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Abstract

While ductal carcinoma /n situ (DCIS) is known as a precursor lesion to most invasive breast
carcinomas, the mechanisms underlying this transition remain enigmatic. DCIS is typically
diagnosed by the mammographic detection of microcalcifications (MC). MCs consisting of non-
stoichiometric hydroxyapatite (HA) mineral are frequently associated with malignant disease, yet
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it is unclear whether HA can actively promote malignancy. To investigate this outstanding
question, we compared phenotypic outcomes of breast cancer cells cultured in control or HA-
containing poly(lactide-co-glycolide) (PLG) scaffolds. Exposure to HA mineral in scaffolds
increased the expression of pro-tumorigenic interleukin-8 (I1L-8) among transformed but not
benign cells. Notably, MCF10DCIS.com cells cultured in HA scaffolds adopted morphological
changes associated with increased invasiveness and exhibited increased motility that were
dependent on IL-8 signaling. Moreover, MCF10DCIS.com xenografts in HA scaffolds displayed
evidence of enhanced malignant progression relative to xenografts in control scaffolds. These
experimental findings were supported by a pathological analysis of clinical DCIS specimens,
which correlated the presence of MCs with increased IL-8 staining and ductal proliferation.
Collectively, our work suggests that HA mineral may stimulate malignancy in preinvasive DCIS
cells and validate PLG scaffolds as useful tools to study cell-mineral interactions.

Keywords

PLG scaffolds; ductal carcinoma in situ; hydroxyapatite; mammary microcalcifications; malignant
progression

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]. MCs are associated with 90-95% of all
ductal carcinoma /n situ (DCIS) cases as well as some high risk invasive cancers [3-6]. The
presence of MCs in invasive ductal carcinoma (IDC) patients positively correlates with
tumor aggressiveness as indicated by 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 non-stoichiometric hydroxyapatite (HA) and related calcium phosphate
minerals [4,5,8,9]. 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
[10-15]. In a recent study focused on breast tumor spheroids, the increased deposition of
HA MCs within the viable cell regions correlated with cell line malignancy [16].
Collectively, these observations suggest that HA MCs may actively promote tumor
progression and consequently, increase metastatic potential. The underlying mechanisms,
however, remain unclear.

Both clinical and experimental studies suggest that DCIS is a precursor lesion to most
invasive breast carcinomas (IBC) [17], 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 [18]. To facilitate their escape from the primary site,
breast cancer cells are known to transition to a more mesenchymal phenotype [19] through a

Biomaterials. Author manuscript; available in PMC 2020 December 01.


http://MCF10DCIS.com
http://MCF10DCIS.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heetal.

Page 3

dynamic, multifactorial process characterized by dysregulated proliferation, loss of cell-to-
cell contact, and increased cell motility [18,20-22]. These properties are thought to be
regulated by a network of cytokines in the tumor microenvironment [23-27]. In particular,
interleukin-8 (IL-8) — which has been found to be enriched in neoplastic breast tissue [28,29]
and in the circulation of advanced breast cancer patients [30] — may be critical for the
induction and maintenance of a mesenchymal, de-differentiated phenotype [26,31] along
with promoting increased breast cancer cell invasiveness [32,33]. Importantly, there is
emerging evidence to suggest that IL-8 is upregulated in breast cancer cells interacting with
HA mineral [13,14]. 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 of breast cancer cells within poly(lactide-co-glycolide)
(PLG) scaffolds can be used to recapitulate pathologically relevant tumor
microenvironmental conditions [34,35]. When cultured within PLG scaffolds /n vitro, cancer
cells organize into tumor-like tissues that are representative of their /n vivo counterparts,
including comparable growth Kkinetics, cytokine secretion profiles, and formation of hypoxic
cores [34]. Additionally, PLG scaffolds can be used to effectively present mineral to cells
enabling studies of tumor cell-to-mineral interactions [13,14,36,37]. As such, HA-containing
PLG scaffolds are well suited to study how mammary MCs may control breast cancer cell
behavior. Here, this engineered 3D culture platform was employed to study breast cancer
cell interactions with HA mineral /n vitroand in vivo, with a particular focus on DCIS.
Isogenic breast cancer cell lines of increasing malignancy were profiled for HA-mediated
regulation of 1L-8 secretion and cell proliferation. Morphological and migratory hallmarks
of invasiveness were then assessed with a DCIS cell line cultured in HA scaffolds. Next,
antibody inhibition studies were performed to test whether HA-mediated effects on DCIS
cell motility were IL-8 dependent. Lastly, DCIS scaffold-xenografts were initiated in mice to
assess the effects of HA-mineral on malignant tumor progression.

Materials and Methods

Cell lines and growth media

Human mammary epithelial cell lines from the MCF10A cell line series — MCF10A,
MCF10DCIS.com, and MCF10CAla (Karmanos Institute) — were cultured in 1:1
DMEM/F12 (Gibco) supplemented with 5% horse serum (Invitrogen), 1% penicillin/
streptomycin (Gibco), 10 pg/ml insulin (Sigma), 0.5 pg/ml hydrocortisone (Sigma), 100
ng/ml cholera toxin (Sigma), and 20 ng/ml EGF (Millipore). Human mammary
adenocarcinoma cell line MDA-MB-231 (ATCC) was cultured in DMEM (Gibco)
supplemented with 10% FBS (Atlanta Biologicals) and 1% penicillin/streptomycin (Gibco).

Scaffold fabrication

Porous, polymeric scaffolds were fabricated using a gas-foaming, particulate leaching
method [13]. For hydroxyapatite-containing (HA) scaffolds, poly(lactide-co-glycolide)
(PLG) microparticles (ground and sieved, ~250 um diameter; Lakeshore Biomaterials) and
PLG microspheres (formed by double emulsion, ~5-50 um diameter; Lakeshore
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Biomaterials) were dry-mixed with nanocrystalline hydroxyapatite (Sigma #677418; phase-
pure; stoichiometric; length 20-600 nm) and sodium chloride (sieved, ~250-400 pm
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.

Three-dimensional cell culture

Scaffolds were sterilized in 70% ethanol for 20 minutes, washed multiple 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 and
infiltration within the scaffold.

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 uCT system (Zeiss) and false-colored
based on the attenuation coefficient (Avizo). 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.

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 cell-seeded scaffolds with TRIzol® (Invitrogen) according to
manufacturer instructions and 1 pg was reverse transcribed to cDNA (gScript cDNA
supermix, Quanta BioSciences). Quantitative real-time polymerase chain reaction (qQRT-
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’- agagctgcagaaatcaggaaggcet-3’) and human p-actin
(fwd: 5’ - aatgtggccgaggactttgattge-3’, rev: 5’- aggatggcaagggacttcctgtaa-3”) (IDT
Technologies). Quantitative analysis was performed based on the AAC; method [38]. Sample
size was n = 3 or greater per condition.
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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 pg/ml fibronectin (Gibco) (Fn). The re-
seeded cells were maintained in standard culture conditions for either 4 hours to analyze
single cell morphology or 24 hours to analyze cell colony 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 epifluorescence 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 (hormality of residues, constant variance). The
resulting data were analyzed using a mixed model with random (sample and nested
replicates) and fixed (condition) 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.

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
pg/ml) optically clear 96-well plates for live cell tracking (IncuCyte) over 24 hours. IL-8
antibody (20 pg/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 pg/ml; Corning) transwells (8.0 pm 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 pg/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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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 using an approved IRB protocol. Frozen blocks were cryosectioned
to 12 um thickness and mounted on pre-cleaned glass slides. Prior to staining, sections were
heated 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 peroxidase
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 ug/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 Aperio ScanScope System (Leica).

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 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.

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-Foxn1™ mice (n =5 or 6) from Envigo were
used for MCF10DCIS.com scaffold-xenograft studies. Scaffolds were seeded with 5x10°
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.
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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 board-certified
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, 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 (ten 200x
fields counted per sample). This analysis was performed blind.

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 analyses were used to compare
parametric data. 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.

Results

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 previously
engineered a mineral-containing, scaffold-based culture platform [13,39]. The HA used in
these scaffolds is commercially available, nanocrystalline HA, which we have thoroughly
characterized by X-ray diffraction, IR spectroscopy, and transmission electron microscopy
[14]. Here, we confirmed that these scaffolds enable direct interaction between HA mineral
and the seeded cells. To test that mineral is available for cellular interactions, we soaked
scaffolds in the calcium-chelating agent Alizarin Red S Stain (ARS). Indeed, mineral-
containing but not control scaffolds exhibited strong red staining, indicating the surface
presence of HA (Fig. 1A). Microcomputed tomography of scaffolds showed a homogeneous
distribution of mineral throughout the porous matrix and comparable pore sizes between
mineral-containing HA scaffolds and control PLG scaffolds (Fig. 1B), confirming previous
results [13]. Breast cancer cells were statically seeded into the scaffolds and maintained in
dynamic culture conditions (Fig. 1C) to promote oxygen and nutrient supply via convection,
a process necessary to form tissue-like structures (Fig. 1D) in 3D. Von Kossa staining of
cross-sections prepared from the seeded scaffolds showed that the cells attached along
mineral-containing surfaces (Fig. 1D), which corroborated earlier work suggesting that
breast cancer cells directly adhere to mineral-presenting substrates, including mineral-
containing PLG scaffolds [13], mineral-coated surfaces [15], and mineralized collagen
fibrils [40].
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Correlation between IL-8 enrichment and the presence of MCs and proliferative ductal
epithelia in clinical specimens

We had previously shown that interactions with HA mineral stimulate IL-8 secretion and
proliferation in metastatic breast cancer cell lines /in vitro [13-15]. To evaluate the clinical
relevance of these findings to DCIS, we analyzed a set of human breast tissue samples with
mostly mixed DCIS and invasive ductal carcinoma (IDC) pathologies. Microcalcifications
were detected via mammography in over half of these patients and generally presented with
morphologies that are linked with malignant lesions (Fig. 2A) [4]. IL-8
immunohistochemistry (IHC) showed variable staining patterns in all samples, with IL-8
present in ducts, stroma, or both (Fig. 2B). Pathological scoring revealed that IL-8 staining
intensity was greater in samples with mammographically detected MCs (Fig. 2C), and
within ducts, there appeared to be a positive correlation between ductal I1L-8 staining
intensity and ductal proliferation (Fig. 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.

HA mineral regulates breast cancer cell proliferation and IL-8 secretion based on

malignancy

To more directly investigate how the progression of breast cancer influences responses to
HA mineral, we cultured three isogenically matched MCF10 cell lines — normal MCF10A
(10A), premalignant MCF10DCIS.com (DCIS), and metastatic MCF10CAla (CAla) [41] -
in mineral-containing scaffolds and used non-mineral-containing scaffolds as controls. We
extracted nucleic acids from these scaffold-tumors to quantify cell growth using a DNA
assay and IL-8 gene expression using gRT-PCR (Fig. 3A); we also quantified IL-8 secretion
in the tumor-conditioned media using ELISA (Fig. 3A). We observed that HA stimulated
proliferation in the normal (10A) and premalignant (DCIS) cell lines, but not in the invasive
(CA1la) cells (Fig. 3B). Conversely, however, HA upregulated IL-8 gene expression (Fig.
3C) and soluble factor secretion (Fig. 3D) in the premalignant (DCIS) and metastatic
(CA1a) cell lines, but not in the benign (10A) cells. Collectively, these data suggest that
breast cancer cell exposure to HA mineral results in proliferation and 1L-8 secretion
responses dependent on malignant potential. Consistent with previous work, the detected
differences in IL-8 secretion may be dependent on the engagement of the avp3 integrin
(Fig. S1) with proteins adsorbed onto HA mineral surfaces [42]. For the remainder of the
study, we focused on the MCF10DCIS.com cell line, as they can form, in xenograft models,
comedo-type lesions histopathologically representative of the high-grade DCIS in human
samples [43]. Notably, this DCIS cell line exhibited a pronounced response to HA mineral,
as both proliferation (Fig. 3B) and IL-8 expression (Fig. 3C, D) were increased, findings that
are consistent with the histopathological analyses of human breast samples.

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

As tumor cell malignancy is frequently accompanied by changes in morphology [44], we
were next interested in whether breast cancer cell interactions with HA mineral could lead to
altered morphological characteristics. To this end, DCIS cells were pre-cultured in either
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mineral-containing or control scaffolds, trypsinized, and re-seeded onto Fn-coated glass
coverslips for F-actin staining and imaging via epifluorescence microscopy (Fig. 4A). A
tissue culture-treated polystyrene condition (2D) was included to control for effects of
dimensionality and confirm that any observed effects were not due to enzymatic dissociation
from scaffolds during the re-seeding process. Strikingly, DCIS cells pre-cultured in HA
scaffolds adopted a wide variety of mesenchymal shapes associated with increased motility,
including elongated spindles, dendritic stellates, and others [45,46] (Fig. 4B). We then
quantified these changes by calculating, for each cell analyzed, a Morphology Factor (MF),
which we determined to be effective at capturing motile cell shape diversity, especially when
compared to the aspect ratio (Fig. S2). Indeed, 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. 4B, C). To assess how the formation of tumor cell colonies was
impacted by prior exposure to HA mineral, we cultured the re-seeded DCIS cells for a total
of 24 hours before imaging. We observed that HA appeared to promote hallmarks of
invasiveness [47], including processes connecting multiple cell bodies and decreased cell-to-
cell contact (Fig. 4D) when compared with PLG. Quantifying the relative number of cell
clusters [48] 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. 4E). As expected, tumor cells pre-cultured in 3D
exhibited significantly different behavior compared to their counterparts pre-cultured in 2D
with regards to cell morphology and clustering. DCIS cells pre-cultured in 2D controls were
generally rounder (Fig. 4B), and readily formed organized colonies with defined cell-to-cell
junctions (Fig. 4D, E).

HA mineral increases DCIS cell motility through IL-8

Cells that adopt mesenchymal morphologies and exhibit increased individualization are
associated with greater migratory potential [18,21,23]. Therefore, we then asked whether
exposure to HA mineral in PLG scaffolds could increase the motility of 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. 5A). A 2D condition was also included here to account for other
experimental variables, as discussed above. We observed an increase in the random
migration speed of DCIS cells pre-cultured in HA scaffolds versus control PLG scaffolds
(Fig. 5B). Interestingly, a subset of HA pre-cultured DCIS cells also exhibited evidence of
greater migratory persistence (Fig. 5C). To assess if the detected increase in HA-mediated
motility was dependent on IL-8 signaling, we treated the pre-cultured cells with a function
blocking IL-8 antibody at the start of the tracking period. Indeed, IL-8 inhibition decreased
both migration speed and persistence in DCIS cells exposed to HA, but in contrast, no
differences were observed in the control PLG scaffold condition with the same IL-8
antibody treatment (Fig. 5B, C). Moreover, we also found HA pre-cultured cells were
responsive to IL-8 antibody treatment in a trans-well assay, supporting the role of IL-8
signaling on directed migration (Fig. S3). DCIS cells exhibited greater speed and persistence
when pre-cultured in the 3D scaffold systems versus the 2D control (Fig. 5B, C),
corresponding with the above-described changes of cell morphology associated with culture
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dimensionality. Taken together, these data suggest that DCIS cells interacting with HA-
mineral exhibit increased motility, an effect that could be regulated by IL-8 signaling.

Exposure of DCIS cells to HA mineral in scaffolds promotes features of increased
malignancy in vivo

To assess the /n vivo relevance of the above /n 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. Scaffold-xenografts were harvested after 4 weeks and subjected to
histopathological analyses (Fig. 6A). As expected, both HA and PLG scaffolds were largely
degraded by the experimental endpoint (data not shown) [49]. 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. 6B, C), which is comparable to previous non-scaffold-based xenograft
studies with the same MCF10DCIS.com cell line at this timepoint [43]. In contrast, H&E
staining revealed significantly disorganized epithelial morphologies within the HA condition
(Fig. 6B, C). Furthermore, Masson’s trichrome staining revealed increased levels of fibrosis
within HA scaffold-xenografts (Fig. 6D, E). DCIS xenografts initiated in HA scaffolds also
showed greater mitotic activity versus DCIS xenografts initiated in PLG scaffolds (Fig. 6F).
Interestingly, specimens that exhibited greater mitotic activity were also characterized by
more fibrosis (Fig. 6G). To assess whether IL-8 could be upregulated by the presence of
mineral /n vivo, we also prepared tumor lysates and collected serum and performed ELISA-
based cytokine detection. A subset of mice carrying HA-scaffold xenografts exhibited
greater tumor and serum IL-8 relative to their PLG counterparts (Fig. 6H). There was a
correlation between tumor and serum IL-8 concentrations within the HA but not the PLG
condition (Fig. 6H). Taken together, these data suggest that HA mineral may regulate tumor
malignancy /n vivo, as evidenced by decreased epithelial organization, increased
desmoplasia, and potentially enhanced IL-8 secretion. Importantly, the results from these
scaffold-xenograft studies imply that our 7 vitro findings are relevant to /n vivo scenarios
and provide additional experimental evidence that HA-mineral could be actively promoting
the malignant progression of breast cancer.

Discussion

Mammary MCs have been correlated with malignant progression in breast cancer but have
thus far been primarily treated 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 has confirmed that these malignant calcifications consist of non-
stoichiometric HA [5]. Left untreated, between 14-53% of DCIS will progress to invasive
breast cancer [50]. 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 phenotypic characteristics within DCIS lesions that facilitate the transition to a
more malignant condition. By using a tissue-engineered culture model of DCIS to
interrogate cell-mineral interactions both /n vitro and in vivo, we found that HA mineral can
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stimulate premalignant DCIS cells to develop invasive characteristics through a mechanism
that may be dependent on IL-8 signaling.

Previous studies focused on bone metastasis have suggested that HA can stimulate
secretions of various soluble factors in already aggressive breast cancer cells [13,14]. Here,
we have observed that interactions with HA may also drive disease progression of DCIS by
increasing IL-8 secretion. Our IHC analysis of human DCIS/IDC specimens correlates IL-8
enrichment with the presence of mammographic calcifications and proliferative ductal
epithelium. /n vitro studies using the HA scaffold system with a panel of different breast
cancer cell lines further suggested that transformed cells may increase IL-8 secretion in
response to HA regardless of their molecular profiles or subtypes. In contrast, non-
transformed MCF10A cells 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. Importantly, the increase
in IL-8 secretion has been attributed to the inherent bioactivity of HA rather than stiffness
differences between control and HA-containing PLG scaffolds [13]. 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 [51-54] and high IL-8
levels observed clinically in patients with metastases [30]. Interestingly, enhanced 1L-8
levels can stimulate invasion and metastasis via different mechanisms, for example, by
promoting EMT via the overexpression of the transcription factor Brachyury [31] and by
supporting angiogenesis [55,56], hypoxia response [34,56], and cancer stem cell regulation
[52,57,58]. Future work will need to explore at more detailed molecular levels how exposure
to HA mineral influences these various processes.

The observed HA-mediated increase of IL-8 secretion could be due to altered integrin
engagement of breast cancer cells interacting with mineral versus control scaffolds. Integrins
are cell adhesion receptors that govern intracellular signaling pathways [59] and can regulate
the breast cancer metastatic phenotype [60]. Previous studies have shown that IL-8 secretion
is linked to integrin-mediated cell adhesion [55,61], the dynamics of which are changed in
mineralized cell culture systems due to differential protein adsorption onto mineral-
containing surfaces [14,15]. Indeed, engagement of avp3 integrins contributed to IL-8
secretion by breast cancer cells exposed to mineral, as treatment with an avp3 function-
blocking antibody inhibited this effect (Fig. S1). Interestingly, IL-8 itself can increase
expression of avp3 [62,63], pointing to a possible positive feedback loop between HA-
mediated avp3 integrin engagement and IL-8 expression. Although avp3 integrin
expression levels have not been characterized in the MCF10 cell line series, integrin-
mediated signaling events appear to play a more critical role in the transformed
MCF10DCIS versus the non-transformed MCF10A cells [64]. Relative to MCF10A,
MCF10DCIS cells possess high levels of the activated, phosphorylated forms of ERK and
AKT [65], which are key to integrin-mediated signal transduction [59] that can stimulate the
expression of chemokines such as IL-8 [66]. These studies suggest that an abundance of
hyperactive signaling proteins essential to integrin-based signaling could explain the
increased 1L-8 expression in DCIS cells interacting with HA mineral in culture.
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Additionally, HA-related changes in integrin engagement could be further regulated by the
cell-surface glycoprotein CD44, which is a key mediator of cell-extracellular matrix (ECM)
interactions [67]. In contrast to MCF10A, MCF10DCIS cells express the alternative isoform
CDA44yv [65]. Interestingly, CD44v has been shown to promote integrin activation through
engagement with osteopontin (OPN) [68], a secreted sialoprotein that is highly expressed in
MCF10DCIS cells [16,69] and has a strong binding affinity for HA mineral [70]. Moreover,
recent studies suggest that OPN is associated with increased breast cancer cell deposition of
MCs and the capacity to metastasize [71,72]. As such, investigating the interplay between
HA-OPN in the breast cancer microenvironment, tumor cell-surface CD44v, and integrin-
mediated signaling pathways in future studies promises to reveal additional mechanistic
insights.

The malignant transition of epithelial tumors is characterized by significant changes in
tumor cell morphology [44], 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 [34]. 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. 3B, S3) [73]. Carcinoma cells are known to rapidly switch between these
phenotypic states when moving through a 3D matrix environment [74], and the significantly
increased diversity of cell shapes (Fig. 3B, S3) 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 [74], as a subset of these cells exhibited more persistent
movement (Fig. 4C). Invasive tumor cells can theoretically leverage multiple modes of
motility to better respond to physical or biochemical changes in their environments [18].
Interestingly, these pre-cultured tumor cells still maintained 3D morphophenotypic
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 [75] 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 1L-8 signaling in the HA-mediated
increase in DCIS cell motility. Because our migration studies do not incorporate other cell
types or additional soluble factors (Fig. 4, S3), 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 [26] and has been shown to stimulate
migratory behavior in both normal endothelial [76] and tumor [77,78] 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 (IL-6), as it has been recently shown to be working in concert with IL-8 to
promote cell migration [79]. 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, MC formation may also form via active,
cell-mediated processes [80] that increase as a function of breast cancer malignancy [16].
More specifically, breast epithelial cells with mesenchymal characteristics may produce
calcifications in a manner similar to osteoblasts during physiological bone formation and
may be associated with the development of bone metastases [71,81]. Mammary tumors are
also known to recruit pro-tumorigenic mesenchymal stem cells [82] that can spontaneously
calcify [83,84]. Thus, we can speculate 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. More studies
will be needed to assess how the physicochemical and materials properties of HA MCs in
calcified breast tissue affect disease progression. Furthermore, DCIS are typically highly
heterogeneous [85] with spatial variations in pathology, and thus cellular responses to HA
MCs may not only differ across patients, but even within the same patient. In future work,
performing a large-scale analysis of MC-containing tissue samples from controlled patient
cohorts of DCIS and IDC will be essential to exploring how the physicochemical properties
and microenvironmental context of HA MCs influences the progression of breast cancer. To
experimentally assess functional connections and potential mechanisms, mineral-containing
scaffolds could be re-engineered with specially-synthesized HA nanoparticles and employed
in appropriate /in vitroand in vivo setups.

Conclusions

Using a tissue-engineered model to study cell-mineral interactions in the breast tumor
microenvironment, our data implies 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 progression
towards increased tumor malignancy. 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.
Specifically, pathological analysis of MC and IL-8 co-localization may enable a more
accurate prediction of whether a DCIS patient ultimately develops invasive breast
carcinoma.
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Fig. 1. Hydroxyapatite-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 a function of the
attenuation coefficient, which increases with atomic number. (C) Setup of 3D culture
system: breast cancer cells were statically seeded onto HA-containing PLG scaffolds and
then maintained under dynamic culture conditions on an orbital shaker. (D) Representative
Von Kossa-stained histological cross-sections 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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A

ID Pathology MCs Presentation IL-8 Age Meno. BMI ER PR HER2
1 DCIS/IDC N No suspicious microcalcifications 0 50 Pre 2753 Pos Pos Neg
2 DCIS/LCIS/IDC N No description available 2 71 Post 3346 Pos Pos Neg
3 DCIS/IDC N None identified 2 51 Pre 2236 Neg Pos Neg
4 DCIS/LCIS/NIDC N None identified 0 53 Post 2937 Pos Pos Neg
5 DCIS/NDC N No description available 2 64 Post 27.30 Pos Pos Neg
6 DCIS/IDC N  None identified 2 47 Pre 2810 Pos Pos Neg
7 DCIS/DC N None identified 1 83 Post 2436 Pos Pos Neg
8 DCIS/IDC/ILC Y Pleomorphic calcifications in segmental distribution 2 57 Post 30.35 Pos Neg Pos
9 DCIS/IDC Y Malignant pleomorphic calcifications 3 47 Pre 23.78 Pos Pos Neg
10 DCIS/LCIS/NDC Y Pleomorphic calcifications 3 60 Post 2349 Neg Neg Pos
11 DCIS/IDC Y Pleomorphic microcalcifications 2 50 Post 28.35 Pos Neg Pos
12 DCIS/IDC Y Pleomorphic calcifications considered to be indeterminate 2 57 Post 23.46 Neg Neg Pos
13 DCIS/IDC Y Extensive heterogeneous and pleomorphic calcifications, cross the midline medially 2 26 Pre 19.61 Pos Pos Neg
14 DCIS/IDC Y Pleomorphic calcifications 2 44 Pre 2332 Neg Neg Pos
15 DCIS/IDC Y Associated microcalcifications 1 62 Post 3431 Neg Neg Pos
16 DCIS/DC ¥ Amorphous calcifications 3 40 Pre 2640 Neg Neg Neg

Notable abbreviations: ‘DCIS' - ductal carcinoma in situ; 'IDC' - invasive ductal carcinoma; ‘LCIS' - lobular carcinoma in situ; *ILC’ - invasive lobular carcinoma;
‘MCs' - mammographic calcifications; ‘IL-8" - total IL-8 immunohistochemistry score; ‘Meno.' - menopause
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Fig. 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). This chart represents an expanded version of a previously
published dataset [5]. (B) Representative IL-8 IHC with hematoxylin counterstain. Image
labels: (i) - Weak ductal; (ii) - Strong ductal; (iii) - Strong ductal and stromal; (iv) — No 1gG.
Scale bars, 200 pm. (C) Histopathological scoring for the degree of total 1L-8 stain as a
function of mammaographic 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 O
representing negligible intensity and 3 representing maximum staining. Rubric for ductal
proliferation: 0-to-3, with O representing negligible proliferation and 3 representing
excessive proliferation and total deterioration of acinar architecture. 1 vs. >1: p<0.05.
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Fig. 3. Hydroxyapatite mineral regulates breast cancer cell proliferation and I1L-8 secretion

based on malignancy

(A) Schematic showing extraction of nucleic acids and quantification of soluble factors from
3D cultures of MCF10 series-seeded scaffolds. (B) Fluorimetric quantification of DNA
harvested from breast cancer cell lines cultured in scaffolds. (C) gRT-PCR analysis of I1L-8
gene expression from RNA harvested from breast cancer cell lines cultured in scaffolds. (D)
Levels of secreted IL-8 in tumor-conditioned media as quantified by ELISA and normalized
to fluorimetrically-determined DNA content. Data are means +/— SD. For all plots, *p<0.05.
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Fig. 4. DCIS cells interacting with hydroxyapatite mineral in 3D culture adopt morphological
hallmarks of invasiveness.

(A) 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 pre-cultures on polystyrene were used as controls. (B) Representative cell
morphologies of F-actin- and DAPI-stained DCIS cells exposed to different pre-culture
conditions. 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 um. (C) Box-and-whisker
plots comparing MFs between pre-culture conditions. Whiskers represent the 51 and 95t
percentile. Outlier data points are depicted as dots. *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 um; bottom
panels, 50 um. (E) Graph comparing % clustering between pre-culture conditions. Data are
means +/— SD. *p<0.05.
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Fig. 5. Hydroxyapatite mineral increases DCIS cell motility through IL-8.
(A) 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 pg/mL) at the start of the
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tracking period. Cells were analyzed for their x- y- movement over 300-minute timeframes.
2D polystyrene pre-cultures were used as controls. (B) Comparison of 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. 6 (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 bars, 100 um.
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Fig. 6. Exposure of DCIS cells to hydroxyapatite mineral in scaffolds promotes features of
increased malignancy in vivo.
(A) 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 stained cross sections showing epithelial
organization. (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’s 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 5 and 95t
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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 5t and 95t
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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