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A B S T R A C T

The clinical need for bone regenerative solutions is expanding with increasing life expectancy and escalating
incidence of accidents. Several strategies are being investigated to enhance the osteogenic differentiation of stem
cells. We previously reported two different approaches for this purpose, in monolayer and three-dimensional cell
culture. The first approach was based on pretreating cells with 5-Aza-dC, a DNA methylation inhibitor, before the
applying the differentiation media. The second approach was based on culturing cells on a glass surface during
differentiation. In this study, we investigated the potential effect of combining both methods. Our results sug-
gested that both approaches were associated with decreasing global DNA methylation levels. Cells cultured as a
monolayer on glass surface showed enhancement in alkaline phosphatase activity at day 10, while 5-Aza-dC
pretreatment enhanced the activity at day 5, irrespective of the culture surface. In three-dimensional pellet cul-
ture, 5-Aza-dC pretreatment enhanced osteogenesis through Runx-2 and TGF-β1 upregulation while the glass
surface induced Osterix.

Furthermore, pellets cultured on glass showed upregulation of a group of miRNAs, including pro-osteogenesis
miR- 20a and miR -148b and anti-osteogenesis miR -125b, miR -31, miR -138, and miR -133a. Interestingly, 5-
Aza-dC was not associated with a change of miRNAs in cells cultured on tissue culture plastic but reverted the
upregulated miRNAs on the glass to the basal level. This study confirms the two approaches for enhancing
osteogenic differentiation and contradicts their combination.
1. Introduction

The increasing global incidence of skeletal disorders highlights the
necessity of an effective procedure for bone regenerative solution. The
main reasons for skeletal disorders include aging, trauma, and bone and
joint diseases. Reduction in bony mass or bone integrity is always asso-
ciated with declining quality of life. Cell-based tissue engineering is a
promising approach for bone regeneration that can replace autologous
bone grafting [1]. In this approach, osteogenically induced stem cells are
implanted into the defective region of the bone. The cells are expected to
undergo further differentiation, secrete osteo-tropic factors, and recruit
osteoblast progenitor cells that support and improve bone healing.
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Therefore, optimizing the osteoblastic differentiation potential of cells is
crucial. Mesenchymal stem cells (MSCs) are suitable for cell-based bone
engineering due to their known capacity for osteogenic differentiation
[2, 3]. However, several studies showed that osteogenic differentiation of
MSCs is restricted, to some extent, through repressive epigenetic mech-
anisms [4].

DNA methylation is an epigenetic modification previously correlated
to osteoblastic differentiation, with particular consideration to the
expression of key osteogenic markers runt-related transcription factor 2
(Runx2), Osterix (OSX), and alkaline phosphatase (ALP) [5, 6]. The
transcription of such genes is negatively correlated with the methylation
level within their promoter region [7].
ber 2022
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Table 1. List of RNA primers sequences used for PCR study.

Genes Primers Sequence (50- 30)

alkaline phosphatase (ALP) [17] F: GCCTACCAGCTCATGCATAAC

R: GAAGTGGGAGTGCTTGTATCT

collagen type 1 (COL1A1) [17] F: ACTGGTGAGACCTGCGTGTA

R: CCAGTCTGCTGGTCCATGTA

Osterix (OSX) [18] F: GGCACAAAGAAGCCGTACTC

R: TGGGAAAAGGGAGGGTAATC

runt-related transcription factor 2 (Runx2) [18] F: TCTTCACAAATCCTCCCC

R: TGGATTAAAAGGACTTGGTG

vascular endothelial growth factor (VEGF) [19] F: CCGCAGACGTGTAAATGTTCCT

R: CGGCTTGTCACATCTGCAAGTA

transforming growth factor beta 1 (TGF-β1) [20] F: CCCAGCATCTGCAAAGCTC

R: GTCAATGTACAGCTGCCGCA

glyceraldehyde phosphate dehydrogenase
(GAPDH) [21]

F: CCAGGTGGTCTCCTCTGACTTC

R:
TCATACCAGGAAATGAGCTTGACA
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DNA methylation inhibitors, such as 5- azacytidine and 5- aza -2-
deoxycytidine, were reported to facilitate the differentiation of MSCs to
osteoblasts via upregulating the expression of different osteogenic genes
[8]. On the other hand, micro RNAs (miRNAs) are noncoding
single-stranded RNAs that exert regulatory effects on gene expression at
the post-transcriptional level. miRNAs bind to complementary sequences
at the 30 untranslated region (30UTR) on messenger RNA (mRNA) and,
according to the degree of complementarity, block the transcription or
induce the degradation of target mRNA [9]. Different miRNAs can
regulate the osteoblastic differentiation of MSCs by targeting the main
osteogenic transcription factors and the signaling molecules of osteo-
genesis [10].

We showed earlier that the DNA demethylating agent 5- aza -2-
deoxycytidine (5-Aza-dC) could enhance the differentiation of MSCs
into osteoblast-like cells [8]. Recently, we reported the positive effect of
glass as a cell culture surface on MSCs differentiation into the osteo-
genic lineage. The cells showed enhanced proliferation and differenti-
ation and formed a self-assembly three-dimensional (3D) construct rich
in the osteogenic matrix [11]. Glass, through inducing histone
methylation (H3K4), protects genes from permanent silencing by
repelling transcriptional repressors and blocking DNA methylation
[12]. In the present study, we investigated the effects of DNA deme-
thylating agent 5-Aza-dC on osteogenic differentiation when the cells
were cultured on glass, aiming to provide maximum stimulation for
osteogenic differentiation.

2. Materials and methods

Chemicals and reagents were purchased from Sigma-Aldrich, St.
Louis, USA unless otherwise specified. All the experiments were per-
formed with, at least, three biological replicates.

2.1. Cell culture and treatment

MG-63 cell line is commonly used for modeling MSCs, based on their
multilineage differentiation ability [11, 13, 14, 15, 16], purchased from
ATCC (Manassas, VA, USA). MG-63 cells were cultured in basal media
consisting of Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% fetal calf serum and penicillin/streptomycin until 50% con-
fluency. To synchronize cell division, cells were serum-starved for 24 h,
followedbydaily addition of either 1 μM5-Aza-dC or an equivalent amount
of dimethyl sulfoxide (DMSO) as a vehicle or phosphate buffer saline (PBS)
as a control for three consecutive days. The cells were recovered in basal
media for 48 h. After that, the cells were seeded in a standard 6-well plastic
plates or on the top of uncoated coverslips as a glass surface. After 24 h, the
media was replaced by osteogenic media, composed of basal media in
addition to 10 mM HEPES, 100 μM ascorbate-2-phosphate, and 10 nM
dexamethasone that was changed every two days for ten days.

For three-dimensional (3D) pellet culture, 5 � 105 cells were trans-
ferred into borosilicate glass or polystyrene (plastic) tubes in 1 ml of
osteogenic media and centrifuged for 10 min at 400 g. The detailed
protocol and photographs of the tubes and pellets can be retrieved from
our previous publication [11]. The media was changed every two days
for 21 days without disturbing the cell pellet.

2.2. Global DNA methylation assessment

Genomic DNA (gDNA) was extracted from the 3D pellets described in
our previous study, which shared the same negative control groups [11].
50 ng of gDNA was used to evaluate the level of methylated cytosine
(5-mC) using the Global DNA Methylation Assay Kit (Abcam) according
to the manufacturer's instructions. The color developed by this
enzyme-linked immunosorbent assay was read at 450 nm and corre-
sponded to the content of 5-methylcytosine. Polynucleotides consisting
of 50% cytosine, either methylated or non-methylated, were used as
positive and negative controls, respectively.
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2.3. Molecular characterization of mRNAs and miRNAs expression

Total RNAs (including miRNAs) and gDNA were extracted using All-
in-One Purification Kit (Norgen Biotek). At the end of the differentiation
phase, the 3D pellets were disintegrated in a 0.6-gauge needle with the
lysis buffer, and the lysate was added to a spin column. After centrifu-
gation, mRNA and DNA bound to the column while the flow-through
contained miRNAs and proteins. miRNAs were purified using the pro-
vided enrichment spin column. mRNAs, gDNA, and miRNAs were eluted
following the manufacturer's instructions. mRNAwas reverse transcribed
into cDNA using the TruScript™ kit (Norgen Biotek). cDNA was quanti-
fied spectrophotometrically at 260 nm using Thermo Fisher Scientific
NanoDrop 2000. 100 ng cDNA/reaction were added to the SYBR Green
reaction mixture (GoTaq® qPCR Master Mix, Promega). Quantitative
real-time polymerase chain reaction (q RT-PCR) was carried out using
Rotor-Gene Q (Qiagen), and the primer sequences were listed in Table 1.
The amplification conditions were initial incubation at 95 �C for 2 min
followed by 40 cycles of denaturation at 95 �C for 15 s, annealing at 60 �C
for 30 s and extension at 60 �C for 30 s. Target gene expression was
normalized to the housekeeping gene, Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH).

For miRNAs characterization, miRNAs were reverse transcribed
into cDNA using miScript II RT Kit (Qiagen). 100 ng cDNA were added
to SYBR Green-based PCR master mix from the miScript SYBR Green
PCR Kit (Qiagen) with miRNA-specific primers (Table 2). PCR cycles
were as follows: initial activation at 95 �C for 15 min, followed by 40
cycles of denaturation at 94 �C for 15 s, annealing at 55 �C for 30 s,
and extension at 70 �C for 30 s miRNA expression was normalized
against U6 small nuclear RNA. In all experiments, the change in gene
expression was calculated according to the ΔΔct method, using the
negative control (PBS-treated) group for normalization, as mentioned
previously [22].

2.4. Alkaline phosphatase (ALP) activity assay

On the 5th and 10th days of differentiation, monolayer cells were
rinsed in PBS and fixed with 95% ethanol for 15 min at -20 �C followed
by PBS wash. ALP substrate was prepared by adding 400 μl of Naph-
othol AS-MX phosphate solution, 2.4 mg fast violet B salts, 9.6 ml of
distilled water (dH2O), and 300 μl were added to each well and
incubated for 30 min at 37 �C. As previously described, the reaction
was stopped by rinsing the wells with dH2O [11]. An average of seven
images were analyzed for color intensity by Image J software (NIH,
Bethesda, USA).



Table 2. List of miRNA primer sequences used for PCR study.

Micro RNA Primers Sequence (50- 30)

U6 [23] F: ATTGGAACGATACAGAGAAGA TT

R: GGA ACG CTT CAC GAA TTT G

miR-148b [24] F: TCAGTGCATCACAGAACTTTGTAA

R: GCTGTCAACGATACGCTACGT

miR-138 [25] F: GCCGCAGCTGGTGTTGTGAAT

R: GCGAGCACAGAATTAATACGAC

miR-20a [26] F: GCCCGCTAAAGTGCTTATAGTG

Universal R: GTGCAGGGTCCGAGG

miR-31 [27] F: GCCGCAGGCAAGATGCTGGC

R: CAGTGCAGGGTCC GAGGT

pre-mir-15b [28] F: GGCCTTAAAGTACTGTAGCAGC

R: CCTTAAATTTCTAGAGCAGC

miR-125b [29] F: CCAGATACTGCGTATGTGTG

R: GTCACCTGATCCCATCTAAC

miR-214 [30] F: AGCCGACAGCAGGCACAGACA

R: GCTTCGGCAGCACATATACTAAAAT

miR-133a [31] F: TTTGGTCCCCTTCAACCAGCTG

Universal R: GTGCAGGGTCCGAGG

Figure 1. Global DNA methylation level. Quantification of 5-mC content of
DNA samples from PBS, DMSO and 5-Aza-dC pretreated cells. Glass decreased
the methylation level significantly to almost 50% in the negative control (PBS)
and vehicle control (DMSO). Similarly, 5-Aza-dC decreased the DNA methyl-
ation level on plastic but had no additive effect on glass. *P < 0.05.
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2.5. Cell transfection with miR-214 inhibitor and assessment of osteogenic
differentiation

MG-63 cells were transfected with 50 pmol of either miR-214 in-
hibitor oligonucleotide; 50-ACUGCCUGUCUGUGCCUGCUGU-30, or
scrambled miRNA oligonucleotide; 50-CAGUACUUUUGUGUAGUACAA-
3’ [32] using Lipofectamine™ 3000 Transfection Reagent (Invitrogen)
according to the manufacturer's protocol. Non-transfected cells were
considered as the negative control. After 24h, the cell culture media was
replaced with osteogenic or basal media and changed every two days.
On the 10th day, ALP activity was assessed, as mentioned previously
[11].

2.6. Statistical analysis

Statistical significance between groups was determined using Two-
way ANOVA test. Two-way ANOVA was calculated using GraphPad
Prism 9 for macOS, GraphPad Software, San Diego, California USA, fol-
lowed by Tukey's Honest Significant Difference as a post hoc test. The
accepted p-value for significance was less than 0.05. Error bars in all
figures represent the standard deviation of the mean.

3. Results

3.1. The effect of 5-Aza-dC and culture surface on global DNA methylation
status

The level of 5-methyl cytosine in cells pretreated with 5-Aza-dC and
cultured in a plastic tube (2.3 þ 0.9 ng/ul) was significantly reduced
compared to those pretreated with DMSO (5.6þ 1.2 ng/ul) or PBS (5.7þ
0.5 ng/ul). The pattern of methylation level was different in cells
cultured on glass, as all groups showed a similar level of 5-methyl cyto-
sine (PBS, 2.7 þ 0.9 ng/ul; DMSO, 2.8 þ 1.1 ng/ul; 5-Aza-dC, 2.7 þ 1.2
ng/ul). Interestingly, cells cultured on glass and pretreated with PBS or
DMSO showed low levels of 5-methyl cytosine compared to those
cultured on plastic and comparable to cells cultured on plastic with 5-
Aza-dC pretreatment. Furthermore, pretreatment with 5-Aza-dC seems
to have no additional effect in the cells cultured on the glass as no cu-
mulative impact was found, and the methylation level was similar to 5-
Aza-dC pretreated cells, irrespective of the culture surface (Figure 1).
3

Analysis of variance confirmed the presence of a significant difference
between the groups.
3.2. The effect of 5-Aza-dC and culture surface on ALP activity

On day 5, monolayer cells cultured on a glass surface showed a trend
of higher ALP staining intensity (Figure 2A). However, ALP staining
pattern in cells pretreated with 5-Aza-dC was higher than control groups,
i.e., cells pretreated with either PBS or DMSO. No significant difference
was found between cells pretreated with 5-Aza-dC cultured on the two
studied surfaces. However, two-way ANOVA showed significant effect of
both materials and treatment among the groups (Figure 2B). On day 10,
the intensity of ALP staining was noticeably increased in control samples,
whereas ALP was significantly higher in cells cultured on glass
(Figure 2C). Interestingly, the intensity of ALP staining was lower in cells
treated with 5-Aza-dC compared to day 5, but the intensity was higher in
glass compared to plastic. Similar to day 5, two-way ANOVA showed
significant effect of both material and treatment among the groups on
day 10 (Figure 2D). Overall, ALP activity increased with time in control
groups but decreased in the 5-Aza-dC treated group.
3.3. The effect of 5-Aza-dC and culture surface on the expression of bone
related genes

5-Aza-dC pretreatment enhanced the expression of Runx-2 in cells
cultured as 3D pellets in glass tubes (Figure 3A). On contrary, 5-Aza-dC
inhibited the expression of OSX in cells cultured in both glass and plas-
tic tubes, while the cells cultured on glass surfaces demonstrated higher
expression of OSX in the control and vehicle groups compared to their
plastic counterparts (Figure 3B). 5-Aza-dC enhanced the expression of
other osteogenic markers, including COL1A1 (Figure 3C), ALP
(Figure 3D), and TGF β1 (Figure 3E) in comparison to the vehicle (DMSO)
and negative control (PBS), irrespective of the surface. However, being
on a glass surface increased the expression of VEGF compared to plastic in
the vehicle as well as in the 5-Aza-dC group (Figure 3F). Two-way
analysis of variance confirmed the differences between the groups for
all studied genes, as well as the effect of 5-Aza-dC and glass surface on the



Figure 2. ALP activity on plastic and glass surface. (A) ALP activity (indicated by red stain) at day 5 (B). Quantification of ALP staining at day 5. (C) ALP activity at day
10. (D) Quantification of ALP staining at day 10.

Figure 3. The gene expression pattern for 3D cultured cells in plastic and glass tubes. (A) 5-Aza-dC enhanced the expression of Runx-2 in glass surface while the glass
alone showed no change of expression. (B) The glass surface increased the expression of OSX while pretreatment with 5-Aza- dC was associated with its inhibition. (C,
D, E) enhancement of the expression of COL1A1, ALP and TGF β1 with 5-Aza-dC pretreatment on both surfaces. (F) Glass increased the expression of VEGF in the
vehicle and 5-Aza-dC pretreatment group. *p < 0.05.
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expression of Runx-2 and OSX, the effect of 5-Aza-dC on ALP, Col1A1 and
TGF β1, and the effect of glass on VEGF expression.

3.4. The effect of 5-Aza-dC and culture surface on miRNAs expression

Most of the studied miRNAs were upregulated in cells cultured as 3D
pellets in glass tubes, compared to those cultured in plastic and pre-
treated with the vehicle (DMSO). This group included miR-20a, miR-
148b, miR-125b, miR-31, miR-138, and miR-133a (Figure 4B, C, D, E, F,
G).

For cells cultured in glass tubes, 5-Aza-dC decreased the expression of
the same group of miRNAs, in comparison to the vehicle. Interestingly, 5-
Aza-dC had no effect on the studied miRNAs for cells cultured in plastic
tubes.

It is also worth to be noted that the expression of miR-214 and miR-
15b (Figure 4A and H) was not affected by the pretreatment or the culture
surface.

3.5. The effect of miR-214 inhibition on ALP enzyme activity

Cells transfected with miR-214 inhibitor showed higher levels of ALP
enzyme activity than non-transfected cells or those transfected with
scrambled miRNA oligonucleotide. The cells were cultured in osteogenic
or basal media. However, ALP activity was more evident in osteogenic
than in control media (Figure 5A). Two-way analysis of variants
Figure 4. miRNAs expression pattern for 3D cultured cells in plastic and glass tubes. G
31 (E), miR-138 (F) and miR-133a (G). Such an effect was reverted by 5-Aza-dC pretre
5-Aza-dC pretreatment. *p < 0.05.
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confirmed the statistical significance among the study groups while
Tukey's multiple comparisons analysis failed to show statistical signifi-
cance between the groups in each media type (Figure 5B).

4. Discussion

Differentiation of MSCs into mature osteoblasts involves four phases:
commitment of MSCs to osteoprogenitors, development of these cells into
pre-osteoblasts, expansion of the pre-osteoblasts, and finally, maturation
to osteoblasts [33]. The expression of osteoblast-specific markers char-
acterizes each phase. The cells in the first phase express the transcription
factor Runx2, the extracellular enzyme ALP, and the extracellular matrix
protein, collagen type I [34, 35]. Runx2, a core transcription factor of
osteogenesis, binds to osteoblast-specific cis-acting element (OSE2) in
osteogenic-related gene promoters, including collagen-1 and ALP [36].
At the next stage, OSX expression increases, while ALP expression de-
clines gradually as the cells mature [37]. The final stages are character-
ized by high expression of osteocalcin and osteopontin, followed by
calcium and phosphate deposition in the extracellular matrix [38, 39].
The phase transition is controlled by synchronization between extracel-
lular ligands related to TGF, BMP and WNT signaling cascades and
epigenetic events that direct the expression of key transcription factors
[40].

Despite our understanding of these molecular and cytological events,
enhancing the osteo-inductive ability of stem cells has been an unmet
lass enhanced the expression of miR-20a (B), miR-148b (C), miR-125b (D), miR-
atment. miR-214 (A) and miR-15b (H) were not affected by the culture surface or



Figure 5. Transfection with miR-214 inhibitor. (A) Cells transfected with miR-214 inhibitor demonstrated higher levels of ALP enzyme activity than non-transfected
cells when cultured in control (basal) or osteogenic media. (B) Quantification of ALP staining.
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challenge. To advance bone engineering for tissue regenerative purposes,
several approaches were investigated. Epigenetic modifiers and bio-
materials are among the most studied modulators of osteogenic differ-
entiation of MSCs. We have shown previously that 5-Aza-dC can enhance
the osteogenic differentiation of MSCs when added as a pre-
differentiation treatment step [41]. 5-Aza-dC is a DNA methylation in-
hibitor, which has been shown in this study to decrease the global levels
of 5 methyl cytidine. Hypomethylation at genes promoter allows DNA to
adopt a conformation that destabilizes nucleosomes, facilitates the
binding of transcription factors to gene promotors, and initiates gene
transcription [6]. Although the epigenetic modifiers were considered as
non-specific agents, accumulating evidence suggests fostered effects on
specific genes [4, 42], mainly when applied in a pre-differentiation step
for MSCs [15, 16, 41, 43]. In adipogenic differentiation, 5-Aza-dC pre-
treatment was investigated with MG63. Thirty-three transcription factors
and sixteen signaling pathways were upregulated, including MAP kinase
and PI3-Akt pathways [16]. Both pathways are involved in the osteogenic
differentiation of MSCs [44, 45].

Recently, we reported that glass as a culture surface drives MSCs into
forming 3D osteogenic pellets through a self-assembly approach. These
osteogenic constructs showed enhanced molecular and cellular osteo-
genic biomarkers compared to their counterparts cultured on the plastic
surface [11]. Glass has been used as an osteo-inductive material for bone
Figure 6. Summary of the study
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regeneration in orthopedic and dentistry applications for several years
[46, 47]. In addition, glass nanoparticles were included as a component
of bio-inks to enhance bone tissue engineering [48, 49]. In the present
study, we combine the two factors, i.e., epigenetic modifier pretreatment
and the culture surface, aiming to obtain the maximum differentiation
efficiency. The summary of the study is illustrated in Figure 6.

In agreement with our previous studies, pretreating MSCs with 5-Aza-
dC or culturing MSCs on glass boosted their differentiation status, as
indicated by enhanced ALP activity and molecular characteristics.
However, the studied markers showed no synergistic effect of the two
factors for improving differentiation, i.e., epigenetic modifier pretreat-
ment and cell culture surface. Pretreatment with 5-Aza-dC on classical
tissue culture plastic was associated with upregulation of the transcrip-
tion factors Runx2 and TGF-В1, as well as the downstream markers ALP
and COL1AI. Assis et al. (2021) showed upregulation of Runx2 in peri-
odontal ligament cells similarly to pretreatment with the DNA methyl-
transferase inhibitor, RG108, as well as the formation of mineralized
nodules after 21 days in culture [50]. TGF-β1 signaling affects bone
formation by inducing Runx2 expression through Smad2/3 signal
cascade and promoting osteogenic matrix proteins [51]. Thus, Runx2
upregulation could be explained by the direct effect of 5-Aza-dC or
through upregulation of TGF- β or their combination. The upregulation
ultimately enhanced the expression of ALP and COL1A1. This
design and main findings.
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hypothetical explanation needs further testing by blocking various in-
termediates and investigating the osteogenic differentiation efficiency.

Culturing the cells as 3D pellets in glass tubes was associated with the
upregulation of the transcription factors OSX and VEGF, which have
essential roles in promoting osteogenesis. OSX upregulation, not Runx2,
was consistent with our previous characterization of the self-assembly 3D
bone constructs cultured on glass [11]. Although OSX is a downstream
target of Runx2, it can also be induced through the BMP2 signaling
cascade [52]. Alternatively, enhancedOSX expressionwith glass could be
related to the global DNA hypomethylation, as the latter can be associ-
ated with trimethylation on the 4th lysine of histone 3 (H3K4me3) [53,
54]. H3K4me3 forms a loose chromatin structure, inducing the tran-
scription of OSX that increases the expression of the downstream osteo-
blast markers, such as vitamin D receptor, ALP, COL1A1, and other bone
matrix proteins [55, 56]. Interestingly, 5-Aza-dC has been shown to
retain gene activity for promotors related to H3K4me3 [57,58].

Similarly, the presence of H3K4me3 adjacent to the VEGF promotor
region can enhance its expression [59]. Osteoblasts can synthesize
VEGF in order to stimulate migration and proliferation of endothelial
cells, as effective bone formation requires interaction between angio-
genic and osteogenic processes [60, 61]. This data suggests the potential
role of glass in enhancing the formation of osteogenic constructs with
vascular elements, mimicking the physiological development, and
providing a possible advantage in integrating with surrounding tissue
upon implantation in vivo. Interestingly, 5-Aza-dC downregulated the
expression of OSX, which could be explained by the inhibition of the
Wnt/beta-catenin signaling pathway induced by the DNA
demethylation-dependent upregulation of Wnt antagonist [62, 63].
Nevertheless, studying the temporal expression of Runx2 and OSX can
help further characterize the differentiation enhancement mechanism
for both culturing systems.

miRNAs can be produced in response to the metabolic state of the
cells as well as their response to the surrounding environment. In this
study, a group of osteogenesis-related miRNAs was selected, and most of
the investigated miRNAs were upregulated when the cells were cultured
as pellets in glass tubes. This result could also be related to potential
H3K4me3 enrichment [64]. While miR-15, miR-20a, and miR-148b
enhance osteogenesis, other miRNAs, including miR-31, miR-125b and
miR-133, miR-138, and miR-214 can negatively affect bone formation
[33]. For example, miR-214 targets Activating Transcription Factor 4
(ATF4), which interacts with Runx2 through particular AT-rich sequen-
ce-binding protein 2 (SATB2) to regulate the expression of target genes
[65, 66]. To confirm the role reported in the literature, MG63 cells were
transfected with anti-miR-214, and the cells were cultured in control or
osteogenic media. ALP activity was enhanced with both types of media,
in comparison to the negative control or cells transfected with scrambled
miRNA sequence, as shown by ALP staining. Unfortunately, the quanti-
fication of staining was below the statistical significance limit. Guo et al.
(2017) reported similar findings and explained their observation by
inhibiting the JNK and p38 pathways [67].

Similarly, miR-133a targets 30UTR of Runx2 transcript and down-
regulates Runx2 at both mRNA and protein levels [68]. In this study,
increased miRNA-133a was associated with a decreased Runx2 in cells
cultured in glass tubes. It is noteworthy that 5-Aza-dC enhanced Runx2
expression and inhibited that of miR-133a on glass. On the other hand,
miR-125b can indirectly act on Runx2 during the early stages of osteo-
genesis by targeting Cbfb, a cofactor enhancing Runx2 activity [29, 69].
Furthermore, miR-138 can target FAK and block Runx2 phosphorylation
by the FAK-ERK1/2 signaling pathway, which positively regulates the
target genes [70]. Likewise, miR-31, a multi-target miRNA, can decrease
Runx2 expression through binding to the 30UTR region of SATB2 mRNA
and inhibition of translation, which negatively influences the final effect
of Runx2 [71].

Upregulation of mir-148, mir-20a, and mir-31 may activate BMP2
signaling pathway by targeting 30UTR of the BMP antagonists Noggin,
Bambi/Crim1, and smad6 mRNA, respectively, and suppress their
7

proteins expression. Noggin blocks BMP2 binding to cognate receptors,
while Bambi is a pseudo-receptor of BMP, and Crim1 tethers BMPs at the
cell surface [72]. Downregulation of the two proteins allows the binding
more BMP2 molecules to their functional receptors [73]. SMAD6 inhibits
BMP2 receptor-mediated activation of SMAD1/5/8 (R-SMAD), which
react with co-SMAD4 and translocate into the nucleus to regulate target
gene transcription [74]. Finally, the results of the current study sup-
ported the potential role of the BMP2 - OSX axis for osteogenic differ-
entiation on glass and TGF-β1- Runx2 dependent osteogenesis for those
pretreated with the DNA methylation inhibitor. The limitations of this
study include the endpoint analysis of differentiation rather than tem-
poral expression. Further studies are required to investigate the hypo-
thetical connection between different markers through their
upregulation/silencing in a similar culture condition mentioned in this
study. The current data suggested two distinct pathways for osteogenic
differentiation, as shown by genes expression and miRNAs profiling.

5. Conclusion

This study investigated the combined effect of two methods for
enhancing osteogenic differentiation of stem cells in a 3D pellet culture
system: pre-treatment of the cells with 5-Aza-dC and culturing the cells
on a glass surface during differentiation. Although both systems were
associated with decreasing global DNA methylation, 5-Aza-dC pre-
treatment was associated with Runx2-dependent enhancement of dif-
ferentiation and general inhibition of investigated miRNA. Glass induces
OSX and VEGF as well as ALP activity. Cells pretreated with 5-Aza-dC and
cultured on glass showed no additive effect regarding DNA demethyla-
tion, ALP activity, or most of the studied molecular markers. This study
confirmed the two models for improving the osteogenic differentiation of
stem cells and would not suggest combining both systems.
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