healthy controls. Theoretically, 

this difference in HA nanocrystal structure could have been mediated by either bone-building or 

bone-destroying processes. A cell-free systemic conditioning experiment with daily injections of 

tumor conditioned media raised the possibility that tumor-derived soluble factors could alter the 

balance of bone matrix remodeling by activating mechanisms of bone formation. This result was 

importantly in accordance with recent studies showing that early disseminated breast cancer cells 

require interaction with osteoblast-lineage cell types to establish micro-metastatic colonies in the 

bone (4). Nevertheless, follow-up studies to more thoroughly elucidate mechanisms of pre-

metastatic changes to bone nanostructure will be needed, with emphasis on the cross-talk between 

cancer cells, bone-resident cells, and the mineralized bone ECM. 

 
4.2 Connections to the “seed-and-soil” theory of metastasis  
 

Given that HA mineral is such a ubiquitous ECM-embedded component of malignant 

mammary tissue and the bone metastatic site, one could speculate that HA may be a vital micro-

environmental parameter that selectively enables bone metastases from the primary breast tumor. 

This line of thinking is in accordance with the recently reinvigorated “seed-and-soil” concept, 

which argues that site-specific metastasis occurs only if the target organ provides a fertile ground 

for tumor cells to seed (5–7). Also known as the pre-metastatic niche, this concept has formed the 

basis of investigations (8) focused on the tendency of metastatic breast cancers to spread to its 

preferred locations, include lungs, liver, bone and brain (9). While bone-resident cells are known 

to be recruited to facilitate metastatic processes in these sites (10), studies of the bone pre-

metastatic niche itself are scarce due to a lack of models that can recapitulate the entirety of the 

bone metastatic cascade (11). 
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Indeed, the skeletal microenvironment possesses highly favorable characteristics for 

metastatic cell outgrowth (3). Breast cancer cells are known to hijack molecular and cellular 

machinery used by hematopoietic stem cells in order to home to and grow within bone (12). For 

example, expression of chemokine receptor type 4 (CXCR4) in bone metastatic breast cancer cells 

renders them responsive to stromal cell-derived factor 1 (SDF-1) secreted by bone marrow-derived 

mesenchymal cells (13–15). Furthermore, the specific physical properties (e.g., acidic pH, high 

extracellular calcium concentration, hypoxia) of the bone microenvironment promote tumor-cell 

growth (16). Once seeded in bone, tumor cells disrupt the homeostatic interplay between bone-

forming osteoblasts and bone-degrading osteoclasts leading to the net effect of osteolysis during 

advanced stages of disease. Bone degradation, in turn, further activates the vicious cycle of bone 

metastasis by releasing tumorigenic growth factors and cytokines, including transforming growth 

factor beta (TGF-b) and insulin-like growth factor 1 (IGF-1) that foster secondary tumor 

development (12, 17, 18). 

Whether tumor–cell interactions with the inorganic mineral HA impact the aforementioned 

processes by influencing either the seed or the soil (or both) remains unknown. For example, one 

may hypothesize that HA at the primary site primes tumor cells for seeding to bone by upregulating 

genes that facilitate bone metastasis (14). A recent study has shown that the presence of cancer-

associated fibroblasts within the mammary tumor selects for a subset of Src-hyperactive cancer 

cells that are predisposed to metastasize to the SDF-1- and IGF-1-enriched bone microenvironment 

(19). It is possible that HA mineral may play a contributing role in this selection process. 

Preliminary evidence obtained from Luminex-based phospho-kinase profiling suggests that breast 

cancer cells cultured in HA scaffolds may exhibit an increase in Src active site (pY419) 

phosphorylation after an experimental timeframe of 9 days (Fig. A.1A). The lack of response in 

the 72 condition suggests that an HA-mediated response in Src activity may have a certain latency 
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period (Fig. A.1A). Interestingly, a similar trend in both response and latency was observed in the 

activity of ERK (Fig. A.1B), which is known to be an essential regulator of EMT (20, 21).1 

Additionally, HA could conceivably enhance expression of the SDF-1 and IGF-1 cognate receptors 

CXCR4 or IGF-1R, although future studies to explore these potential mechanisms will need to be 

conducted. Furthermore, there is also emerging evidence to suggest that the deposition of HA 

mineral increases as a function of breast cancer cell aggressiveness (22, 23), which implies that 

the more malignant the lesion, the more likely it is for cells in that lesion to be exposed to HA 

mineral.  

Meanwhile, it is also conceivable that tumor cells in the primary site remotely modify the 

bone ECM to facilitate eventual colonization. However, there currently exists limited data on ECM 

structural organization in the pre-metastatic niche (24), and many of these studies are focused on 

the LOX-mediated cross-linking of the lung ECM (25, 26). In chapter 3 of this work, it was found 

that structural alterations of bone mineral in the metastatic site could be attributed to enhanced 

bone remodeling via tumor-derived factors. It is possible that disseminated tumor cells may 

leverage these tumor-induced HA nanostructural and physiochemical variations in bone – as 

suggested by studies with synthetically-defined in vitro cultures (27–29) – to more effectively seed 

and form colonies. Moreover, the resulting higher extracellular calcium levels that accompany 

altered bone homeostasis could be favorable for growth of the secondary tumor.  

 

 

 

 

 
 
1Author’s note: The Src and ERK results in the Appendix are preliminary and should be confirmed with 
follow-up experiments. 
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4.3 Future directions and perspectives 
 
4.3.1 Considerations for developing mineral-containing models of breast cancer and bone 
metastasis 
 

When investigating the influence of HA mineral on breast cancer bone metastasis, it needs 

to be kept in mind that the materials properties and formation mechanisms of HA in mammary 

MCs and in the bone matrix vary significantly. As described in chapter 1, the HA mineral in the 

calcified mammary tissue appears to be formed independently from the organic matrix while the 

HA mineral in the bone is more intimately associated with it, as the crystallization of bone mineral 

occurs in the hole zones of aligned collagen fibrils during the development of the structural 

nanocomposite (30). Moreover, the calcified deposits in the breast can be extremely heterogeneous 

in both size and spatial distribution and can be orders of magnitude larger than the mineral particles 

in bone (31). 

Considering how tumor cells can conceivably be exposed to pure mineral in the mammary 

tissue, the use of mineral-containing PLG scaffolds for investigating cell-microcalcification 

interactions may be appropriate. One particular advantage of this approach the ability to modulate 

the physicochemical and structural parameters of the scaffold-incorporated HA mineral. Indeed, 

some of these properties, such as carbonate and metal ion content, have already been correlated 

with malignancy in spectroscopic analyses of human breast tissues (31, 32). Thus, having a high 

level of control in the synthesis of HA variations will enable the functional characterization of how 

these different properties may regulate breast cancer cell behavior.  

However, mineral-containing PLG scaffolds may not be as well-suited to modeling tumor-

bone matrix interactions because they do not contain the organic matter that is essential to the 

structural basis of bone. Thus, mineralized collagen scaffolds (33–35), currently being developed 

for bone regeneration applications, may be a viable alternative. Fabricated by freeze-drying 
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precursor solutions of collagen and glycosaminoglycans, these porous scaffolds can be modulated 

to adopt differential porous architectures and enriched for select growth factors. However, 

although these scaffolds would permit the 3D growth of cancer cells in bone-like matrix, they are 

still far from mimicking native bone ultrastructure. To this end, researchers are developing 

bioinspired methods of incorporating HA mineral into the collagen fibrillar microstructure by 

using highly negatively charged polymers such as polyaspartic acid to stabilize the formation of 

the amorphous calcium phosphate precursor during the mineralization process (36). Interestingly, 

a recent study has found differences in mechanosignaling when breast cancer cells were cultured 

on microwells consisting of either mineralized or non-mineralized collagen fibrils (37). The 

challenge moving forward will be to develop methods of controlling nanostructural and 

physicochemical parameters of mineral within these biomimetic composites to reflect tumor-

associated states of bone quality.  

 
4.3.2 Organs-on-a-chip: modeling metastatic processes on the whole-body level 
 

Mineral responses could be regulated at the organ, or whole-body level particularly, as 

cells responding to mineral at the primary site may alter mineral properties at the secondary site. 

Yet, most culture approaches focus at the cellular or tissue scale. Microfluidic “organ-on-a-chip” 

devices provide spatial and temporal control of biochemical, biophysical, and mechanical cues, 

and have been used to mimic the structure and function of various tissues and organs and their 

communication with one another (38). Examples of how such devices have been used in the 

context of bone include the modeling of hematopoietic niches, screening the wound-healing 

potential of specific biomaterials, and assaying the invasive dynamics of breast cancer cells (39–

41). Collectively, these studies suggest that “bone-on-a-chip” models could effectively recreate 

3D bone environments with multiple cellular and matrix components under conditions of dynamic 
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flow; thereby, it is conceivable that methods to produce mineralized matrices can be co-opted for 

developing microfluidic systems. However, many current devices are limited to individual cells or 

organs. In order to recapitulate the complex metastatic cascade, the system-like integration of 

multiple organs will be required. 

 
4.3.3 Concluding remarks: physical sciences approaches may accelerate cancer research 
 

The results from this work have not only offered valuable insights for cancer biology but 

have also contributed to the fields of tissue engineering and biomaterials science. Chapter 2 

provided further evidence that polymeric scaffolds, originally designed for tissue engineering 

purposes, can be used to study defined components of the tumor microenvironment in a controlled 

and pathologically-relevant manner. These studies strongly suggest that HA mineral should be 

treated as active rather than passive indicators of cancer. Meanwhile, chapter 3 demonstrated that 

creative synergy between the fields of cancer biology and materials sciences enables the high-

resolution characterization of ECM parameters that would not be possible with conventional 

approaches. Here, the changing bone ECM observed in a mouse model with localized tumors 

highlights the systemic nature of bone metastatic disease. There are certainly limitations to the 

models used in this study that will need to be addressed with future advances. Yet the author is 

optimistic that breakthroughs will arise as long as the spirit of undeterred and wide-eyed inquiry 

endures. Continuing in this tradition to collaborate across the biological and physical sciences may 

accelerate research to uncover the multifactorial mechanisms of metastatic breast cancer, 

ultimately providing hope for the millions of patients worldwide who are desperate for a cure. 
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APPENDIX 
 
 

 
 
Figure A.1: Hydroxyapatite mineral may increase SRC and ERK phosphorylation. (A, B) Bead-
based Luminex profiling of SRC (A) and ERK (B) active site phosphorylations in protein lysates 
generated from MDA-MB-231 cells cultured on PLG or HA scaffolds for the indicated timepoints. 
 
 
Materials and Methods 
 
Protein lysate generation 
 
 MDA-MB-231 cells were cultured on hydroxyapatite and PLG scaffolds for timepoints 

of 72 hours and 9 days then lysed in RIPA buffer (Thermo Fisher) supplemented with protease 

(Thermo Fisher) and phosphatase (Roche) inhibitors. Protein lysates were normalized to 1 mg/ml 

and immediately stored in -80C. 

Profiling of kinase phosphorylation 
  

Luminex immunosandwich assays were performed as previously described (1). Raw data 

were normalized by subtracting sample and antibody background signals. 

 
1.  Du J, et al. (2009) Bead-based profiling of tyrosine kinase phosphorylation identifies SRC 

as a potential target for glioblastoma therapy. Nat Biotechnol 27(1):77–83. 
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