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Abstract

Hydroxyapatite (HA) is the primary structural component of the skeleton and dentition. Under
biological conditions, HA does not occur spontaneously and therefore must be actively
synthesized by mineralizing cells such as osteoblasts. The mechanism(s) by which HA is actively
synthesized by cells and deposited to create a mineralized matrix are not fully understood and the
consequences of mineralization on cell function are even less well understood. HA can be
chemically synthesized (HAp) and is therefore currently being investigated as a promising
therapeutic biomaterial for use as a functional scaffold and implant coating for skeletal repair and
dental applications. Here we investigated the biological effects of nano-HAp (10100 nm) on the
lineage commitment and differentiation of bone forming osteoblasts. Exposure of early stage
differentiating osteoblasts resulted in dramatic and sustained changes in gene expression, both
increased and decreased, whereas later stage osteoblasts were much less responsive. Analysis of
the promoter region one of the most responsive genes, alkaline phosphatase, identified the
stimulation of DNA methylation following cell exposure to nano-HAp. Collectively, the results
reveal the novel epigenetic regulation of cell function by nano-HAp which has significant
implication on lineage determination as well as identifying a novel potential therapeutic use of
nanomaterials.
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1. Introduction

Mineral hydroxyapatite (HA) is naturally synthesized and makes up 70% of the skeleton and
90% of tooth enamel [1]. HA consists mainly of calcium and phosphate Cas(PO4)3(OH) (or
more often referred to as the two unit crystal form: Ca;g(PO4)s(OH),) at a ratio of 1.67 and
is crystalline in form. Calcium (Ca) and phosphorus (P) represent two of the most common
elements in nature as well as in the mammals [1]. Accordingly, these two ions have a
particularly important relationship in biology and can exist in multiple forms (ratios) such as
mono, di, and tri-calcium phosphate (ratios from 0.5 to 1.5) [2]. Recent studies have
suggested that various forms of nano-Calcium-Phosphate (CaP) synthesized by the body are
associated with functional mineralization of bone and pathological calcification of vascular
smooth muscle [3-7]. Nano-sized hydroxyapatite (nano-HAp) is generated endogenously by
osteoblasts in the form of matrix vesicles as the initiator of bone formation in the skeleton,
[8] as well as in pathological calcification of cartilage and vasculature [9-12] and can be
deposited in soft tissues in the form of dystrophic and metastatic calcifications, [13, 14]
although the origins are not completely understood. Surprisingly, the effects of
hydroxyapatite on cell function remain relatively unknown.

Synthesis of HA during functional mineralization is a controlled process by which
differentiating osteoblasts concentrate calcium and phosphate to form HA which is then
deposited on a collagen matrix. The concentration and deposition of HA is thought to occur
through the secretion of matrix vesicles by osteoblasts. Matrix vesicles are lipid membrane
vesicles of approximately 50 — 200 nm which contain HA and initiate matrix mineralization
[8, 15, 16]. Osteoblasts derive from the mesenchyme lineage and start as multipotent bone
marrow stromal cells and through a reasonably well defined differentiation process become
mineralizing osteoblasts and ultimately become embedded in bone as mature osteocytes
[17]. The osteoblast differentiation process can generally be divided into three distinct stages
that are defined by 1) proliferation, 2) matrix maturation, and 3) mineralization [18, 19]. A
number of marker genes/proteins are expressed at high levels for discrete periods of time
during differentiation including, among others; alkaline phosphatase (ALP), bone
sialoprotein (BSP), osteopontin (OPN), and osteocalcin (OSC) [20-22]. Early in the
differentiation process (days 1 — 4), osteoblasts become confluent, exit the cell cycle, and
respond to ascorbic acid with increased ALP RNA expression and enzymatic activity and
deposition of a collagen matrix [18]. ALP is a membrane-bound ectoenzyme situated so that
the catalytic subunit is extracellular. A number of functions have been proposed for the
enzyme including cleavage of the mineralization inhibitor inorganic pyrophosphate (PPi)
and generation of high local levels of inorganic phosphate [23]. ALP is critical for bone
formation and mutations in or deletion of the gene (Alpl) results in bone defects in humans
and mice [23-25]. An identified, but poorly understood aspect of lineage determination and
progression is DNA methylation. A number of genes important for skeletal regulation,
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including ALP, have been suggested as targets of methylation [26-29] although the
mechanisms and physiological relevance remain to be fully elucidated [30].

The use of nanotechnology is particularly well suited for use as biomaterials because control
of structural properties and synthesis methods allow for manipulation of strength, shape,
size, and surface for increased bioactivity and therapeutic benefit. Recently, HA is being
investigated for use in various nanomaterials for its potential biocompatibility as well as
osteoinductive properties [31-33]. Synthetic hydroxyapatite (HAp) is essentially identical to
naturally occurring HA and has therefore become a commonly investigated biomaterial for
use in skeletal, orthopedic, and dental repair, in part, by enhancing cell attachment,
proliferation, and mineral formation [34-37]. Nano-HAp is now being investigated as a
biomaterial to be used; directly as a therapeutic, a major component of bone graft
substitutes, and an implant coating to improve biocompatibility and skeletal repair (reviewed
in [36, 38-40]). However, in most cases these studies have focused on surface coatings and
to date, the physicochemical properties of naturally occurring or engineered nano-HAp are
not completely understood and the potential effects on genome regulation and cell function
are only beginning to be explored.

To better understand the role of HAp in regulating the osteoblast lineage three different cell
models were used; undifferentiated: bone marrow stromal cells (BMSCs) [41-43], pre-
osteoblasts (MC3T3-E1) [20, 44], and terminally differentiated osteoblasts (osteocytes:
MLO-Y4) [45]. Treatment of either bone marrow stromal cells or pre-osteoblasts with
increasing concentrations of nano-HAp strongly altered expression of a number of genes
including increased OPN, similar to our previous results with phosphate (Pi) alone [46].
Unexpectedly, nano-HAp stimulated a strong dose dependent suppression of the ALP, BSP
and OSC RNA levels, which was different than Pi alone was identified. Significantly, the
suppression was sustained for weeks even in the absence of nano-HAp suggesting a
potentially permanent alteration in genomic output and implicative of epigenetic regulation.
Quantification of methylation of a promoter region of ALP (gene: Alpl) in BMSCs defined a
significant increase in response to nano-HAp treatment. Collectively, the results identify for
the first time that nano-HAp is a potent regulator of the osteoblast lineage through changes
in gene expression and identify methylation as a novel regulatory mechanism.

2. Materials and methods

2.1 Synthesis of hydroxyapatite nanomaterials

Pure phase of hydroxyapatite (HAp: Ca1(PO4)s(OH),) was synthesized using a
sonochemistry based precipitation method. 500 ml of 1 M calcium hydroxide (Ca(OH); at
99.0%, High Purity Chemical, Japan) aqueous solution was initially stirred vigorously using
an overhead mechanical stirrer for 1 hour at room temperature. Then, 500 ml of a 0.6 M
phosphoric acid aqueous solution (H3PO4, 85.0%, Junsei Chemical Co., Ltd., Japan) was
slowly added drop wise into the cation solution with speed of 12.5 ml/min using a digital
burette (876 Dosimat plus, Metrohm, Switzerland). During the whole reaction, sonication
was given for complete mixing between Ca and P to prevent formation of nonstoichiometric
HAp. The precipitates were aged for 24 hours for complete reaction. The HAp slurries were
filter-pressed to collect precipitates and lyophilized to get non-agglomerated HAp
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nanoparticles (hano-HAp). To confirm that the stoichiometric HAp was synthesized, pH
levels of the HAp slurry at the final stage of reaction and dried nano-HAP mixed in distilled
water were measured by pH meter (Lab 860, Schott, Germany). The molar ratio between Ca
and P in the synthesized nano-HAp was confirmed by inductively coupled plasma atomic
emission spectrometer (Optima 4300 DV, PerkinElmer Inc., USA). In addition,
homogeneous phase of nano-HAp was confirmed by X-ray Diffraction (M18XHFSRA,
MAC Science Co., Japan) with monochromatic Cu Ka radiation (A = 1.5405 A). The
morphology and the size of HAp nanoparticles were observed by high resolution
transmission electron microscope (Tecnai F20, FEI, USA). Surface charge of HAp in
distilled water was characterized by zeta potential (Otsuka Model ELS-Z, Otsuka
Electronics Co., Ltd., Japan). Characteristics of vibration between metal and oxide were
confirmed by Fourier transform infrared spectrometer (Nicolet 6700; Thermo Scientific,
Waltham, MA) with attenuated total reflectance mode.

2.2 Synthesis of silica nanoparticles

Silica nanoparticles were synthesized by Stéber method [41, 47]. Tetraethyl orthosilicate
(2.8 ml) (Sigma-Aldrich, St. Louis, MO) was added in 115 ml of ethanol anhydrous (Sigma-
Aldrich), and 8 ml of 14% ammonia, diluted from a 28% concentrated stock (Sigma-
Aldrich), was added with stirring for 16 hours. The silica nanoparticles were centrifuged,
washed 4 times, and the nanoparticles were dispersed in sterilized water for cell culturing.
The size and morphology was observed by transmission electron microscope, TEM
(H-7600, Hitachi, Tokyo, Japan).

2.3 Calcium Oxide particles

Calcium Oxide particles were purchased from Nanoscale Materials Inc. (Manhattan, KS) as
a dry powder and were resuspended in deionized water at a concentration of 10 mg/ml with
vortexing and sonication.

2.4 Cell culture

Murine bone marrow stromal cells (BMSCs) were obtained from red marrow by
centrifugation of the femur as described in [42] and cultured for up to 20 passages. BMSCs
and pre-osteoblast MC3T3-E1 cells [20, 44] were cultured in a-Modified Eagle’s Medium
(a-MEM; Thermo Scientific) supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Lawrenceville, GA) [43, 48]. Murine osteocyte, MLO-Y4 cells were kindly
provided by Lynda F. Bonewald (University of Missouri-Kansas City, MO) and described
in [45, 49] and cultured in a-MEM supplemented with 5% FBS and 5% calf serum (Gibco,
Life technologies, Grand Island, NY) on collagen coated plates [45]. All growth medium
were supplemented with 1% L-glutamine (Invitrogen, Life technologies), and 1% of
penicillin/streptomycin (Thermo Scientific). All cell lines were cultured at 37° C in 5%
CO». Experimental medium consisted of growth medium with the addition of 50 pug/ml L-
ascorbic acid (AA) (Sigma-Aldrich) as indicated with medium change twice weekly as
described previously [21]. For in situ alkaline phosphatase staining, cell layers were overlaid
with nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)
(Promega, Madison, WI) as described previously [20].
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2.5 Cell viability

Cell viability was measured for all cell types using an XTT (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxylmethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium) assay according to the
manufacturer’s protocol (Promega). Cells were plated at ~ 5 x 102 cells per well (~ 50 —
60% confluent) in 96 well plates and nanoparticles were added after 24 hours as indicated.
After 3 days the cells were analyzed using XTT (20 ul) assay reagent on a
spectrophotometer (SpectraMAX250, Molecular Devices, CA, USA). The concentration of
nanoparticles tested was 0, 10, 50, and 100 ug/ml, and the Pi (in the form of Na;HPOy,4, pH
6.8) was added at 0, 1, 4, and 8 mM (final concentration of 1, 2, 5, and 9 mM respectively as
the medium contains 1 mM Pi).

2.6 RNA isolation, cDNA synthesis, and qRT-PCR

RNA was extracted using TRIzol reagent following the manufacturer’s protocol
(Invitrogen). The RNA concentration was quantified by spectrophotometer (Nanodrop,
Thermo Scientific) and complementary DNA (cDNA) was synthesized using QuantiTech
Reverse Transcription kit (Qiagen, Valencia CA). gRT-PCR was performed using VeriQuest
SYBR Green gPCR master mix (Affymetrix, Santa Clara CA) on a StepOnePlus
thermocycler (Applied Biosystems, Life technologies). Primers were designed using
gPrimerDepot software (http://mouseprimerdepot.nci.nih.gov/) and synthesized by
Integrated DNA Technologies, Inc. (Coralville, 1A) with sequences as follows; 18S (Rn18s)
(control) (NR_003278): F-5’-TTGACGGAAGGGCACCACCAG-3’, R-5’-
GCACCACCACCCACGGAATCG-3’. ALP (NM_007431): F-5’-
ACAGACCCTCCCCACGAGT-3’, R-5’-TGTACCCTGAGATTCGTCCC-3’. BSP
(NM_008318): F-5'-CGGCCACGCTACTTTCTTTA-3’, R-5’-
CCTCTTCGGAACTATCGCAG-3’. OPN (NM_009263): F-5’-
ATTTGCTTTTGCCTGTTTGG-3’, R-5’-TGGCTATAGGATCTGGGTGC-3’. OSC
(NM_007541): F-5’-AAGCAGGAGGGCAATAAGGT-3’, R-5’-
CAAGCAGGGTTAAGCTCACA-3’. Fold change was calculated using the 2-A2CT method
[50] and 18S values varied by less than 1 Ct (cycle threshold) across samples for individual
experiments.

2.7 Genomic DNA isolation and methylation assay by MSREs

For the methylation study genomic DNA was extracted using DNeasy Blood & Tissue Kit
(Qiagen). The genomic DNA concentration and quality were measured by
spectrophotometer (Nanodrop, Thermo Scientific). The OneStep gMethyl™ Kit (Zymo
Research Corporation, Irvine, CA) is used for the detection of region-specific DNA
methylation via the selective amplification of a methylated region of DNA. This is
accomplished by splitting any DNA to be tested into two parts: a "Test Reaction" and a
"Reference Reaction". DNA in the Test Reaction is digested with Methylation Sensitive
Restriction Enzymes (MSRESs) while DNA in the Reference Reaction is not. The DNA from
both samples is then amplified using real-time PCR in the presence of SYTO®?9 fluorescent
dye and quantitated [51]. The assay for the murine ALPL promoter was designed to the plus
strand of the Alpl sequence in the UCSC browser, Assembly Dec.2011 (GRCm38/mm10).
Murine Alkaline Phosphatase (Alpl) Promoter Region chr4:137795867-137796483-+strand

Biomaterials. Author manuscript; available in PMC 2016 October 01.


http://mouseprimerdepot.nci.nih.gov/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haetal.

3. Results

Page 6

resulting in a 253 bp amplicon with 9 cut sites. Forward Primer
ATCATCCTGCCAGGCCACAAGAGAT (Sense). Reverse Primer
CCAGAGTACGCTCCCGCCACTG (AntiSense) (Zymo).

3.1 Synthesis and characterization of nano-HAp, SiO,, and CaO

Nano-HAp was synthesized by a sonochemistry-based precipitation method. Calcium
hydroxide and phosphoric acid were used as Ca and Pi source, respectively. After 24 hours
of mixing, HAp was obtained by filter press and lyophilization. The nano-HAp was
characterized by powder X-ray diffractometry (XRD), and its morphology, size, and surface
charge were characterized by TEM and zeta potential. Nano-HAp particles were identified
as nano-sized and rod-like shaped (Fig. 1) with crystallinity demonstrated by electron
diffraction (Fig. 1-insets). TEM identified the size as approximately 100 nm in length and 10
nm in width (Fig. 1A) with a surface charge of —1.83 + 0.52 mV in water. Powder XRD
revealed that the synthesized material is hydroxyapatite, matching the JCPDS card (84—
1998) (Fig. 1C). To determine the biological significance of the size of nano-HAp we chose
100 nm silica nanoparticles; a biomaterial with similar size but different composition. The
silica nanoparticles were synthesized by the Stéber method as previously reported [52].
Their size was determined to be 113 + 19 nm by zeta sizer (Supplementary S-Table 1), and
surface charge was —41.7 = 2.6 mV in water (Supplementary S-Table 1). Silica
nanoparticles are amorphous when synthesized by the Stéber method and therefore X-ray
diffraction did not produce dot patterns and powder XRD did not identify peaks, as
expected. In addition, FT-IR analysis (Supplementary Fig. S1) revealed the characteristic
peaks by P-O vibrations (1020 cm~1 and 960 cm~1) from HAp and by Si-O vibrations (1050
cm~1 for Si-O-Si, 945 cm™1 for Si-OH, and 795 cm™1 for Si-O) from silica nanoparticles.

3.2 Nano-HAp is not cytotoxic in osteoblast lineage cells

We first evaluated the general cytotoxicity of our new material. Nano-HAp was added in
increasing concentrations for three days to murine cells representing three stages of
osteoblast lineage commitment; BMSCs (bone marrow stromal cells - non-committed),
MC3T3-E1 (pre-osteoblasts), and MLO-Y4 (osteocytes) and cell viability measured by XTT
assay. Results identified cell viability of greater than 80% in all the tested cell types up to
the maximum tested concentration of 100 pg/ml (Supplementary Fig. S2A). We also tested
our reference materials (SiO5, CaO, and inorganic phosphate (Pi); in the form of Na,HPO,4
(pH 6.8)) in BMSCs for 3 days. Silica is a well-known biocompatible material and we have
previously shown 50 nm silica nanoparticles to stimulate osteoblast differentiation [48].
Here we used 100 nm silica nanoparticles to better approximate the size of our nano-HAp.
Ca0 is an analog material with crystallinity to determine whether these biological effects are
due to composition and or structure. Pi is a main component of nano-HAp and a critical ion
for energy metabolism and bone tissues. Pi is necessary for mineralization as part of the
osteoblastic differentiation process and has been extensively studied for its ability to
stimulate changes in gene expression in mineralizing cells [18, 21]. Based on our theoretical
calculation only 0.15 pmol of Pi and 0.25 umol of Ca is necessary for the synthesis of 25 ug
of nano-HAp, however, a 4 mM concentration was used to maximize the Pi effect, based on
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previous studies [42] and in addition to the 1 mM in the cell culture medium. No significant
decrease in cell viability was identified (Supplementary Fig. S2B) and Pi, as expected,
demonstrated a dose dependent increase in viability reflective of an increase in proliferation
[22].

3.3 Nano-HAp strongly influences gene expression in bone marrow stromal cells

To determine the effect of Nano-HAp on osteoblast differentiation BMSCs were cultured in
medium containing ascorbic acid (AA), required for differentiation and collagen matrix
formation [22] and treated with increasing concentrations of nano-HAp. An increase in
alkaline phosphatase (ALP) is one of the earliest markers of osteoblast differentiation and
therefore cells were stained in situ for ALP enzyme activity after 7 days of treatment. The
addition of AA resulted in the expected increase in ALP however, surprisingly, nano-HAp
dose dependently decreased ALP activity (Fig. 2A). To determine if the effect was primarily
on the protein or on gene expression, RNA was harvested from cells cultured in parallel and
results revealed nano-HAp dose dependently decreased ALP RNA levels after 3 and 7 days
of treatment (Fig. 2B). To investigate whether this effect is specific to ALP or represents a
more general regulation of osteoblast genes we measured expression of other osteoblast
markers; BSP, OSC, and OPN. Treatment with increasing concentrations of nano-HAp also
resulted in a dose-dependent decrease in BSP and OSC expression, while OPN was dose-
dependently increased at both time points (Fig. 2C, D).

3.4 Nano-HAp induced changes in gene expression are different from SiO,, CaO, or

phosphate

To begin to understand the physicochemical properties of nano-HAp required for the
dramatic regulation of osteoblast gene expression we utilized nanoparticles of similar size
(100 nm silica nanoparticles) and materials with slightly altered composition, calcium oxide
(Ca0) and phosphate (Pi) as described above. BMSCs were treated with the different
materials for three (Fig. 3A) or seven (Fig. 3B) days and gene expression analyzed.
Treatment with nano-HAp down regulated ALP, BSP, and OSC, whereas the SiO»
nanoparticles did not decrease any of the genes analyzed, and in fact significantly increased
ALP at day 7. Although CaO and Pi decreased ALP RNA somewhat at day 3 there was little
effect by day 7. Similar results were obtained with BSP and OSC with nano-HAp being the
only material to produce a consistent decrease in the three genes over the two time points.
OPN has been previously identified to respond to high Pi [46] and interestingly both nano-
HAp and Pi produced a stimulation of OPN although Pi was much more potent at day 7 than
day 3 (Fig. 3A, B). Collectively, the results identify a unique cellular response to nano-HAp
and demonstrate that osteoblast lineage cells have the capacity to recognize and respond to
different compositions of calcium and phosphorus.

3.5 Nano-HAp has less influence on more differentiated osteoblasts

ALP is an important gene/protein in the process of osteoblast differentiation and is
expressed relatively early in the process, starting before the cells mineralize and declining
during the mineralization phase [20, 21]. To determine if nano-HAp has a similar or
differential effect on cells depending on the state of differentiation, we differentiated
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BMSCs to osteoblasts for 4 or 21 days prior to treatment with nano-HAp for three days. In
early stage osteoblasts (7 days) nano-HAp was effective at suppressing ALP gene
expression however after 21 days of differentiation (mature osteoblasts) nano-HAp was
much less effective at regulating ALP gene expression (Fig. 4A, B). To confirm that the
effect of nano-HAp is different at different stages of osteoblast differentiation we utilized
MC3T3-E1 cells which is a committed pre-osteoblast cell line and MLO-Y4 cells which
represent terminally differentiated osteoblasts (osteocytes). Cells were treated with the
different materials and RNA harvested after 3 days. MC3T3-E1 cells responded to the
different materials similarly to BMSCs (Fig. 5A) as BMSCs although to somewhat lesser
degree (Fig. 3A). However, the most differentiated cells, MLO-Y4, demonstrated a
substantially blunted response to nano-HAp with ALP only partially responding and with no
effect on OSC and OPN expression (Fig. 5B). The results suggest that nano-HAp produces
less of an influence on gene expression as cells progress along the osteoblast lineage.

3.6 A short exposure to nano-HAp results in long term suppression of ALP expression

The substantially blunted response of more differentiated cells to nano-HAp suggested the
possibility that the mechanism(s) by which nano-HAp alters gene expression was no longer
functional and therefore “turned off” as the cells differentiate. To investigate the temporal
lineage dependent response to nano-HAp BMSCs were exposed to nano-HAp for 3 days
“pulsed” followed by replacing the treated cells with non-nano-HAp containing medium and
incubating for an additional 4 or 21 days (7 or 24 days total), with medium changes every 2
to 3 days. At 7 days the nano-HAp treatment resulted in dose-dependent decreases in
osteoblastic marker genes; ALP, BSP, and OSC were down regulated, while OPN was up
regulated (Fig. 6A). At the 21 day time point the cells demonstrated a similar suppression
while the upregulated gene OPN was not significantly different from control (Fig. 6B).
Taken together, the results reveal that even a short exposure to nano-HAp in the early stages
of differentiation is sufficient to generate long-term changes in gene expression, suggestive
of epigenetic regulation.

3.7 Nano-HAp stimulates ALP (Alpl) DNA methylation

Epigenetic regulation can involve a number of different events such as histone acetylation
and changes in chromatin remodeling, however one of the most common causes of long-
term changes is cytosine methylation of DNA [53]. This occurs at CpG dinucleotide
“islands” by the transfer of a methyl group from S-adenosyl-L-methionine (SAM) to the
fifth carbon position of cytosine by a methyltransferase (DNA (Cytosine-5-)-
Methyltransferase — (DNMT)) often in the promoter and first exon region of the gene. The
sustained suppression of ALP in BMSCs after treatment with nano-HAp suggested the
possibility the response was due to increased DNA methylation. We first performed an in
silico analysis of the ALP gene (Alpl) and identified a significant CpG island predicted in
the 5 prime untranslated region (promoter) and into the first exon. This is in agreement with
recent studies identifying regulation of Alpl in the same general region [27-29]. To
determine if the methylation of this CpG island was altered by cell stimulation by nano-HAp
an assay consisting of Methylation Specific Restriction Enzyme digestion in combination
with quantitative RT-PCR was used. The results revealed that exposure of BMSCs to nano-
HAp significantly increased ALP promoter methylation, relative to AA alone, in this region
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by approximately 35% (Fig. 7). The DNMT inhibitor 5-aza-2-dexoycytidine was used as a
control [54, 55] and as expected decreased promoter methylation (Fig. 7). The results
identify a significant increase in ALP promoter methylation in response to treatment with
nano-HAp.

4. Discussion

BMSCs are capable of differentiating along the osteoblastic lineage and in culture, the
addition of L-ascorbic acid (AA) results in the formation of a collagen matrix, increase ALP
activity, and with the addition of B-glycerophosphate (BGP) provides a source of Pi for
formation of HA and mineralization of the matrix [20]. Although the molecular and cellular
events required for formation of a mineralized matrix are generally understood [43], the
effects of matrix mineralization on osteoblasts are surprisingly poorly understood. In this
study we created a novel model to study the potential effects of matrix mineralization on the
osteoblast lineage. To eliminate the endogenous formation of mineral, BGP was not added to
experiments and therefore, the addition of AA stimulated differentiation and the formation
of a collagen matrix without mineral formation. To specifically study the role of HA we
synthesized nano-HAp which could then be exogenously added to the cultures at specific
times and concentrations.

Nano-HAp can be generally synthesized by pyrolysis and precipitation. The latter is often
used in laboratory preparations because of ease of use and precise control of size, shape, and
phase. The filter press and lyophilization were used for the purification of nano-HAp. The
surface charge was close to neutral and therefore the particles, although stable in water did
not exhibit long-term mono-dispersion. This also resulted in the size detected by the zeta
sizer as being much larger than by TEM. To completely disperse nano-HAp in water prior to
use in cell culture the solution was sonicated and vortexed. To improve stability in solution,
a surface modification like PEGylation could enhance stability in water and increase
circulation time for study in vivo [56]. Other surface modifications such as a thin silica shell
[57] or polymer grafting [58] could also be used [59]. However, it is possible that these
surface modifications could alter Ca/P ratio [59] or result in the cell recognizing the particles
as silica or polymer resulting in a different biological response. These potential outcomes
will have to be determined empirically and could vary by cell type.

HAp is one of a number of basic Calcium-Phosphate forms (Ca/P), which also include;
octacalcium phosphate (OCP, Ca/P=1.33), tricalcium phosphate (TCP, Ca/P=1.50), and
HAp (Ca/P=1.67). Each phase has a unique Ca/P ratio and shows different properties; TCP
can be dissolved/degraded whereas HAP is very stable in neutral and basic conditions [60,
61] such as cell culture medium which is generally pH 7.4. Since the Ca/P ratio by the
precipitation method mainly varies with pH condition and homogeneity, the pH was
monitored in real-time and adjusted to create the desired phase of Ca/P. Sonication was used
to maintain calcium hydroxide and phosphoric acid in solution and assist the generation of
the seed and subsequent growth ending in creating nano-size, monodispersed
hydroxyapatites. The nano-HAp described in this study is the same phase as the mineral
generated during the osteoblastic differentiation (reviewed in [62]).
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Previous studies have mainly focused on hydroxyapatite as an osteo-promoting surface
coating however few studies have investigated the effects of free hydroxyapatite which can
be generated by differentiating osteoblasts and possibly internalized. Using our cell models
in combination with exogenously synthesized nano-HAp, we identify herein that nano-HAp
has the capacity to produce sustained changes in gene expression. In Figure 2, the
expression levels of the osteoblast differentiation marker genes ALP, BSP and OSC were
strongly and dose-dependently decreased in response to exposure to nano-HAp. As
demonstrated in Figure 6, exposure of cells to a “pulse” of nano-HAp for only three days in
the early stages of differentiation resulted in ALP suppression even after 21 days in the
absence of nano-HAp. ALP and BSP are first activated at an early stage of differentiation
coordinated with cell cycle exit and corresponding with formation of collagen matrices and
therefore the results suggest a negative feedback loop by which early genes are “turned off”
by progression of differentiation to mineralization. Interestingly, not all genes were down
regulated. Expression of OPN, a gene associated with the later stages of differentiation and
mineralization was strongly stimulated at short time points. Further, OPN was not regulated
in the long-term experiment suggesting that nano-HAP can generate both temporary and
permanent changes in gene expression and identifies the possibility at least two distinct
mechanisms of action. Additionally, this series of experiments revealed that cells have the
capacity to rapidly detect the existence of nano-HAp in the extracellular environment and
modulate genes expression accordingly.

The cellular response to nano-HAp appears to be mainly the result of its intrinsic materials
property. The longitudinal axis of our synthesized nano-HAp is around 100 nm and
therefore we synthesized spherical silica nanoparticles at a similar 100 nm size with similar
hydration volume. Nano-HAp produced a very distinct response relative to the 100 nm silica
nanoparticles. Whereas nano-HAp suppressed ALP, BSP, and OSC at 3 and 7 days, the
silica nanoparticles produced either no change or a stimulation of the three genes at days 3
and 7 suggesting a limited role of material size in the response. The stimulation of osteoblast
gene expression by silica nanoparticles is in agreement with previous studies using 50 nm
particles [41, 48, 63]. The composition and crystallinity effects were considered by using 4
um CaO material and Pi. Previous studies have demonstrated the capability of Pi to alter
osteoblast cell phenotype through specific changes in signal transduction pathways, cellular
processes, and gene expression [20-22, 42, 46, 64, 65] and we were interested in
determining if HAp acted in the same manner. Although less dramatic than the silica particle
the sources of Ca and Pi produced overlapping but also distinct changes in gene expression
relative to nano-HAp. All three sources suppressed ALP at day 3 however only Nano-HAp
resulted in sustained suppression demonstrated at day 7. Whereas CaO and Pi had little
effect on BSP or OSC at day 3, nano-HAp produced a profound suppression of these genes.
OPN was equally stimulated by HAp and Pi at day 3, however at 7 days of Pi stimulation
expression was almost 5 fold higher than HAp. The results revealed that Pi has overlapping
but also distinct effects and suggests cells retain the ability to recognize different forms of Pi
and CaP [66]. Further, the different responses between nano-HAp and CaO suggest
crystallinity is not a primary factor in the response.

As demonstrated in the “pulse” experiments nano-HAp has the capacity to produce
sustained changes in gene expression. One regulatory process by which external stimuli can
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alter gene expression is through epigenetic changes. Epigenetic regulatory mechanisms such
as histone or transcription factor post-translational medication are generally considered
temporary [67], if stimuli are removed gene expressions return to baseline. However, DNA
methylation is considered permanent, capable of being passed to daughters cells during
division [68]. Cytosine methylation of DNA[53] occurs at CpG dinucleotide “islands” by the
transfer of a methyl group from S-adenosyl-L-methionine (SAM) to the fifth carbon position
of cytosine by a methyltransferase (DNA (Cytosine-5-)-Methyltransferase — (DNMT)) often
in the promoter region of the gene [69]. A number of genes important for skeletal regulation,
including Alpl, have been suggested as targets of methylation [26-29], although the
mechanisms and physiological relevance remain to be fully elucidated. Here we used the
ALP promoter region to determine that nano-HAp stimulates DNA methylation. BSP was
also tightly coordinated with ALP suggesting the possibility that nano-HAp generates a
signal capable of coordinately stimulating a regulatory “program” to change cell behavior.
The idea that nanomaterials, in general, might epigenetically alter cells has recently gained
attention, although few clear examples have been demonstrated and little is known about the
mechanism of action in those cases [30]. Taken together, results presented herein identify
nano-HAp as capable of strongly regulating expression of a key early osteoblast lineage
marker gene through epigenetic regulation making this one of the first studies to provide a
clear and robust example that nanomaterials can stimulate epigenetic regulation of gene
expression through methylation of DNA.

The dramatic effect of nano-HAP on gene expression appears to be dependent on the degree
of osteoblast lineage differentiation. The most dramatic effect on gene expression was
identified in the least differentiated BMSCs with an intermediate response in the partially
committed MC3T3-EL1 cells and only very modest changes were detected in the most
differentiated MLO-Y4 cells. MLO-Y4 cells originate from the same osteoblastic lineage
but are cells that have reached a terminally differentiated state and are embedded in the
hydroxyapatite of bone. These cells therefore represent a stage of differentiation which has
already been exposed to HAp. The results reveal a regulatory mechanism by which the
generation of a mineralized matrix by differentiating osteoblasts is a signal to alter the cell to
a terminally differentiated state. Terminal differentiation is an important step for most cells
as this is considered to require both tissue specific gene expression as well as cell cycle exit
[70]. The result is a cell that is committed to perform a highly specific function. The lack of
proper terminal differentiation or a reversal is often associated with a cancer phenotype in
which a cell reverts to cell division at a spatially and temporally inappropriate time. Further,
OPN is a secreted protein known to bind calcium, phosphate and mineral [71] and the strong
stimulation by HAp and its ions may represent a mechanism by which the cell attempts to
modulate mineral growth and possibly protect the cell from the negative effects of high ion
concentration [72, 73]. Our results provide a logical mechanism by which the generation of
HA mineral is a key signal to turn off the early stages of osteoblast differentiation involved
in matrix preparation and turn on genes involved in regulation of calcification creating a
terminally differentiated cell not capable of reverting to an early phenotype.
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5. Conclusions

Here we investigated the possibility that nano-hydroxyapatite can alter osteoblast behavior
through specific molecular and cellular mechanisms similar to phosphate ions. To this end
we synthesized 10x100 nm nano-HAp and investigated the effects on three different cells
representing different stages of the osteoblast lineage to determine the cellular and
molecular response. Unexpectedly, treatment of cells with nano-HAp resulted in dramatic
changes in gene expression both up and down regulated. The results identify a specific gene
expression regulatory program modulated by nano-HAp in differentiating osteoblasts
involving promoter methylation to suppress pro-osteoblastic marker genes ALP and possibly
BSP, and OSC. These results are relevant to osteoblast lineage determination, demonstrating
that the generation of a mineralized matrix, a normal aspect of osteoblast differentiation, is a
strong signal to permanently alter the cell phenotype through epigenetic regulation. Further,
this study identifies a possible mechanism for manipulating cells for trans- or de-
differentiation, the ability to convert a differentiated cell to behave as a different cell type or
more stem cell like. Additionally, these results suggest that care should be taken in using HA
based biomaterials that might produce nanoparticles from wear or degradation. Findings
herein also have important implications for human health. HA and related CaP compositions
are produced endogenously and therefore our results may have implications relative to the
etiology of diseases of calcium phosphate homeostasis such as chronic kidney disease [74—
76] and hydroxyapatite crystal deposition disease [77], in addition to functional
mineralization associated with bone homeostasis [78]. Finally, the results have important
implications for the field of nanotechnology by providing an increased understanding of
important cellular and molecular regulatory functions that can be influenced by
nanomaterials and define epigenetic regulation as a mechanism by which cell behavior can
be modified. These studies raise the interesting potential that nanomaterials may be
specifically engineered to manipulate the expression of genes involved in diverse diseases
through epigenetic regulation.
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Figure 1. Characterization of materials
(A) Transmission Electron Microscopy (TEM) images of synthesized nano-HAp and (B)

silica nanoparticles and (C) powder X-ray diffractograms. The inset of TEM images is
electron diffraction patterns by TEM
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Figure 2. Dose-dependency of hydroxyapatite in bone marrow stromal cells for 3 and 7 days
BMSCs were cultured with or without 50 pg/ml of L-ascorbic acid (AA) and treated with

nano-HAp (ug/ml) as indicated and incubated for 3 or 7 days. (A) Cells were stained for
alkaline phosphatase (ALP) after 7 days. (B) Parallel cultures were harvested at 3 and 7 days
and RNA levels measured by qRT-PCR. (C) The 3 day RNA samples described in (B) were
analyzed by gRT-PCR for additional osteoblast marker genes. (D) The 7 day RNA samples
described in (B) were analyzed by gRT-PCR for additional osteoblast marker genes. All
results were normalized to 18S and are expressed as fold change from control +/- SD of 3
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replicates. $¥p<0.005 compared to untreated control; “p<0.05, **p<0.005, and
compared to the AA treated (Student’s t-test).
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Figure 3. Comparison of nano-HAp (H) with silica nanoparticles (S), calcium oxide (C), and
phosphate (Pi)

BMSCs were cultured with or without 50ug/ml of L-ascorbic acid (AA) as indicated and
treated with 25 pg/ml of nano-HAp (H), silica nanoparticles (S), and calcium oxide (C) or 4
mM Pi (Pi) for (A) 3 days or (B) 7 days. The results were normalized to 18S and are
expressed as fold change from control +/- SD of 3 replicates. $p<0.05 and $¥p<0.005
compared to untreated control and ***p<0.0005 compared to the AA treated (Student’s t-
test). M: Material.
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Figure 4. Nano-HAp has less influence on more differentiated osteoblast-like cells
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BMSCs were differentiated for total 7 days (A) and 24 days (B) with 50 pug/ml of L-ascorbic
acid (AA). Cells were treated with nano-HAp (ug/ml) for last 3 days before harvesting
RNA. $p<0.05 and $8p<0.005 compared to untreated control; *p<0.05, “*p<0.005,

and

*kk

p<0.0005 compared to the AA treated (Student’s t-test).
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Figure 5.

Cell specificity of nano-HAp. (A) MC3T3-E1 (pre-osteoblast) or (B) MLO-Y4 (osteocyte)
were cultured with or without 50 pg/ml of L-ascorbic acid (AA) and treated with 25 pg/ml
of nano-HAp (H), silica nanoparticles (S), and calcium oxide (C) or 4 mM Pi (Pi) for 3 days.
The results were normalized to 18S and are expressed as fold change from control +/- SD of
3 replicates. $¥p<0.005 compared to untreated control and ***p<0.0005 compared to the AA
treated (Student’s t-test). M: Material.
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Figure 6. Nano-HAp produces sustained changes in gene expression
BMSCs were cultured with or without 50 pg/ml of L-ascorbic acid (AA) as indicated and

treated with nano-HAp (ug/ml) for 3 days at the start of culturing followed by removal of
nano-HAp containing medium and continued culturing in non-nano-HAp containing
medium for an additional (A) 4 days (7 days total) or (B) 21 days (24 days total) and
harvested for RNA analysis. The results were normalized to 18S and are expressed as fold
change from control +/- SD of 3 replicates. $p<0.05 and $¥p<0.005 compared to untreated

control; *p<0.05, **p<0.005, and
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p<0.0005 compared to the AA treated (Student’s t-test).
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Figure 7. Nano-HAp alters DNA methylation of the alkaline phosphatase gene (ALPL)
Methylation Sensitive Restriction Enzymes in combination with real-time PCR was used to

calculate the percent methylation of a 253 base pair amplicon of the ALP promoter region.
BMSCs were treated with 50 pg/ml of L-ascorbic acid (AA) and nano-HAp (25 ug/ml) as
indicated for 4 days. The DNMT inhibitor, 5-aza-2-deoxycytidine (5 pM) was used as a
positive control. The results are expressed as percent change from nano-HAp treated +/- SD
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of 3 replicates. Data are representative of three independent experiments. $p<0.05
and "p<0.005 comparisons as indicated (Student’s t-test).
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