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ABSTRACT

Osteoblasts are adherent cells, and under physiological conditions they attach to both mineralized and non-
mineralized osseous surfaces. However, how exactly osteoblasts respond to these different osseous surfaces is
largely unknown. Our hypothesis was that the state of matrix mineralization provides a functional signal to
osteoblasts. To assess the osteoblast response to mineralized compared to demineralized osseous surfaces, we
developed and validated a novel tissue surface model. We demonstrated that with the exception of the absence of
mineral, the mineralized and demineralized surfaces were similar in molecular composition as determined, for
example, by collagen content and maturity. Subsequently, we used the human osteoblastic cell line MG63 in
combination with genome-wide gene set enrichment analysis (GSEA) to record and compare the gene expression
signatures on mineralized and demineralized surfaces. Assessment of the 5 most significant gene sets showed on
mineralized surfaces an enrichment exclusively of genes sets linked to protein synthesis, while on the demi-
neralized surfaces 3 of the 5 enriched gene sets were associated with the matrix. Focusing on these three gene
sets, we observed not only the expected structural components of the bone matrix, but also gene products, such
as HMCN1 or NID2, that are likely to act as temporal migration guides. Together, these findings suggest that in
osteoblasts mineralized and demineralized osseous surfaces favor intracellular protein production and matrix
formation, respectively. Further, they demonstrate that the mineralization state of bone independently controls
gene expression in osteoblastic cells.

1. Introduction

showed that the collagen fibrils in mineralized bone contain a sub-
stituted calcium hydroxyapatite mineral [4,5], both inside and on their

Osteoblasts are the sole bone-forming cells of the body [1]. They
have the capacity for production of both the organic collagen matrix of
bone, i.e. osteoid, and the subsequent mineralization of the matrix. In
adult bone, the mineralized osseous surface is largely occupied by
resting osteoblasts called bone-lining cells [2], while at areas of active
bone formation, such as the bone multinuclear unit (BMU) or sites of
bone repair, osteoblasts are attached to resorbed bone surfaces or os-
teoid [3]. Further, at sites where osteoblasts facilitate or completed
mineralization, they are also observed on mineralized bone surfaces
[3]. Together, osteoblasts reside on both mineralized and non-miner-
alized osseous surfaces, and are likely to transition between these two
osseous surfaces.

The biological response of osteoblasts to these surfaces is only partly
understood. With respect to mineralized surfaces, previous work

surface [6]. However, if and how the mineral influences osteoblast
behavior remains largely elusive. In comparison to mineralized sur-
faces, more is known about the interaction of osteoblasts with non-
mineralized matrix surfaces. Osteoblasts utilize focal adhesions for
matrix recognition and binding via the extracellular domains of cell-
membrane-spanning integrin receptors, particularly the f; integrin
subunit [7]. This subunit forms a number of heterodimeric receptors,
including oy _sB; and a1, 3, 5 [8,9], and its functional relevance of the
B, integrin subunit has been demonstrated in mouse models in vivo
[10,11]. The heterodimeric integrin receptors on osteoblasts are cap-
able of binding to the major components of bone matrix, such as type I
collagen and non-collagenous matrix components including bone sia-
loprotein, osteopontin, or vitronectin [7]. Beyond attachment, matrix
components such as type I collagen or fibronectin, although
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immobilized within a ridged matrix, can also be recognized by osteo-
blasts as chemoattractants and induce haptotaxis, i.e. migration along a
gradient of cellular adhesion sites or substrate-bound chemoattractants
[12]. Notably, receptors such as integrin receptors play an important
role as transducers, connecting matrix ligands to intracellular signaling
pathways [13]. This suggests that matrix mineralization, for example
simply by masking matrix components, could have a potentially sig-
nificant effect on osteoblast function. Therefore, we hypothesized for
this study that the state of matrix mineralization provides a functional
signal to osteoblasts. In the absence of a suitable tissue surface model,
we devised a surface model that provides either a mineralized or de-
mineralized endogenous bone surface for the attachment of human
osteoblastic cells, while maintaining matrix composition. Using this
assay in combination with GSEA generated data demonstrating that
bone matrix mineralization directly controls osteoblast biology.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were from Sigma (St. Louis, MO) unless noted other-
wise. Ethylenediamine tetraacetic acid disodium salt (EDTA) was from
Carl Roth (Karlsruhe, Germany). Peracetic acid (PAA) solution was
purchased from Bioxal SA (Chalon-sur-Sadne, France), while Trizol was
procured from Sigma (St. Louis, MO).

2.2. Preparation and validation of bone surfaces

Fresh porcine tibia was obtained from a Munich slaughterhouse and
stored at — 80°C. After thawing at room temperature (RT), sur-
rounding tissue of the tibia was removed with a single use scalpel.
Using a water-cooled EXAKT 300 CL band saw from EXAKT (Hamburg,
Germany) at 560 m/min saw band velocity, porcine tibia was cut into
slices of 600 um thickness each. The slices were demineralized in 0.5 M
EDTA (aqueous solution, adjusted to pH 7) for 16 h. Based on pilot
studies determining the optimal concentration and time, antimicrobial
treatment of bone was carried out with 2% PAA for 16 h, followed by a
washing step with phosphate buffered saline for 16 h. After the washing
step, the bone was directly processed.

2.3. Osteodensitometry

The mineralization state of the osseous surfaces preparations was
assessed using dual energy X-ray absorption (DXA). To perform DXA on
5 mineralized and 5 demineralized samples, a Faxitron Ultrafocus
(Faxitron Bioptics LCC, Tucson, AZ) in combination with Vision DXA
Version 2.4.2 software was employed. Samples were placed at the 2x
magnification stage and data acquired sequentially at 40 kV/0.28 mA
and 80kV/0.14 mA. Measures of bone mineral density (BMD) was ob-
tained from region-of-interest (ROI) measures. ROIs were plotted along
the periphery of each of the 10 samples visualized on the Bone Map
image.

2.4. Fourier transform infrared (FTIR) spectroscopy

Intact mineralized and demineralized samples were analyzed by
FTIR in attenuated total reflection (ATR) mode using a Thermo
Scientific Nicolet iS5 FTIR Spectrometer, mounted with the iD7 ATR
accessory with a diamond crystal. Briefly, samples were dried with
absorbent tissue wipers, placed in close contact with the ATR crystal
and spectra were collected with 4cm™! resolution and 32 co-added
scans. ATR correction of the spectra were performed using the OMNIC
software (Thermo Scientific, Waltham, MA). The Unscrambler X soft-
ware (CAMO, Magnolia, TX) was used to obtain the second derivative
spectra to reveal details of subtle and overlapping peaks. The integrated
area of peaks of interest were obtained using ISys chemical imaging
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analysis software (Malvern, Columbia, MD). Specific wavenumber
ranges were used for assessment of several components of the bone
matrix [14]: phosphate from hydroxyapatite (900-1185cm™!, PO,
antisymetric stretching vibration), amide I, reflecting total protein
(1585-1720cm ™}, Cc=0 stretching vibration), collagen
(1325-1355 cm ™ !, side chain vibrations), and carbonate incorporated
into the hydroxyapatite (855-890 cm ™' CO; bending vibration). The
relative amount of mineral to protein content was assessed by the
phosphate/amide I peak ratio, and relative collagen content by the
collagen/amide I ratio. Collagen maturity was estimated based on the
1660/1690 ratio within the amide I peak after baseline correction from
1700 to 1600 cm ™! [14]. Six samples were analyzed for each group
(mineralized and demineralized), with three spectra collected in dif-
ferent regions of each sample.

2.5. Cell culture

The human osteosarcoma cells MG63, Hos and Saos-2 were ob-
tained from the American Type Culture Collection (Manassas, VA).
MG63 and Hos cells were cultured in Dulbecco's modified Eagle's
medium (DMEM), while Saos-2 cells were cultured in RPMI-Medium
1640. Cell culture media and supplements for the above cell lines were
purchased from Gibco (Waltham, MA). All media were supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin/100 pg/ml
streptomycin, and 1% r-glutamine. Cells were maintained at 37 °C in a
humidified 5% carbon dioxide atmosphere, and sub-cultured at a 1:5
ratio. Two lots (426,160 and 435,102) of primary human osteoblast
(termed HOB1 and HOB2) were procured from Lonza (Basel,
Switzerland) and cultured in OBM Basal Medium (Lonza), supple-
mented with SingleQuots (Lonza), at 37 °C in a humidified 5% carbon
dioxide atmosphere. Sub-cultivation was carried out at 80% confluency,
using the recommended ReagentPack (Lonza), following the manual’s
instructions.

To study cells on mineralized or demineralized bone surfaces, cells
were seeded onto the osseous surface at a density of 200,000 cells/cm?
and cultivated for 72 h. For harvest, cells were mechanically removed
using a cell scraper, and collected in their appropriate medium through
centrifugation (500 g for 5 min at RT).

2.6. Staining with fluorescent dyes

To detect live cells on osseous surfaces, they were fluorescence-la-
beled, using the Vybrant (Invitrogen Molecular Probes, Eugene, OR)
dye DiD (excitation and emission wavelength maxima of 644 nm and
665 nm, respectively). This dye specifically was shown to offer in MG63
cells high labeling efficiency and minimal toxicity when compared for
example to GFP labeling [15]. Labeling was carried out in cell sus-
pension following the manual’s instructions. Fluorescent MG63 cells
were seeded onto the osseous surfaces at a density of 200,000 cells/cm?
and incubated for 72 h.

Cell morphology was assessed on fixed cells by co-staining with
Alexa Fluor 647 phalloidin (excitation and emission wavelength
maxima of 650 nm and 668 nm, respectively) and 4’,6-diamidino-2-
phenylindole (DAPI) dihydrochloride (excitation and emission wave-
length maxima of 358 nm and 461 nm, respectively), both procured
from Thermo Fisher Scientific. MG63 cells were seeded onto the osseous
surfaces at a density of 200,000 cells/cm? and incubated for 72 h. Then,
co-staining was carried out, following a standard staining protocol for
adherent cells. Briefly, MG63 cells were fixed with 4% paraformalde-
hyde (PFA) for 30 min and permeabilized with 0.1% Triton X-100 for
30 min at RT. After that, the samples were incubated with Alexa Fluor
647 phalloidin (methanol stock) at a concentration of 165nM for
60 min at RT. Subsequently, the samples were incubated with DAPI
dihydrochloride at a concentration of 300 nM for 5 min at RT. Each of
the above stainings was followed by two washing steps with PBS for
5min at RT.
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2.7. Immunofluorescence staining

To detect expression of HMCN1 in adherent MG63 cells on the
protein level, indirect immunofluorescence staining of HMCN1 protein
together with DAPI nucleic acid staining was employed. Unconjugated
rabbit-derived HMCN1 polyclonal IgG antibody (Thermo Fisher
Scientific) and labeled donkey anti-rabbit IgG antibody (Invitrogen),
conjugated to Alexa Fluor 594 (excitation and emission wavelength
maxima of 590 nm and 617 nm, respectively) were used as primary and
secondary antibody, respectively. MG63 cells were seeded onto the
osseous surfaces at a density of 200,000 cells/cm? and incubated for
72 h. After incubation, staining was carried out. Briefly, cells were fixed
with 4% PFA for 30 min and incubated with 1% FBS blocking solution
for 15 min at RT. Then, the samples were incubated with the primary
antibody at a concentration of 10 ng/ml, diluted in PBS with 0.1% FBS,
for 60 min at RT. This was followed by three wash steps with PBS, each
for 5min at RT. Subsequently, the samples were incubated with the
secondary antibody at a concentration of 1 pg/ml, diluted in PBS with
0.1% FBS, for 60 min at RT. This was again followed by three wash
steps with PBS, each for 5min at RT. In a final step, the samples were
incubated with 300 nM DAPI dihydrochloride for 5 min at RT, and then
washed as described for the previous steps.

2.8. Fluorescence microscopy

A Z1-Observer (Carl Zeiss, Jena, Germany) with integrated culti-
vation system device was used to acquire images from DiD and im-
munofluorescent stained samples. Imaging on the Z1 was performed
using #45 Texas Red and #49 DAPI filters, an AxioCamMR3 camera,
and LD A-Plan 32%/0.40 Ph 1 and EC Plan-Neofluar 10 x /0.30 Ph 1
objectives. Imaging of Alexa Fluor 647 phalloidin and DAPI co-stained
samples was carried out using a Fluoview 1200 Laser Scanning Confocal
Microscope (Olympus, Hamburg, Germany) equipped with an Olympus
UPlanSApo 40 x 1.25 Oil immersion objective at 600 nm step size.
Stacks of 17-18 images were collected. Images were processed in
ImageJ using the smooth, remove outliers, and brightness/contrast
functions.

2.9. RNA isolation

Cells were resuspended in Trizol. Total RNA was extracted using
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), following the man-
ual’s instructions, and stored at — 80 °C. The RNA integrity number
(RIN) was measured for quality control. cDNA was synthesized using
QuantiTect Reverse Transcription Kit (Qiagen), and stored at — 20 °C.
To obtain one RNA sample, cells harvested from two surfaces were
pooled. Four independent RNA samples were prepared for each osseous
surface.

2.10. Gene expression analysis

Genome-wide expression was measured using the Affymetrix
Human Gene 1.0 ST microarray (Thermo Fisher Scientific). To nor-
malize the acquired data across the samples, robust multi-array average
(RMA) normalization was employed. The previously reported GSEA
software in the platform-independent version [16] together with the
Molecular Signatures Database (MSigDB, Broad Institute) [17] was used
to analyze expression data. Genome-wide expression profiles received
in microarray analysis were determined as two classes, labeled as
“mineralized” and “demineralized”. GSEA was carried out utilizing the
C5 gene ontology (GO) gene sets (GO biological process, GO cellular
component, GO molecular function) from the MSigDB as gene set da-
tabase, containing 6166 gene sets in total. Only incorporating gene sets
including more than 15 and less than 500 genes, 4865 gene sets were
considered for analysis. A weighted scoring scheme was set for en-
richment statistics. Null distribution was estimated by 1000 gene set
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permutations, randomly assigning genes to gene sets, without affecting
the size of each gene set. Results were analyzed, respecting a Normal-
ized Enrichment Score (NES), p-value and false discovery rate (FDR), to
detect distinctions in genome-wide expression for the two defined
classes.

2.11. Quantitative real-time PCR (QRT-PCR)

For QRT-PCR the QuantiTect SYBR Green PCR Kit (Qiagen) in
combination with the StepOnePlus Real-Time PCR System (Applied
Biosystems, Darmstadt, Germany) was employed. The following ten
commercial primer sets QuantiTect Primer Assay (Qiagen) were used to
detect targets of interestt HMCN1 (Hs_HMCN1_1SG, Cat. no.:
QT00011228), NID2 (Hs_NID2_1_SG, Cat. no.: QT00055258), ITGA2
(Hs_ITGA2_1 SG, Cat. no.: QT00086695), VCAN (Hs_VCAN_1_SG, Cat.
no.: QT00064064), GAPDH (Hs_GAPDH_1 SG, Cat. no.: QT00079247)
and ACTB (Hs_ACTB_1_SG, Cat. no.: QT00095431). Each target was
amplified in a total reaction volume of 20 pl per well, containing 10 pl
QuantiTect SYBR Green PCR Master Mix, 2 ul QuantiTect Primer, 2 pl
cDNA and 6 ul RNase-free water. DNA amplification was initiated
through an incubation step of 15 min at 95 °C, followed by 40 cycles of
a 15s denaturation step at 95 °C, a 30s annealing step at 55°C and a
30 s extension step at 72 °C. Relative gene expression analysis based on
the comparative method (AACT method of relative quantification) was
used, determining relative gene expression values of the mineralized
phenotype as endogenous reference sample. Relative gene expression
was measured, normalized to the corresponding values of the house-
keeping genes (GAPDH and ACTB).

2.12. Statistical analyses

GraphPad Prism 7 was employed for statistical analyses. To com-
pare mineralized to demineralized samples, an unpaired t-test was used.
A p-value of less than 0.05 was considered significant. Statistical sig-
nificance for GSEA results was defined for a p-value of less than 0.001
and a false discovery rate (FDR) of less than 0.005.

3. Results
3.1. Development and validation of a matrix mineralization model

To devise a model that provides an endogenous bone surface with
different mineralization states, we selected porcine tibia as starting
material. Surfaces with an area and thickness range in the cm and sub-
mm, respectively, were cut (Fig. 1A). Subsequently, a chelate-based
demineralization was carried out and the degree of demineralization
was assessed using X-ray techniques. Planar X-ray imaging visualized
the mineralized but not demineralized surfaces (Fig. 1B). Using DXA
analysis, an average BMD of 76.6 + 17.6 g/cm2 (n = 5) was measured
for the mineralized surface, while BMD was undetected in the demi-
neralized surfaces (Fig. 1C).

To compare the mineralized and demineralized surfaces on a mo-
lecular level, FTIR spectral analyses were employed. Fig. 2A shows the
absorption spectra of the two surfaces. The mineral found in the mi-
neralized surfaces was typical of bone apatite, with the contributions
from phosphate and carbonate [14]. Comparable peaks were detected
for amide I, II, and III, arising from protein components, as well as the
collagen peak arising from side chain vibrations, in both mineralized
and demineralized surfaces, while the peaks for phosphate and carbo-
nate were only observed on the mineralized surfaces. Second derivative
spectra were used to show the peaks in more detail, confirming the
absence of mineral peaks in the demineralized surfaces (Fig. 2B).
Quantitative analysis of the spectra shows the drastic reduction in the
mineral content of the demineralized surfaces (Fig. 2C). In contrast, the
collagen content (Fig. 2D) and the collagen maturity (Fig. 2E) were
similar between the mineralized and demineralized surfaces. These
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Fig. 1. The surface model mimics mineralized and demineralized endogenous bone. (A) Photographs of mineralized and demineralized bone surfaces prepared for
subsequent cell seeding. (B) Planar X-ray images of mineralized (top row) and demineralized (bottom row) bone surfaces. (C) DXA measure of BMD. Means and
standard deviation are shown. Significance was denoted as ****p < 0.0001. Abbreviations: demin, demineralized; min, mineralized.

results show that the demineralization of the surfaces was successful,
leading to the complete removal of the mineral substance without af-
fecting the integrity of the organic matrix.

To utilize the model for the study of cellular responses to the sur-
face, we first monitored cell adherence to the surfaces. As endogenous
bone surfaces lack optical transparency, osteoblastic cells were tran-
siently labeled with a fluorescent dye. Forty-eight hours post seeding,
cells on both the mineralized and demineralized surfaces showed
normal cell morphology and formed uniform cell layers (Fig. 3A-D).
Cytoskeletal F-actin staining further supported a comparable cell mor-
phology on the mineralized and demineralized bone surfaces (Fig. 3E

A

and F). The planar geometry of the osseous surfaces permitted complete
recovery of the cells using gentle, mechanical means (Fig. 3G and H).
This led to the separation of cells and surface, while offering sufficient
cell harvest for subsequent molecular analysis.

3.2. Gene expression signatures on mineralized and demineralized surfaces

To offer a comprehensive and robust molecular analysis of the re-
sponse of osteoblastic cells to osseous surfaces, we relied on standard
gene expression profiling. For subsequent data analysis, GSEA was se-
lected because it permits an initial broad view on the data, rather than
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Fig. 2. The mineralized and demineralized surfaces differ only in their mineralization state. (A) Raw FTIR spectra show comparable peaks for amide I, II, and III (arising
from total protein), and for collagen in both surfaces, while PO, and CO5 peaks were only observed in the mineralized surface. (B) Second derivative spectra show
more details of subtle and overlapping peaks, confirming the absence of mineral in the demineralized surface. (C) Relative mineral content (PO4/amide I peak ratio)
was significantly reduced in the demineralized surfaces. (D) Relative collagen content (collagen/amide I peak ratio) and (E) collagen maturity (1660/1690 peak
ratio) were the same in mineralized and demineralized surfaces (n.s., not significant, ***p < 0.001). Abbreviations: demin, demineralized; min, mineralized.
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Fig. 3. Normal gross attachment of osteoblastic cells on the mineralized and demi-
neralized surfaces. (A-D) MG63 cells marked with DiD (red channel) on mi-
neralized (left images) and demineralized (right images) bone surfaces forty-
eight hours post seeding at a density of 200,000 cells/cm?. Cells show normal
morphology and uniform cell attachment. Imaging was performed on live cells
(E and F). Co-staining of MG63 cells with phalloidin (red channel) and DAPI
(blue channel). Images taken on fixed cells. The white star marks an artifact
from the bone tissue. (G and H) Osseous surfaces after mechanical cell-removal,
illustrating almost complete cell removal. The image depicts the same ROI as
shown in A and B prior to cell removal. Imaging was performed on live cells.
Abbreviations: demin, demineralized; min, mineralized.

the need to select genes early in the analysis. Gene expression data was
deposit for public access in GENE EXPRESSION OMNIBUS (GEO). The
GSEA of 2735 gene sets found 839 and 1896 upregulated gene sets in
osteoblastic cells on mineralized and demineralized surfaces, respec-
tively (Fig. 4A). A subsequent assessment of the gene sets with highly
significant upregulation showed similar distributions between the sur-
faces (Fig. 4B and C). Together, these findings suggested a profound
impact of the mineralization state on the cellular response. We then
identified the top 5 gene sets on mineralized and demineralized surfaces
(Fig. 4D and E) and displayed enrichment profiles of the corresponding
top gene sets with highest achieved Normalized Enrichment Scores
(NES). Osteoblastic cells on the mineralized surface exclusively en-
riched gene sets associated with the ribosome or endoplasmic reticulum
(ER) (Fig. 4D). In sharp contrast, the top 5 upregulated gene sets on the
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demineralized surface comprised three genes sets associated with the
ECM and cell motility (Fig. 4E, bars with yellow outline), as well as two
gene sets related to vascular development (Fig. 4E).

To further detail on the genes differentially regulated in osteoblastic
cells on mineralized and demineralized bone surfaces, we mapped the
genes of the GO EXTRACELLULAR MATRIX COMPONENT, GO
PROTEIN COMPLEX INVOLVED IN CELL ADHESION, and GO EXTRA-
CELLULAR STRUCTURE ORGANIZATION gene sets, which where
stringently enriched in osteoblastic cells on the demineralized surface
(Fig. 5A-C). Then, we surveyed whether these genes have a known or
unknown function in osteoblasts (Suppl. Table). Of the 29 genes, 26
genes had a well-established (Fig. 5A-C, green bars) or at least reported
(Fig. 5A-C, light green bars) function in osteoblasts. More importantly,
we also observed enrichment of two matrix genes, HMCN1 and NID2
(Fig. 5A and C, purple bars), previously not recognized to be induced in
osteoblasts. Lastly, we plotted the top 10 upregulated genes on both
osseous surfaces and found AMTN, SERPINE1 and ITGA2 as genes
within examined gene sets among the top 10 upregulated genes on the
demineralized bone surface (Fig. 5D). Together, these findings (1) de-
monstrated that expression of many of the essential osteoblastic matrix
genes was a sole function of the degree of bone surface mineralization,
and (2) identified osteoblastic induction of HMCN1 and NID2 in re-
sponse to demineralized surfaces. The latter, was confirmed by QRTPCR
measures (Fig. 5E and F), using ITGA2 and VCAN (Fig. 5G and H) as
positive controls. We note a higher induction of HMCN1 on deminer-
alized bone when compared to NID2 (Fig. 5E and F). The cellular
presence of HMCN1 protein was validated using an immuno-
fluorescence technique. Cellular localization of HMCN1 was clearly
shown (Fig. 5I), while images indicated extracellular HMCN1 (Fig. 5J).

To investigate the relevance of above findings further, expression of
HMCN1, NID2, ITGA2 and VCAN was cross-validated in other osteo-
blastic cell types (Fig. 6). In addition to MG63 cells, the transformed
cell lines Saos-2 and Hos as well as two independent batches of primary
human osteoblasts (HOB1 and HOB2) were studied. HMCN1 was in-
duced on demineralized surfaces in all cell types, yet a varying degrees
(Fig. 6A). A particularly robust induction was observed in Saos-2 cells
(Fig. 6A). Expression of NID2 differed among the transformed cell types
(Fig. 6B), while a decrease in expression on demineralized bone was
consistent between the HOB batches (Fig. 6B). In comparison, we
measured expression of the VCAN and ITGA2 control genes. VCAN
expression increased on the demineralized surface in all transformed
cell types, but decreased in the primary HOB cells (Fig. 6C). Similarly,
ITGA2 increased on the demineralized surface in all transformed cell
types, yet at a higher magnitude than VCAN (Fig. 6C). In primary os-
teoblasts ITGA2 expression decreased on demineralized surfaces
(Fig. 6D). Together, HMCN1 expression on demineralized surface stood
out as it was (1) generally increased in osteoblastic cells, (2) increased
in primary osteoblasts on demineralized surfaces, while the other three
markers were decreased in these cells, and (3) showed the highest
surface induced induction.

4. Discussion

We demonstrated here that the mineralization state of bone in-
dependently controls gene expression in osteoblastic cells, and thus
confirmed our initial hypothesis. Mineralized and demineralized oss-
eous surfaces favor intracellular protein production and matrix forma-
tion, respectively. Further, our experiments identified HMCN1 and
NID2 as matrix proteins overexpressed by osteoblastic cells on demi-
neralized bone. The discoveries above were made using a potentially
valuable surface model that permits the investigation of osseous mi-
neralization on cell function.

The surface model we devised is based on a planar endogenous bone
surface, a surface previously used to study primarily osteoclasts, more
recently for example assessing adhesion dynamics [18], but occasion-
ally also osteoblasts [19]. The use of endogenous bone is an important
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Fig. 4. The matrix mineralization state independently regulates osteoblastic gene expression. (A) Enriched Gene Sets on mineralized (blue) and demineralized (red) bone
surfaces. (B and C) Distribution of statistical significance within enriched gene sets on mineralized (B) and demineralized (C) bone surfaces, considering p-value and
false-discovery-rate (FDR). (D and E) Plotted top five enriched gene sets on mineralized (D) and demineralized (E) bone surfaces with displayed NES and GSEA
Enrichment Plot of gene set with highest achieved NES. Osteoblastic cells on mineralized surfaces exclusively enriched genes sets linked to protein synthesis. In
contrast, on the demineralized surfaces three of the five enriched gene sets were associated with the matrix. Gene sets marked with a yellow boarder were associated

with the extracellular matrix and further investigated.

characteristic of our model as it offers highest in vitro relevance to in
vivo biology. We have shown here that exposure to PAA, which has
been previously used to sterilize bone samples [20], with or without
prior standard histological decalcification with EDTA resulted in de-
mineralized or mineralized bone tissue surface suitable for subsequent
cell culture. Importantly, demineralization of the surface did not result
in any detectable molecular changes to the osseous surface other than
the depletion of mineral. With respect to EDTA, this observation is in
line with reported data showing preservation of the organic portion of
the matrix post EDTA treatment [21]. We believe that the molecular
characterization of osseous surface models provides an important
benchmark for studies addressing the interaction of bone cells with
osseous surfaces. Although limited in scope, our findings indicated that
PAA exposure, at least on the mineralized surface, did not result is
major alterations when compared to reference bone. Another char-
acteristic of the presented surface model is the ability to efficiently
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recover cells from the surface using a standard cell lifter. This feature is
important as it allows for subsequent molecular analysis of the surface
cells with minimal or no interference with the bone substrate itself. It is
a particular strength of the presented surface model that it can be ex-
panded and adapted in several important aspects. For example, the
study described used porcine bone due to its availability, but human
bone could be used seemingly instead. Also, the chelate-based dec-
alcification should permit gradual demineralization of the surface, thus
allowing experiments beyond the binary mineralization state, i.e. mi-
neralized and demineralized, used in this study. Further, as we designed
the model with future imaging applications in mind, it is likely that it
can be adapted to fluorescence-based time-lapse microscopy studies of,
for example, osteoblast motility. This would be important because upon
attachment, migration of osteoblasts on the surface is expected [22],
and from the results described here it is likely that osteoblasts exhibit a
different migratory response to mineralized and demineralized
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***p < 0.001. (G and H) Immunofluorescence staining for HMCN1 (red channel) on MG63 cells seeded onto demineralized bone surface. Cell nuclei were co-stained
with DAPI (blue channel). Abbreviations: demin, demineralized; min, mineralized.

surfaces. Moreover, the presented model is not limited to MG63 cells. It
should be compatible not only with other types of osteoblastic cells, but
also cell types expected to closely interact with osteoblasts, such as
osteoclasts or vascular endothelial cells or even bone lining cells. We
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primarily utilized MG63 cells in this study because they (a) share many
cellular and molecular characteristics of osteoblasts, (b) are widely used
as osteoblast model, and (c) permit timely generation of reproducible
cell numbers [23]. However, it is important to exercise caution when
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interpreting results from MG63 studies, as they are transformed cells
derived from an osteosarcoma patient and hence cannot fully re-
capitulate true osteoblast biology. As the surface model can accom-
modate various cells types, we cross-validated our findings on a panel
of transformed and primary osteoblasts. As expected we observed some
degree of variation among the cell types, however we stress the value of
such panels as they help to better define the role of genes in osteoblast
populations.

Application of the surface model permitted isolation and subsequent
gene expression analysis of osteoblastic cells residing on mineralized
and demineralized surfaces. To our knowledge such an analysis has not
been reported before. However, previous work has profiled gene ex-
pression of osteoblasts on orthopedic and dental biomaterials, in par-
ticular heavily processed, granulated bone mineral or matrix, providing
insight into up and down-regulated genes on individual, exogenous
materials [24-28].

The GSEA data presented here demonstrated in osteoblasts on mi-
neralized surfaces principle enrichment of genes sets related to the
formation of the ribosome and to the guidance of proteins to a specific
location within the ER. This observation was unexpected and is po-
tentially of interest, as very little is known about the response of os-
teoblasts to mineralized surfaces. Both the ribosome and ER are es-
sential parts of the cellular protein production machinery. Given that
mature osteoblasts have a high capacity for protein production, our
finding suggests that osteoblasts on mineralized surfaces prime for
subsequent protein production. To this end, it would be tempting to
compare gene expression in osteoblast and bone lining cells on miner-
alized surfaces. In comparison to the mineralized surface, no significant
enrichment of ribosomal and ER-related gene sets was observed in os-
teoblastic cells on the demineralized bone. The top ranking gene sets on
this surface were associated primarily with bone matrix assembly and
vascular response. Intriguingly, the observed upregulation of genes was
a sole function of the matrix mineralization state. Consequently, it is
likely that osteoblasts directly process the signals provided by the sur-
face to control gene expression or they possibly engage a growth factor
or cytokine based autocrine response. With respect to the vascular gene
sets, this observation is not fully unexpected as the tight coupling of
osteogenesis and angiogenesis has been well described [29,30]. An-
other finding in our study is the up-regulation of HMCN1 (hermicentin-
1/fibulin-6) and NID2 (nidogen-2) in osteoblastic cells in response to
the demineralized surface. Both gene products code for matrix glyco-
proteins and were previously not reported to play a role in osteoblasts.
While HMCN1 plays an important role in extracellular adhesion, for-
mation of cell-cell and cell-basement membrane adhesions that hold
cells together, and maintenance of tissue and organ integrity [31,32],
NID2 has established type 1 collagen binding capacity and functions as
selective adhesion substrate for cells [33,34]. Supporting a role of NID2
in osteoblast function is data by Bose et al. showing skeletal forelimb
abnormalities in about 15% of NID1/2 double knock out mice [35].
These data on HMCN1 and NID2, although derived from tissues other
than bone, make it likely that these proteins act as attachment and
migration guides for osteoblasts. Thus, it will be of considerable interest
to assess the exact function of HMCN1 and NID2 in osteoblasts in
subsequent studies. Lastly, the osseous surfaces that we began to model
in this study not only play a role in normal bone physiology but also
bone pathologies and injuries. For example, osteoporosis manifests
primarily at sites of bone remodeling, i.e. the BMU. We speculate that
the BMU has a unique make up of osseous surfaces, which may have
potential for therapeutic intervention. Notably, bisphosphonates, a
clinically successful class of osteoporosis drugs, exert an effect on bone
cells via targeting to the osseous surface. Thus, delineating the inter-
action between osseous surfaces and the skeletal cells residing on them
may offer new opportunities for targeted therapy of defined bone cell
populations. Another example of a tissue characterized by multiple
osseous surfaces is the fracture repair site. Its surface composition of
resorbed bone, various collagen matrices, osteoid, woven or lamellar
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bone, may present osseous targets for intervention, for example in pa-
tients with compromised fracture healing. Together, understanding the
interplay of osseous surfaces and bone cell behavior is important not
only to understand normal bone physiology but also to devise novel
therapeutic strategies for bone diseases.
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