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Abstract

Microcalcifications serve as diagnostic markers for breast cancer, yet their formation pathway(s)
and role in cancer progression are debated due in part to a lack of relevant 3D culture models that
allow studying the extent of cellular regulation over mineralization. Previous studies have
suggested processes ranging from dystrophic mineralization associated with cell death to bone-like
mineral deposition. Here, we evaluated microcalcification formation in 3D multicellular spheroids,
generated from non-malignant, pre-cancer, and invasive cell lines from the MCF10A human breast
tumor progression series. The spheroids with greater malignancy potential developed necrotic
cores, thus recapitulating spatially distinct viable and non-viable areas known to regulate cellular
behavior in tumors in vivo. The spatial distribution of the microcalcifications, as well as their
compositions, were characterized using nanoCT, electron-microscopy, and X-ray spectroscopy.
Apatite microcalcifications were primarily detected within the viable cell regions and their number
and size increased with malignancy potential of the spheroids. Levels of alkaline phosphatase
decreased with malignancy potential, whereas levels of osteopontin increased. These findings
support a mineralization pathway in which cancer cells induce mineralization in a manner that is
linked to their malignancy potential, but that is distinct from physiological osteogenic
mineralization.
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Introduction

Breast cancer screening, e.g., mammography, frequently relies on microcalcifications
(MCs), and their chemical composition, e.g., calcium phosphate, most commonly non-
stoichiometric apatite, versus calcium oxalate, is associated with tumor malignancy[1-4].
Little is known, however, about how they form in the body and their role in cancer
progression. MCs are an example of a broader class of pathological mineral deposits, in
which mineral formation occurs in tissues that normally do not mineralize[5-11]. Based
upon our understanding of biomineralization, multiple pathways have been suggested for
how pathological mineral deposits form[12], ranging from unregulated mineralization in
necrotic areas to regulated mineralization, which is similar to physiological bone
mineralization[13]. In the specific case of MC formation in breast tumors, a key question is
how are cancer cells involved in the mineralization process? In order to address this
question, we aimed to develop an /n vitro breast tumor model to study the extent of cellular
regulation in MC formation as a function of malignancy potential.

Pathological mineral formation can follow cellularly ‘unregulated’, ‘regulated’ and
‘dysregulated’ pathways. Often MCs are observed in necrotic areas of human breast tumors
and are most likely the result of unregulated mineralization[14,15]. Unregulated
mineralization occurs in areas of cell death and most likely results from some combination
of abnormal homeostasis in injured or necrotic cells, local increases in calcium and
phosphate concentrations, and apatite nucleation on cellular debris[16—-18]. MCs in breast
lesions are also thought to be associated with viable cancer cells undergoing epithelial to
mesenchymal transition (EMT)[3] and with increased expression of bone matrix proteins
such as osteopontin (OPN)[19-21]. Based on this evidence, it has been suggested that MCs
form through regulated physiological, or bone-like mineralization[3,22], in which epithelial
cancer cells undergo osteogenic differentiation to resemble osteoblasts, the mesenchymal
bone-forming cells. It is also possible, however, that the viable cells have a role in a third
pathway, dysregulated mineralization, in which the balance between mineralization
inhibitors and promotors is skewed away from the normal balance. For example, when
Matrix GLA protein or fetuin A, known mineralization inhibitors, are knocked-out in mouse
models, mineral deposition is observed in multiple soft tissues due to a disruption of the
normal cellular regulation of mineralization[6,23].

Currently, the primary /n vitro model to study MC formation uses breast epithelial cell lines
cultured on polystyrene surfaces in osteogenic media (addition of B-glycerolphosphate and
ascorbic acid)[24,25]. Results obtained using this 2D culture model suggest that cells
regulate MC formation in a similar manner to bone formation[24,25], however the use of
osteogenic media biases the system towards mineralization through upregulation of alkaline
phosphatase (ALP) and osteogenic differentiation[26—28]. In addition, culture on plastic
surfaces fails to recapitulate key aspects of the breast tumor microenvironment including 3D
cell-cell and cell-extracellular matrix (ECM) interactions as well as varied diffusion/reaction
processes influencing the formation of clearly separated necrotic and viable cell
regions[29,30]. For these reasons, 3D tumor models are becoming prevalent in cancer
research and may be suitable to study the formation of MCs under conditions that are more
pathologically relevant than 2D cultures[31,32]. In particular, mammary multicellular
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spheroids form when breast epithelial cells are cultured in a non-adhesive
environment[33,34]. Under these conditions, the cells aggregate into 3D structures with
morphological features of acini. Much like tumors, multicellular spheroids develop necrosis
at their core as their size exceeds the diffusion limit of oxygen and nutrients, while at their
periphery cells continue to proliferate and function, providing a system with discrete areas of
viable cells in the periphery and a core of dead cells.

While multiple breast epithelial cell lines are available, the MCF10A human breast tumor
progression series provides a family of isogenic cell lines with increasing malignancy
potential. The parent MCF10A cell line[35] represents benign human breast epithelial cells
and was initially isolated from a woman with fibrocystic disease. The cell lines
MCF10DCIS.com[36,37] and MCF10CA1a[38] were derived from MCF10A through Ras-
transformation and subsequent xenograft passaging in immune deficient mice, and possess
characteristics of DCIS and invasive tumors, respectively. While MCF10A cells are
incapable of forming tumors in mice, DCIS.com cells will form comedo DCIS when
xenografted into mice and MCF10CA1a cells will always form tumors, hence they are
considered to be of increasing malignancy potential. Together, these three cell lines allow
modeling varying stages of breast cancer ranging from non-malignant, through DCIS (pre-
cancerous) to invasive and provide an opportunity to investigate the effect of cell phenotype
on MC formation.

Here, we study MC formation pathways, as a function of tumor cell malignancy potential,
using a 3D spheroid model of breast cancer consisting of cells from the MCF10A tumor
progression series. In contrast to previous 2D studies, we avoid introducing any osteogenic
agents, which are known to induce mineralization, as there is currently no evidence
suggesting that breast cancer cells are exposed to an osteogenic environment /7 vivo. To
identify MCs within the 3D spheroids, we employ a series of high resolution imaging and
spectroscopy techniques that enable detection of particles in the size range of clinically
relevant MCs (~1 um) within an organic matrix.

Materials and Methods

Cell culture.

A series of immortalized human breast epithelial cells including normal MCF10A (ATCC),
malignant MCF10DCIS.com and MCF10CA1a (both from Karmanos Cancer Institute) were
used. Cells were cultured in enriched DMEM/F12 media (1% Penicillin/Streptomycin, 5%
horse serum, 10 mg/mL insulin, 0.5 mg/mL hydrocortisone, 100 ng/mL choleratoxin, 20
ng/mL EGF) and in calcium and magnesium serum level enriched DMEM/F12. In the
serum-level media CaCl, and MgSO4¢10H,0 were added to enriched DMEM/F12 media to
achieve final concentration of 2.2 mM calcium and 0.8 mM magnesium. The cells were
cultured at 37°C and 5% CO, with refreshing media every 48 h. All quantitative experiments
were carried out in triplicate or higher and all experiments were independently repeated at
least twice. Data are expressed as mean + standard deviation.
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Spheroid formation.

96-well plates were used for spheroid culture under sterile conditions. The bottom of each
well was coated with 50 pL of 1.5% low melt agarose in DMEM/F12 (50°C), to prevent cell
adhesion[33]. Cells of 80% confluency were trypsinized and seeded at a density of 5000
cells/100 uL DMEM/F12 into each well (Day 0). The 96-well plates were incubated at 37°C
and 5% CO5, on a shaker, to encourage cell-cell adhesion in suspension and consequential
spheroid formation. On Day 1, 100 pL of enriched DMEM/F12 media with CaCl, and
MgS0O,4+10H,0 were added to obtain media concentration of 2.2 mM Ca and 0.8 mM Mg.
100 pL media were aspirated and fresh 100 uL media were added every 48 h.

Human breast tissue sample.

A de-identified ductal carcinoma /7n situ (DCIS) tissue sample was generously provided by
Dr. Cliff Hudis (Memorial Sloan Kettering Cancer Center) where it was collected under
approval from the Institutional Review Board. The tissue was snap frozen immediately after
surgical removal via mastectomy, embedded in optimal cutting temperature compound
(OCT) and maintained at —80°C. The tissue was sectioned (12 um thickness) on a
microtome (Thermo Scientific HM550 Cryostat), and the section was mounted onto slides
(Fisherbrand® Superfrost®/Plus microscope slides). Hematoxylin and eosin (H&E) staining
was carried out at the Cornell College of Veterinary Medicine Animal Health Diagnostic
Center using standard protocols. The stained section was then taken to the Department of
Pathology and Laboratory Medicine at Cayuga Medical Center (Ithaca, NY) for pathological
analysis and the region indicated (Fig. 1f) determined to be DCIS.

2D culture and analysis.

Cells were seeded into 6-well plates at a density of 1.5x10° cells per well in 2 mL enriched
DMEM/F12. After 48 hours, the media was aspirated and fresh DMEM/F12 media
supplemented with 2.2 mM Ca and 0.8 mM Mg was added, and changed every 48 hours.
After 10 days of culture the cells were fixed with 1 mL 10% formalin. After fixation, the
wells were washed with DI water three times and stained with von Kossa or Alizarin Red
stain. For von Kossa staining, for each well, 1 mL of silver nitrate (5%) was applied for 1 h
under a UV lamp, followed by three washes with DI water and sodium thiosulphate (5%)
treatment for 2 minutes and three washes with DI water. For alizarin Red staining (ARS),
40 mM ARS solution was prepared by dissolving 0.685 g ARS into 50 mL DI water and
adjusting the pH to 4.1 by using 10% ammonium hydroxide. For each well, 1 mL of 40 mM
ARS solution was added and kept in room temperature for 20 minutes. The dye was
aspirated and washed with 2 mL DI water for 5 minutes.

Spheroid preparation for sectioning and histology.

10-25 spheroids were collected into a 1.5 mL centrifuge tube and fixed with 4%
paraformaldehyde for 30 minutes. Following washes with PBS spheroids were stained with
either Methylene blue or Eosin Y to enable localization during histological processing. 5-10
fixed spheroids were placed in Tissue-Tek biopsy cryomolds (Sakura) and the remaining
PBS was aspirated. Optical cutting media (OCT) was added and the molds were quickly
placed in liquid nitrogen and in —20°C before cutting. Cryo-sectioning was carried out using
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a cryo microtome (Thermo Scientific HM550 Cryostat). 20 um-thick sections were mounted
on fused quartz slides (Electron Microscopy Sciences) and air dried before SEM imaging.
20 pm-thick sections were mounted on Kapton tape (Saint-Gobain) for XRF and XANES
analyses. For preparation of paraffin cross-sections, 10-20 fixed spheroids were placed in
Tissue-Tek biopsy cryomolds (Sakura). Warm 2% low melt agarose solution in DI water was
added and left to solidify for 10 minutes at room temperature. The cryomolds were put on
ice for 1 minute, and the gel cube was taken out of the mold, wrapped in a Surgipath
biowrap (Leica Microsystems), put inside a multichamber biopsy cassette and stored in 70%
Ethanol. Spheroids in the cassettes were dehydrated, paraffin embedded, sectioned to a
thickness of 5 micrometers and stained with hematoxylin and eosin (H&E) and von Kossa/
Nuclear Fast Red at the Cornell College of Veterinary Medicine Animal Health Diagnostic
Center using standard protocols. A minimum of 5 spheroid sections was analyzed for each
cell-type.

Immunohistochemistry.

Paraffin-sections of the spheroids were stained using the VECTASTAIN Elite ABC Kit
(\Vector Laboratories) and a minimum of 4 spheroid sections for each cell type (1 section
each from 4 spheroids) was analyzed. Briefly, sections were deparaffinized in xylene and
rehydrated before heat-based antigen retrieval in 10 mM citrate buffer, pH 6 for 20 min at
95°C. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide for 30
min. Sections were blocked with normal horse serum for 30 min. Next, sections were
incubated with primary antibodies against osteopontin (OPN; EMD Millipore, AB 1870,
diluted 1:750) and alkaline phosphatase (ALP; Abcam, ab108337, diluted 1:500) overnight
at 4°C. Sections were incubated with biotinylated horse anti-mouse/rabbit 1gG for 1 h, then
with avidin-biotinylated peroxidase complex for 30 min. Stain was developed in
diaminobenzidine (DAB; Thermo Scientific) solution for 3 min. Nuclei were counterstained
using Mayer’s hematoxylin (Thermo Scientific) for 20 s and then sections were dehydrated
and mounted with Entellan (EMD Millipore). Sections were imaged using a Scanscope®
CSO0 (Aperio, Vista, CA) with 40x objective. For IHC quantitative analysis, Aperio
ImageScope v12.1.0.5029 software was used. For each condition, sections from 4 different
spheroids were analyzed using the Color Deconvolution Algorithm (using Version 9 default
parameters). The brown pixels (positive pixels) were identified as weak, medium, and
strong, and reported as percentage out of total brown positive pixels detected. The values
reported for each condition are the average of the sum of medium and strong pixel
percentage and the error is the standard deviation. OriginPro 9.1 was used for data plotting.

Optical microscopy imaging.

To determine spheroid size and morphology, 10 spheroids of each cell type were imaged
every 24 h, starting from day 1 (the day following the seeding of cells) and until day 12
using Zeiss Observer Z1 Axio Microscope with 10x objective. The spheroid diameter was
analyzed and plotted using OriginPro 9.1. For spheroid morphology, spheroids were fixed at
day 12 of culture and imaged. 2D cultures were imaged at 10x objective. Image processing
with ImageJ software[39] included brightness, contrast, and levels adjustment. Image
processing was done consistently across all conditions.
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nanoCT imaging.

For the nanoCT analysis, 6 spheroids were imaged, 2 for each cell type.

Fixed spheroids were washed with PBS and DI water, and were stained with iodine[40]. The
samples were stained by adding 0.5 mL DI water followed by 150 uL Lugol’s EMS solution
(1% 15, 2% KI, Electron Microscopy Sciences) for 30 minutes. The spheroids were washed
with DI water, transferred to 0.5 mL centrifuge tubes and mounted in 2% low melt agarose
solution in the bottom of the tube. The scans were performed on a Zeiss Versa 520 CT. Each
scan was performed at 60kV and 5W. Tomographic data was reconstructed from 1601
fluoroscopy images taken with a 20 second exposure time, at a resolution of 0.4-0.5 microns
per pixel (no binning at camera or during reconstruction). The data was binned to a final
resolution of 0.8-0.9 microns/pixel.

3D nanoCT Image analysis.

Analysis of the nanoCT data was carried out on the image stack using Avizo® Fire to
visualize the spheroid morphology and the particles within the spheroid in 3D. The data set
was cropped and the spheroid organic structure, pores and bright particles were segmented
based on their difference in density using the threshold, magic wand and brush tools. The
spheroid volume was volume rendered. For estimating the spheroid volume, as well as the
volume fraction of the particles and pores in the spheroid, the segmented volume was
compared by applying the Volume Fraction tool on the segmentation labels, generating a
label voxel count for each feature. For particle characterization, 14 particles were observed
in MCF10DCIS.com spheroids and 40 particles in MCF10CA1la spheroids. Their diameters
were measured using Avizo® Fire measurement tool. The presented particle size is the
average diameter and the error is the standard deviation. For particle per volume calculation,
the volume of spheroids in which the particles were observed was calculated by applying the
Volume Fraction tool on their segmented labels. Using Avizo, an inner volume,
corresponding to the core, of radius 100 um for the DCIS spheroids and 137 pm for the
invasive spheroids, was defined. We then counted particles within that inner volume and
compared that number to particles within an outer spherical shell.

Scanning Electron Microscopy and EDS.

The cryo sections were carbon coated and analyzed in a Mira3 FESEM (Tescan, Czech
Republic). High resolution images were acquired at 5 keV at working distance 3 mm with
the in-beam secondary electron detector and the in-beam backscatter detector. EDS was
carried out at 10 keV at working distance 15 mm using Bruker EDS detector. For SEM
imaging and EDS analysis, EDS maps were acquired from at least three regions within 3
spheroid sections and a minimum of 5 particles was examined from each region. For each
map, the acquisition time was 12 minutes to ensure adequate counts for calcium signal. The
Esprit EDS software was used to generate maps and analyze EDS data and OriginPro 9.1
was used for data plotting. Count intensities were normalized based on the Ca peak intensity.

Synchrotron XRF and XANES analyses.

20 um-thick sections of spheroids mounted on Kapton tape were mapped for XRF elemental
distributions and microbeam XANES was acquired for regions of interest. Measurements
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were carried out in Brookhaven National Laboratory (BNL) National Synchrotron Light
Source I (NSLS I1) in the 8-BM Tender Energy X-ray Absorption Spectroscopy (TES)
beamline. Si(111) monochromator and Helium sample environment were used. For
elemental XRF mapping, the samples were raster-scanned with dwell time of 2 s per pixel
and a step size of 3.125 um at 4200 eV. All shown data were measured using the same
calibration. The emitted fluorescence signal was detected by Ge and Si-drift solid-state
fluorescence detectors. For XANES measurements, the X-ray beam energy was
continuously scanned from 3976 to 4136 eV with 0.3 eV energy step size, and beam size of
6 x 3 um. For each point, 80 scans (24 s each) were acquired. As a reference standard,
XANES of synthetic hydroxyapatite was measured[41]. Four sections from different
spheroids were mapped using XRF. For each spheroid section, XANES was acquired for 4
calcium-rich particles. Analysis was made using Athena software package[42], in which the
80 spectra were merged, and the merged spectra were background-subtracted and edge-step
normalized.

We ask the question of how are cancer cells involved in MC formation in breast tumors — via
a cell-mediated regulated process, an out-of-balance dysregulated process, or an unregulated,
dystrophic crystallization associated with dead or dying cells? Also, if MC formation is cell-
mediated, how does it vary as a function of malignancy potential of the cells and is it related
to a physiological process such as bone mineralization?

As most MCs form within the 3D microenvironment of mammary ducts, multicellular
spheroid models were used for this study to recapitulate physiologically relevant culture
context /in vitro. Since DCIS is the breast cancer subtype most commonly associated with
MCs[43], immortalized human breast epithelial cells that induce the development of ductal
carcinoma /n vivo (MCF10DCIS.com) were cultured in 3D for extended periods of times
(>10 days). These culture times allow the spheroids to reach and maintain diameters larger
than 300 um, in which regions of low cell density with dead and dying cells developed at the
core due to limited diffusion of oxygen and nutrients. To ensure physiological relevance of
the model, we cultured the spheroids in media that contained calcium, magnesium, and
phosphate concentrations similar to human blood, and lacked any osteogenic additives (see
Supplementary Table 1 for comparison of media composition to typical DMEM/F12 culture
media). As a control, cell-free wells with the same media content and conditions were
examined under optical microscope and verified that mineral deposition did not occur from
solution in the absence of cells.

Spheroids of DCIS cells were spherical in shape and, past a certain culture time
(approximately 5 days), were too dense to allow light propagation, rendering them opaque
using light microscopy (Fig. 1a, Supplementary Fig. S1). Spheroid diameter growth rate
appeared linear up to 12 days (Fig. 1a) and, with increased culture time, the core became
notably larger and darker (Supplementary Fig. S1). To better understand the spheroid 3D
structure and image both their core and periphery, we utilized nano-computed tomography
(nanoCT), generating high resolution data sets with pixel sizes of approximately 500 nm.
Fig. 1b shows low cell density at the core of the spheroid, as well as the presence of bright
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particles. Fig. 1c shows nanoCT 2D slices of the 3D volume of the spheroid, while the fine
surface morphology of the spheroid can be seen in Fig. 1d. The 3D interior view reveals that
the spheroid, which looks homogenous and spherical using light microscopy, contains
multiple lumens. To gain further information regarding the cellular arrangement within the
DCIS spheroid model and to confirm that it recapitulated histopathological features of DCIS
in clinical samples, we compared hematoxylin & eosin (H&E)-stained histological cross-
sections from both the DCIS spheroid model and actual patient samples. Consistent with the
nanoCT images, the spheroids contain a core region with lower cell density and regions of
cell death, surrounded by a viable cell region around the periphery (Fig. 1e and
Supplementary Fig. S2a,c). The clinical DCIS specimen (Fig. 1f) presented similar lumen-
like morphologies and areas of lower nuclear density that could be related to either cell
death or reminiscent secretory functions of mammary epithelial cells.

The bright particles observed in the spheroid (Fig. 1b) are of dense material and may
indicate the presence of mineral particles. Attempts to visualize phosphate mineral particles
using von Kossa staining of spheroid sections showed very few, if any, particles that stained
brown (Supplementary Fig. S3). To further look for evidence of mineral particles, we
examined thin sections of frozen spheroids using scanning electron microscopy (SEM).
Unlike standard procedures, we did not wash away the cryoprotectant embedding material
(OCT, see Methods), thus maintaining small mineral particles that may be lost during
conventional staining methods involving multiple washing steps, such as the von Kossa
staining. Similar to our observations from nanoCT scans and H&E-stained histological
cross-sections, the resulting cryosections contained cellular material and many lumens in the
spheroid interior (Fig. 2a). Higher magnification secondary and back-scattered electron
imaging of the spheroid section reveal that high-density particles are embedded inside the
matrix, many of them of sub-micron diameter (Fig. 2 b—c). Energy dispersive X-ray
spectroscopy (EDS) elemental analysis of the high-density particles showed that the
particles contain calcium, phosphorus, and sulfur (Fig. 2c). These calcium-containing
particles are observed in both the core and the periphery of the spheroid section. EDS
elemental analysis of other areas of the same sample, in which back-scattered electron signal
was not observed, did not contain calcium (Supplementary Fig. S4).

To study the mineral distribution in the spheroid sections and to determine the mineral
phase, we used synchrotron-based X-ray fluorescence (XRF) and X-ray absorption-near-
edge-structure (XANES) analyses of unwashed thin sections. Unlike bulk crystal
characterization methods in which it is challenging to detect small mineral particles within
large amounts of organic material, this synchrotron-based method allows us to first localize
mineral particles within the section by using XRF element mapping, and directly obtain
information about their local atomic structure through XANES analysis[44—46]. XRF maps
of the sections show that sulfur and phosphorus are dispersed within the tissue, while
calcium is localized into dense particles (Fig. 2 d, Supplementary Fig. S5). Some of the
calcium-rich particles also presented high phosphorus signal, from which Ca K-edge
XANES was acquired (Supplementary Fig. S5 a). The XANES spectra (Fig. 2e) of calcium-
and phosphorus-rich particles suggest that the particles are composed of substituted (or non-
stoichiometric) apatite, and possibly also sulfur-containing mineral. In comparison to the Ca
K-edge XANES spectrum of synthetic hydroxyapatite nanoparticles, the pre-edge 1s-3d
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peak location (4047.2 eV) of the particles is the same, while the peak intensity of
hydroxyapatite is slightly higher. The edge shoulder (1s-4s transition) is clear for
hydroxyapatite at 4052.4 eV, while less pronounced for the particles. Both the particles and
hydroxyapatite show an energy split at the white line energy (4055.4 eV - 4058.4 eV, 1s-4p
transitions) and their peaks are similar in intensity. The XANES of the particles shows a
peak at 4062.9 eV, which is present in calcium phosphates, and corresponds to 5s-
unoccupied state transitions[47]. The high intensity of the 4062.9 eV peak relative to the
hydroxyapatite standard may also be attributed to the presence of calcium sulphate[48].

To better understand whether the malignant potential of breast cancer cells influences MC
formation, we expanded our experiment to include not only the MCF10DCIS.com (ductal
carcinoma in situ) cells, but also the MCF10A (benign) and MCF10CA1a (invasive)
mammary epithelial cells. Mineral formation across the tumor progression series was first
evaluated in 2D culture, without the addition of osteogenic additives to the culture media
(Supplementary Fig. S6). As the malignancy potential of the cells increased, both Alizarin
red staining (ARS) and von Kossa staining increased, indicating an increase in mineral
formation consistent with previous results[24]. Moving into 3D culture, spheroids of the
non-malignant and invasive cells were characterized using light microscopy and nanoCT
(Fig. 3 a—d) and differed in their morphology and sizes (Supplementary Fig. S7).
Interestingly, the invasive spheroids show a similar linear growth rate to the DCIS, while the
non-malignant spheroids actually decrease in size with time (Supplementary Fig. S7A).
Much like the DCIS spheroids, the invasive spheroids were spherical and dense, showing a
dark core through which light does not propagate, while the non-malignant cell spheroid
core was less dense. The fine surface morphology of the spheroids, as imaged with the
nanoCT, showed that the non-malignant breast cells form less spherical structures than the
more invasive cells in the tumor progression series (Fig. 3 ¢, d). The more spherical shapes
of the spheroids formed by the malignant cells may be related to the increased contractile
forces of these cells relative to their less malignant counterparts. H&E-stained histological
cross-sections of the spheroids clearly showed the lack of a necrotic core in the non-
malignant MCF10A spheroids (Fig. 3e). In contrast, both the DCIS and invasive spheroids
developed distinct cores in which regions of dying cells with low cell density and of necrosis
were separated from the viable cell regions located at the spheroid periphery (Fig. 1e, Fig.
3f, Supplementary Fig. S2). Von Kossa staining of these spheroid sections showed very few,
if any, particles that stained brown, and only in the pre-cancer and invasive spheroids
(Supplementary Fig. S3).

XRF imaging confirmed the presence of calcium phosphate particles in the invasive
spheroids, similar to those found in the DCIS spheroids (Supplementary Fig. S8). The Ca-
edge XANES spectra from these particles were very similar to those obtained for the
particles formed in the DCIS spheroids (Fig. 2e), suggesting that the mineral phase within
the invasive spheroids is also a substituted, non-stoichiometric apatite (Supplementary Fig.
S8).

After showing that both DCIS and CAla spheroids were associated with MCs, while they
were absent in MCF10A spheroids, we next used nanoCT to localize, in 3D, the mineral
particles in the different areas of the spheroids. Dense particles were observed in the nanoCT
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scans as bright granules, compared to the gray color of the cells and matrix, which were
stained with iodine for contrast enhancement. For the non-malignant cells, almost no
particles were observed in the spheroids. In comparison, for the DCIS and invasive
spheroids, multiple bright particles were clearly observed (Fig. 4 a,b). By using the
brightness difference, the dense particles were segmented from the nanoCT data and were
represented as red particles dispersed in the spheroid volume (Fig. 4 a,d, Supplementary
video S9). The particle diameters detected in the DCIS and invasive spheroids ranged from
sub-micron to approximately 20 um, while the average particle size in the DCIS and invasive
spheroids was 7+3 um and 1145 um, respectively. The number of particles in the DCIS and
invasive spheroids per volume of 107 um?3 is 1.8 and 2.6, respectively (Fig. 4 b,e). Due to
resolution limits, however, the nanoCT data does not represent the actual particle
distribution in the spheroid and excludes sub-micron particles, which are known to exist in
the spheroids based upon SEM images (Fig. 2).

Even with that caveat, the nanoCT data does suggest that there is a difference between the
DCIS and invasive spheroids: there are more, and larger, particles dispersed in the spheroid
volume of the invasive spheroids as compared to the DCIS spheroids. Finally, the core was
identified by the nanoCT as a separate area at the spheroid center, which had lower contrast
and defined visible boundaries. For the DCIS spheroids, this core was ~ 100 um in radius,
while for the invasive spheroids it was ~ 140 pm. Interestingly, for both DCIS and invasive
spheroids, almost all particles were detected outside of the core, in the viable cell area (Fig.
4 ¢,f). In the DCIS spheroids, 30% of the particles were found within the 100 pum radius
core, while 70% were found within a spherical shell with an inner radius of 100 pm and an
outer radius of 150 um. In the invasive spheroids, no particles were detected within the inner
core and 100% of the particles were found within a spherical shell with an inner radius of
137 pm and an outer radius of 212 pm.

To better understand what, if any, cellular regulation is contributing to MC formation,
immunohistochemistry of spheroid cross-sections was used to detect proteins with known
roles in regulating mineralization: Alkaline phosphatase (ALP) and Osteopontin (OPN).
ALP is an early osteoblast marker expressed by osteoblasts during bone mineralization,
which converts pyrophosphates into free inorganic phosphate, thus acting as a promoter of
mineralization[49]. OPN is a protein strongly affecting mineralization, most often as an
inhibitor [50-52], which is also highly expressed in breast cancer[21,53] and is associated
with MCs[19,54].

Immunohistochemical analysis of sections stained for ALP shows high intensity staining of
the non-malignant spheroids, a prominent yet weaker staining of the DCIS spheroids, and a
very low intensity of the invasive spheroids (Fig. 5, top left). The trend was opposite for
OPN immunohistochemistry, in which the non-malignant spheroids showed very low
staining, which increased in the DCIS spheroids and was the strongest in the invasive
spheroids (Fig. 5, top right). These results were further confirmed by image analysis of the
immune-stained sections. Taken together, these results suggest that ALP levels decrease with
increasing spheroid malignancy and mineral particle number and size, while OPN levels
increase with increasing malignancy and mineral particle number and size (Fig. 5 bottom).
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Discussion

Mineral particles were observed mostly in the viable cell area of the spheroids and not in the
cores that consist of dead and dying cells, and the particle sizes and number increased with
malignancy: non-malignant < DCIS < invasive. Hence, MC deposition directly correlated
with spheroid malignancy potential. This trend, combined with the observation that most of
the particles were located in the viable cell area and not in areas of necrosis, shows that in
this 3D breast tumor model, cancer cells produce MCs in an active manner, even without
exogeneous induction of osteogenic differentiation. In addition, our findings indicate that
increased MC formation in the spheroids corresponds to upregulation of OPN and
downregulation of ALP, which could suggest mineral formation due to an imbalance of
mineralization inhibitors and promotors that is dependent on the cell malighancy potential.
Taken together, these findings suggest that in the spheroid breast tumor model, the
mechanism for MC formation is a combination of dysregulated (imbalance of mineralization
inhibitors and promotors) and unregulated (necrosis-related) processes, but is distinct from a
cellularly regulated, physiological bone-like process (Fig. 6).

2D cultures served as a comparison for the 3D spheroids, and were used to evaluate the
relationship between cell phenotype and mineralization ability. The non-malignant cells
showed minor staining of both alizarin red (calcium detection) and von Kossa (phosphate-
mineral detection), while the staining intensity of both stains increased with malignancy:
non-malignant < DCIS < invasive (Supplementary Fig. S6). Alizarin red and von Kossa
staining of MCF10DCIS.com and MCF10CA1a showed relatively homogeneous mineral
deposition, unlike the isolated patches observed in the spheroids. When considering the
observed increase in mineral deposition with increasing cell malignancy, two scenarios come
to mind: One is that the more invasive cells have an increased tendency to mineralization,
and the second is that the more invasive cultures contain higher amounts of cell debris that
may serve as nucleation site and induce unregulated mineralization. In 2D cultures, we
cannot distinguish between these two pathways.

The 3D spheroid model allowed us to differentiate between mineralization processes related
to cell death and to viable cells. As described, the nanoCT data provided evidence that in the
3D spheroids, more MCs are associated with the viable cell region than with the core. Our
SEM data (Fig. 2a—c) and previous results[15], however, showed that mineralization also
occurs in core areas, both /n vitroand in tissues. MCs in the core most likely form by
unregulated mineralization[56-59], but possibly via a dysregulated process followed by cell
death. Without further time-resolved observations, we cannot differentiate between these
two possibilities.

Using high resolution imaging, synchrotron XRF mapping, and XANES, we identified
apatite particles formed in both types of the malignant spheroids. As it is known that human
MCs are either calcium oxalate[55,60] or calcium phosphate minerals[1,2,15,59,61-63], the
fact that the spheroids reported here can produce non-stoichiometric apatite, the most
common calcium phosphate mineral found in breast tissues, shows the relevance of this
model to MC mechanistic studies. Future studies comparing Ca-edge and P-edge XANES of
the mineral particles found in the spheroids to microcalcifications from human tissue
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samples may further inform the relevance of the model. The mineralized particle sizes
reported here ranged from sub-micron to 20 um, below the resolution limit of
mammography. Similar sizes of MCs were recently reported in human breast tumor tissue
samples and could represent early stages of mineralization that then grow to the larger sizes
detected by mammography[15]. 3D localization of sub-micron particles within the
spheroids, however, will require the use of higher resolution volume techniques, such as
Focused lon Beam-Scanning Electron Microscopy imaging[64,65].

The occurrence of the key mineralization proteins OPN and ALP inside the spheroids was
assessed using immunostaining. OPN levels increased with spheroid malignancy and MC
number, supporting the recently suggested connection between OPN upregulation and MC
formation[66]. OPN is generally regarded as a mineralization inhibitor[67—70] that regulates
mineralization in a manner dependent on its phosphorylation state[71,72]. Importantly, in
addition to breast MCs[19-21], OPN is often found associated with pathological mineral
deposits such as kidney stones[73] and calcifications of papillary thyroid carcinoma[74].
The occurrence of OPN with pathological mineral deposits in vivo suggests that OPN might
either be involved in the deposition of mineral or, more consistent with its role as an
inhibitor, be upregulated in response to abnormal mineral deposition. Further research is
clearly required to better understand the complex role of OPN in MC formation pathways. In
contrast to OPN levels, ALP levels were high in the spheroids formed by non-malignant and
DCIS cells, and these levels decreased in the spheroids formed by invasive cells, which also
contain the largest number of mineral particles. This trend suggests that elevated ALP levels
are not directly related to elevated mineralization in the spheroids. Interestingly, 2D culture
of the same non-malignant cell line used here in 3D, showed low levels of ALP[24]. As ALP
is associated with physiological mineralization, it is less likely that MC mineralization is a
bone-like mechanism, as was recently suggested in /n vitro studies of 2D cultures[3,24,25].
Also, collagen, which has a crucial role in regulated physiological mineralization and
comprises up to 60% of bones, was demonstrated to not be associated with MCs /n
vivo[14,59].

Conclusions

3D multicellular spheroids recapitulating different stages of breast cancer progression can
serve as an /n vitro model for studying MC formation mechanisms. Without osteogenic
additives and in the presence of culture media that contains physiological concentrations of
calcium, mineralization increases with spheroid malignancy potential, is associated with
increased OPN and decreased ALP levels, and occurs primarily in the viable cell area of the
spheroids. This model demonstrates an active role for breast cancer cells in MC formation,
however, the observed mineralization is different from cellularly regulated physiological
mineralization and is suggested to be the result of a combination of cellularly dysregulated
and unregulated processes.

By providing a physiologically relevant culture microenvironment that is amenable to further
modification, e.g., by incorporating additional stromal cell types, varying the ECM context,
or applying varied soluble factor gradients, the described model system can be used to
identify which other parameters present in breast cancer patients, but lacking in conventional
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2D culture models may be affecting MC formation. Furthermore, the spheroid model can be
extended to more in depth mechanistic studies of MC formation, including tracking the
transport of calcium and phosphate ions within the spheroid, analyzing the 3D distribution of
particles smaller than the detection limit of conventional methods, testing inhibitors of
certain mineralization proteins, and exploring the relation between MCs, cancer metabolism,
and therapy response. Beyond investigations of MC formation pathways, this spheroid
model has the potential to provide insights into other aspects of breast cancer pathology. For
example, further studies can characterize changes in the compaosition of the extracellular
matrix as a function of malignancy potential (e.g., lipid and protein content), explore the
origins of the lumen-like morphologies, and observe cellular changes as a function of culture
time. Taken together, the results from this study contribute to our understanding of the link
between MC formation and tumor pathogenesis and will inform future studies of MCs
within human breast tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
DCIS spheroid characterization. a: Spheroid diameter dependence on time, 7= 10 spheroids

with standard deviation as the error bars. Inset: Light microscope image of a spheroid, scale
bar: 50 um. b: 2D slice of the spheroids from nanoCT data, showing the low cell density
core in the center. Dense particles (arrow) are brighter than the organic matrix (stained with
iodine to increase the contrast of the organic matrix) (Day 13). c: 3D reconstruction of a
spheroid from nanoCT scan data showing two orthogonal 2D slices of the spheroid and its
generated volume. d: 3D volume of reconstructed and segmented nanoCT data showing
spheroid surface morphology. e H&E staining of a spheroid cross section showing cell
nuclei in purple and cytoplasm in pink (Day 12). Regions of cell death are located at the core
(stars). f: H&E staining of clinical sample of human breast ductal carcinoma in situ (arrow)
and surrounding tissue. c, e, f: Lumens presenting as a decrease in cell density are observed
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(arrowheads). See Supplementary Fig. S2 for higher magnification images of H&E staining
of the core and periphery of DCIS spheroids.
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Fig 2.

M?neralized particles in pre-cancer DCIS.com spheroids. a: Scanning electron micrograph
of secondary electron signal of a spheroid section in which the marked area is magnified in
b-c. b: Scanning electron micrograph of secondary electron signal showing a magnification
of the core area marked in (a), showing the spheroid tissue structure. c: Scanning electron
micrograph of back-scattered electron signal from the same areas as (b) showing sub-micron
bright particles of high density embedded in the tissue. Inset: EDS spectrum obtained from
the bright particles area marked with an asterisk, showing presence of calcium, phosphorus
and sulfur. Note that the silicon signal results from the quartz slide substrate. d: XRF maps
of a spheroid section showing sulfur (S), phosphorus (P) and calcium (Ca) distribution. The
sulfur distribution mostly overlaps with the section shape, as sulfur is a typical element
found in biological tissues. Phosphorus is also abundant in the section in a dispersed manner,
while calcium is more localized in “hot spots”. The XANES spectrum of a particle in which
strong calcium and phosphorus signals are overlapping (arrows) is shown in (e). e: Ca K-
edge XANES of the particle marked in (d) and a hydroxyapatite standard, both measured
under the same conditions. Peak assignments are based on Eichert et al[47], note global 5 eV
energy shifts from our data. The pre-edge is marked with an arrow.
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Fig. 3.
Characterization of non-malignant MCF10A (day 13) (a, ¢, e, g) and invasive MCF10CAla

(day 12) (b, d, f, h) spheroids. a, b: Light microscope images of MCF10A (a) and
MCF10Cala (b) spheroids. ¢, d: 3D volumes of the reconstructed and segmented MCF10A
(c) and MCF10Cala (f) spheroids showing their surface morphology. e, f: H&E stained
histological cross-sections of MCF10A (c) and MCF10CAa (d) spheroids. g, h: 2D slices
of MCF10A (g) and MCF10CA1a (h) spheroids from nanoCT data (stained with iodine to
increase the contrast of the organic matrix), showing the spheroid cross section and bright
particle within the MCF10CA1la (arrow). No particles are observed in the MCF10A
spheroids. See Supplementary Fig. S2 for higher magnification images of H&E staining of
the core and periphery of MCF10CA1a spheroids.
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Fig 4.

NgnOCT reconstructed data showing MCF10DCIS.com (a-c) and invasive MCF10CAla (d-
f) spheroids, stained with iodine to increase the contrast of the organic matrix. a, d: Volume
rendering of the spheroid volume is shown in gray. High-density particles are shown in red
and are visible close to the spheroid surface. b, e The bright particles of higher density were
segmented from the 3D scans and are presented in red, shown throughout the entire spheroid
volume. c, f: Identification of the “core areas”. The rectangle outlined by green symbols is a
2D representation of a cube whose entire volume is enclosed within the core. Bright
particles that are observed inside this volume are considered as located in the core. In both
cell types, the majority of the high-density particles are localized outside the spheroid cores.
Supplementary video S9 provides 3D reconstruction of the spheroid slices, as well as
particle segmentation. All scale bars are 50 um.
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Fig.5.
Top: Immunohistochenistry of the non-malignant, in situ carcinoma and invasive spheroid

cross sections, showing the protein staining (brown) and counter-stain (blue) for alkaline
phosphotase (ALP) and osteopontin (OPN) (Day 12). Bottom: Image analysis of
immunostained cross-sections showing percentage of strong and medium positive (brown)
pixels out of total positive pixels for ALP and OPN stained spheroid sections. Error bars
represent standard deviations.

Biomaterials. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 24

Non-malignant Pre-cancer Invasive
Fig 6.

A schematic description of the proposed mineralization pathways in the 3D in vitro breast
cancer model of multicellular spheroids. Osteopontin (OPN) expression levels increase and
alkaline phosphatase (ALP) expression levels decrease with an increase of cell line
malignancy potential. Viable cell area (1) is shown in cyan and the necrotic core (2) is
shown in gray. Calcification is shown in red. The non-malignant spheroids show no necrotic
core and almost no calcifications are formed. With an increase of malignancy from non-
malignant to pre-cancer to invasive, the number of calcifications increases. In both pre-
cancer and invasive spheroids, more calcifications form in the viable cells area than in the
necrotic core, and the calcifications formed in the core are smaller. In the necrotic areas,
calcification formation is similar for both pre-cancer and invasive spheroids. Possible
scenerios for mineral deposition by cells in each area are shown to the right: (1) cellularly
dysregulated calcification, involving, for example, an imbalance of protein inhibitors and
promoters of calcification (2) unregulated calcification, involving mineral formation in areas
of cell death.
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