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Abstract

The bone remodeling process is crucial for titanium (Ti) osseointegration and involves the
crosstalk between osteoclasts and osteoblasts. Considering the high osteogenic potential of Ti with
nanotopography (Ti Nano) and that osteoclasts inhibit osteoblast differentiation, we hypothesized
that nanotopography attenuate the osteoclast-induced disruption of osteoblast differentiation.
Osteoblasts were co-cultured with osteoclasts on Ti Nano and Ti Control and non-co-cultured
osteoblasts were used as control. Gene expression analysis using RNAseq showed that osteoclasts
downregulated the expression of osteoblast marker genes and upregulated genes related to histone
modification and chromatin organization in osteoblasts grown on both Ti surfaces. Osteoclasts also
inhibited the mRNA and protein expression of osteoblast markers, and such effect was attenuated
by Ti Nano. Also, osteoclasts increased the protein expression of H3K9me2, H3K27me3 and
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EZH2 in osteoblasts grown on both Ti surfaces. ChIP assay revealed that osteoclasts increased
accumulation of H3K27me3 that represses the promoter regions of Runx2and Alp/in osteoblasts
grown on Ti Control, which was reduced by Ti Nano. In conclusion, these data show that despite
osteoclast inhibition of osteoblasts grown on both Ti Control and Ti Nano, the nanotopography
attenuates the osteoclast-induced disruption of osteoblast differentiation by preventing the increase
of H3K27me3 accumulation that represses the promoter regions of some key osteoblast marker
genes. These findings highlight the epigenetic mechanisms triggered by nanotopography to protect
osteoblasts from the deleterious effects of osteoclasts, which modulate the process of bone
remodeling and may benefit the osseointegration of Ti implants.
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histone; nanotopography; osteoblast; osteoclast; titanium

1. Introduction

A focus of biomaterial investigation is the interactions between titanium (Ti) implants and
bone tissue, an essential component of osseointegration [1-4]. To improve the integrative
ability of Ti, modifications of implant surfaces have been made, such as functionalization
with molecules and creation of different topographies. These modifications affect signaling
pathways and cellular events involved in cell adhesion and proliferation, as well as
osteoprogenitor cell differentiation, which ultimately regulate the formation of mineralized
extracellular matrix [5-9].

Chemical conditioning with H,SO4/H,05 solution creates a Ti surface with nanotopography
that reduces the contaminants, increases the oxide layer (TiO,) from 5 to 32-40 nm and
generates nano-sized pits of 20-22 nm average diameters [6,10,11]. This nanotopography
favors cell adhesion and osteoblast differentiation by modulating several signaling pathways
such as integrins, bone morphogenetic proteins (BMPs) and Wnt [6,7,11-14]. To date,

there are no investigations on the effects of this nanotopography on the crosstalk between
osteoblasts and osteoclasts, which may have a direct impact on bone remodeling and
consequently on Ti osseointegration.

Bone remodeling is a physiological process regulated by continuous cycles of bone
resorption and formation and depends on complex interactions between osteoblasts and
osteoclasts [15]. Osteoblasts are derived from mesenchymal stem cells and osteoclasts

are derived from hematopoietic cells through the fusion of macrophages after contact

with stromal or osteoblastic cells, thus forming multinucleated cells [16,17]. Osteoblasts
synthesize cytokines and growth factors that regulate the formation and activity of
osteoclasts, including receptor activator of nuclear factor Kappa B ligand (RANKL) and
macrophage colony stimulating factor (M-CSF); osteoclasts secrete sphingosine 1 phosphate
(S1P), collagen triple helix repeat containing 1 (CTHRC1) and complement component C
(C3) that stimulate while semaphorin 4D (SEMAA4D) and sclerostin (SCL) inhibit osteoblast
differentiation [16,18-21]. Such fine balance of the interactions between osteoblasts and
osteoclasts is regulated by several cell mechanisms, including epigenetic modifications.
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Epigenetic modifications comprise changes in response to environmental stimuli without
alterations of the DNA sequence. The phenomenon is based on chemical modifications
of proteins and DNA resulting in a diversity of chromatin accessibility [22]. Histone
methylation, a mechanism that contributes to chromatin dynamics and occurs through
enzymes that catalyze the addition of methyl groups to lysine and arginine residues of
histones, is associated with changes in the activation and repression of gene expression.
Depending on the histone and the residue that will undergo, these changes can
participate in the regulation of several tumors and acting on cell differentiation [22-25].
Histones H3K9 and H3K27 methylations, which are associated with a highly compacted
and transcriptionally repressed chromatin, inhibit gene transcription and the osteoblast
differentiation [26—28]. Such inhibitory effects of histone methylation on osteoblast
differentiation are underexplored in the crosstalk between osteoblasts and osteoclasts,
especially in the context of Ti osseointegration.

Considering the high osteogenic potential of Ti with nanotopography and that osteoclasts
inhibit osteoblast differentiation, we hypothesized that this nanotopography inhibits the
deleterious effects of osteoclasts on osteoblasts by regulating histone modifications. To test
this hypothesis, we established a co-culture model in which osteoblasts were grown on Ti
discs and osteoclasts were cultured into inserts positioned above the discs, thus sharing the
same microenvironment. Our results demonstrated that this nanotopography attenuated the
disruption of osteoblast differentiation induced by osteoclasts by reducing the accumulation
of methylated histones that repress the promoter regions of some osteoblast marker genes.

2. Materials and methods

2.1. Materials and reagents

Discs of commercially pure grade Il Ti (1.0 mm thickness and 13 mm in diameter) were
purchased from Realum (S&o Paulo, S&o Paulo, Brazil) and silicon carbides from Norton
(Guarulhos, Sao Paulo, Brazil). MC3T3-E1 and RAW 264.7 cell lines were obtained from
American Type Culture Collection (ATCC) (Manassas, Virginia, USA). Minimum essential
medium alpha-modification (a-MEM), Dulbeccco’s modified eagle medium (DMEM),

fetal bovine serum (FBS), penicillin-streptomycin, TRIzol reagent and immunoprecipitation
kit dynabeads protein G were purchased from Thermo Fisher Scientific (Waltham,
Massachusetts, USA). p-glycerophosphate, L-ascorbic acid, bovine serum albumin, Tween®
20, bone morphogenetic protein receptor type 1A antibody (anti-BMPR1A, SAB1302614),
Hoechst 33258 (bisBenzimide H 33258 solution), phenylmethanesulfonyl fluoride and ethyl
alcohol pure were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Runt related
transcription factor 2 (anti-RUNX2, 8486S), di-methyl-histone H3 (Lys9) (anti-H3K9me2,
D85B4), tri-methyl-histone H3 (Lys27) (anti-H3K27me3, C36B11), enhancer of zeste 2
polycomb repressive complex 2 subunit (anti-EZH2, D2C9) and secondary horseradish
peroxidase-conjugated goat anti-rabbit IgG (7074S) antibodies were purchased from Cell
Signaling (Beverly, Massachusetts, USA). Alkaline phosphatase (anti-ALPL, ab108337)
and anti-RUNX2 (ab76956) were purchased from Abcam (Cambridge, Massachusetts,
United Kingdom) and glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH, sc-25778)
and anti-ALPL (sc-137213) from Santa Cruz Technology (Dallas, Texas, USA). Red-
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fluorescent Alexa Fluor 594- conjugated goat anti- mouse secondary antibody (A11005)
and green-fluorescent Alexa Fluor 488- conjugated goat anti- rabbit secondary antibody
(A11008) were purchased from Molecular Probes (Eugene, Oregon, USA). Twenty-four-
well ThinCert™ cell culture inserts and 24-well plates were purchased from Greiner Bio-
One (Frickenhausen, Baden-Wiirttemberg, Germany), Millex GV filter (0.22 um), ethanol,
formaldehyde, sulfuric acid (95-97%) and hydrogen peroxide (30%) from Merck Millipore
(Darmstadt, Hesse, Germany) and RANKL from Peprotech (Rocky Hill, Connecticut, USA).
SMARTer® Stranded Total RNA Hi Mammalian Sample Prep Kit was purchased from
Takara (Mountain View, California, USA) and Qubit® RNA HS assay kit from Life
Technologies (Carlsbad, California, USA). High-capacity cDNA reverse transcription kit
and Fast SYBR green master mix reagent was obtained from Applied Biosystems (Foster
City, California, USA). Protease inhibitor tablets and MG132 proteasome inhibitor were
acquired from Roche Applied Science (Indianapolis, Indiana, USA). Trans-blot turbo PVDF
membrane, nonfat powdered milk and Clarity western ECL substrate were purchased

from Bio-Rad Laboratories (Hercules, California, USA). MinElute PCR purification kit
was purchased from QIAGEN (Hilden, Nordrhein-Westfalen, Germany). UNC1999 was
purchased from Cayman Chemical (Ann Arbor, Michigan, USA).

2.2. Ti surface modification and characterization

The discs of Ti (Realum) were polished with silicon carbide (320 and 600 grit) (Norton),
cleaned in 70% ethanol (Merck) and washed by sonication in distilled water. The discs

were conditioned for 4 hours, at room temperature, with a mixture of 10 N HySO,4

(Merck) and 30% aqueous H,O, (Merck) to obtain the nanotopography (Ti Nano) [10].
Non-conditioned discs were used as control (Ti Control). Before cell culture experiments, all
discs were cleaned by sonication, air-dried and autoclaved. The surfaces were characterized
by field emission scanning electron microscopy (SEM) operated at 5 kV (Inspect S50, FEI,
Hillsboro, Oregon, USA) and by atomic force microscopy (AFM) using an AFM Bruker
Multimode 8 Microscope (Bruker, Santa Barbara, California, USA) operated in air using the
contact mode and a contact probe DNP-10 (Bruker) with tip radius of 20 nm and spring
constant of 0.35 N/m. The AFM images were treated, and the surface area (h = 5) were
calculated using the software NanoScope Analysis 1.5 (Bruker).

2.3. Effect of osteoclasts on osteoblasts grown on Ti Nano

2.3.1. Cell cultures—MC3T3-E1 pre-osteoblastic cells were cultured in a-MEM (Gibco
- Thermo Fisher Scientific), supplemented with 10% FBS (Gibco - Thermo Fisher
Scientific), 100 U/mL penicillin (Gibco - Thermo Fisher Scientific) and 100 pg/mL
streptomycin (Gibco - Thermo Fisher Scientific) and RAW 264.7 macrophage cells were
cultured in DMEM (Gibco - Thermo Fisher Scientific), supplemented with 10% FBS
(Gibco - Thermo Fisher Scientific), 100 U/mL penicillin (Gibco - Thermo Fisher Scientific)
and 100 pg/mL streptomycin (Gibco - Thermo Fisher Scientific), both non-inducing
differentiation media, and kept at 37 °C in a humid atmosphere containing 5% CO, and
95% atmospheric air. After subconfluence, MC3T3-E1 cells were plated on Ti Nano and

Ti Control discs and RAW 264.7 cells on 24-well ThinCert (Greiner Bio-One), in 24-well
culture plates (Greiner Bio-One) at a density of 1x10* cells/well or insert. MC3T3-E1

cells were cultured in osteogenic medium, constituted by a-MEM (Gibco - Thermo Fisher
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Scientific), supplemented with 10% FBS (Gibco - Thermo Fisher Scientific), 100 U/mL
penicillin (Gibco - Thermo Fisher Scientific), 100 pg/mL streptomycin (Gibco - Thermo
Fisher Scientific), 7 mM p-glycerophosphate (Sigma-Aldrich) and 5 pg/mL L-ascorbic acid
(Sigma-Aldrich) for 5 days and RAW 264.7 cells were cultured in osteoclastogenic medium,
constituted by DMEM (Gibco - Thermo Fisher Scientific), supplemented with 10% FBS
(Gibco - Thermo Fisher Scientific), 100 U/mL penicillin (Gibco - Thermo Fisher Scientific),
100 pg/mL streptomycin (Gibco - Thermo Fisher Scientific) and 50 ng/mL of RANKL
(Peprotech) also for 5 days, and they were kept separated during this time. On day 5,

the inserts containing the osteoclasts were positioned above osteoblast cultures, thereby
establishing an indirect co-culture system. The osteoblast-osteoclast co-cultures were kept
in a-MEM (Gibco - Thermo Fisher Scientific), supplemented with 10% FBS (Gibco -
Thermo Fisher Scientific), 100 U/mL penicillin (Gibco - Thermo Fisher Scientific), 100
pg/mL streptomycin (Gibco - Thermo Fisher Scientific), 7 mM p-glycerophosphate (Sigma-
Aldrich), 5 pg/mL L-ascorbic acid (Sigma-Aldrich) and 50 ng/mL of RANKL (Peprotech)
for another 2 days, completing 7 days of culture in differentiation media. The co-culture
medium was a.-MEM supplemented with osteoblast and osteoclast differentiation factors,
since DMEM reduced osteoblast differentiation compared to a-MEM, while a-MEM did
not affect osteoclast differentiation compared to DMEM (data not shown). The controls were
non-co-cultured osteoblasts grown on both Ti surfaces.

2.3.2. RNA isolation and library preparation—On day 7 (2 days of co-culture), the
total RNA was isolated from the osteoblasts using TRizol reagent (Invitrogen - Thermo
Fisher Scientific), according to the manufacturer’s specifications. RNA integrity was
assessed by Bioanalyzer (Agilent, Santa Clara, California, USA). RNA-Seq libraries were
built with the SMARTer® Stranded Total RNA Hi Mammalian Sample Prep Kit (Takara)
according to the manufacturer’s protocol. The quality and quantification of RNA-Seq
libraries were determined by Bioanalyzer (Agilent) and Qubit® (Life Technologies). The
RNA-Seq libraries were single-end sequenced considering 75-bp single-end reads using a
Hi-Seq 1500 Platform (lllumina, Hayward, California, USA) and three biological replicates
(n = 3) of each sample.

2.3.3. RNA-Seq analysis—The dataset analysis was performed using the Galaxy
Platform and RStudio [29,30]. The quality control of raw reads was done using FastQC and
the alignment to reference genome mm10 using STAR [31,32]. The process data from high-
throughput sequencing assays (expression counts) was performed using HTSeq with gene
annotations (Gencode m23) [33,34]. Differential expression was analyzed by DESeq?2 [35].
The GO enrichment analyses were performed using Gene Ontology (GO Ontology database
Released 2019-12-09) and PANTHER Overrepresentation Test (Released 20190711) [36-
38]. To consider differential gene expression, the cutoff for significant fold change was >
1.7, and adjusted p-value < 0.05.

2.3.4. mRNA expression by real-time polymerase chain reaction (RT-qPCR)
—On day 7 (2 days of co-culture), RT-gPCR was carried out to evaluate the gene
expression of runt related transcription factor 2 (Runx2), distal-less homeobox 5 (D/x5),
alkaline phosphatase (A/p/), bone sialoprotein (/6sp), osteocalcin (Bglap), osteoprotegerin
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(Opg), bone morphogenetic protein receptor type 1A (Bmprla), inhibitor of DNA binding

3 (/d3), jun D proto-oncogene (Juna) and matrix metallopeptidase 13 (Mmp13). The

total RNA collected from osteoblasts was quantified and the cDNA was done using high-
capacity cDNA reverse transcription kit (Applied Biosystems) following the manufacturer’s
instructions. The real-time PCR reactions were done with Fast SYBR green master mix
reagent (Applied Biosystems) and the selected primers (Supplementary Material 1, Table
s1). The results were normalized to actin-beta (Actb) and calibrated by non-co-cultured
osteoblasts grown on Ti Control. The data (n = 3) were calculated according to the
comparative 2 2ACt method [39].

2.3.5. Protein expression by western blotting—The protein expression of RUNX2,
ALPL and BMPR1A was detected by western blotting on day 7 (2 days of co-culture).
Cells were lysed with 150 pL of buffer constituted by 1 x protease inhibitor mixture

(Roche Applied Science), 1 mM phenylmethanesulfony! fluoride (Sigma-Aldrich) and 25
mM MG132 proteasome inhibitor (Roche Applied Science). Briefly, 50 g of total protein
was denatured, separated in 10% SDS polyacrylamide electrophoresis gel and transferred

to a trans-blot turbo PVDF membrane (Bio-Rad Laboratories). The membrane was blocked
for 1 hour in Tris-buffered saline with 0.1% Tween® 20 (Sigma-Aldrich), containing 5%
nonfat powdered milk (Bio-Rad Laboratories), probed with primary antibodies anti-RUNX2
(1:2000, Cell Signaling), anti-ALPL (1:3000, Abcam) and anti-BMPR1A (1:250, Sigma-
Aldrich) overnight at 4°C, and incubated with secondary horseradish peroxidase-conjugated
antibody goat anti-rabbit 1gG (1:2000, Cell Signaling) for 1 hour at room temperature. The
proteins were detected using Clarity Western ECL Substrate (Bio-Rad Laboratories) and the
images were acquired using G-Box gel imaging (Syngene, Cambridge, UK). The proteins
were quantified (n = 3) by counting pixels through Image-J software (National Institutes of
Health, Bethesda, Maryland, USA), normalized to GAPDH (Santa Cruz Technology) and
calibrated by non-co-cultured osteoblasts grown on Ti Control.

2.3.6. In situ ALPL activity by Fast red staining—The /n situ ALPL activity was
evaluated on day 7 (2 days of co-culture) using Fast red staining, as previously described
[13]. Macroscopic images were digitally obtained with a stereomicroscope coupled to a
high-resolution digital camera Leica DC 300F (Leica Biosystem, Wetzlar, Hesse, Germany)
and ALPL staining was quantified (n = 4) by counting pixels using LASV 4.0 Image
Analysis Software (Leica Biosystem). The data are presented as percentage of the area of the
disc.

2.4, Effect of osteoclasts on methylated histones H3K9 and H3K27 accumulation in
osteoblasts grown on Ti Nano

2.4.1. Protein expression by western blotting—The protein expression of
H3K9me2, H3K27me3 and EZH2 was detected by western blotting on day 7 (2 days

of co-culture). The membrane was blocked for 1 hour in Tris-buffered saline with 0.1%
Tween® 20 (Sigma-Aldrich), containing 5% bovine serum albumin (Sigma-Aldrich), probed
with primary antibodies anti-H3K9me2 (1:1000, Cell Signaling), anti-H3K27me3 (1:1000,
Cell Signaling) and anti-EZH2 (1:1000, Cell Signaling) overnight at 4°C and incubated with
secondary horseradish peroxidase-conjugated antibody goat anti-rabbit 1gG (1:2000, Cell
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Signaling) for 1 hour at room temperature. The proteins were detected as described above in
2.3.5.

2.4.2. Chromatin immunoprecipitation (ChlP) assay—The ChlIP assay was carried
out on day 7 (2 days of co-culture) as described elsewhere [40]. The osteoblasts were cross-
linked with 1% formaldehyde (Merck) and lysed, and the DNA-protein complexes were
immunoprecipitated with anti-H3K9me2 (Cell Signaling), anti-H3K27me3 (Cell Signaling)
antibodies and protein G dynabeads kit (Invitrogen - Thermo Fisher Scientific). The DNA
was extracted and purified with MinElute PCR purification kit (QIAGEN) after DNA-
protein crosslink reversion. The PCR reactions were performed using the sequence primers
for Runx2, Alpl, 1bsp, 1d3, Bglap and Jund (Supplementary Material 1, Table s2) and the
products were analyzed through 7% acrylamide gel, quantified by counting pixels through
Image-J software (National Institutes of Health), normalized to positive control (INPUT)
and calibrated by non-co-cultured osteoblasts grown on Ti Control.

2.4.3. Protein co-immunolocalization by immunofluorescence—On day 7 (2
days of co-culture), the RUNX2, ALPL and H3K27me3 proteins were evaluated by indirect
immunofluorescence with anti- RUNX2 (1:100, Abcam), anti- ALPL (1:50, Santa Cruz
Technology) and anti-H3K27me3 (1:200, Cell Signaling) antibodies, followed by a mixture
of the red- fluorescent Alexa Fluor 594- conjugated goat anti- mouse secondary antibody
(1:200, Molecular Probes) to detect the RUNX2 and ALPL and green-fluorescent Alexa
Fluor 488- conjugated goat anti- rabbit secondary antibody to detect anti-H3K27me3
(1:200, Molecular Probes). Nuclei were detected with Hoechst 33258 solution (1:1000,
Sigma-Aldrich). The samples were analyzed and randomly photographed in two areas

per disc with an epifluorescence microscope ZEISS, ApoTome.2 (Carl Zeiss, Oberkochen,
Baden-Wrttemberg, Germany).

2.5. Statistical analysis

The data of Ti surface area were compared using Student’s t-test while the data of MRNA
expression by RT-gPCR, protein expression by western blotting and in situ ALPL activity by
Fast red staining were compared by two-way ANOVA followed by the Holm-Sidak post-test
when appropriate. All analyses were made using the SigmaPlot software (Systat Software
Inc., San Jose, California, USA) and the level of significance was set at 5% (p < 0.05).

3. Results

3.1. Characterization of Ti surfaces

The Ti Control exhibited a polished surface (Figure 1A) while the Ti Nano (Figure 1B)
generated by H,SO,4/H,05 treatment presented nanopores distributed over the entire surface
as observed under SEM. The surface area of Ti Nano (21.96 + 0.52) was greater (p = 0.001)
compared to Ti Control (14.44 + 0.89) as determined by AFM (Figure 1 C-F).

3.2. Osteoclasts induce differential expression of genes in osteoblasts grown on Ti Nano

Changes in gene expression of osteoblasts grown on both Ti Control and Ti Nano, either in
the presence or absence of osteoclasts, were identified (Figure 2). The relationship between
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samples during this interaction was evidenced by both principal component analysis (PCA,
Figure 2A) and Euclidean distance analysis (Figure 2B). Irrespective of Ti surface, the
presence of osteoclasts generated separation from the samples cultured in the absence of
osteoclasts in the first principal component (PC1, x-axis, 79% of variance, Figure 2A).
The y-axis (PC2) shows 11% of variance and the samples of osteoblasts co-cultured with
osteoclasts on Ti Nano were separately clustered from the osteoblasts co-cultured with
osteoclasts on Ti Control (Figure 2A). No relevant differences were noted between non-
co-cultured osteoblast grown on Ti Nano compared to non-co-cultured osteoblasts grown
on Ti Control (Figure 2A). The Euclidean distance analysis (Figure 2B) corroborates the
findings of PCA, indicating the great variance between osteoblasts grown in the presence
of osteoclasts on both Ti Control and Ti Nano compared to the variance between non-co-
cultured osteoblasts.

The Volcano plots showed the patterns of global gene expression and compared osteoblasts
grown on Ti Control either in the presence or absence of osteoclasts (Figure 2C), osteoblasts
grown on Ti Nano either in the presence or absence of osteoclasts (Figure 2D), osteoblasts
grown on Ti Control and Ti Nano (Figure 2E) and osteoblasts grown in the presence of
osteoclasts on Ti Control and Ti Nano (Figure 2F). The comparison of osteoblasts grown

on Ti Control either in the presence or absence of osteoclasts showed that the presence

of osteoclasts upregulated 305 and downregulated 322 genes (Figure 2C). By comparing
osteoblasts grown on Ti Nano either in the presence or absence of osteoclasts, we found

that the presence of osteoclasts upregulated 1825 and downregulated 1629 genes, quite a
large difference from the Ti control (Figure 2D). Osteoblasts grown on either Ti Control or
Ti Nano showed that nanotopography upregulated 116 and downregulated 34 genes (Figure
2E). By comparing osteoblasts grown in the presence of osteoclasts on Ti Control and Ti
Nano, nanotopography upregulated 934 and downregulated 471 genes (Figure 2F) indicating
that osteoblasts grown on Ti Nano are more responsive to osteoclasts than the ones grown on
Ti Control. These data are summarized in Supplementary Material 1, Table s3.

The Heatmap shows a total of 4328 genes of osteoblasts that were regulated by both Ti
surfaces and the presence or absence of osteoclasts (Figure 3A). Hierarchical clustering of
these differentially expressed genes was performed and GO analysis identified biological
processes involved in osteoblast differentiation and regulation of chromatin organization
(Figure 3A,B). Cluster 1 presented a total of 223 genes highly expressed in non-co-cultured
osteoblasts and a complete change in the pattern of gene expression when grown in the
presence of osteoclasts, both being more evident on Ti Nano (Figure 3A). Among the
regulated genes, GO identified genes involved in an essential biological process termed
“regulation of osteoblast differentiation” including Wnt4and Wnit7b, which are involved in
bone formation and enhancement of fracture healing, /dZ and /d3, both targets modulated
by the BMP signaling pathway, Jundthat stimulates the osteocalcin gene transcription

and GJ/i1, a hedgehog gene directly regulated by Runx2 (Figure 3B) [41-46]. Cluster 3
presented 1388 genes with low expression in osteoblasts grown on Ti Nano, which were
upregulated by the presence of osteoclasts, while no relevant regulation was observed in
osteoblasts grown on Ti Control irrespective of the presence of osteoclasts (Figure 3A). GO
identified genes linked to “regulation of chromatin organization” and “histone modification”
that have well-known roles in bone biology, including Sirt1, a regulator of bone mass and

Biomater Adv. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bighetti-Trevisan et al. Page 9

Kdmba that inhibits bone formation [47,48]. The genes encoding the receptors Bmprla,
Bmpr2and Fzd5, involved with BMP and Whnt signaling pathways, are included in the GO
category “positive regulation of transcription by RNA polymerase 11’ (Figure 3B). Cluster
4 presented a total of 771 genes that were downregulated by osteoclasts in osteoblasts
grown on Ti Nano, while on Ti Control, osteoclasts induced a slight upregulation of these
genes (Figure 3A). Among these, GO identified the following genes: Rarg that influences
the development of trabecular bone mass and hematopoiesis; Nofchl, an essential receptor
involved in Notch signaling that regulates skeletal cell proliferation and differentiation;
Alpl, a marker of early osteoblast differentiation that is crucial for bone formation; Bglap
that encodes the most abundant non-collagenous protein in the bone matrix; Mustn1 that
represents a pan-musculoskeletal cell marker that precedes Sox9in cartilage; and Co/f5al, a
gene activated by osterix during osteoblast differentiation, that is related to “tube formation”,
“alpha-amino acid biosynthetic process”, “tissue development” and “extracellular matrix
organization” (Figure 3B) [49-55]. Cluster 5 presented a total of 747 genes that were
downregulated by osteoclasts in osteoblasts cultured on both Ti surfaces, with more
pronounced effect on Ti Nano (Figure 3A). XbpI encodes a protein that targets Osterix and
Dot1/that plays an important role in prenatal and postnatal chondrocyte development and
trabecular bone maintenance; each of these genes are included in the GO categories “cellular
macromolecule biosynthetic process” and “cellular protein metabolic process” respectively
(Figure 3B) [56,57,58]. Cluster 6 presented a total of 419 genes that were upregulated by
osteoclasts in osteoblasts cultured on both Ti surfaces, with more pronounced effect on Ti
Nano (Figure 3A). Among these, GO identified Grem1, a BMP antagonist associated with
“regulation of cell growth”, CavI that negatively regulates osteoblasts and cementoblasts
associated with “inactivation of MAPK activity”, Spry2that is involved in proliferation and
differentiation of osteoblasts, included in “developmental growth”; Mmp13, a marker of
bone matrix remodeling and SppZ, a bone sialoprotein involved in osteoclast attachment to
mineralized bone matrix, both associated with “Ossification” [59-63].

3.3. Ti Nano attenuates the osteoclast-induced disruption of osteoblast differentiation

To investigate if Ti Nano attenuates the negative effect of osteoclasts on osteoblasts,

we measured the mMRNA and protein expressions of key bone markers and the in situ

ALPL activity (Figure 4). The gene expression of Runx2and Bmprlain osteoblasts was
upregulated (p = 0.001 for both) by Ti Nano, and the presence of osteoclasts downregulated
their expressions on Ti Control (p = 0.001 for both genes) and upregulated on Ti Nano (p =
0.001; p=0.04) (Figure 4A). The gene expression of DIx5, Ibspand Opg in osteoblasts was
upregulated (p = 0.005; p = 0.001; p = 0.001, respectively) by Ti Nano and the presence of
osteoclasts downregulated their expressions (p = 0.001 for all three) in a more pronounced
way on Ti Control (Figure 4A). The gene expression of Alp/and Bglap in osteoblasts

was inhibited (p = 0.001 for both genes) by Ti Nano and the presence of osteoclasts
downregulated their expressions (p = 0.001 for both genes) in a more pronounced way on

Ti Control (Figure 4A). The gene expression of /d3in osteoblasts was not affected (p =
0.990) by Ti surfaces and the presence of osteoclasts downregulated its expression on Ti
Control and Ti Nano (p = 0.001 for both surfaces) (Figure 4A). The gene expression of Jund
in osteoblasts was not affected (p = 0.319) by Ti surfaces and the presence of osteoclasts
downregulated its expression on Ti Control (p = 0.021) and Ti Nano (p = 0.001) (Figure 4A).
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The gene expression of Mmp13in osteoblasts was not affected (p = 0.551) by Ti surfaces
and the presence of osteoclasts downregulated its expression on Ti Control and upregulated
on Ti Nano (p = 0.001 for both surfaces) (Figure 4A). The protein expression of RUNX2

in osteoblasts was upregulated (p = 0.001) by Ti Nano and the presence of osteoclasts
downregulated its expression on Ti Control and Ti Nano (p=0.001 for both) in a more
pronounced way on Ti Control (Figure 4B). The protein expression of ALPL in osteoblasts
was upregulated (p = 0.001) by Ti Nano and the presence of osteoclasts downregulated its
expression on Ti Control and upregulated on Ti Nano (p = 0.001 for both) (Figure 4C). The
protein expression of BMPR1A in osteoblasts was inhibited (p = 0.001) by Ti Nano and the
presence of osteoclasts downregulated its expression on Ti Control and upregulated on Ti
Nano (p = 0.001 for both) (Figure 4C). The ALPL activity in osteoblasts was increased (p =
0.001) by Ti Nano and the presence of osteoclasts downregulated its activity on Ti Control
and Ti Nano (p = 0.001 for both) in a more pronounced way on Ti Control (Figure 4E).

3.4. Ti Nano attenuates the osteoclast-induced disruption of osteoblast differentiation by
reducing accumulation of the methylated histones

The RNA-Seq analysis, especially cluster 3, identified genes strongly associated with
regulation of chromatin organization and histone modification, and the downregulation of
osteoblast markers induced by osteoclasts, which was attenuated by Ti Nano. We used this
experimental design to evaluate the mechanisms involved in the regulation of the crosstalk
between osteoclasts and osteoblasts that were mediated by the nanotopography. Initially, we
evaluated the the expression of H3K9me2 (Figure 5A), H3K27me3 (Figure 5B) and EZH2
(Figure 5C). The protein expression of H3K9me2 in osteoblasts was increased by Ti Nano
(p = 0.004) and the presence of osteoclasts did not affect its expression on Ti Control (p

= 0.130) and upregulated it on Ti Nano (p = 0.001) (Figure 5A). The protein expression

of H3K27me3 in osteoblasts was increased by Ti Nano (p = 0.018) and the presence of
osteoclasts upregulated its expression on Ti Control (p = 0.001) and Ti Nano (p = 0.020)
(Figure 5B). The protein expression of EZH2 in osteoblasts was increased by Ti Nano (p =
0.004) and the presence of osteoclasts upregulated its expression on Ti Control (p = 0.007)
and Ti Nano (p = 0.014) (Figure 5C).

Based on these findings, the ChIP assay (Figure 5D-H) was performed to identify if the
higher expression of H3K9me2 and H3K27me3 induced by osteoclasts contributes to the
downregulation of osteoblast markers through chromatin condensation at the promoters,
which prevents gene expression. Osteoclasts induced a high accumulation of H3K27me3,
repressing the promoter regions of Runx2and Alp/ of osteoblasts grown on Ti Control
compared to Ti Nano (Figure 5D-F). Irrespective of the presence of osteoclasts, the Ti
Nano prevented the accumulation of H3K9me2 and H3K27me3 in the promoter regions of
Ibsp and /d3 of the osteoblasts (Figure 5D,G,H). On Ti Control, only the accumulation of
H3K9me2 in these regions was inhibited by the presence of osteoclasts (Figure 5D,G,H).
No methylation of histones H3K9 or H3K27 was identified in the promoter regions of
Bglap and Jund (Figure 5D). As H3K27me3 seemed to be more involved in the regulation
of osteoblast differentiation by osteoclasts on Ti Nano, we used an immunofluorescence
assay that corroborated the ChlP data and showed that osteoclasts increased the expression
of H3K27me3 (Fig 6A,B), which reduced the expression of RUNX2 (Figure 6A) and
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ALPL (Fig 6B) in osteoblasts grown on both Ti surfaces, but in a less pronounced way

on Ti Nano. These results indicate the protective role of Ti Nano on osteoblasts, since this
nanotopography attenuated the osteoclast-induced disruption of osteoblast differentiation by
reducing the accumulation of H3K9 and H3K27, mainly H3K27, methylated histones.

4. Discussion

Several studies have shown the relevance of implant surface topography to the process

of osseointegration. This event is characterized by the establishment of a direct interface
between bone and the biomaterial, resulting in functional stability, load support and
decreased risk of failure, thus maintaining the longevity of the implanted material and the
health of the adjacent tissues [3,17,64]. Ti has been widely used to produce implants and

the nanotopography generated by chemical conditioning with H,SO4/H,0, favors osteoblast
differentiation by modulating several cellular signaling pathways [6,7,11-14]. Considering
the importance of bone remodeling to the Ti osseointegration, we demonstrated that
nanotopography attenuated the negative effect of osteoclasts on osteoblast differentiation

by reducing the accumulation of H3K27me3 in the promoter regions of Runx2and Alp/
(Figure 7), which adds further explanation to the high osteogenic potential of this Ti surface.

To investigate the impact of the osteoclasts on osteoblasts grown on Ti Nano, we initiated

a transcriptome analysis that revealed different patterns of gene expression by osteoblasts
depending on Ti surfaces and the presence of osteoclasts. The downregulation of transcripts
from the essential biological process “regulation of osteoblast differentiation” was induced
by osteoclasts irrespective of the Ti surface. Indeed, some studies have indicated that
osteoclasts secrete microRNA-enriched exosomes that are transferred to osteoblasts,
inhibiting osteoblast differentiation and activity [65,66]. This mechanism highlights the
relevance of exosomes secreted by osteoclasts on bone loss and could be, at least in

part, involved in the inhibitory action of osteoclasts on osteoblast differentiation observed
here. It was also identified an upregulation of genes involved with “histone modification”
and “regulation of chromatin organization” in the presence of osteoclasts that were more
pronounced in osteoblasts grown on Ti Nano compared to Ti Control. These results
indicate that osteoclasts trigger post-translational modifications of chromatin and histones
in osteoblasts, which is corroborated by studies that link epigenetic modifications with bone
development [22,26,28].

The Ti Nano favored osteoblast differentiation compared to Ti Control, as evidenced by
gene and protein expression of osteoblastic markers as well as ALPL activity, corroborating
our previous studies [6,7,12—-14]. As expected, osteoclasts inhibited osteoblast differentiation
and interestingly this effect was more pronounced in cells grown on Ti Control compared

to Ti Nano. It has been shown that exosomes derived from osteoclasts contain miR-23a-5p
that suppresses osteoblast activity through a connecting site between this miRNA and Runx2
[67]. These data demonstrate that osteoclasts reduced not only RunxZ, but many genes and
proteins associated with osteoblast differentiation and activity, again in a more marked way
in cells grown on Ti Control than on Ti Nano. It is noteworthy that Bmprla, a receptor

that mediates the BMP signaling pathway was downregulated by osteoclasts in osteoblasts
grown on Ti Control, which was prevented by Ti Nano. Because the knockdown of Bmprla
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generates a striking inhibition of the osteogenic potential, bone quality and bone strength,
these results suggest a compensatory mechanism when osteoblasts are grown on Ti Nano

in the presence of osteoclasts, as the nanotopography induces osteoblast differentiation, at
least in part, by the increase of BMP-2 production and BMP signaling pathway modulation
[13,68]. Anather interesting finding is the upregulation of Mmp13induced by osteoclasts in
osteoblasts cultured on Ti Nano. MMP13 is a member of the matrix metalloproteinases that
acts on bone remodeling and cartilage degradation due to its particular ability to cleave type
Il collagen. This upregulation suggests that nanotopography could be associated not only
with the increased osteoblast differentiation but also with high osteoclast activity leading to
an enhancement of the bone remodeling process [69].

As the RNA-Seq and GO results showed differential patterns of expression of genes related
to chromatin dynamics in osteoblasts depending on both the Ti surface topography and

the presence of osteoclasts, we hypothesized that the inhibition of osteoblast differentiation
induced by osteoclasts grown on Ti surfaces, which was attenuated by nanotopography,

is due to histone modifications. Indeed, the expression of methylated histones H3K9me2
and H3K27me3, and EZH2, the enzyme that catalyzes the addition of methyl groups to
histone H3 at Lys 27 (H3K27), was higher in osteoblasts grown on both Ti surfaces

under the influence of osteoclasts. Methylation of histone proteins, a post-translational
modification, is a remarkable epigenetic modification involved in bone development by
regulating gene expression through chromatin compaction that represses gene transcription
[22,27,28]. Despite H3K27me3 global distribution was higher in osteoblasts grown on
both Ti surfaces under the influence of osteoclasts, the ChlP data showed that osteoclasts
enhanced the accumulation of histone H3K27me3 in the promoter regions of key osteoblast
marker genes, mainly Runx2and Alp/, on Ti Control, suppressing the gene expression of
Runx2, Alpl, 1bsp, and 1d3, which was attenuated on Ti Nano. The co-immunolocalization
confirmed that the increase of H3K27me3 reduced the protein expression of RUNX2 and
ALPL in a more pronounced way in osteoblasts grown on Ti Control in the presence

of osteoclasts. Attesting that this mechanism of histone modification is involved in the
protective effect of nanotopography on osteoblasts, the treatment with UNC1999, an EZH2
inhibitor, reversed both H3K27me3 increase and RUNX2 reduction induced by osteoclasts
in osteoblasts grown on Ti Nano (Supplementary Material 2). In agreement with these
findings, it has been demonstrated that the increase in the H3K27 trimethylation resulted

in a repression of Runx2and SppI through a decrease in EZH2 phosphorylation and that
H3K9me2 repressed the regulatory regions of 7wistin primary osteogenic mesenchyme
from calvaria [26,70]. Considering the relevance of this mechanism to the bone-biomaterial
interactions, further studies are needed to decipher which factors secreted by osteoclasts
are inducing the accumulation of H3K27me3 in the Runx2and Alp/ promoter regions of
osteoblasts.

In conclusion, to the best of our knowledge, this study is the first to show the impact

of the Ti Nano on the crosstalk between osteoblasts and osteoclasts. Despite osteoclasts
inhibiting osteoblasts grown on both Ti Control and Ti Nano, the nanotopography
attenuated the osteoclast-induced disruption of osteoblast differentiation by preventing the
increase of H3K27me3 accumulation, which mediate repression of gene expression, in
the promoter regions of Runx2and Alpl. These findings shed light on the epigenetic
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mechanisms triggered by nanotopography to protect osteoblasts from the deleterious effects
of osteoclasts, generating a fine balance of the process of bone remodeling that may benefit
the osseointegration of Ti implants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Osteoclasts inhibit osteoblasts grown on titanium (Ti) surfaces
. Ti with nanotopography protects osteoblasts from the negative effect of

osteoclasts

. Nanotopography prevents the increase of H3K27me3 in Runx2and Alp/

promoter regions
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Figure 1.
Surface topography of titanium (Ti) discs. Scanning electron micrographies of polished

Ti (A, Ti Control) and Ti with nanotopography (B, Ti Nano). Three-dimensional surface
topography generated by atomic force microscopy and the corresponding line profile of Ti
Control (C, E) and Ti Nano (D, F). Scale bars (A and B) = 100 nm. The reader is referred to
the web version of this article for the colour representation of this figure.
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Figure 2.

Osteoclasts induce differential expression of genes in osteoblasts grown on titanium with
nanotopography (Ti Nano) compared to polished titanium (Ti Control). Principal component
analysis (A) and Euclidean distance metric plot (B) with dots in different colors representing
osteoblasts grown on Ti Control (OB / Ti Control), osteoblasts grown on Ti Control in the
presence of osteoclasts (OC—OB / Ti Control), osteoblasts grown on Ti Nano (OB / Ti
Nano) and osteoblasts grown on Ti Nano in the presence of osteoclasts (OC—OB / Ti Nano)
(n = 3); the first component (PC1) showed 79% of variance and the second component
(PC2) showed 11% (A). Volcano plots of the RNA-Seq data showing the differential gene
expression (n = 3) by comparing OB / Ti Control with OC—OB / Ti Control (C), OB / Ti
Nano with OC—OB / Ti Nano (D), OB / Ti Control with OB / Ti Nano (E) and OC—0B /
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Ti Control with OC—0OB / Ti Nano (F). The upregulated genes are represented as red dots
on the right and the downregulated ones as red dots on the left, which means that these
genes presented statistically significant differences (adjusted p-value) and magnitude of fold
change (FC). Blue dots indicate genes that only presented statistically significant differences
(adjusted p-value), green dots, the genes that only presented magnitude of FC and the grey
ones indicate genes without both statistically significant differences and magnitude of FC
(C-F). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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G0:0009888 tissue development 5.26E-04 Bglap, Vim, Bmp8a, Mustn1
GO0:0030198 extracellular matrix organization 7.01E-04 Lgals3, Col5a1, Col4a2, Efemp2, Emilin1, Fbin2
Cluster 5 (747 genes)
G0:0034645 cellular macromolecule biosynthetic process  1.14E-05 Xbp1
G0:0044267 cellular protein metabolic process 7.59E-05 Dot1l
G0:0001558 regulation of cell growth 1.02E-04
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G0:0048589 developmental growth 3.51E-04
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Figure 3.

Osteoclasts induce differential expression of genes in osteoblasts grown on titanium with
nanotopography (Ti Nano) compared to polished titanium (Ti Control). Heatmap showing
the differential gene expression of osteoblasts grown on Ti Control (OB / Ti Control),
osteoblasts grown on Ti Control in the presence of osteoclasts (OC—OB / Ti Control),
osteoblasts grown on Ti Nano (OB / Ti Nano) and osteoblasts grown on Ti Nano in the
presence of osteoclasts (OC—OB / Ti Nano) (h = 3). Six clusters were defined, and the line
plots indicate the gene expression dynamics of each cluster (A). The clusters were submitted
to GO analysis and selected GO terms and genes are presented in the table (B). The reader is
referred to the web version of this article for the colour representation of this figure.
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Figure 4.

Titanium with nanotopography (Ti Nano) attenuates osteoclast-induced disruption of
osteoblast differentiation. Gene expression of the bone markers Runx2, Dix5, Alpl, 1bsp,
Bglap, Opg, Bmprla, 1d3, Jundand Mmp13(A), protein expression of RUNX2 (B), ALPL
(C) and BMPR1A (D) and in situ ALPL activity (E) of osteoblasts (OB) grown on polished
titanium (Ti Control), osteoblasts grown in the presence of osteoclasts (OC—OB) on Ti
Control, OB grown on Ti Nano and OC—OB on Ti Nano. The data of gene expression (n
= 3), protein expression (n = 3) and /n situ ALPL activity (n = 4) are presented as mean *
standard deviation and asterisks (*) indicate statistically significant differences (p < 0.05).
The reader is referred to the web version of this article for the colour representation of this
figure.
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Figure 5.

Titanium with nanotopography (Ti Nano) attenuate osteoclast-induced disruption of
osteoblast differentiation by reducing the methylated histone accumulation. Protein
expression of H3K9me2 (A), H327me3 (B) and EZH2 (C) of osteoblasts (OB) grown on
polished titanium (Ti Control), osteoblasts grown in the presence of osteoclasts (OC—0B)
on Ti Control, OB grown on Ti Nano and OC—0B on Ti Nano. Binding of the H3K9me2
and H3K27me3 to the promoter regions of the bone markers Runx2, Alpl, 1bsp, 1d3, Bglap
and Jundin OB grown on Ti Control, OC—OB on Ti Control, OB grown on Ti Nano

and OC—OB on Ti Nano (D-H). Representative values from the PCR quantification of
the genes, Runx2, Alpl, 1bsp and /d3, regulated by histone methylation (E-H). NC lanes
represent samples immunoprecipitated with anti-1gG antibody, INPUT samples consist of
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total DNA, and H3K9me2 and H3K27me3 lanes refer to DNA immunoprecipitated with
anti-H3K9me2 and anti-H3K27me3 antibodies (D). The data of protein expression (n = 3)
are presented as mean + standard deviation and asterisks (*) indicate statistically significant
differences (p < 0.05).
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Figure 6.
Titanium with nanotopography (Ti Nano) attenuate osteoclast-induced disruption

of osteoblast differentiation by reducing the methylated histone accumulation. Co-
immunolocalization of H3K27me3 and RUNX2 (A), and H3K27me3 and ALPL (B) in
osteoblasts (OB) grown on polished titanium (Ti Control), osteoblasts grown in the presence
of osteoclasts (OC—O0B) on Ti Control, OB grown on Ti Nano and OC—OB on Ti Nano.
Scale bars (A and B) = 50 um. The reader is referred to the web version of this article for the
colour representation of this figure.
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Figure 7.
Schematic representation of the main findings of this study. It is demonstrated that

osteoclasts inhibit osteoblast differentiation of cells grown on both Ti Control and Ti Nano
and that Ti Nano attenuates the osteoclast-induced disruption of osteoblast differentiation
by preventing the accumulation of H3K27me3 in the promoter regions of Runx2and Alp/.
The reader is referred to the web version of this article for the colour representation of this
figure.
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