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In patients with breast cancer, lower bone mineral density increases the
risk of bone metastasis. Although the relationship between bone-matrix
mineralization and tumour-cell phenotype in breast cancer is not
wellunderstood, mineralization-induced rigidity is thought to drive
metastatic progression viaincreased cell-adhesion forces. Here, by using
collagen-based matrices with adjustable intrafibrillar mineralization, we

show that, unexpectedly, matrix mineralization dampens integrin-mediated
mechanosignalling and induces a less proliferative stem-cell-like phenotype
inbreast cancer cells. In mice with xenografted decellularized physiological

bone matrices seeded with human breast tumour cells, the presence of
bone mineral reduced tumour growth and upregulated a gene-expression
signature that is associated with longer metastasis-free survival in patients
with breast cancer. Our findings suggest that bone-matrix changesin
osteogenic niches regulate metastatic progression in breast cancer and that
in vitro models of bone metastasis should integrate organic and inorganic
matrix components to mimic physiological and pathologic mineralization.

Breast cancer frequently metastasizes to bone where it leads to oste-
olysis and poor clinical prognosis'~, but therapies to treat or prevent
bone metastasis are lacking. Most previous research has focused on
clinically apparent bone degradation uncovering that unbalanced
osteoclastactivity and consequential activation of the ‘vicious cycle of
bone metastasis’ allow asymptomatic residual disease to develop into
overt metastasis*’. However, how tumour cells initially colonize and
surviveintheskeletal microenvironmentis poorly understood. Indeed,
tumour cells can disseminate to bone very early during tumour devel-
opment and enter a state of latency in which they proliferate less and

assume stem cell-like properties®®. Activation of these latent tumour
cellsto amore proliferative phenotype contributes to their outgrowth
into metastatic tumours after years or even decades. As microenviron-
mental conditions are key determinants of tumour-cell latency and
stemness”, it will be critical to better define how bone-specific niches
and changes thereofinfluence the stem-like phenotype of tumour cells
inthe skeleton.

While most research on early-stage bone metastasis focuses
on the marrow, tumour cells also colonize osteogenic niches in the
skeleton. These niches consist of osteoblasts and their progenitors
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whose hallmark function is to deposit and mineralize extracellular
matrix (ECM)>'° (Fig. 1a). Conditions affecting osteoblasts and their
progenitors (such as aging or chemotherapy) inhibit the formation
of mineralized matrix and alter the secretome of osteoblast-lineage
cells™. While the secretome has been shown to regulate metastatic
latency” and outgrowth™", it remains underappreciated how varied
bone ECM formation and mineralization influence tumour-cell phe-
notype. Better understanding these connections willbe important as
changes in the ECM play a key role in regulating tumour-cell pheno-
type because (1) disseminated cancer cells directly interact with the
matrix'** and (2) patients with breast cancer with decreased bone
mineral density have a higher risk of developing bone metastasis™".

During osteogenesis, osteoblasts first deposit osteoid, the col-
lagen I-rich unmineralized component of bone ECM within which
carbonated hydroxyapatite (HA; Ca,,(PO,CO,)(OH),) nanoparticles
subsequently form*® (Fig.1a). This process of mineralization is accom-
panied by distinct changes in bone-matrix mechanical properties (such
asincreased stiffness and reduced stress relaxation”), which canimpact
tumour-cell phenotype through altered mechanosignalling?® 2. Moreo-
ver, bone-matrix mineralization isadynamic process that changes as a
function of anatomical site, age, diet and disease”***. How changesin
bone-matrix mineralizationinfluence the phenotype of tumour cells,
however, remains unclear due in part to a lack of model systems that
allow selective control over bone-matrix mineral content for mecha-
nistic studies. Studies with such systems will be critical to elucidate
why reduced bone formation and local mineral density increase the
risk for bone metastasis'>?, whereas conditions promoting new bone
formation and mineralization inhibit bone metastasis**?’,

Conventional models of breast cancer (that is, two-dimensional
cell culture and mouse models) fail to (1) recapitulate compositional,
structural and mechanical alterations of bone matrix and (2) allow
control over the level of mineralization that changes during osteo-
genesis and in response to conditions that correlate with increased
risk for bone metastasis (in particular, age, vitamin D deficiency and
premetastatic bone remodelling)*****°*', More advanced methods
such as culturing fragments of tumour-cell-containing mouse bones
ex vivo canrecapitulate tumour-cell interactions with bone matrix in
the presence of bone-resident tumour cells, but matrix mineraliza-
tion cannot be controlled independently in this system®. While many
protocols have been developed to mineralize biomaterials for cell
culture studies or regenerative applications, most of these methods
deposit HA on top of substrates rather than mimicking physiological
mineralization. Yet, bone matrix is acomposite material whose unique
mechanical properties are determined by HA-enforced collagen fibres
that form by intrafibrillar nucleation of the mineral phase within the
organic matrix'**,

Herewereportthe development of osteoid-like and bone-like scaf-
folds in which we can selectively adjust bone-matrix mineral content
for bothin vitro and in vivo experiments in a physiologically relevant
manner. These model systems include: (1) 2.5D collagen matrices in
which we synthetically induce bone-like intrafibrillar mineralization
through a modified polymer-induced liquid precursor (PILP) method**
and (2) decellularized trabecular bone scaffolds in which we can selec-
tively remove mineral without affecting organic ECM compositionand
microstructure. Using these biofunctional scaffolds, we probed the role
of bone-matrix mineralization in regulating the phenotype of breast
cancer cellsin vitro and tested which role mechanosignalling plays in
this process. Then, we evaluated the impact of our results on tumour
growth inmice and on patient prognosis using bioinformatic analyses
of published clinical datasets. Collectively, our results suggest that the
mineral content of bone matrix regulates skeletal metastasis by influ-
encingthe phenotype of breast cancer cells. These findings underscore
that bone matrix is animportant component of the osteogenic niche
that canimpact bone metastasis and should thus be considered when
designing model systems for studies of breast-cancer bone metastasis.

Results
Mineralizing bone niches attract tumour cells and can be
mimicked invitro
Whether disseminated tumour cells localize to skeletal regions of new
matrix mineralizationis poorly characterized given the intrinsic diffi-
culty ofimaging rare numbers of tumour cells within fully intact, highly
autofluorescent mineralized bones. To circumvent this challenge, we
labelled MDA-MB231 breast cancer cells with bright fluorescent silica
nanoparticles andintracardially injected theminto athymic nude mice
inwhich newly mineralizing bone surfaces were labelled with calcein®.
Asexpected, cancer cellslocalized to niches within the marrowin this
model*®. However, light-sheet microscopy of cleared mouse tibiae also
revealed that tumour cells co-localized with regions of new matrix
mineralization (Fig. 1b), consistent with previous results identifying
the osteogenic niche as a target for early-stage bone colonization™.
Toinvestigate whether bone-matrix mineralization alone affects
the phenotype of tumour cells, we used a bone-like ECM system in
which we induced biofunctional intrafibrillar mineralization of col-
lagen using a modified PILP method***. We chose collagen type I for
this system as osteoid primarily consists of collagen type l and because
bone-matrix mineralization primarily occursin collagen type I fibres®.
Briefly, collagen was cast into polydimethylsiloxane (PDMS) microwells
oronglass coverslips and mineralized in asolution containing calcium
and phosphate ions as well as polyaspartic acid (PAA) to control the
formation of HA nanocrystals within collagen fibrils (Fig. 1c). In this
system, the PAA serves a function similar to non-collagenous proteins
inbone, resulting in the formation of bone-like mineralized collagen
fibres®. Scanning electron microscopy (SEM) image analysis confirmed
that mineralization did notimpact the fibrous architecture of collagen
butincreased the thickness of individual fibrils (Fig. 1d,e) due to min-
eral formation as confirmed by backscattered electron (BSE) imaging
(Fig. 1d). Fourier transform infrared (FT-IR) spectroscopy and pow-
der X-ray diffraction (pXRD) further identified that the chemical
composition and phase of the newly formed mineral were consistent
with HA (Fig. 1f,g). The FT-IR spectra of both control and mineral-
ized collagen contained characteristic protein amide peaks between
1,200-1,700 cm™, while PO,*” peaks indicative of HA (500-700 cm™
and 900-1,200 cm™) were only detected in mineralized collagen
(Fig. 1f). Moreover, the mineral content of these matrices was compara-
ble to that of humanbone as suggested by FT-IR analysis of the mineral
to matrix ratio (Extended Data Fig. 1; mineralized collagen: ~4; human
bone: 3-6)%*. The phase of the mineral that formed in collagen was
similar tothe poorly crystalline, non-stoichiometric carbonated apatite
inbone® asindicated by the presence and broadening of pXRD peaks
at 26° and 32° (Fig. 1g). Collagen is a viscoelastic material that under-
goes nonlinear elastic changes upon deformation. Upon mineraliza-
tion, the nonlinear elastic response of the collagen will change, hence
cellular behaviour is also likely to change*. Indeed, mineralization
increases the storage and loss moduli of collagen, indicating increased
stiffness as expected (Extended Data Fig. 2). In addition, rheological
analysis revealed that mineralization prevents collagen strain stiffen-
ing while reducing collagen stress relaxation in response to strain
(Fig. 1h,i). Taken together, these results indicate that bone-like
collagen-HA composites can be formed by synthetic intrafibrillar col-
lagen mineralizationand that the resulting substrates are characterized
by altered chemical, physical and mechanical properties.

Collagen mineralization alters tumour-cell gene expression
and growth

As microfabricated collagen and mineralized collagen substrates
recapitulated the two extremes of bone-matrix mineralization (that
is, non-mineralized osteoid versus mineralized bone matrix), we next
used these materials to test how bone-matrix mineralization affects
tumour-cell phenotype. When cultured on mineralized versus con-
trol collagen, metastatic MDA-MB231 breast cancer cells spread less,
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Fig.1| Engineered bone-matrix models to study tumour cell interactions
with mineralized collagen. a, Schematic of bone ECM formation in osteogenic
niches. Osteoblasts first deposit osteoid, which consists primarily of collagen
typel fibres (blue box) that become mineralized (red box) over time by
intrafibrillar mineralization. b, Intracardially injected MDA-MB231 labelled with
Cy5-containing silica nanoparticles (magenta) disseminate to regions in which
new bone matrix becomes mineralized, as visualized by light-sheet imaging of
acalcein-labelled cleared mouse tibia (green). White arrowheads and asterisk
indicate MDA-MB231 cells and autofluorescence of bone marrow, respectively.
Scale bar, 600 pm and 150 pm (inset). ¢, Experimental setup to mineralize
fibrillar collagen type I matrices via the PILP method for subsequent analysis of
breast cancer-cell phenotype. d, Representative SEM and BSE images visualizing
the fibrillar nature and mineral content of collagen and mineralized collagen
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of HAin mineralized, but not control collagen. h, Strain stiffening of collagen
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mean £s.d.
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were rounder and exhibited reduced remodelling of their surrounding
collagen network as indicated by limited fibre alignment and densi-
fication that are known to mediate local strain stiffening in control
collagen* (Fig.2a,b). Consistent with these morphological differences,
principal component analysis (PCA) of bulk RNA-seq data sets sug-
gested that collagen mineralization globally affects gene expression of
MDA-MB231 (Fig. 2c). Differential gene expression analysis furtheriden-
tified that genes associated with breast cancer metastasis (ANGPTL2,
CAMKID, CEMIP)**** and stemness (B4GALNT3, TRIB3)***were among
the top 50 differentially expressed genes in the mineralized collagen
condition, while most of the top 50 ranked genes regulated by col-
lagen were linked with the cell cycle (CDCA7, CHTF18, DBF4B, KIF18B)
(Fig. 2d, Supplementary Table 1 and Extended Data Fig. 3). Gene
set enrichment analysis (GSEA) confirmed that cell cycle-related
gene sets, most prominently those related to DNA replication, were
over-represented in cells cultured on collagen, while gene sets asso-
ciated with stress response and ECM disassembly, transcription and
cell migration were over-represented in cells cultured on mineralized
collagen (Fig. 2e and Extended Data Fig. 4). These results suggest that
bone-matrix mineralizationimpacts breast cancer cell functions cen-
trally implicated in bone metastasis.

Asgenesetsrelated to cell-cycle pathways were most prominently
affected by changes in collagen mineralization, we next measured
tumour-cell growth on the different substrates. Both MDA-MB231
Ki67 positivity and bromodeoxyuridine (BrdU) incorporation
as well as DNA content were reduced by culture on mineralized
collagen relative to collagen, indicating that collagen mineraliza-
tion decreases tumour-cell proliferation (Fig. 2f,g and Supplemen-
tary Fig.1). Accordingly, collagen mineralization reduced growth of
the bone tropic MDA-MB231 subclones BoM1-2287 and BoM-1833
(ref.20) and oestrogen-receptor-positive MCF7 cells, supporting that
our findings were not limited to MDA-MB231 (Fig. 2g). Patients with
metastatic breast cancer have high plasma fibronectin concentra-
tions (300 pg ml™) and fibronectin is readily adsorbed onto the bone
mineral HA**®, However, differences in fibronectin adsorption did
not contribute to our results as validated in a control experiment in
which we pre-adsorbed relevant fibronectin concentrations to the
different substrates (Extended DataFig. 5). Next, we evaluated whether
this decreased proliferative state is reversible in scenarios that lead
to decreased matrix mineralization (such as aging, chemotherapy
and osteolysis)****°, To this end, we precultured MDA-MB231 on col-
lagenand mineralized collagen for 7 d, atimeframe reported to cause
irreversible phenotypic changes’**' and then reseeded them onto
either collagen or mineralized collagen (Fig. 2h). Indeed, cells precul-
tured on mineralized collagen assumed a more proliferative pheno-
type whenreseeded onto non-mineralized collagen, albeit at reduced
levels relative to cells that were precultured on collagen. In contrast,
reseeding cells onto mineralized collagen significantly decreased
tumour-cell growth irrespective of the substrate on which cells were
cultured previously (Fig. 2h). These data indicate that collagen mineral-
ization reduces tumour-cell growthin areversible manner, suggesting

that quiescent cells may develop into proliferative lesions as matrix
mineralization changes.

In osteogenic niches in vivo, tumour cells not only interact with
matrix but also with osteoblasts and their progenitors. Therefore, we
next validated that increased matrix mineralization correlates with
decreased tumour-cell growth in the presence of bone-resident cells.
Indeed, MDA-MB231 co-cultured with human bone marrow-derived
mesenchymal cells (hMSCs) that had deposited mineralized matrix
grew less than tumour cells co-cultured with hMSCs that failed to
mineralize matrix (Extended Data Fig. 6a). While varied mineraliza-
tion in these co-culture experiments was mimicked by the presence
or absence of osteogenic media, similar scenarios may occur in vivo
because tumour cells secrete factors that alter bone growth’*** and
inhibit the formation of mineralized bone matrix by hMSCs (Extended
Data Fig. 6b). Importantly, in scenarios where mineral matrix forma-
tion by hMSCs was inhibited (either by lack of osteogenic factors or
the presence of tumour-secreted factors), hMSC deposited increased
amounts of fibronectin (Extended Data Fig. 6¢), a matrix protein that
canindependently promote bone metastasis and may thus exaggerate
differences in scenarios in which bone-matrix formation is inhibited
invivo. Collectively, these results suggest that changes in bone-matrix
mineralization correlate with altered tumour-cell growth and are
relevant or even amplified in the presence of bone-resident cells.

Mineralized collagen increases stemness in breast cancer cells
Motivated by our observation that collagen mineralization reduces
tumour-cell proliferation (Fig. 2), a hallmark of quiescent stem-like
tumour cells”® and because dissemination to bone confers stem-like
properties on cancer cells*, we next determined whether mineralized
collagenregulates the stem-like phenotype of breast cancer cells. These
experiments were performed with an MDA-MB231 stem cell reporter
cell line that expresses green fluorescent protein (GFP) as a function
of Nanog promoter activity®’, which we validated to correlate with
proteinlevel of two other stem-cell markers, Oct4 and Sox2 (Fig. 3aand
Supplementary Fig. 2). Flow cytometry and confocal image analysis
indicated that culture on mineralized collagen increased the num-
ber of GFP"" cells relative to culture on collagen or polystyrene (PS)
(Fig. 3b,c). To confirm that these changes were driven by mineral, we
performed a dose response study in which substrates of controlled
HA content were fabricated by dissolving HA from fully mineralized
collagen at physiological pH for up to 6 d, a process that selectively
removed HA without affecting collagen microstructure (Fig. 3d and
Extended DataFig. 7). Decreasing mineral content reduced the percent-
age of Nanog-GFP-positive cells, supporting that collagen mineraliza-
tion directly regulates the stem-like phenotype of breast cancer cells
(Fig. 3e). Further validating the induction of stemness by mineral,
parental MDA-MB231 cultured on mineralized collagen also exhibited
increased activity of the stem-cell marker aldehyde dehydrogenase
(ALDH)***" (Fig. 3f). Moreover, MDA-MB231 precultured on mineral-
ized collagen formed more colonies in soft agar relative to the same
cells precultured on PS or collagen, indicating that interactions with

Fig.2|Mineralization of collagen alters breast cancer cell gene expression
and growth. a, MDA-MB231 morphology and collagen network structure 5 h after
seeding, visualized via confocal reflectance microscopy (left) and analysis of
projected cell area and aspect ratio (right) (at least 221 cells examined over n = 4;
***P < 0,0001; “#*P<0.0001). Scale bar, 20 pm. b, Pseudocoloured reflectance
intensity mapsindicate differences in collagen remodelling between both
conditions by converting grey-scale pixel intensity to a linear 256-bit colour
scale. Scale bar, 20 pum. c-e, Effect of collagen mineralization on MDA-MB231
gene expression determined by PCA (c), differential gene expression analysis
(n=4)(d)and GSEA (e) of bulk RNA-seq data collected after 7 d of culture on

the different substrates. Ind, genes coloured inred are upregulated in cells
cultured on mineralized collagen, while genes coloured in blue are upregulated
on collagen. For GSEA, the top 10 enriched pathways in cells cultured on collagen

and mineralized collagen were derived from GO biological processes.
Greendotsindicate FDRs. Normalized enrichment scores are denoted by NES.

f, Representative confocal micrographs (top) and corresponding quantification
of Ki67* MDA-MB231 cells (bottom) (n = 4;***P=0.0002). Scale bar, 50 pm.

g, Fluorimetric quantification of DNA content of breast cancer cell lines
cultured for 7 d on the different substrates (n = 4; **P=0.0090; ***P= 0.0004;
#p=0.0042; %*P< 0.0001). h, Analysis of MDA-MB231 growth following 7 d

of preculture on the different substrates (n = 4; **P= 0.0016; *P=0.0015;

=P < (0,0001; “*P<0.0001; ***P<0.0001). Data are mean + s.d. Statistical
differences were determined using two-tailed unpaired ¢-test with Welch’s
correction for datain a, two-tailed unpaired t-test for datain fand g, and two-way
ANOVA with Sidak’s multiple comparisons test for datain h.
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Fig.3| Collagen mineralizationinduces a stem-like phenotype in breast
cancer cells. a, Schematic of the Nanog-MDA-MB231 reporter cell line in
whichincreased GFP expression indicates a more stem-like phenotype. b, Flow
cytometry analysis of Nanog-MDA-MB231reporter cells after 7 d of culture on
PS, collagen or mineralized collagen. ¢, Representative confocal micrographs
(left) and corresponding quantification of GFP-positive cells (right) after 7 d

of culture on the different substrates (n = 3; *P= 0.0122; P = 0.0170). Scale bar,
100 pm. d, Representative SEM and BSE (pseudocoloured) images of mineralized
collagen at different timepoints of dissolution. Pseudocolour indicates mineral
content as determined from BSE images by converting grey-scale pixel intensity
toalinear 256-bit colour scale. Scale bar, 2 pm. e, Confocal image analysis of
GFP-positive cells as a function of collagen mineral content (n = 3; *P=0.0221;
#P=0.0427; NS, not significant). Mineral content of substrates was controlled

by dissolution of HA over several days. f, Analysis of ALDH activity in parental
MDA-MB231 cells. Aminoacetaldehyde (BAAA) is converted by ALDH into
BODIPY-aminoacetate (BAA) that leads to increased intracellular fluorescence.
Diethylaminobenzaldehyde (DEAB) inhibits ALDH and is labelled as negative
control. g, Soft agar colony formation (left) after preculture of parental
MDA-MB231 on the different substrates. Scale bar, 400 um. Quantification of the
number (middle) and size distribution (right) of colonies larger than 100 pm in
diameter (n=3;*P=0.0104; **P=0.0012). h, Co-expression of CD44 and CD24
inMCF7 after 7 d of culture. The percentage of CD44*/CD24  cellsisindicated
atthe upper left of each panel. Data are mean + s.d. Statistical differences were
determined using one-way ANOVA with Tukey’s multiple comparisons test for
dataincand g, and one-way ANOVA with Dunnett’s multiple comparisons test for
dataine.
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mineralized collagen endow tumour cells with survival advantages in
adhesion-independent scenarios (Fig. 3g). Bioinformatic analysis of our
RNA-seq data set suggested that upregulation of FOXD3 target genes
may be involved, these target genes coding for transcription factors
that regulate stem cell pluripotency and self-renewal’®*, reduce pro-
liferation of breast cancer cells and predict better survival®® (Extended
DataFig.4a,b).

To determine whether our findings were limited to MDA-MB231
cells, we also tested BoM-1833; however, given the intrinsically high
proliferative capacity of these cells, their fraction of ALDH-positive
cells was negligible regardless of cell culture substrate (Supplemen-
tary Fig. 3). In contrast, MCF7 increased their stem-like properties
following culture on mineralized collagen as demonstrated by a higher
number of CD44'/CD24  cells (Fig. 3h). For MCF7, CD44*/CD24 cells
represent appropriate stemness markers and characterize a popula-
tion with more mesenchymal characteristics®, while ALDH is better
suited for MDA-MB231 and BoM-1833 as almost all cells in these two
lines are CD44"/CD24" (ref. 61). Consistent with a more mesenchymal
phenotype, MCF7 cells cultured on mineralized collagen also formed
fewer cell-celladhesions and had reduced E-cadherin levels (Extended
DataFig. 8).

Mineralized collagen regulates breast cancer cell
mechanosignalling
Increased cell-adhesion forces are drivers of tumour-cell growth and
typically increase on stiffer matrices®’. While mineralizationincreases
collagen stiffness, it simultaneously reduces collagen strain stiffening
and stress relaxation, resulting in decreased rather than increased
cell-adhesion forces, with consequential changes in cell spreading and
collagen network remodelling (Figs.1h,iand 2a,b)'**%*, Because of these
connections, we hypothesized that mineral-induced changes in mecha-
nosignalling may be responsible for the above-described changes in
tumour-cell phenotype. To define which role mineralization-dependent
changesinmechanotransduction playinregulatingtumour-cellgrowth,
we cultured MDA-MB231 on collagen and mineralized collagen in the
presence and absence of f1-integrin-blocking antibodies and pharma-
cological inhibitors of focal adhesion kinase (FAK) (FAK inhibitor 14),
Rho-associated protein kinase (ROCK, Y27632) and phosphoinositide
3-kinase (PI3K, LY294002) (Fig. 4a). Treatment with these reagents
reduced tumour-cell growth on collagen as expected but had no effect
onmineralized collagen, suggesting that tumour-cell mechanosignal-
lingmay be reduced on mineralized collagen. Tumour cellsinteracting
with collagen have been described toincrease their adhesion forces by
aligning collagen fibresin a process thatactivates mechanosignalling
viaa positive feedback mechanism*. To test whether collagen minerali-
zation interferes with this process by preventing cell-mediated collagen
network remodelling and strain stiffening as described above (Figs. 1h
and 2b) and thus, reciprocal activation of cellular adhesion forces?,
we performed traction force microscopy. Indeed, consistent with the
limited effect of mechanosignalling inhibitors on tumour growth,
MDA-MB231 precultured on mineralized collagen exhibited reduced
cellular traction forces relative to their counterparts precultured on
collagen or PS (Fig. 4b and Extended Data Fig. 9), and sorted GFP"e"
cells exhibited similarly reduced traction forces relative to GFP'* cells
(Fig. 4c). Consistent with these differences, MDA-MB231 cultured on
mineralized versus control collagen adjusted their expression of genes
related to cytoskeletal remodellingincluding NEDD9 (afocal adhesion
proteinregulating cell attachment and the cell cycle), KRTI9 (interme-
diate filament proteins keratin), SI00A4 (encoding S100 proteins that
regulate cell cycle progression and differentiation) and FNI (encoding
fibronectin, which broadly regulates adhesion, but also dormancy)®*
(Extended DataFig. 4a,c).

Interestingly, a similar experiment performed with MCF7 cells
revealed that collagen mineralizationincreases rather than decreases
MCF7 traction forces, consistent with their increased mesenchymal

properties (Fig. 4d and Extended Data Fig. 9). However, the abso-
lute traction forces of MCF7 precultured on collagen were signifi-
cantly lower than those of MDA-MB231. In contrast, traction forces of
MCEF7 precultured on mineralized collagen were similar to those of
MDA-MB231, possibly suggesting that collagen mineralization leads
toanadjustmentof cell traction forces favourable for survivalin bone.
Indeed, the traction forces of BoM-1833, which were isolated from a
bone metastasis, were similar to traction forces of MDA-MB231 and
MCF7 cultured on mineralized collagen, but did not differ when these
cellswere cultured on any of the other substrates (Fig. 4d and Extended
Data Fig. 9). Collectively, these results suggest that collagen miner-
alization regulates the phenotype of breast cancer cells by inhibiting
cell-mediated collagen remodelling that would otherwise increase
growth by activating mechanosignalling.

Mineral content of native bone regulates breast-cancer-cell
phenotype

Inadditionto collagentypel,bone ECM contains other proteins (collec-
tively referred to asnon-collagenous proteins or NCPs) that may impact
the response of tumour cells to mineral®. In addition, the microfabri-
cated collagen substrates described above are not suitable to validate
invitroresults in a xenograft setting. To circumvent both limitations,
we generated millimetre-sized physiological bone matricesin whichwe
selectively controlled mineral content by adapting previously estab-
lished protocols®*®’. We chose to prepare these bone matrices from
trabecularbonesinceitis a preferred site for breast cancer metastasis
relative to long bones®. First, bone plugs were collected from neona-
tal bovine femurs and fully decellularized to prepare scaffolds that
contained all organic and inorganic matrix components including
mineral but were devoid of cells (termed decellularized scaffolds (DC)
hereafter). Next, DC scaffolds were demineralized with ethylenediami-
netetraaceticacid (EDTA), resulting in decellularized and demineralized
(DCDM) scaffolds (Fig. 5a). Adequate decellularization was verified
histologically and by DNA assay® (Fig. 5b). Demineralization of DCDM
was confirmed by nano-computed tomography (nano-CT), BSE-SEM
and FT-IR, while SEM, second harmonic generation (SHG) microscopy
and histological analysis confirmed that scaffold architecture and
collagen fibrillar structure were not affected by the demineralization
procedure (Fig. 5c, and Supplementary Figs. 4 and 5). SEM analysis
also indicated that the average diameter of collagen and mineralized
collagenfibresinthese scaffolds was comparable to the fibre diameter
inour synthetic substrates, but more variable (Fig. 5d). Moreover, the
pXRD patterns of DC scaffolds as well as their mineral to matrix ratio
were comparable to physiological bone (and mineralized collagen)
(Extended Data Fig. 1; mineralized collagen: -4; human bone: 3-6)*,
suggesting that the decellularization step had no effect on the mineral
phase (Fig. 5e,f). Crystallinity of the HA in the DC scaffolds was also
comparable to naive bone but reduced relative to HA in mineralized
collagen or pure HA, a difference that may be explained by the young
age of the animals from which the bone was collected (Fig. 5g).

After characterizing the bone scaffolds and confirming by SEM
that MDA-MB231 cells adhered to and grew within the 3D scaffolds
(Fig. 5h), we asked whether proliferation and stem-like behaviour of
breast cancer cells were altered by the different scaffold conditions.
DNA analysis identified that cell growth within DC scaffolds was lower
than that within DCDM scaffolds, supporting that the presence of
mineral reduces breast cancer cell growth in these systems (Fig. 5i).
Confocal imaging and flow cytometry of Nanog-GFP MDA-MB231
showed thatbreast cancer cellsincreased GFP expression and assumed
more stem-like phenotypes when grown within mineral-containing DC
scaffolds relative to PS and DCDM scaffolds (Fig. 5j,k). Taken together,
theseresultsindicate that the presence of mineral alters breast cancer
cell behaviourin physiological bone scaffolds, similar to the synthetic
mineralized collagen scaffolds, thus validating the broader significance
of mineral to regulating tumour-cell phenotypes.
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Fig. 4| Collagen mineralization alters breast cancer cell mechano-
transduction. a, Schematic of integrin-mediated mechanosignalling (left)

and effect of different mechanosignalling inhibitors (right) on the growth

of MDA-MB231 cells cultured on collagen and mineralized collagen (n=4;
*P=0.0416;**P=0.0075; “P=0.0438; "P=0.0498). b, Traction force microscopy
of MDA-MB231 cells following preculture on collagen and mineralized collagen.
Representative images of MemGlow 590-labelled cells (top), traction maps
(middle) and corresponding quantification of traction forces (bottom) (at least
61 cells examined from 6 gels; *P = 0.0123). Scale bar, 50 um. ¢, Traction force
microscopy of GFP"€" and GFP'" MDA-MB231 cells. Representative fluorescence
images (top), traction maps (middle) and corresponding quantification of
traction forces (bottom) of Nanog-GFP cells (at least 27 cells examined from

Sgels; **P=0.0017). White lines on traction maps indicate contour of cell. Scale
bar, 50 pm. d, Traction force microscopy of MCF7 and BoM-1833 cells following
preculture on collagen and mineralized collagen. Representative images of
traction maps (left) and corresponding quantification of traction forces (right)
(atleast 33 MCF7 cells examined from 5 gels; **P = 0.0046; at least 33 BoM-1833
cells examined from 3 gels). Scale bar, 50 pm. Pseudocolour images inb-d
represent the calculated traction stresses, as described in Methods, limited to
the cellboundaries, and colour determined on the basis of magnitude. Data are
mean + s.d. Statistical differences were determined using two-way ANOVA with
Sidak’s multiple comparisons test for datain a and two-tailed Mann-Whitney
U-testfordatainb-d.
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Fig. 5| Physiological bone scaffolds to test the effect of bone mineral on the
stem-like phenotype of MDA-MB231. a, Schematic visualizing the preparation
of DC and DCDM bone scaffolds from1-2 cm long, 6-mm-diameter neonatal
bovine femur bone plugs. b, H&E staining and DNA quantification of scaffolds
after the DC process (bone:n=5,DC: n=3;*P=0.0026).Scale bar,100 pm.
Dashed line indicates target decellularization threshold of 50 ng of DNA per dry
mg of scaffold. ¢,d, Representative nano-CT, SEM and SHG images (c) and SEM
and fibre diameter analysis (d) of scaffolds after DCDM treatment. Scale bars:

1 mm (nano-CT and SEM), 150 pm (SHG) (¢); and 10 pum (left), 2 pm (middle)
and1pm (right) (SEM) (d). e-g, pXRD analysis of mineral phase (e) and FT-IR
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analysis of mineral to matrix ratio (f) (n = 3; ****P < 0.0001) and crystallinity index
(g) (n=3;**P=0.0004; ***P< 0.0001; **P=0.0003) after the DCand DCDM
processes. Commercially available HA served as control. h,i, SEM images (h) and
DNA quantification (i) of MDA-MB231 cells cultured on the different scaffolds
(DCDM:n=5,DC: n=3;*P=0.0302). Scale bar, 50 pm (left) and 10 um (right).
Jj.k, Confocal images (j) and flow cytometry analysis (k) of Nanog-GFP cells
cultured on the different scaffolds. Scale bar, 100 um. Dataare mean + s.d.
Statistical differences were determined using two-tailed unpaired ¢-test for data
inbandi, and one-way ANOVA with Tukey’s multiple comparisons for datain f
andg.
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Fig. 6 | Mineralized bone matrix reduces tumour growth in vivo and
mineral-induced gene expression signature correlates withimproved
patient prognosis. a, Time course of xenograft experiment involving
implantation of MDA-MB231-seeded DCDM and DC scaffolds into female
nude mice. b, Representative BLIimages and BLI quantification of tumour
growth on the different bone scaffolds (DCDM: n=8,DC: n =7;***P < 0.0001).
Pseudocolour indicates radiance pixel intensity between 1.32 x 10 and
2.72x107 ps™ cm™sr™. Quantification of BLIimages is shown as both line and
bar charts to display individual sample change and statistical difference over
time. ¢,d, Representative H&E images (c) and IHC images (left) and analysis of
vimentin (middle) and vimentin/Ki67-positive cells (right) (d) (n = 8;*P=0.0265;
#P=0.0144) inimplanted bone scaffolds. Scale bar,200 pm and 30 pm (inset).

Asterisk inimages indicates scaffold. e, Overall survival of patients with breast
cancer scoring high or low for expression of mineral-induced gene signatures
(Supplementary Table 2) using the METABRIC and TCGA cohorts. f, Proposed
relationship between bone ECM and breast cancer-cell phenotype. Our results
suggest that mineralization of collagen type I-rich osteoid in osteogenic niches
induces stem-like, less-proliferative phenotypes in breast cancer cells. As bone-
matrix mineralization changes (such as owing to aging), tumour-cell growth
isactivated possibly due to bone-matrix-dependent changes in tumour-cell
mechanosignalling. Data are mean + s.d. Statistical differences were determined
using two-way ANOVA with Sidak’s multiple comparisons test for datainb and
two-tailed unpaired ¢-test for dataind.

Bone mineral affects breast cancer progressionin vivo

Totest the relevance of bone-matrix mineralization to tumour growth
invivo, decellularized physiological bone matrices with (DC) and with-
out mineral (DCDM) (Fig. 5a) were seeded with luciferase-expressing

MDA-MB231s, xenografted into female athymic Nude-FoxnI™ mice and
then tracked longitudinally by bioluminescence intensity (BLI) imag-
ing (Fig. 6a). Tumour cellsinteracted with trabecular surfaces of both
scaffold types but grew significantly more on matrices devoid of

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01077-3

mineral (Fig. 6b,c). Accordingly, co-immunostaining against human
vimentin and Ki67 confirmed that tumours in mineral-containing
DC scaffolds contained fewer human tumour cells than their DCDM
counterparts and that tumour cells were less proliferative relative to
tumour cells growingin DC scaffolds (Fig. 6d). These results imply that
mineralized bone matrix not only reduces tumour-cell proliferation
invitro, butalsoin vivo.

To evaluate the clinical relevance of our findings, we examined
whether the gene expression signature induced by culturing tumour
cells on mineralized versus control collagen was predictive of overall
patient survival and bone metastasis-free survival. Indeed, upregula-
tionof mineral-induced genes was associated with better patient prog-
nosisinthe METABRIC and TCGA cohorts, consistent with our in vitro
findings that matrix mineralization induces a more latent, less prolif-
erative phenotype (Fig. 6e) and that tumour cellsimplanted on DCDM
scaffolds grew more than their counterpartsimplanted on DC scaffolds.
Analysis of cancer subtypes additionally showed that patients with
luminal breast cancer whose tumours primarily metastasize to bone
benefitted from upregulation of the mineral-induced gene signature
(Supplementary Table 2), whereas patients with basal breast cancer
whose cancers preferentially metastasize to visceral organs did not
(Extended DataFig.10a)”°. Using two published breast cancer cohorts
with clinical data (Study ID: GEO2603, GSE2034), we further validated
that patients whose tumours scored high for our mineralized collagen
gene signature had improved bone-metastasis-free survival relative to
patients whose tumours scored low for this signature (Extended Data
Fig. 10b). While this analysis used primary tumour specimens rather
thanspecimens collected from bone metastatic tumours, these results
suggest that gene expression profiles induced by mineralized bone
matrix correlate with increased patient survival, possibly by selecting
forless proliferative phenotypes. More broadly, these results indicate
thatbone matrixis a critical factor inregulating breast cancer cell fate.

Discussion
Disseminating tumour cells target osteogenic niches within the skel-
eton®, but the role of collagen type I mineralization (a hallmark of
bone formation) inregulating the phenotype of breast cancer has been
unexplored. Our results suggest that physiological collagen mineraliza-
tion induces a less proliferative, more stem-like phenotype in breast
cancer cells, whereas perturbed mineralization activates tumour cells
to proliferate and form larger tumours (Fig. 6f). These findings could
help explain why patients with breast cancer with decreased bone
mineral density have a higher risk of developing bone metastasis'>”.
Although the ECM is known to regulate various aspects of breast
cancerincluding metastasis”’?, its role in bone metastasis is less clear,
as studies on the skeleton are hindered by limited imaging modalities
and the difficulty of analysing cells in this context. In vitro models can
circumvent some of these limitations by allowing control over the
material properties of bone ECM. Here we used biofunctional material
systems incorporating the basic building blocks of native bone ECM,
HA-reinforced collagen fibrils'®**, With these models, we were able to
mimic the defining material properties of bone ECM across multiple
length scales, including the bone’s hierarchical structure, ultrastruc-
tural arrangement, mineral to matrix ratio and mineral crystallinity.
Leveraging these models, we found that collagen mineralization sup-
presses cancer-cell proliferationin vitro and tumour growth invivo, and
that mineral-induced changesin tumour stem-like properties may play
aroleinthis process. These results suggest that osteogenic niches may
induce quiescence inbreast cancer cells owing in part to collagen min-
eralization, giving new context to previous results showing that tumour
cells assume a more stem-like phenotype following bone colonization®.
Although the mechanical properties of the matrix are widely
accepted to affect tumourigenesis, the effect of bone-matrix minerali-
zation on tumour-cell mechanosignalling is poorly understood, owing
inparttoalack of model systems that mimic the viscoelastic properties

of bone more appropriately than the linearly elastic substrates that
areroutinely used for mechanosignalling studies. Collagentypel, the
primary organic bone-matrix component, exhibits nonlinear elasticity
and viscoelasticity”®. Both properties can affect cellbehaviour® but are
impacted by mineralization®. More specifically, tumour cells can acti-
vate and reinforce mechanosignalling by strain-stiffening collagen”, a
process that is reduced by collagen mineralization as shown here. On
the other hand, stress relaxation occurs more slowly in mineralized
collagen thanin collagen®. Our data suggest that these changes have
functional consequences as cancer cells adjust their traction forces
following interactions with mineralized versus non-mineralized col-
lagen. In MDA-MB231, these variations in traction forces manifested
in a lack of response to pharmacological inhibitors of key nodes of
mechanotransduction and correlated with reduced traction forcesin
more stem-like GFP"€"versus GFP'*" cells. Importantly, this correlation
extended toaninduction of phenotypic changes including the upregu-
lation of stem-cell markers and functions, reduced cell proliferation
andincreased anchorage-independent survival.

Our findings contradict the conventional assumption that bone
stimulates malignancy by increasing mechanosignalling owing to its
increased rigidity and underline the importance of choosing the cor-
rect material systems for mechanistic studies of tumour-ECMinterac-
tions. Indeed, our results corroborate preclinical and clinical evidence
indicating that reduced bone mineral density (for example, owing to
vitamin D deficiency) correlates with increased risk and outgrowth
of bone metastases™**". Future studies will need to elucidate how
mineralization-dependent changes in tumour-cell phenotype affect
other signalling mechanisms. For example, tumour cells can control
entry into (and exit from) dormancy by depositing and responding to
their own matrix, including fibronectin®*’*; and altered cell-ECM inter-
actions, inturn, canregulate cellular responses to soluble factors®. The
fibronectin-binding integrins asf3; and &, 3,, for example, affect trans-
forminggrowth factor-B signalling viareceptor cross-talk”>”®, aprocess
that has been shown to modulate bone metastatic progression”.
Hence, future work should explore how interactions with mineral-
ized collagen affect tumour-cell deposition of fibronectin and, conse-
quently, the expression of known dormancy markers such as NR2F1,
which can regulate tumour-cell stemness via Sox2 and Nanog’®. The
influence of other nanoscale changes caused by mineralization, such
asaltered surface topography or porosity, should also be considered.

Althoughthe focus of this study was on tumour cells, many other
celltypesresidinginthe skeleton can equally respond to bone-matrix
changes (such as endothelial cells, mesenchymal stromal cells, oste-
oblasts, osteocytes and immune cells)**”*%°; and, vice versa, they
may alter the bone matrix in response to tumour-cell-secreted sys-
temic or paracrine signals. Accordingly, bone-matrix mineralization
by osteoblasts correlated with decreased tumour-cell growth in our
experiments, whereas the inhibition of osteogenic differentiation and
thus matrix mineralization caused an opposite effect. Although these
data were supportive of our overall conclusion, we cannot exclude
matrix-independent effects. For example, mineralizing mature osteo-
blasts secrete factors (such as transforming growth factor 32 or bone
morphogenetic proteins 4 and 7) that can induce tumour-cell quies-
cenceindependently of the matrix®, a possibility that should be tested
with appropriate control experiments. Fluctuations in nutrient and
oxygen supply or in other metabolic constraints could further affect
these responses. Future studies will need to increase the complexity
of the described culture models to better understand how matrix
mineralization impacts the early stages of bone metastasis in multi-
variate settings.

Although we have validated the in vivo relevance of our find-
ings with animal studies and with computational analysis of patient
data, the model systems described herein have some limitations. For
example, they did not consider bone-resident cells, and the decel-
lularized bone scaffolds were derived from neonatal bovine bone.
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The biomechanical properties of human bone and collagen are con-
served between species, but it is likely that additional parameters
influence bone-matrix properties and thus cancer-cell response
to mineralization. For example, age, gender, lifestyle and previous
treatment with chemotherapy are known regulators of the material
properties and health of bone*?*?%**%2 Future studies using bone
specimens collected from patients will help evaluate these connections
and could be combined with matched bone-resident cells and organoid
cultures to directly test patient-specific responses to bone-matrix
properties. Furthermore, bone mineralization is a dynamic process
and it is possible that tumour-cell responses are dependent on the
timescales at which this process occurs. The mineralized substrates
used here were prefabricated before seeding cells, but it is also pos-
sible to mineralize collagen in situ®. Finally, the flank implantation
model we used allowed for precise control of bone-matrix mineral
contentindependently of other parameters, which is not readily pos-
sibleinthe skeleton itself. Biomaterial scaffolds caninfluence tumour
growth and metastasis by altering the recruitment of immune cells
and other stromal cells****; and whereas we observed infiltration by
residentcells, the mineral-induced less proliferative tumour-cell phe-
notype was maintained. How the phenotype of recruited cells may
differ in response to the mineral content of the matrix and how such
changes regulate tumour-cell phenotype willneed to be consideredin
future work.

Inconclusion, our findings suggest that bone-matrix changes are
not only a collateral consequence of osteolytic degradation during
late-stage metastasis but may also occur in osteogenic niches, with
potential effects on the early-stage development of bone metastases.
The finding that bone-matrix mineral content inhibits breast-cancer
growth motivates the clinical use of methods to increase or maintain
physiological bone-matrix mineralization, for example, by therapies
that promote bone formation in settings of mechanical loading or
exercise. Bisphosphonates are an alternative strategy to maintain bone
mineral density and areroutinely used as adjuvant therapy for patients
withbreast cancer toreduce skeletal-related events and hypercalcemia.
However, these drugs are only partially effective in preventing bone
metastasis®*. Asbisphosphonates primarily prevent bone resorption
rather thanencourage new bone formation and thus matrix mineraliza-
tion, our results could help explain the limited success of bisphospho-
nates in prevention settings. Collectively, our results motivate amore
wholistic approach to modelling bone ECM in future studies of bone
metastasis and could yield insights that advance treatment options for
patients with breast cancer and advanced disease.

Methods

Fabrication of mineralized collagen

Mineralized collagensubstrates for cell culture were fabricated using an
adapted PILP process (Fig. 1c) as previously described”*?. Briefly, PDMS
(Dow Corning) microwells (diameter: 4 mm, height: 250 pm) were
prepared onalarger circular 8 mm PDMS base that enables face-down
flotation of the devices necessary for intrafibrillar mineralization,
rather than sedimentation of mineral, as further described below.
Before casting collagen, the inner surface of the microwell was treated
with oxygen plasma, 1% polyethyleneimine (PEI) (Sigma-Aldrich) and
0.1% glutaraldehyde (GA) (Thermo Fisher) to allow for subsequent
covalent binding of pH-adjusted rat tail collagen type I (Corning)
(1.5 mg mI™). Mineralization was accomplished using a solution of
62.5 pg ml PAA (MW =27 kDa, Alamanda Polymers), 1.67 mM CaCl,
(Thermo Fisher) and 1 mM (NH,),HPO, (Sigma-Aldrich) in 0.85x phos-
phate buffered saline (PBS). To prevent precipitation of mineral on top
rather than within collagen fibrils, substrates were incubated in the
mineralization solution upside down using a humidified chamber for
1dat37°C. Collagen control substrates were fabricated similarly but
immersed in PBS solution rather than mineralization solution. To adjust
mineral content via controlled dissolution, fully mineralized collagen

wasincubated in20 mMHEPES buffer (pH 7.4) atambient temperature
forup to 6 d, changing HEPES buffer every 12 h.

Characterization of mineralized collagen

For characterization, collagen substrates were prepared on PEI/
GA-treated 8-mm-diameter glass coverslips adhered to a PDMS base.
SEM (Mira3 LM, Tescan) visualized fibre morphology and confirmed
mineral formation using secondary electron (SEM) and BSE imaging
modes. To this end, samples were dehydrated with a series of ethanol
solutions and hexamethyldisiloxane and then carbon coated (Desk I,
Denton Vacuum). Changes in collagen fibril diameter were analysed
using the diameter) functionin ImageJ (NIH). Presence of mineral was
detected by pseudocolour processing of BSE images using MATLAB
(MathWorks). Mineral formation was also confirmed by FT-IR spec-
trometry (Hyperion 2000/ Tensor 27, Bruker). Samples were pelleted
with potassium bromide (Thermo Fisher) and scanned in the range of
400-2,000 cm™. Mineral to matrix ratio was determined by calculating
theratio of phosphate peak area (907-1,183 cm™) and collagen amide
I peak area (1,580-1,727 cm™) after correcting the FT-IR spectra base
line using spectroscopy software (OPUS, Bruker). The crystallinity
index of mineral (ClI = (Asq; + A¢o3)/Ase0, Where A, is the absorbance
at wave number x) was determined using phosphate band splitting
(Extended Data Figs. 1 and 7c). The phase of the formed mineral was
determined using a powder X-ray diffractometer (D8 advance ECO
powder diffractometer, Bruker). Dried samples were mounted on a
polymethyl methacrylate specimen holder and scanned in the range
260 =15-45°, witha step size of 0.0195° and Cu Ka radiation (1 = 1.54 A).
Mechanical properties of substrates were measured using arheometer
(DHR3, TAinstruments) with20 mm top-and bottom-plate geometry,
and built-temperature and distance calibration. Collagen substrates
were first cast and mineralized within a PDMS ring mounted onto
20 mm PEI/GA-coated coverslips. For rheological measurements, the
PDMS ring was removed and the coverslips with the substrates were
attached to the bottom plate. Subsequently, a PEI/GA-coated coverslip
was attached to the top plate and the top plate was lowered onto the
sample at 500 um distance between plates. In this configuration, the
sample was incubated for 15 minat 37 °Cin the presence of PBS before
rheological measurements. For the storage (G*) and loss (G”) moduli,
time sweeps were performed at1% strain with an oscillation frequency
of 2mrad s™. Strain stiffening was measured using strain-sweep experi-
ments with an oscillation frequency of 1 rad s™. Stress relaxation was
measured using time-sweep experiments after applying 40% strain
with arise time of 0.01s.

Cell culture and phenotypic characterization

MDA-MB231 breast cancer cells (ATCC), MDA-MB231 expressing a
Nanog-GFP reporter* (Nanog-GFP), bone metastatic BoM1-2287 and
BoM-1833 (kindly provided by Joan Massague) and MCF7 (ATCC) were
routinely cultured in Minimum Essential Medium o (a-MEM) (Thermo
Fisher) supplemented with10% (v/v) fetal bovine serum (FBS) (Atlanta
Biologicals) and 1% penicillin/streptomycin (P/S) (Thermo Fisher).
Substrate-dependent differences in cell adhesion and growth were
determined by fluorescence analysis of DNA content with the Quan-
tiFluor dsDNA kit (Promega) after 5hand 7 d of culture, respectively.
For analysis of the fibronectin effect on cell growth, substrates were
incubated with PBS solution containing various concentrations of
human plasmafibronectin (Thermo Fisher) for 2 h. Before cell seeding,
fibronectin-adhered substrates were transferred to cell culture media
containing 10% FBS and 1% P/S. For analysis of cell morphology after
5h of adhesion, cells were fixed with 10% formaldehyde and stained
with DAPI (Invitrogen) and Alexa Fluor 568 phalloidin (Thermo Fisher).
Confocal images (710 LSM, Zeiss) were captured with a x40 water
immersion objective at 2 um step size. Cellmorphology was analysed
using randomly selected images per sample (n=4). At least 200 cells
per condition were analysed using built-in functions of ImageJ for
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projected cell area and aspectratio. Collagen structure wasimaged in
reflectance mode using a488 nmlaser. Cell proliferation was assessed
after 7 d using Ki67 staining. Fixed samples were blocked with 1% BSAin
PBS, stained using rabbit anti-human Ki67 monoclonal antibody (Cell
Signaling Technologies), detected with goat anti-rabbit Alexa Fluor
568 secondary antibody (Thermo Fischber) and counterstained with
DAPI. Ki67 levels per cell were analysed from at least four randomly
selected areas per sample (n =4) and quantified using ImageJ. Cell
proliferation was also measured after 4 d using a BrdU staining kit (Life
Biotechnologies) according to manufacturer instructions. Images from
sixrandomly selected areas per sample (n = 3) were captured with an
epifluorescence microscope and BrdU-positive cells were quantified
using Image].

hMSC experiments

hMSCs (RoosterBio) were routinely cultured in RoosterNourish-MSC
media. hMSCs were seeded on collagen-coated 18 mm glass coverslips.
Tumour conditioned mediawere generated by culturing MDA-MB231
breast cancer cells (ATCC) until 90% confluency in Dulbecco’s Modified
Eagle Medium (DMEM)/10%FBS/1%P/S, then media were replaced with
serum-free media (DMEM, 1% P/S) for 24 h. Conditioned media were
collected and concentrated 10-fold in an Amicon centrifugal filter unit
(MWCO 3k Da, EMD Millipore) and subsequently diluted 5-fold with
hMSC media. hMSCs were treated with tumour conditioned media,
osteogenicinduction media (50 puM ascorbicacid, 0.1 uM dexametha-
sone, 10 mM S-glycerophosphate) and/or control DMEM media every
2-3d. After 21d, hMSC mineral deposition was assessed via Alizarin
Red Sstaining. Samples were fixed with 4% PFA for 15 minand incubated
with40 mM AlizarinRed S (VWR) for 30 min, followed by washing with
distilled water. To assess hMSC fibronectin deposition, fixed samples
were blocked with 1% BSA in PBS, stained using mouse anti-human
fibronectin monoclonal antibody (Sigma-Aldrich) and detected with
goat anti-mouse Alexa Fluor 488 secondary antibody (Thermo Fisher).
Cells were counterstained with DAPI (Invitrogen).

To assess changesin cancer cell proliferation after hMSC pretreat-
ment, MDA-MB231 cells were labelled with CellTracker Orange CMRA
dye (Invitrogen) according to manufacturer instructions and seeded
onto hMSC cultures that were treated for 21 d. After 2 d of culture, sam-
ples were fixed with 4% PFA and counterstained with DAPI (Invitrogen).
Confocalimages (710 LSM, Zeiss) were captured with a x10 air objective
from 5 randomly selected areas per sample (n=3) and tumour-cell
number (per field of view) was quantified using Image].

Analysis of stem-like tumour-cell phenotype

To validate the Nanog-GFP reporter cell line, cells were sorted into
GFP"&"and GFP"" populations using FACS. Sorted cells were lysed with
RIPA buffer containing protease and phosphatase inhibitors (Thermo
Fisher) and1 mM phenylmethylsulfonyl fluoride (Calbiochem). All sam-
pleswith equal amounts of protein were loaded on gels and separated
by reducing SDS-PAGE and transferred to PVDF membranes (Bio-Rad).
Membranes were blocked with 5% milk powder and incubated with
rabbit anti-human Sox2 (Sigma-Aldrich), rabbit anti-human Oct4 (Mil-
lipore) and rabbit anti-human HSP90 (Santa Cruz) overnight. Primary
antibodies were detected by a horseradish peroxidase-conjugated
anti-rabbit antibody using an ECL kit (Thermo Fisher) and imaged using
a ChemiDoc TM Touch imaging system (Bio-Rad). Captured images
were analysed with Image Lab software (Bio-Rad). The experiment was
conducted twice. For analysis of the matrix effect on GFP expression,
Nanog-GFP cells were cultured on the different matrices and GFP levels
per cellwere analysed from confocal images using the threshold toolin
Image]. For flow cytometry, Nanog-GFP cells cultured on tissue culture
PS were trypsinized, while cells cultured on collagen and mineral-
ized collagen were isolated using collagenase type I (1 mg mi™in PBS,
Worthington Biochemical). Suspended cells were passed through a
40 um cell strainer, centrifuged and resuspended in flow cytometry

buffer containing propidiumiodide (Invitrogen) for subsequent flow
cytometry (BD Accuri Cé Plus, BD biosciences). ALDH activity of cells
was measured using an ALDEFLUOR kit (STEMCELLTechnologies)
according to manufacturer instructions. Cells were gated by forward
scatter (FSC) and side scatter, then FSC-A and FSC-H signals were used
for doublet exclusion. Live cells selected on the basis of propidium
iodide signals were used to identify cell populations expressing GFP
from Nanog-GFP and ALDH from MDA-MB231. To analyse colony for-
mation in soft agar, cells isolated from the different matrices (5 x10*
cells) were suspended in a solution of 0.3% noble agar in DMEM with
10% FBS and 1% P/S and then plated on a layer of 0.5% noble agar in
6-well plates. After gelation, the plate was cultured in DMEM with
10% FBS and 1% P/S. After 21d, cultures were incubated in media con-
taining nitroblue tetrazolium (Biotium) overnight. Sphere formation
was visualized using a ChemiDoc Touch imaging system (Bio-Rad)
and analysed using the Image] particle analysis tool. Colonies over
100 pm in diameter were counted and measured for colony diameter
distribution. For analysis of stemness and E-cadherin expression of
MCF7 cells, MCF7 cells were cultured on the different matrices for 7 d.
MCF7 cells were assessed for the CD44"/CD24~ stem-like fraction via
flow cytometry using a BD Accuri C6 Plus Analyzer. Following trypsi-
nization, cells were resuspended in FACS buffer (PBS containing 2.5%
FBS,2mM EDTA) at 10 x 10° cells per ml, followed by incubation with
antibodies against human CD44 (APC-conjugated, Clone G44-26, 1:5,
BD Biosciences) and CD24 (PE-Cy7-conjugated, Clone ML5, 1:20, BD
Biosciences). Gates were created in FCS Express and determined using
theisotype controls mouse anti-IgG2b k (APC-conjugated, Clone 27-35,
1:5,BD Biosciences) and mouse anti-lgG2a k (PE-Cy7-conjugated, Clone
G155-178,1:20, BD Biosciences). E-cadherin expression was analysed
from confocal images. Cells were stained using mouse anti-human
E-cadherin (BD Biosciences) and detected with goat anti-mouse Alexa
Fluor 568 secondary antibody (Thermo Fisher). E-cadherin levels per
cell were analysed from 4 randomly selected areas per sample (n=3)
and quantified using Image).

Analysis of mechanosignalling-mediated changesin cell
growth

For analysis of mineralization-dependent changes in mechanosignal-
ling, MDA-MB231 cells were cultured on PS, collagen and mineralized
collagenin the presence and absence of afunction-blocking flintegrin
antibody (2 pg ml™, Millipore) or pharmacological inhibitors of FAK
(FAK inhibitor 14, 5 uM, Tocris), ROCK (Y27632, 25 uM, Tocris) or PI3K
(LY294002,10 pM, Tocris) for 4 d. Subsequently, cell growth was ana-
lysed by measuring DNA content as described above.

Analysis of cell traction forces
Polyacrylamide gels were prepared with a Young’s modulus of either
2.7 kPa for Nanog-GFP and 5 kPa for MDA-MB231 cells as previously
described¥. Briefly, 35 mm glass-bottom dishes (VWR) were cleaned
with 0.1 N NaOH, followed by sequential surface treatment with
3-aminopropyl-trimethylsilane and 0.5% (v/v) GA in PBS. Dishes were
washed with distilled water and allowed to air dry. Prepolymer solutions
for gels were prepared by combining 40% acrylamide, 2% bisacrylamide,
PBS and 0.2 pm fluorescent beads (Thermo Fisher). Gels (2.7 kPa and
5kPa)were prepared using 7.5%/0.035% and 7.5%/0.06% of acrylamide/
bisacrylamide, respectively. Polymerization was initiated through the
addition of ammonium persulfate and N,N,N,N-tetramethyl ethylenedi-
amine. Droplets of the polymer solution were placed between activated
dishes and a Sigmacote-treated 8 mm coverslip (Sigma-Aldrich) and
allowed to polymerize. Polyacrylamide gels were functionalized with
rat tail type I collagen (0.03 mg ml™) using an N6 succinimide ester
crosslinker solution as previously described®®. Gels were washed with
PBS and cell media before cell seeding at1 x 10* cells per cm?.
Confocal microscopy (810 and 880 LSM, Zeiss) was used to
image Nanog-GFP or MemGlow 590 (20 nM, Cytoskeleton) labelled
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MDA-MB231 cells using either x63 or x40 1.2NA C-Apochromat objec-
tives. Cells were lysed by adding 2% sodium dodecyl-sulfate (SDS) to
the dishes (final concentration of 1% SDS) and gels allowed to relax for
2 min.Images of the relaxed gels were then acquired at the same posi-
tions. Images of beads were sharpened and stage drift corrected using
ImageJ, and bead displacements and corresponding forces calculated
using previously developed software and custom MATLAB scripts®.
Cellular traction forces were calculated using the Fourier transform
traction cytometry method with a regularization parameter (1) of
1x107°. For MDA-MB231, MCF7 and the bone tropic MDA-MB231 sub-
clone BoM-1833 traction forces of at least 10 cells were analysed per gel
foraminimum of 2 gels per condition. For Nanog-GFP, traction forces of
atleast 25 cells per condition were analysed from 5 gels. Pairwise com-
parisons of total cellular traction forces were conducted using either
aMann-Whitney U-test or a Kruskal-Wallis test with Dunn’s multiple
comparison correction when more than two conditions were being
compared. For cellular traction forces when cells were precultured on
different substrates, outliers were identified using the robust regres-
sion followed by outlier identification method with a Q value of 1%.

RNA-sequencing and data analysis

Cells were collected using collagenase after 7 d of culture and RNA
was isolated from each condition using an RNA isolation kit (Qiagen)
according to manufacturer protocols (n=4). lllumina TruSeq RNA
stranded kit (Illumina) was used for library preparation, and samples
were sequenced as1 x 86 bp single-end reads on aNextSeq500 system
(Illumina), yielding on average 42 M reads per sample. Reads were
then trimmed using Trim Galore (v.0.4.4; https://www.bioinformat-
ics.babraham.ac.uk/projects/trim_galore/) and aligned to the human
reference genome GRCh38 (ENSEMBL) using STAR (v.2.6.0a) . Reads
of genomic features were counted using featureCounts® and differen-
tial gene expression determined using DESeq2 (ref. 92). Differentially
expressed genes were defined as those with alog,(fold change) > [1|and
anadjusted Pvalue (P,4) < 0.05. For GSEA, aranked list was generated
by taking the sign of the fold change multiplied by the -log,, of P,
The list was inputted to the GSEA Java applet (http://software.broa-
dinstitute.org/gsea/index.jsp) using gene ontology (GO) biological
processes gene sets from MSigDB v.6.2. Gene sets were considered
significantly enriched with a P value and false discovery rate (FDR)
value less than 0.05.

The relevance of gene expression changes induced by mineral-
ized collagen to human breast cancer samples was computed using
publicly available TCGA and METABRIC datasets. The 98-gene min-
eralized collagen gene signature was defined as transcripts with a
log,(fold change) >1and aP,4; < 0.05. The transcriptional score based
onsupervised gene signature was computed across all samples using
the single-sample GSEA (SSGSEA) method from the gsva package.
SSGSEA scores were used for clinical correlations with survival. In the
TCGA and METABRIC cohorts, sorted signature scores inthe upper and
lower tertiles were classified as high and low transcriptional signatures,
respectively. Kaplan-Meier survival analysis was then performed with
coxphregression using the ‘survival’ package in R to associate tran-
scriptional signature score with overall survival as primary outcome.

To assess association of our mineralized collagen gene signa-
ture with bone-metastasis-free survival, two published breast cancer
cohorts with clinical data (Study ID: GE02603, GSE2034) were used.
ComBat function from the sva library was used to batch correct the
cohortsbefore the analysis. As the used published datawere generated
by microarray, which analyses predefined transcripts/genes rather
thanthe whole transcriptome, we were able to map only asubset of our
RNA-seq-derived 98 gene signatures to the microarray probe (GLP96)
setinthis cohort. Despite this technological limitation with the dataset,
we were able to use 55 out of the 98 genes that mapped to the available
probe set. This subset of 55 genes was used as the mineralized collagen
gene signature to compute the transcriptional signature score using

SSGSEA as above. Across the cohorts, sorted signature scores in the
upper and lower quartiles were classified as high and low transcrip-
tional signatures, respectively. Kaplan-Meier survival analysis was
then performed with coxph regressionusing the ‘survival’ packagein R
toassociate transcriptional signature score with bone-metastasis-free
survival.

Preparation and characterization of bone scaffolds

Trabecular bone biopsies were extracted from 1-3-day-old neonatal
bovine distal femurs as previously described®. After rinsing with a high
velocity stream of deionized water to remove marrow and debris, biop-
sies were sectioned into cylindrical scaffolds (6 mm diameter and1 mm
thickness). Scaffolds were incubated in an extraction buffer of20 mM
NaOH and 0.5% Triton X-100 in PBS at 37 °C to remove cells and cellular
debris, then incubated in 20 U ml™ DNase I to remove any latent DNA
fragments (DCscaffolds). Bone mineral was removed from DCscaffolds
via an overnight incubation in 9.5% EDTA (DCDM scaffolds). All scaf-
folds were then washed 5 times with PBS to clear any residual material.
Removal of cellular components was confirmed by hematoxylin and
eosin (H&E) staining as well as DNA quantification. To confirm deminer-
alization, scaffolds were scanned on a high-resolution 3D X-ray micro-
scope (Xradia Zeiss VersaXRM-520, Zeiss) at 60 kV/5 W, with exposures
of 1.5seach ataresolution of 3.53 pm per pixel and false-coloured on
the basis of the attenuation coefficient (Avizo, Thermo Fisher). To
assess collagen content, Masson’s trichrome staining was performed
onformalin-fixed paraffin-embedded sections according to standard
protocols. Trabecular structure and collagen fibrillar structure in DC
and DCDM scaffolds were determined by SEM, while the presence of
mineral was determined by BSE. The collagen microstructure of DC
and DCDM scaffolds was also measured by SHG microscopy. XRD and
FT-IRspectrawere used to characterize mineral properties of scaffolds
asdescribed above. For detection of cellgrowth, MDA-MB231 cells were
imaged by SEM and quantified by fluorescence analysis of DNA content
with the QuantiFluor dsDNA kit (Promega). For detection of stem-like
properties of cells in scaffolds, GFP expression of Nanog-GFP was
imaged by confocal microscopy and quantified using flow cytometry.

Animal studies

Mouse studies were performed in accordance with Cornell University’s
animal care guidelines and approved by Cornell University’s Insti-
tutional Animal Care and Use Committee (protocol 2011-0006). For
detection of disseminated tumour cells relative to mineralizing bone
surfaces, MDA-MB231 cells were labelled with fluorescent silicanano-
particles containing positively charged Cy5 dye (Cy5(+)-SNPs) as pre-
viously described®. Briefly, cells were labelled with 1 uM Cy5(+)-SNPs
andresuspendedinice-cold PBS for mouse injections. Female athymic
nude-FoxnI™ (Envigo) mice were injected intraperitoneally with calcein
(15mgkg™, pH 7.4 in PBS) at 5-6 weeks of age. One day later, labelled
cells (1x 10°cellsin100 pl PBS) were injected into the left cardiac ven-
tricle using ultrasound guidance (Vevo VisualSonics 2100, FUJIFILM
VisualSonics). Injection into the systemic circulation was verified by
bioluminescence imaging (IVIS Spectrum, Perkin Elmer). Tibiae were
collected after 2 d.Immediately following collection, tibiae were fixed
inice-cold 4% paraformaldehyde (pH 7.4 in PBS) for 16 h. To detect
tumour cells labelled with Cy5(+)-SNPs, tibiae were optically cleared
using ethyl cinnamate following dehydration in a graded ethanol
series”. Samples were imaged in ethyl cinnamate using a light-sheet
microscope (LaVision BioTec), using the 488 nm laser to detect calcein
and the 640 nm laser to detect Cy5(+)-SNPs. Arivis Vision4D (Arivis) and
Image) were used to process light-sheet microscopy images.

For in vivo tumour formation, luciferase-expressing MDA-MB231
were seeded on bovine bone scaffolds (6 mmdiameter and1 mm thick-
ness) in a-MEM with 10% FBS and 1% P/S (4 x 10° cells per scaffold) and
cultured at 37 °C in a 5% CO, incubator for 24 h before implantation.
Cell-laden scaffolds (DC versus DCDM) were implanted subcutaneously
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(s.c.) into 6-8-week-old female athymic nude-FoxnI™ mice (Envigo).
Two scaffolds per condition were implanted into each mouse (that is,
4 scaffolds per mouse; n =4 mice; 8 scaffolds per condition). Biolumi-
nescence images were taken once weekly 5 min following injection of
D-luciferin (Gold Biotechnology) using anin vivo imaging system (IVIS
Spectrum, Perkin Elmer). Outliers were determined using a Grubb’s
test with a significance level of alpha = 0.0001. Explanted scaffolds
were fixed withice-cold 4% paraformaldehyde and decalcified with10%
EDTA. Paraffin sections were used for H&E staining as well as sequential
double-immuno-staining with rabbit anti-human Ki67 (Cell Signaling
Technologies) and rabbit anti-human vimentin (Thermo Fisher). First,
Ki67 antibody was detected with an alkaline phosphatase-conjugated
horse anti-rabbit antibody to stain red following incubation with
alkaline phosphatase substrate (Vector Laboratories). After blocking
Ki67-stained samples with horse serum, human vimentin antibody was
detected with an horseradish peroxidase-conjugated horse anti-rabbit
antibody and diaminobenzidine to produce a brown colour (Thermo
Fisher). All sections were counterstained with Mayer’s haematoxylin
(Thermo Fisher) and imaged using a ScanScope slide scanner (Aperio
CS2, Leica Biosystems) with a x40 objective. To quantify Ki67 and
vimentin immunoreactivity, images of all immunohistochemistry
(IHC)-stained sections were uploaded to QuPath v.0.2.0 (ref. 94) and
manually annotated toinclude cells and exclude trabeculae, lipid depos-
itsand extracellular debris. A QuPath script was written to quantify the
total number of cells, total section area and number of cells positive
for vimentin and Ki67 per section area. Each data point represents the
percentage of positive cells per mm?asidentified for the cross-sectional
area of 1implant; 8 implants were analysed per condition.

Statistics and reproducibility

Unless otherwise indicated, results are presented as the mean and
standard deviation of at least 3 independent replicates per condition
using GraphPad Prism 9. Statistical differences were determined using
Student’s unpaired ¢-test for two group comparisons, one-way analysis
of variance (ANOVA) followed by Tukey’s post test for multiple group
comparisons and two-way ANOVA with Sidak’s multiple comparison
for multiple factors, unless otherwise mentioned. Two-tailed test with
P<0.05were considered significantin all cases. Statistical considera-
tions for analysis of cell traction forces and tumour growth in vivo are
specified in the respective sections above.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The maindatasupportingtheresultsin this study are available within
the paper and its Supplementary Information. All RNA-sequencing
data generated in this study are available in the NIH Gene Expression
Omnibus viathe accession number GSE229094. Survival analysis was
conducted using publicly available datasets (Study ID: GE02603,
GSE2034).Source datafor the figures are provided with this paper.

Code availability
The QuPath script used for immunochemistry analysis is available as
Supplementary Information.
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Extended Data Fig. 1| Mineral-to-matrix ratio of collagen and mineralized collagen. Mineral to matrix ratio of mineralized collagen as calculated by dividing the
phosphate peak area (907-1183 cm™) of FT-IR spectra by the amide I peak area (1580-1727 cm™) (n =3; ""p < 0.0001). Data are mean + SD. Data were calculated using
two-tailed unpaired ¢-test.
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loss (G”) moduli (n=3; "p=0.0083; *p =0.0035) (b). Data are mean + SD. Data in b were calculated using two-tailed unpaired t-test.

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

https://doi.org/10.1038/s41551-023-01077-3

x Condition
33 ’ Collagen
4171 1

Article

i » Condition
Collagen MN-Collagen
1 MN-Collagen 05
0
0
0.5
-1 -1
- 15
N
pg E3.3
SEE Ao 1
ABI3BP
/1//{&_1
— |GABR

= AGD05747.1
fbe
iR
i = f
—
= — A

—_

NT3

%.B

Bha

i
3

0O 0O O O

3 3 3§ 3 & ¢ & ¢ @ ® @ ® » L L

= = = = o o o o 9@ «a «a «a

® @ ®» ® ©® ® © @ sSEBD e B 6 O

s o o o @ QG 9 w3 2R

= wm o = 5 8 8§ S = & W
o > @ =

Extended Data Fig. 3 | Heatmap of differentially expressed genes (DEGs). DEGs were defined as the genes with FDR-adjusted p-values < 0.05 and log,FC > 1. Relative
expression levels of all DEGs (left) or top 50 genes (right) is split into collagen and mineralized collagen conditions.
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while blue labeled gene sets have been directly linked to stemness. The top 3
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red line designates FDR g-value cutoff of 0.05. b, Enrichment plot for FOXD3
target genes as determined by GSEA. Normalized Enrichment Score (NES) =1.68,
nominal p-value = 0.009, FDR g-value = 0.062. ¢, Enrichment plot for the Wu Cell
Migration gene signature from the MSigDB as determined by GSEA. Normalized
Enrichment Score (NES) =1.60, nominal p-value < 0.001, FDR g-value = 0.157.
While cell migration was not a focus of our study, this gene set includes several
genes directly related to cytoskeletal remodeling (for example NEDD9, KRT19,
S100A4, and FNI).
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were incubated with various concentrations of fibronectin (FN) before cell seeding (n = 4). Data are mean + SD. Data were calculated using two-way ANOVA with Tukey’s
multiple comparisons.
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Extended Data Fig. 7 | Characterization of mineralized collagen at different
time points of dissolution. a, FT-IR spectra of mineralized collagen following
hydroxyapatite dissolution for up to 6 days. Non-mineralized collagen served as
control. b,c, FT-IR analysis of mineral to matrix ratio (n=3; ""p < 0.0001) (b) and
crystallinity index (CI) of matrices after different periods of mineral dissolution
(n=3;""p<0.0001) (c). Clwas calculated by drawing a baseline between 450 cm™
and 750 cm™ (red dashed line) and measuring the heights of phosphate peaks at

567 cm™and 603 cm™ and the height of the lowest point between them relative
tothebaseline.d, Representative SEM and BSE images visualizing differencesin
mineral content and collagen fibril diameter after different periods of mineral
dissolution. Pseudocolor was generated from BSE images by converting grey-
scale pixel intensity to alinear 256-bit color scale. Fibril diameter was measured
from SEMimages. Scale bar =2 pm. Data are mean + SD. Datainb and c were
calculated using one-way ANOVA with Dunnett’s multiple comparisons.
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Extended DataFig. 8 | E-cadherin expression of MCF7 is reduced by substrates (n=3;"p=0.0012; ""p <0.0001).Scale bar =20 pm. Data are
mineralized collagen. Representative confocal micrographs and corresponding ~ mean + SD. Data were calculated using one-way ANOVA with Tukey’s multiple

quantification of E-cadherin after 7 d of culture of MCF7 cells on the different comparisons.
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Extended Data Fig. 9 | Total traction forces of different breast-cancer cell examined from 6 gels); MCF7 (at least 31cells examined from 5 gels); BoM-1833
lines. Cells were precultured on tissue culture polystyrene (PS), collagen, and (PS: 21 cells examined from 2 gels; Col and MN-col: at least 33 cells examined from
mineralized collagen. Cells were precultured on the different substrates for 3 gels)). p=0.0459; "p=0.0076; "p = 0.0001; p = 0.0193. Data are mean + SD.

7 days prior to reseeding on PA gels for traction force microscopy measurements Data were calculated using Kruskal Wallis test with Dunn’s multiple comparisons.
(MDA-MB231 (PS: 44 cells examined from 3 gels; Col and MN-col: at least 61 cells
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Extended Data Fig. 10 | Survival analysis of patients with breast cancer.
a, Overall survival of patients with breast cancer by stratification based on
mineral-induced gene expression using different breast cancer subtypesin
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

1 CI L

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

(1 [

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

O X X OO X

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Characterization of mineralized collagen and scaffolds: SEM (Mira3 LM); FT-IR (Hyperion2000/Tensor27); XRD (D8 advance ECO powder
diffractometer); X-ray microscope (Xradia Zeiss Versa XRM-520); SHG microscopy (Zeiss LSM880).
Analysis of tumour-cell phenotype: Confocal microscopy (Zeiss LSM810; Zeiss LSM880; Zeiss LSM710); Western Blot and sphere formation
(ChemiDoc TM Touch Imaging System); Flow cytometry (BD Accuri C6 Plus); RNA sequencing (NextSeqS00).
Animal studies: Light-sheet microscopy (LaVision BioTec); Ultrasound guidance (Vevo VisualSonics 2100); Bioluminescence imaging (IVIS
Spectrum).
Tissue imaging: ScanScope slide scanner (Aperio CS2).

Data analysis Statistic analysis and data plotting: PRISM v9.5.0.
Mineral-to-matrix-ratio analysis from FT-IR: OPUS 6.5.
Western Blot and sphere formation: Imaging Lab 6.0.
Flow cytometry: FCS Express: 6.06.0042.
RNA sequencing: STAR v2.6.0a.
Tissue analysis: QuPath v0.2.0.
Image analysis and processing: MATLAB, ImageJ, and Arivis Vision 4D.
Bioluminescence analysis: Livinglmage.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the results in this study are available within the paper and its Supplementary Information. All RNA sequencing data generated in this study
are available in the NIH Gene Expression Omnibus via the accession number GSE229094. Survival analysis was conducted using publicly available datasets (Study ID:
GEO2603, GSE2034). Source data for the figures are provided with this paper.
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The study did not involve human research participants.
Population characteristics —
Recruitment -

Ethics oversight —

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were based on our previous experience and on pilot studies. For the in vivo studies, sample size was validated using a power
analysis. The number of samples and of independent replicates is indicated in the paper (in the statistical-analysis section or specified in the
respective data-analysis sections for traction force microscopy and for the animal studies).

Data exclusions A single outlier was identified in the BLI data via a Grubb's test with a significance level of alpha = 0.0001, and excluded accordingly, to avoid
skewing the dataset. For traction-force data, a single data point was identified as an outlier using the ROUT method with a Q value of 1%, and
was excluded to avoid skewing.

Replication All experiments were performed with at least 3 independent replicates. All attempts at replication were successful.

Randomization  For the in vivo experiments, each mouse received scaffolds of each scaffold type to control for animal-specific variation. Additionally, the
implant location of each matrix condition was alternated per mouse such that each implant location was equally represented across mice and

across experimental conditions. Mice were randomly assigned to groups.

Blinding Immunohistochemistry and bioluminescence-image analysis were done in a blinded manner. The images were anonymized for quantification
and subsequently grouped for statistical analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

[X] Antibodies X[ ] chip-seq

X Eukaryotic cell lines [ 11X Flow cytometry

D Palaeontology and archaeology X] D MRI-based neuroimaging

[X| Animals and other organisms

[ ] Clinical data

XXOXOOS

[ ] Dual use research of concern

Antibodies

Antibodies used For Western blot: rabbit-anti-human Sox2 (59072, Sigma Aldrich); rabbit-anti-human Oct4 (AB3209, Millipore); rabbit-anti-human
HSP90 (sc-7947, Santa Cruz).
For mechanosignalling blocking: mouse-anti-human B1 integrin clone 656 (MAB2253Z, Millipore).
For cell and tissue staining: rabbit-anti-human ki67 (90275, Cell Signaling Technologies); rabbit anti-human vimentin (MA5-16409,
Thermo Fisher Scientific); AP-conjugated horse anti-rabbit 1gG (MP-5401-15, Vector Labs); HRP-conjugated horse anti-rabbit 1gG
(MP-7401, Vector Labs); mouse anti-human E-cadherin (61081, BS Biosciences); APC-conjugated anti-human CD44 clone G44-26
(555745, BD Biosciences); PE-Cy7-conjugated anti-CD24 clone ML5 (561646, BD Biosciences); APC-conjugated mouse anti-IgG2b
clone 27-35 (555745, BD Biosciences); PE-Cy7-conjugated mouse anti-lgG2a clone G155-178 (557907, BD Biosciences); mouse anti-
human fibronectin (F7387, Sigma Aldrich); goat anti-mouse Alexa Fluor 568 (A11004, Thermo Fisher Scientific); goat anti-mouse
Alexa Fluor 488 (A11001, Thermo Fisher Scientific).
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Validation All antibodies are commercially available and validated by their respective vendors. Individual protocols were developed for each
antibody using appropriate isotype controls, and antibody performance and reproducibility is routinely verified in our lab by multiple
users using similar model systems. No additional validation was done.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The MDA-MB231 and MCF-7 cell lines were procured from ATCC.
MDA-MB231 cells expressing the Nanog-GFP reporter were generated and provided by Ofer Reizes, and the bone metastatic
BoM1-2287 and BOM1-1833 cell lines were provided by Joan Massague.

Authentication The cell lines sourced from ATCC were authenticated by STR profiling.
RoosterBio hMSCs were authenticated by the manufacturer to meet ISCT minimum criteria for hMSC identity.
Bone metastatic subclones and the reporter cell line were authenticated by the labs that developed them. Results with
reporter and bone metastatic clones were confirmed with parental authenticated cell lines. All cell lines were re-
authenticated by phenotype and morphology on arrival to our lab.

Mycoplasma contamination All cell lines were negative for mycoplasma. Mycoplasma testing is done in our lab on a 6-month basis.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For the detection of disseminated tumor cells, five-to-six-week-old female athymic nude-Fox1nu mice were used. For in vivo tumor
formation, six-to-eight-week-old female athymic nude-Fox1nu mice were used. The animals were housed no more than 5 per
standard cage with ad-libitum water and chow in ambient temperature of 70—74° F, humidity of 30-70%, and a light—dark cycle of
14-hours on and 10-hours off.

Wild animals The study did not involve wild animals
Reporting on sex All animals used in this study were female.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight The animal studies were performed in accordance with Cornell University animal care guidelines and was approved by Cornell
University's Institutional Animal Care and Use Committee under protocol number 2011-0006.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Flow Cytometry

Plots
Confirm that:
X] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
X] All plots are contour plots with outliers or pseudocolor plots.

X] A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Cells cultured on tissue-culture polystyrene were trypsinized, whereas cells on collagen and mineralized collagen were
isolated using collagenase Type I. Suspended cells were passed through a 40-um cell strainer, centrifuged, and resuspended
in flow-cytometry buffer containing propidium iodide for subsequent flow cytometry.

Instrument BD Accuri C6 Plus, BD Biosciences.

Software FCS Express 6.06.0042

Cell population abundance At least 10,000 cells were recorded for the analysis.

Gating strategy Cells were gated by FSC and SSC, then FSC-A and FSC-H signals were used for doublet exclusion. Live cells were gated by PI

signals. Cell populations expressing GFP from Nanog-GFP or ALDH from MDA-MB231 were analysed.

X] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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