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A B S T R A C T   

Transforming growth factor-beta1 (TGF-β1) stimulates matrix metalloproteinase-13 (MMP-13, a bone- 
remodeling gene) expression, and this effect requires p300-mediated Runx2 (Runt-related transcription factor 
2) acetylation in osteoblasts. p300 and Runx2 are transcriptional coactivator and bone transcription factor, 
respectively, which play key roles in the regulation of bone-remodeling genes. Non-coding ribonucleic acids 
(ncRNAs), such as long ncRNAs (lncRNAs) and microRNAs (miRNAs), have been linked to both physiological and 
pathological bone states. In this study, we proposed that TGF-β1-mediated stimulation of MMP-13 expression is 
due to the downregulation of p300 targeting miRNAs in osteoblasts. We identified miR-130b-5p as one of the 
miRNAs downregulated by TGF-β1 in osteoblasts. Forced expression of miR-130b-5p decreased p300 expression, 
Runx2 acetylation, and MMP-13 expression in these cells. Furthermore, TGF-β1 upregulated circ_ST6GAL1, (a 
circular lncRNA) in osteoblasts; circRNA directly targeted miR-130b-5p. Antisense-mediated knockdown of 
circ_ST6GAL1 restored the function of miR-130b-5p, resulting in downregulation of p300, Runx2, and MMP-13 
in these cells. Hence, our results suggest that TGF-β1 influences circ_ST6GAL1 to sponge and degrade miR-130b- 
5p, thereby promoting p300-mediated Runx2 acetylation for MMP-13 expression in osteoblasts. Thus, the 
circ_ST6GAL1/miR-130b-5p/p300 axis has potential significance in the treatment of bone and bone-related 
disorders.   

1. Introduction 

The bone is a rigid organ with several functions; it regulates hema
topoiesis, facilitates movement, and protects internal organs. It is highly 
dynamic and undergoes continuous remodeling (bone resorption and 
formation) throughout life. To maintain bone homeostasis, the balance 
between bone resorption and formation must be maintained [1]. Bone 
remodeling involves five steps (activation, resorption, reversal, forma
tion, and mineralization [2,3] and requires several growth factors, 
hormones, and cytokines to regulate associated signaling cascades [4,5]. 
Transforming growth factor-beta (TGF-β) is a crucial cytokine in the 
bone [6]. Three distinct TGF-β isoforms are produced by mammals 
(TGF-β1, -2, and 3), with TGF-β1 receiving the most attention from 
scientists. TGF-β1 is highly abundant in the bone and plays a crucial role 
in bone remodeling by acting on osteoblasts (bone-forming cells) [7]. 

Matrix metalloproteinase-13 (MMP-13) is a collagenase responsible for 
degrading extracellular matrix (ECM) components, and defective 
MMP-13 expression causes skeletal dysplasia [8]. 

Studies have suggested that TGF-β1 and MMP-13 serve as coupling 
factors for bone formation and resorption. TGF-β1 induces MMP-13 
expression in bone-forming cells by regulating Runt-related transcrip
tion factor 2 (Runx2, a bone transcription factor), Smad (suppressor of 
mothers against decapentaplegic), and ERK (extracellular signal- 
regulated kinase) signaling pathways [9–11]. Runx2 expression re
mains essential during the early stages of osteoblast differentiation, and 
defects in the expression of Runx2 can lead to cleidocranial dysplasia 
(CCD) [12–14]. An in vivo study in Runx2-null mice reported neither 
endochondral nor intramembranous bone formation, indicating its 
critical role in osteogenesis [15]. Previous findings have suggested that 
in the presence of TGF-β1, Runx2 is phosphorylated and then acetylated, 
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increasing its transcriptional activity with no change in its protein 
expression in osteoblasts [9–11,16,17]. Furthermore, p300, a tran
scriptional cofactor with histone acetyltransferase (HAT) activity, was 
found to acetylate Runx2 and influence its activity upon TGF-β1 treat
ment for MMP-13 expression in osteoblasts [17,18]. 

Non-coding RNAs (ncRNAs) have been implicated in controlling 
bone metabolism in both healthy and pathological circumstances, ac
cording to recent investigations [19,20]. ncRNAs, including short 
ncRNAs such as microRNAs (miRNAs), long ncRNAs (lncRNAs), such as 
linear RNAs (linRNAs), circular RNAs (circRNAs), serve as critical reg
ulators of endogenous gene expression. Nearly all recognized biological 
processes, such as differentiation, cell growth, and proliferation, as well 
as development and metabolism, depend on miRNAs with an average 
length of 21–23 bases [21]. These tiny translational inhibitors comple
ment the target mRNA and facilitate translational inhibition or degra
dation [22,23]. Multiple miRNAs act as important regulators of bone 
formation and resorption genes, including essential transcription factors 
and cofactors required for the complex process of bone remodeling. 

CircRNAs are a unique type of lncRNAs that are generated by back 
splicing and have multiple roles, such as protein translation regulation, 
miRNA and protein sponging, and gene transcription regulation [24]. 
Among the various roles listed, sponging of miRNAs by circRNAs has 
been widely studied and commonly discussed in the literature. CircRNAs 
function as competitive endogenous RNAs (ceRNAs) and possess the 
miRNA-responsive element (MRE) that interacts with their target miR
NAs, thereby controlling the expression of downstream mRNAs under 
both homeostasis and pathology [25]. We previously showed that 
TGF-β1 stimulates MMP-13 expression, and this effect requires 
p300-mediated Runx2 acetylation in osteoblasts [9,16]. In this study, we 
identified the molecular pathway that, in osteoblasts, regulates Runx2 
acetylation through the circRNA/miRNA/p300 axis to stimulate 
MMP-13 expression in response to TGF-β1. According to our findings, 
TGF-β1 increases circ ST6GAL1, which functions as a ceRNA and scav
enges miR-130b-5p. This enhances Runx2 acetylation by p300 and 
MMP-13 production in osteoblasts. 

2. Materials and methods 

2.1. Cell culture 

In DMEM (Dulbecco’s Modified Eagle Medium; Lonza, Italy), 10 % 
FBS (Fetal Bovine Serum; Gibco, USA), rat osteoblastic cells (UMR-106- 
01; NCCS, Pune) were maintained. Human bone marrow stromal cells 
(HS-5; ATCC, USA) or primary osteoblasts isolated from rat bone 
marrow (Isolation procedure was approved by the Animal ethical 
committee, University of Madras, India) were cultured in DMEM con
taining 10 % FBS, 10 nM β-glycerophosphate and 50 μM ascorbic acid 
[26]. The antibiotics used were streptomycin-amphotericin B/penicillin 
and streptomycin. They were maintained at 37οC in a humidified 5 % 
CO2 incubator. The cells were treated with TGF-β1 (R&D Systems, USA; 
5 ng/ml) at various time points after being incubated with 0.1 % 
FBS/DMEM to serum-starve the cells once they had reached 90 % 
confluence. 

2.2. In-silico analysis 

The p300 3′-untranslated region (UTR) sequence was procured using 
the Ensembl biomart interface (http://asia.ensembl.org/index.html), 
and miRBase (http://www.mirbase.org/) provided the available list of 
rat and human miRNA sequences. miRNAs putatively targeting the 3′- 
UTR of p300 were predicted using miRmap (https://mirmap.ezlab. 
org/), StarMiR (https://sfold.wadsworth.org/cgi-bin/starmirtest2.pl), 
and miRDB (http://mirdb.org/). Venny 2.1.0 (https://bioinfogp.cnb. 
csic.es/tools/venny/) was used to shortlist common miRNAs predicted 
by the three databases (Supplementary Fig. 1). TarBase (https://carolina 
.imis.athena-innovation.gr/diana_tools/web/index.php?r=tarbasev8% 

2Findex) and manual web searches were used to identify unvalidated 
miRNAs, which were further analyzed experimentally (Supplementary 
Table 1). CircRNA and miRNA interactions were predicted using 
circ2GO (https://circ2go.dkfz.de/. The workflow used to identify 
circRNAs is shown in Supplementary Fig. 2. Based on the in-silico anal
ysis, we shortlisted 13 circRNAs. Antisense oligonucleotides (ASOs) for 
circ_ST6GAL1 were custom-designed and procured from Eurofins Ge
nomics, USA (Supplementary Table 2). 

2.3. Reverse transcriptase quantitative PCR (RT-qPCR) 

Total RNA isolation was done using RNAisoplus reagent according to 
the manufacturer’s recommendations. The extracted RNA was quanti
fied and converted to cDNA using an iScript cDNA kit, and qPCR was 
carried out for precursor miRNAs and circRNAs with U6 and RPL13AB 
as the normalization genes, respectively, using the Applied Biosystems 
Quant Studio 3 instrument (Thermo Fisher Scientific, USA). Mature 
miRNA expression was achieved using the MiCury LNA kit, whereas U6 
was employed as the endogenous control in qPCR. The relative expres
sion of circRNAs, precursors, and mature miRNAs was determined using 
the ΔΔCt technique. Primers used in the precursor miRNA and circRNA 
analyses are listed in Supplementary Table 3. 

2.4. Transient transfection 

Using X-treme Gene transfection reagent (Roche, Basel, 
Switzerland), UMR-106-01 cells (70–80 % confluence) were transfected 
with negative control miRNA (nc-miRNA), miR-130b-5p mimic, or ASO 
for circ_ST6GAL1 at 50 nM concentration in accordance with the com
pany’s protocol (Qiagen, Germany). 24 h post-transfection, the cells 
were then subjected to TGF-β1 treatment for 2, 8, or 24 h. Protein 
samples were utilized for immunoprecipitation and western blotting, 
while extracted total RNA was used for RT-qPCR testing. 

2.5. Immunoprecipitation and western blotting 

Protein lysates were collected from transfected samples and immu
noprecipitation was performed as described earlier [11,16,17]. Western 
blot analysis was carried out on whole-cell lysates [11,17] using 1x 
radioimmunoprecipitation assay (RIPA) buffer including protease and 
phosphatase inhibitors. The blots were stripped and probed. Antibodies 
against p300 (Upstate Biotechnology; Cat # 05–257), MMP-13 (Pro
teintech; Cat # 18165-1-AP), acetyl-lysine (Cell Signaling Technology; 
Cat # 9441S), Runx2 (Santa Cruz Biotechnology; Cat # SC-390351), and 
α-tubulin (Santa Cruz Biotechnology; Cat # SC-5286) were used for 
probing. α-Tubulin was employed as an endogenous control. 

2.6. Luciferase reporter assay 

The luciferase reporter experiment was carried out as previously 
described [27,28] using an expression vector (pmirGLO-dual-luciferase 
miRNA target) obtained from Promega, WI, USA. Supplementary 
Table 4 displays synthetic antisense and sense oligonucleotides for the 
3′-UTR of p300 and circ_ST6GAL1 in both their wild-type (Wt) and 
mutant (Mut) forms. The ratio of firefly activity to Renilla luciferase 
activity was used to calculate the relative luciferase activity. For 
normalization, the activity of Renilla luciferase activity was employed. 

2.7. Statistical analysis 

All quantitative data were gathered. One-way ANOVA was used to 
verify significant differences at various levels (p < 0.001, 0.01, and 
0.05). 
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3. Results 

3.1. Predicting the list of miRNAs that may target the 3′UTR of p300 
using bioinformatic analysis 

The 3′ UTRs of p300 may be targeted by human and rat miRNAs, 
according to research done using bioinformatics methods (Supplemen
tary Fig. 1). miRNA speculation tools, such as miRDB, STarMir Sfold, 
and miRmap provided a list of human and rat miRNAs that putatively 
targeted p300. Using Venny 2.1.0 software, we compared the rat miR
NAs predicted by these three databases (mentioned as Ra All) with the 
miRNAs commonly predicted by three databases (miRDB, miRmap, and 
STarMir Sfold) for humans. Using Venny 2.1.0 software, nine miRNAs 
were found to putatively target p300 (Supplementary Fig. 1). The 
miRNAs validated in bone remodeling were eliminated from the com
mon miRNA list using a manual web search and TarBase v7.0. Based on 
these results, we found a unique list of four miRNAs for p300, which 
have not been validated and were chosen for further analysis (Supple
mentary Table 1). 

3.2. Downregulation of miR-130b-5p upon TGF-β1 treatment in 
osteoblasts 

To confirm the presence and expression of the predicted miRNAs 
(Supplementary Fig. 1), we first determined the expression of four 
miRNAs (miR-551b, miR-186, miR-130b, and miR-339) at their 

precursor expression in rat osteoblasts by RT-qPCR analysis. We found a 
mixed pattern of upregulation and downregulation of miRNA expression 
at various TGF-β1 treatment periods, compared to the control. Among 
these four miRNAs, TGF-β1 treatment at 2, 4, and 8 h significantly 
reduced mir-130b expression in UMR-106-01 cells relative to the control 
(Fig. 1A). Since the other three miRNAs showed upregulation and 
downregulation of their expression by TGF-β1 treatment in these cells 
(data not shown), we selected mir-130b for further study. Next, we 
determined its expression at maturity. The results showed a significant 
downregulation of miR-130b-5p at 4, 8, and 24 h of TGF-β1 treatment, 
compared to that in the control in UMR-106-01 cells (Fig. 1B). In 
addition, we examined miR-130b-5p expression in osteoblasts derived 
from human bone marrow cells (HS-5). We found a significant down
regulation of miR-130b-5p expression in HS-5 cells at 1, 2, and 4 h after 
TGF-β1 treatment compared to its control, which was consistent with the 
outcomes shown with UMR-106-01 (Fig. 1C). 

3.3. Overexpression of miR-130b-5p decreased Runx2 acetylation in rat 
osteoblasts 

Since we observed decreased expression of miR-130b-5p in osteo
blasts treated with TGF-β1 (Fig. 1), we next determined its functional 
importance by its overexpression. We initially determined the trans
fection efficiency of miR-130b-5p in rat osteoblasts using RT-qPCR. 
There was a substantial upregulation in the endogenous expression of 
miR-130b-5p upon mimic transfection compared with that in the 

Fig. 1. TGF-β1 treatment downregulated miR-130b-5p expression in osteoblastic cells. For 1, 2, 4, 8, and 24 h, cells were exposed to control or TGF-β1 (5 ng/ 
ml)-containing media. Total RNA was isolated, and cDNA synthesis and qPCR testing were carried out. (A) Relative expression of mir-130b in UMR-106-01 cells (n =
3). (B) Relative expression of miR-130b-5p in UMR-106-01 cells. (C) Relative expression of miR-130b-5p in HS-5 cells. U6 was served as the control for internal 
normalization. A significant increase over the corresponding control is indicated by an asterisk (*; p ≤ 0.05). # Denotes a substantial reduction in comparison to the 
relevant control (p ≤ 0.05). 
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corresponding nc-miRNA (Fig. 2A). Even though miR-130b-5p expres
sion was upregulated, TGF-β1 downregulated its expression, as observed 
in UMR-106-01 and HS-5 cells (Fig. 1B and C). These results indicated 
that the transient transfection of the miR-130b-5p mimic resulted in 
increased endogenous expression of miR-130b-5p in rat osteoblasts. 

Immunoprecipitation and Western blot analyses were carried out to 
evaluate the functional role of miR-130b-5p in regulating p300 and its 
downstream target genes (Runx2 and MMP-13). Rat osteoblasts were 
transfected transiently with the miR-130b-5p mimic or nc-miRNA for 24 
h, and TGF-β1 treatment for 2 h. Whole-cell lysates were 

immunoprecipitated with an anti-Runx2 antibody. This was followed by 
an immunoblot analysis using anti-p300, anti-acetyl-lysine, and anti- 
Runx2 antibodies. The results indicated a significant increase in the 
acetylation of Runx2 (Fig. 2B and C) and p300 (Fig. 2B and E) expression 
after 2 h of TGF-β1 treatment. Overexpression of miR-130b-5p caused a 
decrease in Runx2 protein expression (Fig. 2B and D), TGF-β1-stimu
lated Runx2 acetylation (Fig. 2B and C), and TGF-β1-stimulated p300 
(Fig. 2B and E), compared to that in the respective nc-miRNA samples in 
these cells. The analysis of whole-cell lysates by western blotting indi
cated a significant increase in p300 protein expression upon TGF-β1 

Fig. 2. In rat osteoblastic cells, overexpression of miR-130b-5p reduced Runx2 acetylation and p300 protein expression in response to TGF-β1. After 
transiently transfecting nc-miRNA or a miR-130b-5p mimic into UMR-106-01 cells for 24 h, TGF-β1 treatment was given for 2 h. Total cellular RNA as well as whole- 
cell lysates were collected. (A) Total RNA was used for cDNA synthesis, followed by qPCR analysis using the primers for miR-130b-5p. For normalization, U6 was 
employed as an internal control. * Denotes a substantial increase, compared to the control under nc-miRNA transfection, (p < 0.01); # Denotes a substantial decrease 
comparing in the corresponding control (p < 0.01); A significant improvement over the TGF-β1 treatment under nc-miRNA transfection is indicated using the symbol 
** (p < 0.0001). (B) Immunoprecipitation (IP) of whole-cell lysates with Runx2 antibody or IgG was followed by immunoblot (IB) analysis with the anti-acetyl-lysine, 
anti-Runx2, and anti-p300 antibodies. A representative IP and IB blot is shown. After normalization with IgG, quantification of proteins was carried out using ImageJ 
software. Expression levels of (C) acetylated Runx2, (D) Runx2, and (E) p300 proteins (n = 3). (F) An aliquot of prepared whole-cell lysates was directly applied to 
Western blot analysis using p300, Runx2, or α-tubulin antibodies. A representative Western blot is shown. ImageJ software was used to quantify proteins after 
normalizing with α-tubulin. Expression levels of (G) p300 and (H) Runx2 proteins (n = 4). * Denotes a substantial increase over the corresponding control (p < 0.01); 
# Denotes a significant decrease compared to respective nc-miRNA transfection (p < 0.01); ## Denotes a significant decrease compared to that in the respective TGF- 
β1 treatment condition under nc-miRNA transfection (p < 0.01). 

Fig. 3. Overexpression of miR-130b-5p lessened the TGF-β1-mediated stimulation of MMP-13 protein expression in rat osteoblastic cells. Transient 
transfection of nc-miRNA or miR-130b-5p mimic into UMR-106-01 cells for 24 h was carried out. Next, the cells were exposed to TGF-β1 for another 24 h. Using 
p300, Runx2, and MMP-13 antibodies, Western blot analysis was performed on the obtained whole-cell lysates. After normalization with α-tubulin, quantification of 
proteins was done using ImageJ software. (A) A representative Western blot. Expression levels of (B) p300 (C) Runx2 and (D) MMP-13 proteins. * Denotes a 
substantial increase over the corresponding control (p < 0.01); # Denotes a substantial reduction compared to the corresponding control under nc-miRNA transfection 
(p < 0.01); ## Indicates a statistically significant drop from the corresponding TGF-β1 treatment condition under nc-miRNA transfection (p < 0.01) (n = 3). 
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treatment under nc-miRNA conditions (Fig. 2F and G), whereas, in miR- 
130b-5p overexpressed samples, there was a significant decrease in 
p300 and Runx2 protein expression (Fig. 2F, G, and H) in UMR-106-01 
cells. These findings therefore showed that targeting p300 by miR-130b- 
5p caused a decrease in TGF-β1-stimulated p300-mediated Runx2 
acetylation in rat osteoblastic cells. 

Rat osteoblasts were transfected transiently with nc-miRNA or miR- 
130b-5p mimic for 24 h, followed by 24 h of TGF-β1 treatment, to see if 
the regulation of p300 by miR-130b-5p affects the TGF-β1-mediated 
activation of MMP-13 protein. Western blot analysis was done with 
whole-cell lysates, using antibodies for MMP-13, p300, and Runx2. In 
nc-miRNA transfected samples, TGF-β1 increased p300 (Fig. 3A and B) 
and MMP-13 (Fig. 3A and D) protein expression with no alteration in 
Runx2 expression (Fig. 3A and C) in UMR-106-01 cells. In the case of 
miR-130b-5p mimic-transfected samples, there was a substantial 
decrease in the p300 (Fig. 3A and B), MMP-13 (Fig. 3A and D) and 
Runx2 (Fig. 3A and C) proteins in these cells. The results reported herein 
(Figs. 2 and 3) suggest that miR-130b-5p can regulate p300-mediated 
Runx2 acetylation for MMP-13 protein expression in rat osteoblasts. 

3.4. TGF-β1 stimulated the expression of circ_ST6GAL1, which possesses 
a binding site for miR-130b-5p, in rat osteoblasts 

Since miR-130b-5p was found to be downregulated by TGF-β1, we 
next determined the regulatory role of other ncRNAs in influencing the 
function of this miRNA in osteoblasts. CircRNAs have been shown to act 
as ceRNAs that can sponge and block the function of miRNAs [25]. 
In-silico analysis identified 13 circRNAs that putatively targeted 
miR-130b-5p. To analyze the expression pattern of the identified 
circRNAs, RT-qPCR was performed with RNA samples obtained from 
control or TGF-β1 treated rat osteoblasts (UMR-106-01). We found 
upregulation of the three circRNAs at various time intervals of TGF-β1 
treatment, compared to that in the control. Among the three circRNAs, 
we shortlisted circ_ST6GAL1, which showed significant upregulation at 
1 and 24 h of TGF-β1 treatment in these cells (Fig. 4A). Since the 
UMR-106-01 cells are osteosarcoma, we confirmed the expression of 
circ_ST6GAL1 in rat primary osteoblasts. There was also a significant 
increase in circ_ST6GAL1 expression at 2, 4, 8, and 24 h of TGF-β1 
treatment compared to the control (Fig. 4B). 

3.5. Knockdown of circ_ST6GAL1 decreased p300, Runx2 protein 
expression and acetylation, and MMP-13 protein in rat osteoblasts 

To validate the sponging activity of circ_ST6GAL1 and understand its 
subsequent effect on p300 protein and Runx2 acetylation on MMP-13 
protein expression, we performed ASO-mediated silencing of circ_ST6
GAL1. Transient transfection of UMR-106-01 cells with the circ_ST6
GAL1 ASO or negative control was performed for 24 h, followed by 2 h of 
control or TGF-β1 treatment. Using the Runx2 antibody, immunopre
cipitation was carried out with whole-cell lysates. Next, p300, Runx2, or 
acetyl-lysine antibodies were used for an immunoblot analysis. The re
sults showed that TGF-β1 stimulated the acetylation of Runx2 (Fig. 5A 
and B) and increased p300 protein expression (Fig. 5A and D) under 
negative control conditions in rat osteoblasts. Transient transfection 
with ASO of circ_ST6GAL1 decreased TGF-β1-stimulated Runx2 acety
lation (Fig. 5A and B), Runx2 (Fig. 5A and C), and p300 protein 
expression (Fig. 5A and D) in these cells. Western blot analysis of ali
quots of whole-cell lysates indicated that the knockdown of circ_ST6
GAL1 decreased the expression of p300 protein (Fig. 5E and F) while 
creating no significant change in the expression of Runx2 (Fig. 5E and G) 
in rat osteoblasts. These findings suggest that circ_ST6GAL1 sponges 
miR-130b-5p under TGF-β1 treatment and this mechanism is required 
for the p300-dependent Runx2 stability via acetylation for MMP-13 
expression in these cells. 

Next, we determined whether TGF-β1-stimulated circ_ST6GAL1 is 
required for the protein expression of MMP-13 in rat osteoblasts. Whole- 
cell lysates that had been transfected for 24 h with the negative control 
or ST6GAL1 ASO, followed by 8 h of control or TGF-β1 treatment, were 
analyzed by Western blot. Results demonstrated that under negative 
control and TGF-β1 treatment conditions, there was an increase in p300 
(Fig. 6A and B) and MMP-13 (Fig. 6A and C) protein expression. When 
cells were transfected with ST6GAL1 ASO under TGF-β1 treatment 
conditions, p300 (Fig. 6A and B) and MMP-13 (Fig. 6A and C) expression 
were significantly decreased, and the expression of Runx2 (Fig. 6A and 
D) remained unaltered. 

3.6. miR-130b-5p directly targeted the 3′ UTR of p300 and circ_ST6GAL1 
in rat osteoblasts 

Since overexpression of miR-130b-5p downregulated p300 expres
sion (Figs. 2 and 3), which is essential for Runx2 acetylation, we next 
determined the direct targeting of the p300 3′UTR by miR-130b-5p using 
a dual luciferase reporter assay, as described previously [27,28]. The 

Fig. 4. TGF-β1 treatment stimulated the expression of circ_STGAL1 in osteoblastic cells. Cells were exposed with control or TGF-β1 (5 ng/ml)-containing media 
for 1, 2, 4, 8, or 24 h. After isolating the total RNA, qPCR testing and cDNA synthesis were performed. (A) Expression of circ_ST6GAL1 in UMR-106-01 cells. (B) 
Expression of circ_ST6GAL1 in rat primary osteoblasts. Internal control for normalization was RPL13AB. * Denotes a significant increase over the corresponding 
control (p ≤ 0.05). # Denotes a substantial reduction compared with that in the corresponding control (p ≤ 0.05) (n = 3). 
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MREs in the WT and Mut 3′UTRs of p300 are shown in Fig. 7A. When rat 
osteoblasts were transiently transfected with the 3′UTR of Wt p300 in 
the presence of the miR-130b-5p mimic, the luciferase activity was 
significantly decreased. Conversely, when cells were transfected with 
the 3′-UTR of Mut p300 in the presence of the miR-130b-5p mimic, there 
was no change in luciferase activity (Fig. 7B). These results indicate the 
direct targeting of p300 by miR-130b-5p in rat osteoblasts. 

Next, to elucidate the potential mechanism of miR-130b-5p sponging 
and degradation by circ_ST6GAL1, circRNA and miRNA interactions 
were determined using the luciferase reporter assay system. By the in- 
silico analysis, we identified three different MREs in circ_ST6GAL1 for 
miR-130b-5p. The MREs in the Wt and Mut circ_ST6GAL1 are shown in 
Fig. 7C, E, and G. Rat osteoblasts were transiently transfected with the 
Wt or Mut circ_ST6GAL1 constructs in the presence of the miR-130b-5p 
mimic or nc-miRNA. The results demonstrated a significant decrease in 
luciferase activity in the wild circ_ST6GAL1 (1, 2, and 3) constructs and 

miR-130b-5p mimic-transfected samples, whereas there were no 
changes in the luciferase activity in cells transfected with the Mut 
circ_ST6GAL1 (1, 2, and 3) constructs and miR-130b-5p mimic or nc- 
miRNA (Fig. 7D, F, and H). These results confirmed the direct binding 
of all three MREs in circ_ST6GAL1 to miR-130b-5p in rat osteoblasts. 

4. Discussion 

Osteoblasts and osteoclasts both produce MMPs, a class of zinc- 
dependent proteolytic enzymes that play a role in ECM remodeling. In 
particular, MMP2, MMP9, MMP-13, and MMP14 are crucial for bone 
development and remodeling [15,29]. Considering their essentiality in 
the initial modeling and development of long bones [30–32], the 
expression of MMP-13 is observed to be enhanced in osteoblasts. 
MMP-13 is also capable of binding to the collagen matrix and controlling 
collagen remodeling [33]. Mice lacking MMP-13 develop aberrant bone 

Fig. 5. Antisense-mediated inhibition of circ_ST6GAL1 decreased TGF-β1-stimulated Runx2 acetylation and p300 protein expression in rat osteoblastic 
cells. UMR-106-01 cells were transfected with circ_ST6GAL1 antisense (ASO) or negative control for 24 h, followed by 2 h of TGF-β1-treatment. IgG or Runx2 
antibodies were used for IP after the collection of whole-cell lysates, and antibodies for Runx2, acetyl-lysine, and p300 were used for IB analysis. (A) A representative 
IP and IB blot is shown (n = 3). IgG was used for normalization and ImageJ software was used for quantification of proteins. (B) Expression levels of acetylated 
Runx2, (C) Runx2, and (D) p300 proteins. Using p300, Runx2, or α-tubulin antibodies, a sample of the prepared whole-cell lysates was applied to a Western blot 
analysis right away. After normalization with α-tubulin, quantification of proteins was done using ImageJ software. (E) A representative Western blot is shown. 
Expression levels of (F) p300 and (G) Runx2 proteins (n = 4). * Denotes a significant increase over the corresponding control (p < 0.05); # Denotes a substantial 
reduction compared to that in the respective negative control (p < 0.05); ## Denotes a substantial reduction compared to that in the respective TGF-β1-treatment 
under negative control transfection (p < 0.05). 

Fig. 6. Antisense-mediated inhibition of circ_ST6GAL1 decreased TGF-β1-stimulated MMP-13 expression in rat osteoblastic cells. UMR-106-01 cells were 
transfected transiently with negative control or ST6GAL1 antisense (ASO) for 24 h, followed by 8 h of TGF-β1 treatment. The antibodies for p300, Runx2, and MMP- 
13 were used in a Western blot study of whole-cell lysates. For normalization, α-tubulin was utilized, and ImageJ was used to quantify the proteins. (A) A repre
sentative Western blot is shown. Expression levels of (B) p300 (C) Runx2 and (D) MMP-13 proteins. Quantification of proteins was done using ImageJ software after 
normalization with α-tubulin. * Denotes a substantial increase over the corresponding control (p < 0.05); # Denotes a substantial reduction compared to that in the 
respective TGF-β1 treatment under negative control transfection (p < 0.05) (n = 4). 
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morphologies, such as endochondral bone malformation [34,35], 
thereby exhibiting less potential to heal long-bone fractures [36]. 
Furthermore, Runx2, an osteogenic marker, targets the promoter of 
MMP-13 thereby regulating its gene expression [32,37]. Any mutations 
in the Runx2 gene can cause CCD, a crucial transcription factor required 
for bone development [12,38]. Runx2 activity can be regulated by a 
number of signaling pathways (TGF-β, BMP, PTH, and Wnt) [5,39–41] 
and several phytocompounds (diosmin and sinapic acid) [42,43]. Our 
earlier findings showed that Runx2 undergoes post-translational modi
fications (phosphorylation and acetylation), in response to TGF-β1 
stimulation in osteoblasts [10,15]. Runx2 phosphorylation may be 
subject to proteasomal degradation; however, its acetylation protects 
Runx2 from degradation [44,45]. In histones, transcription factors and 
non-histone proteins, HATs and histone deacetylases (HDACs), influence 
acetylation and deacetylation, respectively. Both have been reported to 
interact with Runx2 and modulate its stability in cells [16,46,47]. 

In response to TGF-β1, p300, a HAT and transcriptional coactivator, 
was found to promote Runx2 acetylation and consequently facilitate 
MMP-13 transcription in bone-forming osteoblasts [16,17]. The 
bone-remodeling process can be understood in detail using the 
post-transcriptional regulation of p300. Earlier work demonstrated that 
miR-132-3p directly targets p300 and decreases its protein expression, 
which then decreases Runx2 acetylation, thereby impeding osteoblast 
development [48]. Several miRNAs, including miR-15b [49] and 
miR-135-5p [50] have been shown to influence osteoblast differentia
tion and activity via multiple pathways. In osteoblastic cells, miR-181a 
[51] and miR-27a [52] influence osteoblast development under TGF-β1 
treatment. To our best of knowledge, no reports are available on the role 
of miR-130b-5p in the regulation of TGF-β1-stimulated p300 expression, 
Runx2 acetylation, and MMP-13 expression in osteoblasts. 

In-silico analysis identified four unvalidated miRNAs that putatively 
target p300. Their expression was upregulated or downregulated upon 
TGF-β1 treatment in osteoblasts. Among these miRNAs, the expression 
of mir-130b and miR-130b-5p was most effectively downregulated by 
TGF-β1 treatment in these cells (Fig. 1). Evidence indicates that the 
expression of precursor and mature miRNAs may differ [53–55]. How
ever, this was not the case in this study. miR-130b-5p expression was 
consistent at both precursor and mature expression in osteoblasts. The 
functional role of miR-130b-5p was determined by targeting p300 via 
overexpression of miR-130b-5p and its subsequent effects on the 
expression of Runx2 and its acetylation and MMP-13 expression in os
teoblasts. A luciferase reporter assay identified direct targeting of the 
3′UTR p300 by miR-130b-5p in rat osteoblasts (Fig. 7B). This assay 
system has already been used to determine direct interactions between 
miRNAs and their target genes [56,57]. Targeting p300 by the 
miR-130b-5p mimic caused a decrease in Runx2 acetylation (Fig. 2B and 
C), suggesting that the interaction of p300 with Runx2 is essential for 
Runx2 acetylation and its stability. Runx2’s phosphorylation was pre
viously demonstrated to be increased by TGF-β1 [11], and phosphory
lated proteins may be vulnerable to proteasomal degradation [44,58]. 

(caption on next column) 

Fig. 7. Direct binding of miR-130b-5p with the 3′ UTR of p300 and 
circ_ST6GAL1 in rat osteoblastic cells. A pictorial representation of binding 
between the miR-130b-5p with the (A) 3′ UTR of p300 (C) Circ-ST6GAL1 (1) 
(E) Circ-ST6GAL1 (2) (G) Circ-ST6GAL1 (3) (wild and mutated binding sites). 
Nucleotides represented in blue and red are MRE and mutated MRE, respec
tively. Nucleotides represented in green are miR-130b-5p seed site. UMR-106- 
01 cells were transfected with 1 μg pmirGLO construct containing wild or 
mutant (B) 3′ UTR of p300, (D) Circ_ST6GAL1 (1), (F) Circ_ST6GAL1 (2) or (H) 
Circ_ST6GAL1 (3) in the presence of 50 nM of nc-miRNA or miR-130b-5p 
mimic. After 24 h, lysates were prepared. After normalizing with Renilla 
luciferase activity, Firefly luciferase activity was measured. # Denotes a sub
stantial decrease compared to that in the corresponding nc-miRNA-transfected 
cells (p < 0.05). ## Denotes a substantial reduction comparing the respective 
nc-miRNA transfected cells (p < 0.005). ### Denotes a substantial reduction 
comparing the respective nc-miRNA transfected cells (p < 0.001) (n = 3). 
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Acetylation could prevent the degradation of the phosphorylated pro
teins by masking their lysine residues with acetyl groups, thus pre
venting the attachment of the ubiquitin residues and proteasomal 
degradation [59]. Runx2 undergoes several modifications, such as 
acetylation, ubiquitination, and glycosylation, in response to various 
treatments such as TGF-β1, PTH, BMP, and TNF [16,60–62]. In the 
present investigation, we found that Runx2 acetylation by TGF-β1 
treatment was mediated by the downregulation of p300 targeting 
miR-130b-5p (Fig. 2), and this effect was found to be essential for 
MMP-13 expression in osteoblasts (Fig. 3). 

There is interplay among various ncRNAs that control their target 
gene expression. circRNAs act as ceRNAs, thus, regulating the activity of 
miRNAs [63]. For instance, circ_0000020 supports osteogenic differen
tiation to prevent osteoporosis by sponging miR-142-5p and upregu
lating BMP2 [64]. Similar to this, the 
hsa_circ_0006766–miR-4739–Notch2 axis controls the MAPK signaling 
pathway to support osteogenic differentiation [65]. Using bioinformat
ics tools, we found that circ_ST6GAL1 has MREs for miR-130b-5p. The 
expression of circ_ST6GAL1 was also upregulated upon TGF-β1 treat
ment in rat osteoblasts (Fig. 4). Furthermore, the knockdown of 
circ_ST6GAL1 resulted in the unblocking of miR-130b-5p, which caused 
the downregulation of p300, resulting in decreased Runx2 acetylation 
and MMP-13 expression upon TGF-β1 treatment in rat osteoblasts 
(Figs. 5 and 6). CircRNAs may contain more than one MRE [66], and we 
predicted three different binding sites for miR-130b-5p in circ_ST6GAL1. 
The presence of more than one MRE in circRNAs may increase their 
sponging activity towards miRNAs, and hence, a smaller number of 
circRNAs may be required to regulate the miRNA expression [67,68]. 
The luciferase reporter assay revealed that miR-130b-5p directly inter
acted with circ_ST6GAL1 at all three predicted MREs (Fig. 7). The direct 
interaction of circRNAs with miRNAs has previously been identified 
using luciferase reporter assays [69–71]. CircRNAs serve as miRNA 
sponges to inhibit miRNA activity and regulate the expression of target 
genes [72–75]. miRNAs have the potential to target more than one gene; 

similarly, one miRNA can be targeted or sponged by more than one 
circRNA [76–78]. For example, miR-130b-5p was also sponged by 
circ_CUX1 under PTH treatment in osteoblasts [79]. This type of regu
lation is essential for regulating various cellular activities under physi
ological conditions [80,81], and dysfunction in the interaction of these 
ncRNAs may lead to pathological conditions [82–84]. 

Taken together, our data indicate that TGF-β1-treatment stimulates 
the expression of p300 via the stimulation of circ_ST6GAL1 expression 
and its sponging activity towards miR-130b-5p in osteoblasts. The 
overexpression of miR-130b-5p and knockdown of circ_ST6GAL1 
reversed the effect of TGF-β1 on MMP-13 expression via p300-mediated 
Runx2 acetylation in rat osteoblasts (Fig. 8). Our results show that the 
circ_ST6GAL1/miR-130b-5p/p300 axis plays a pivotal role in regulating 
Runx2 acetylation and MMP-13 expression and has potential thera
peutic application in bone and bone-related diseases. 
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Fig. 8. Schematic representation of TGF-β1-stimulated MMP-13 expression via Runx2 acetylation through the circ-ST6GAL1/miR-130b-5p/p300 axis. (A) 
TGF-β1-mediated upregulation of circ-ST6GAL1 and downregulation of miR-130b-5p, increased p300 expression, which led to increased Runx2 acetylation, followed 
by increased MMP-13 expression in rat osteoblastic cells. (B) Overexpression of miR-130b-5p or ASO-mediated knockdown of circ-ST6GAL1 decreased p300 
expression, which led to decreased Runx2 acetylation, followed by decreased MMP-13 expression in rat osteoblastic cells. ↑ indicates Upregulation; ↓ indicates 
downregulation. 
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