EXPERIMENTAL AND THERAPEUTIC MEDICINE 23: 194, 2022

IncRNA Kcnglotl promotes bone formation by
inhibiting miR-98-5p/Tbx5 axis in MC3T3-E1 cells
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Abstract. Long non-coding (Inc)RNA KCNQI opposite
strand/antisense transcript 1 (Kcnqlotl) has been shown to
regulate multiple biological processes. However, the functional
role of Kcnqlotl in osteoporosis and the underlying mecha-
nism are still unclear. The present study aimed to investigate
the function of IncRNA Kcnqlotl in osteogenic differentiation.
Alkaline phosphatase (ALP) activity was measured using
an ALP assay kit. Western blotting was performed to assess
the expression levels of osteogenic differentiation-associated
proteins. Reverse transcription-quantitative PCR was
performed to detect Kenqlotl, microRNA (miR)-98-5p and
T-box transcription factor 5 (Tbx5) expression levels. The
binding of Kcnqlotl with miR-98-5p and that of miR-98-5p
with Tbx5 were predicted by starBase and TargetScan data-
bases, respectively, and verified using dual luciferase reporter
assays. The mineralization of MC3T3-El cells was observed
using an Alizarin red S staining assay. The results revealed that
expression of Kenqlotl was increased and that of miR-98-5p
was decreased during osteogenic differentiation. Additionally,
Kcenglotl was shown to target miR-98-5p and inhibit its
expression. Inhibiting miR-98-5p reversed the inhibitory effect
of Kenqlotl knockdown on osteogenic differentiation and
mineralization of MC3T3-El cells. Furthermore, Kenglotl
regulated Tbx5 expression via miR-98-5p. Overexpressing
miR-98-5p or downregulating Tbx5 expression reversed the
promotive effect of Kcnqlotl overexpression on osteogenic
differentiation and mineralization of MC3T3-El cells. In
conclusion, these findings suggested that Kengqlot] may promote
bone formation by inhibiting miR-98-5p and upregulating
Tbx5. Kenglotl, miR-98-5p and Tbx5 may therefore serve as
promising targets for the treatment of osteoporosis.
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Introduction

Osteoporosis is a ‘silent disease’ that results in fragile bones
that are prone to fracture and lacks obvious symptoms at the
beginning of the pathological process (1). The loss of bone,
decrease in bone mass, destruction of bone microstructure and
increase in bone brittleness can lead to systemic bone disease
in patients with osteoporosis (2). Osteoporosis can be classified
as primary or secondary according to its etiology. The etiology
of primary osteoporosis is still not clear, but secondary
osteoporosis is often caused by endocrine metabolic disease
(such as hyperthyroidism and hyperparathyroidism) and can
also be caused by certain drugs (such as glucocorticoids) that
affect bone metabolism (3-5). In general, adequate calcium
intake, a healthy diet and physical activity contribute to
good bone health and decrease the risk of osteoporosis (6-8).
However, age is associated with the onset of osteoporosis,
which is why this disease is considerably more common in
older individuals (9). In China, the prevalence of osteopo-
rosis in the elderly (>60 years old) is 36%, amongst which,
the incidence is ~23% in males and ~49% in females (10-11).
Fractures are a serious consequence of osteoporosis. In 2010,
the number of fractures caused by osteoporosis in China
reached 2.23 million, of which 1.11 million were spinal
fractures and 360,000 were pelvic fractures (12). According
to various reports, osteoporosis has become one important
factor affecting the quality of life of middle-aged and elderly
individuals (13,14). Therefore, it is necessary to identify
diagnostic markers and therapeutic targets for improved
diagnosis and treatment of osteoporosis.

Long non-coding RNA (IncRNA) serves a role in
cell proliferation, migration and differentiation, among
numerous other processes (15,16). IncRNA KCNQI opposite
strand/antisense transcript 1 (Kcnglotl) is an imprinted anti-
sense IncRNA in the human KCNQI locus and is associated
with bone formation (17). Additionally, Kenglotl has been
shown to facilitate osteogenic differentiation of human bone
marrow-derived mesenchymal stem cells via the microRNA
(miRNA or miR)-320a/Smad5 axis (18). Furthermore,
miR-98-5p has been reported to participate in myocardial
differentiation of bone marrow mesenchymal stem cells via
the regulation of T-box transcription factor 5 (Tbx5) (19). In
addition, this miRNA may target high mobility group AT-hook
2 to inhibit the osteogenic differentiation of MC3T3-El osteo-
blasts, thereby obstructing bone regeneration (20). Thus, it was



2 WANG et al: Kenqlotl PROMOTES BONE FORMATION

hypothesized that Kenqlotl may affect osteogenic differentia-
tion by binding to miR-98-5p. The aim of the present study
was to verify this hypothesis to clarify the role of miR-98-5p
in osteogenic differentiation and identify novel therapeutic
targets for the treatment of osteoporosis.

Materials and methods

Bioinformatics analysis. starBase database (starbase.sysu.edu.
cn/index.php/) was used to predict the binding site of Kenqlotl
and miR-98-5p. miR-98-5p and Tbx5 target site was predicted
using TargetScan (targetscan.org/vert_72/).

Cell culture. The MC3T3-E1 mouse pre-osteoblast cell line
was sourced from the American Type Culture Collection
(cat. no. CRL-2594) and cultured in a-Minimum Essential
Medium (cat. no. A1049001) supplemented with ribonucleo-
sides, deoxyribonucleosides, 2 mM L-glutamine and 1 mM
sodium pyruvate and 10% FBS (all Gibco; Thermo Fisher
Scientific, Inc.) in the absence of ascorbic acid. Cells were
cultured at 37°C in a humidified incubator with 5% CO, and
the medium was replaced every 2-3 days.

Induction of osteogenic differentiation. Osteogenic differen-
tiation of MC3T3-El cells was induced by incubation with
osteogenesis-inducing medium at 80% confluence for 14 days
at 37°C, as previously described (18). The medium consisted
of 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 5 mM
L-glycerophosphate (Sigma-Aldrich; Merck KGaA), 100 nM
dexamethasone (AmylJet Scientific, Inc.) and 50 mg/ml
ascorbic acid (Shanghai Aladdin Biochemical Technology
Co., Ltd.).

Cell transfection. Short hairpin (sh)RNA plasmid for Kenqlotl
(sh-Kenglotl; 5'-GCAGAACCAUCGAUGGUGCGU-3"),
shRNA targeting Tbx5 (sh-Tbx5; 5'-CGGCUGCUAGUGUCU
AUGUUU-3"), shRNA-negative control (sh-NC; 5'-AGUGCU
GCGCACGUGUCUCAU-3"), pcDNA3.1(+)/Kcnqlotl plasmid
(pc-Kenqlotl; 5'-GGGGTACCCCAGGTGACAAGGTGC
AGGCGC-3'), pcDNA3.1 (5-AUCUCCGGGGUUUACGUA
UAC-3"), miR-98-5p antagomir (antagomiR-98-5p; 5'-AAC
AAUACAACUUACUACCUCA-3'), antagomiR-NC (5'-UCA
CAACCUCCUAGAAAGAGUAGA-3"), miR-98-5p agomir
(agomiR-98-5p; 5-UGAGGUAGUAAGUUGUAUUGUU-3")
and agomiR-NC (5'-UCGCUUGGUGCAGGUCGGG-3')
were constructed by Shanghai GenePharma, Co., Ltd. A
final concentration of 100 nM shRNA, pcDNA, antagomir or
agomir of miR-98-5p and NC was transfected into MC3T3-El
cells using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C for 48 h. At transfection, cells were
harvested, and reverse transcription-quantitative PCR
(RT-gqPCR) was performed to assess the transfection efficiency.
On the 7th day of osteogenic differentiation, transfection as
aforementioned was performed to maintain the altered gene
expression.

Alkaline phosphatase (ALP) activity assay. ALP activity
was measured to assess differentiation of MC3T3-El cells.
Briefly, cells were seeded into 12-well plates at a density
of 4x10* cells/ml 37°C for 7 days. Subsequently, the cells

were fixed in 4% paraformaldehyde for 30 min at room
temperature and treated with 0.3 nitro-blue tetrazolium
and 0.15 mg/ml 5-bromo-4-chloro-3-indolyl phosphate
(Sigma-Aldrich; Merck KGaA) at room temperature for 2 h.
Cells were then washed with deionized water and observed
under an inverted light microscope (Nikon Corporation;
magnification, x200) at a wavelength of 405 nm.

Western blotting. Total protein was extracted from MC3T3-El
cells using RIPA lysis buffer (Beyotime Institute of
Biotechnology). The protein concentration was determined
using a BCA assay kit (Beyotime Institute of Biotechnology). A
total of 30 ug protein/well was resolved using 10% SDS-PAGE
and transferred to a PVDF membrane. Subsequently, 5%
non-fat milk was used to block the membrane at 37°C for
1 h, followed by incubation at room temperature for 1 h with
primary antibodies as follows: Runt-related transcription factor
2 (RUNX2; 1:1,000; cat. no. 12556; Cell Signaling Technology,
Inc.), collagen type I a 1 (COL1A1; 1:1,000; cat. no. ab34710;
Abcam), osteopontin (1:1,000, cat. no. ab214050; Abcam),
osteocalcin (1:1,000, cat. no. ab133612; Abcam), Tbx5
(cat. no. ab259980; Abcam) and GAPDH (1:2,500,
cat. no. ab9485; Abcam). The membrane was then incubated
with horseradish peroxidase-conjugated anti-rabbit IgG
secondary antibody (1:2,000, cat. no. #5127; Cell Signaling
Technology, Inc.) at room temperature for 2 h. The bands were
visualized by using an enhanced chemiluminescence (ECL)
reagent kit (Shanghai Yeasen Biotechnology Co., Ltd.) and
semi-quantified with Image J software (Version 1.49; National
Institutes of Health).

RT-gPCR. Total RNA was extracted from MC3T3-El cells
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.).
RT was performed to synthesize cDNA from total RNA,
using a PrimeScript RT Reagent kit, according to the manu-
facturer's protocol (Takara Bio, Inc.). A SYBR green PCR
Master Mix kit (cat. no. SR1110; Beijing Solarbio Science
& Technology Co., Ltd.) was used for cDNA amplification
by qPCR in accordance with the manufacturer's instructions
on an AFD9600 PCR system (Hangzhou AGS BioTech
Co., Ltd.). The primer sequences for PCR were as follows:
Kenglotl forward, 5'-ACTCACTCACTCACTCACT-3' and
reverse, 5'-CTGGCTCCTTCTATCACATT-3"; miR-98-5p
forward, 5'-ATCCAGTGCGTGTCGTG-3' and reverse,
5" TGCTTGAGGTAGTAAGTTG-3" Tbx5 forward, 5-AAG
TAAAGAATATCCCGTGGTC-3' and reverse, 5'-AGACTC
GCTGCTGAAAGG-3'; GAPDH forward, 5-GGGAAACTG
TGGCGTGAT-3' and reverse, 5'-GAGTGGGTGTCGCTG
TTGA-3' and U6 forward, 5'-CTCGCTTCGGCAGCACAT
ATA-3' and reverse, 5" ACGCTTCACGAATTTGAGTGT
C-3". The thermocycling conditions were as follows: 94°C for
60 sec, followed by 40 cycles of 94°C for 30 sec, 60°C for
30 sec and 72°C for 60 sec. The 2424 method (21) was used
to calculate relative gene expression. GAPDH was used as an
internal reference for Kenglotl and Tbx5, while U6 was used
as the control gene for miR-98-5p.

Dual luciferase reporter assay. The wild-type (Kcnqlotl-WT
or Tbx5-WT) and mutant (Kcnqlotl-MUT or Tbx5-MUT)
3'-untranslated regions were cloned into a pmirGLO vector
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(Shanghai GenePharma Co., Ltd.). For luciferase reporter
analysis, MC3T3-El cells were co-transfected with luciferase
reporter vectors, agomiR-98-5p (5'-UGAGGUAGUAAG
UUGUAUUGUU-3") and agomiR-NC (5'-UCGCUUGGU
GCAGGUCGGG-3") using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.). At 48 h after transfection,
the relative luciferase activities were measured by using a
Dual-Luciferase Reporter Assay (Promega Corporation) and
normalized to Renilla luciferase reporter activity according to
the manufacturer's protocol.

Alizarin red S (ARS) staining assay. An ARS staining kit
(GuideChem) was used to detect the formation of mineral-
ized nodules in MC3T3-El osteoblasts. Following induction
of osteogenesis and cell fixation with 95% ethanol for 20 min
at room temperature, the cells were washed with PBS
(Shanghai Aladdin Biochemical Technology Co., Ltd.) three
times and stained with ARS staining solution for 30 min at
room temperature. The cells were observed and images were
obtained using a light microscope (magnification, x200).

Statistical analysis. All experiments were performed
independently three times. GraphPad Prism version 6.0
(GraphPad Software, Inc.) was used to analyze the data.
Data are presented as the mean + SD. One-way ANOVA
followed by Tukey's post hoc test was used for comparisons
between multiple groups. P<0.05 was considered to indicate a
statistically significant difference.

Results

Kcngqlotl expression isincreased and miR-98-5p expression
is decreased during osteogenic differentiation. A
time-dependent increase in the relative activity of ALP was
observed during the incubation of MC3T3-El osteoblasts
in osteogenesis-inducing medium, indicating the occur-
rence of osteogenic differentiation (Fig. 1A). The protein
expression levels of osteogenic differentiation-associated
proteins, RUNX?2, COL1A1, osteopontin and osteocalcin,
were also increased in a time-dependent manner following
incubation of MC3T3-El1 cells in osteogenesis-inducing
medium (Fig. 1B and C). The expression of Kcnqlotl
was elevated, and that of miR-98-5p was decreased as the
duration of osteogenesis induction increased (Fig. 1D).
These results suggested that Kenqlotl expression increased
and miR-98-5p expression decreased during osteogenic
differentiation.

Kcnqlotl targets and inhibits miR-98-5p. According to
starBase, Kcnqlotl was predicted to bind to miR-98-5p
(Fig. 2A). A dual luciferase reporter assay showed decreased
luciferase activity in MC3T3-El cells co-transfected with
agomiR-98-5p and Kcnqlotl-WT compared with that in
cells co-transfected with agomiR-98-5p and Kcnqlotl-MUT,
which verified the binding between Kcnqglotl and miR-98-5p
(Fig. 2B). Furthermore, following successful knockdown
of Kenqlotl (Fig. 2C), the expression of miR-98-5p was
significantly upregulated compared with the control group
(Fig. 2D). These results suggest that Kcnglotl may target and
inhibit miR-98-5p in MC3T3-El cells.

Antagonizing miR-98-5p reverses the inhibitory effect of
Kcnglotl knockdown on osteogenic differentiation. To
determine the role of the interaction between miR-98-5p
and Kcenqlotl in osteogenic differentiation, MC3T3-El cells
were transfected with sh-Kcnqlotl or co-transfected with
sh-Kenglotl and antagomiR-98-5p. The knockdown effect
of antagomiR-98-5p was detected by RT-qPCR (Fig. 3A).
miR-98-5p expression was increased by sh-Kcnqlotl; this
was rescued following co-transfection of sh-Kcnqlotl and
antagomiR-98-5p (Fig. 3B). Kcnqlotl knockdown also
decreased ALP activity, whereas inhibition of miR-98-5p
restored ALP activity (Fig. 3C). Kenqlotl knockdown signifi-
cantly inhibited the formation of mineralized nodules, which
was rescued following co-transfection of sh-Kcnqlotl and
antagomiR-98-5p in MC3T3-El cells (Fig. 3D). Kcenqlotl
knockdown also significantly inhibited the expression of
RUNX?2, COL1Al, osteopontin and osteocalcin, whereas
antagonizing miR-98-5p in the presence of Kenqlotl knock-
down significantly upregulated expression of these proteins
(Fig. 3E). These results indicated that antagonizing miR-98-5p
may reverse the inhibitory effect of Kcnglotl knockdown on
osteogenic differentiation.

Kcnglotl regulates Tbx5 expression via miR-98-5p.
TargetScan software was used to predict the binding sites
between Tbx5 and miR-98-5p (Fig. 4A). The transfection
efficiency of pc-Kcnqglotl and agomiR-98-5p was detected
by RT-qPCR (Fig. 4B and C). A dual luciferase reporter
assay confirmed the results of the TargetScan prediction
as significantly decreased relative luciferase activity was
observed in MC3T3-El cells co-transfected with Tbx5-WT
and agomiR-98-5p. Furthermore, MC3T3-El1 cells transfected
with Tbx5-WT, agomiR-98-5p and pc-Kcnglotl exhibited
increased luciferase activity compared with the Tbx5-WT +
agomiR-98-5p group (Fig. 4D). The results of RT-qPCR
and western blotting both showed that Tbx5 expression was
significantly downregulated by agomiR-98-5p but upregulated
following Kcnglotl overexpression (Fig. 4E and F). These
results indicated that Kcnqlotl may exert a regulatory effect
on Tbx5 expression via modulating miR-98-5p.

miR-98-5p overexpression and Tbx5 knockdown reverse the
promotive effect of Kcnglotl overexpression on osteogenic
differentiation and mineralization. To determine the role of the
interaction between miR-98-5p and Kcnqlotl, as well as that
between Tbx5 and Kenqlotl, in osteogenic differentiation and
mineralization, agomiR-98-5p or sh-Tbx5 were transfected into
MC3T3-El cells overexpressing Kenqlotl. The transfection
efficiency of sh-Tbx5 was detected by RT-qPCR (Fig. 5A).
Tbx5 expression was decreased in both the pc-Kenglotl +
agomiR-98-5p and pc-Kcenqlotl + sh-Tbx5 groups (Fig. 5B).
Meanwhile, the relative increase in ALP activity following
Kcenglotl overexpression was decreased following miR-98-5p
overexpression or Tbx5 knockdown (Fig. 5C). Kenqglotl
overexpression significantly increased mineralization of
MC3T3-El cells, and this was decreased following transfection
with agomiR-98-5p or sh-Tbx5 (Fig. 5D and E). These
results suggested that overexpressing miR-98-5p or knocking
down Tbx5 may reverse the promotive effect of Kcnqlotl
overexpression on osteogenic differentiation and mineralization.
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Figure 1. Increased Kcnqlotl expression and decreased miR-98-5p in osteogenic differentiation. (A) Relative ALP activity detected by ALP assay Kkit.
(B) Western blotting was performed to determine (-C) protein expression of osteogenic differentiation-associated RUNX, COL1A1, osteopontin and osteo-
calcin detected by western blotting. (D) mRNA expression of Kcnqlotl and miR-98-5p detected by reverse transcription-quantitative PCR in MC3T3-El cells
cultured in osteogenesis-inducing medium. Data are expressed as mean = SD. “P<0.01, ““P<0.001 vs. 0. Kenqlotl, long non-coding RNA KCNQI opposite
strand/antisense transcript 1; miR, microRNA; ALP, alkaline phosphatase; RUNX, Runt-related transcription factor 2; COL1Al, collagen type I a 1.
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Figure 2. Kcenglotl targets and inhibits miR-98-5p. (A) StarBase prediction of the shared binding sites between Kcnglotl and miR-98-5p. (B) Relative lucif-
erase activity in MC3T3-El cells transfected with control, Kenqlotl-WT + agomiR-NC or agomiR-98-5p, Kenqlotl-MUT + agomiR-NC or agomiR-98-5p,
detected by dual-luciferase reporter assay. Relative mRNA expression of (C) Kenglotl and (D) miR-98-5p in MC3T3-El1 cells transfected with control, sh-NC
or sh-Kenqlotl, detected by RT-gPCR. Data are expressed as mean + SD. ““P<0.001 vs. control; “#P<0.001 vs. sh-NC. Kenglotl, long non-coding RNA
KCNQI opposite strand/antisense transcript 1; miR, microRNA; WT, wild-type; NC, negative control; MUT, mutant; sh, short hairpin.

miR-98-5p overexpression and Tbx5 knockdown reverse the
promotive effect of Kcnglotl overexpression on osteogenic
differentiation-associated protein expression. The expression
levels of osteogenic differentiation-associated proteins,
RUNX?2, COL1A1, osteopontin and osteocalcin, were detected
following co-transfection of pc-Kcnqlotl with agomiR-98-5p
or sh-Tbx5. The expression levels of differentiation-associated
proteins were increased by Kenglotl knockdown and inhibited
by co-transfection of pc-Kcnqlotl and agomiR-98-5p or
pc-Kenqlotl and sh-Tbx5 (Fig. 6). These findings suggested
that miR-98-5p overexpression and Tbx5 knockdown may
reverse the promotive effect of Kcnqlotl overexpression on
osteogenic differentiation-associated protein expression levels.

Discussion

Osteoporosis is a metabolic bone disease that is characterized
by a severe decrease in bone density and mass (22).
Dysfunction of either osteoblasts or osteoclasts can affect
bone formation and resorption, ultimately leading to meta-
bolic bone disease (22,23). In osteoporosis, back pain or body
aches decrease quality of life, whereas spinal deformities
and fractures can be disabling, limiting mobility and the
ability to function independently (24). In addition, osteopo-
rosis increases the risk of lung infection and bedsores when
patients are bedridden for long periods of time. These not only
seriously threaten quality of life and survival rate of patients,
but also pose a heavy economic burden to individuals, families
and society (25).

The involvement of miRNAs, IncRNAs and circular RNAs
in various types of disease, including osteoporosis, has been
reported by an increasing number of studies (26-28). A recent
study showed that adipogenesis and osteogenesis of tendon
stem cells are inhibited by Kenqlotl knockdown, which exerts
its effect via indirect inhibition of the miR-138 target genes
peroxisome proliferator activator receptor y and RUNX2 (29).
Kcenqlotl has also been shown to positively regulate osteo-
genic differentiation of bone marrow mesenchymal stem
cells by sponging miR-214 (30). The proliferative capacity
of human osteoblastic cell line is less than that of mouse
MC3T3-E1 cells, so human cell lines were not suitable
for the present study. In addition, induction of osteogenic
differentiation in human cells is harder than in mouse cell
lines (31). Human and mouse genes are highly homologous,
thus MC3T3-El cell line was investigated in the present study
rather than human osteoblastic cells (32). In the present study,
increased expression of Kenglotl was observed in MC3T3-El
cells. Kenqlotl silencing significantly inhibited osteogenic
differentiation and mineralization in MC3T3-El cells, which
was consistent with a previous report (33). According to star-
Base, Kcnqlotl shares binding sites with miR-98-5p. A dual
luciferase reporter assay was then performed, which verified
the binding between Kcnqlotl and miR-98-5p. Furthermore,
the expression of miR-98-5p was significantly upregulated in
MC3T3-El1 cells following Kcnqlotl knockdown. miR-98-5p
overexpression inhibits osteogenic differentiation and prolif-
eration of MC3T3-E1 osteoblasts by targeting high mobility
group AT-Hook?2, thereby obstructing bone regeneration (20).
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Figure 3. Antagonizing miR-98-5p reverses the inhibitory effect of Kecnqlotl knockdown on osteogenic differentiation. (A) Relative mRNA expression of
miR-98-5p in MC3T3-El cells was detected by reverse transcription-quantitative PCR following transfection with (A) antagomiR-98-5p or (B) control, sh-NC,
sh-Kenglotl, sh-Kenglotl + antagomiR-NC or sh-Kenqlotl + antagomiR-98-5p. (C) Relative ALP activity in MC3T3-El1 cells transfected with control,
sh-NC, sh-Kcenglotl, sh-Kenqlotl + antagomiR-NC or sh-Kenqlotl + antagomiR-98-5p detected by ALP assay kit. (D) Formation of mineralized nodules in
MC3T3-El1 cells transfected with control, sh-NC, sh-Kcnqlotl, sh-Kenqlotl + antagomiR-NC or sh-Kenqlotl + antagomiR-98-5p, detected by alizarin red
S staining assay. Scale bar, 50 ym. (E) Relative protein expression of osteogenic differentiation-associated RUNX, COL1A1, osteopontin and osteocalcin in
MC3T3-El1 cells transfected with control, sh-NC, sh-Kcnqglotl, sh-Kenglotl + antagomiR-NC or sh-Kenqlotl + antagomiR-98-5p detected by western blotting.
Data are expressed as mean + SD. ""P<0.001 vs. control; ##P<0.001 vs. antagomiR-NC or sh-NC; “P<0.01, “4¢P<0.001 vs. sh-Kcnqlotl + antagomiR-NC.
Kcnglotl, long non-coding RNA KCNQI1 opposite strand/antisense transcript 1; miR, microRNA; ALP, alkaline phosphatase; RUNX, Runt-related
transcription factor 2; COL1AL, collagen type I a 1; sh, short hairpin; NC, negative control; OD, optical density.
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Figure 4. Kenqlotl regulates Tbx5 expression via miR-98-5p. (A) TargetScan prediction of the shared binding sites between miR-98-5p and Tbx5. Expression
of (B) Kenqglotl and (C) miR-98-5p was measured by RT-qPCR following transfection with pc-Kcnqlotl and agomiR-98-5p. (D) Relative luciferase activity
in MC3T3-El cells transfected with control, Tbx5-WT + agomiR-NC, Tbx5-WT + agomiR-98-5p, Tbx5-WT + agomiR-98-5p + pcDNA3.1, Tbx5-WT +
agomiR-98-5p + pc-Kcenqlotl, Tbx5-MUT + agomiR-NC, Tbx5-MUT + agomiR-98-5p, Tbx5-MUT + agomiR-98-5p + pcDNA3.1, Tbx5-MUT +
agomiR-98-5p + pc-Kcenqlotl detected by dual-luciferase reporter assay. Relative expression of Tbx5 in MC3T3-El cells transfected with control, agomiR-NC,
agomiR-98-5p, agomiR-98-5p + pcDNA3.1 or agomiR-98-5p + pc-Kenqlotl, detected by (E) RT-qPCR and (F) western blot analysis. Data are expressed as
mean + SD. ““P<0.001 vs. control; #P<0.001 vs. pcDNA3.1 or agomiR-NC; “P<0.05, “**P<0.001 vs. agomiR-98-5p + pcDNA3.1. Kcnglotl, long non-coding
RNA KCNQI opposite strand/antisense transcript 1; miR, microRNA; sh, short hairpin; NC, negative control; Tbx5, T-box transcription factor 5; RT-q, reverse

transcription-quantitative; WT, wild-type; MUT, mutant.

In agreement with the aforementioned studies, miR-98-5p
silencing rescued the inhibitory effect of Kenqlotl knockdown
on osteogenic differentiation and mineralization, suggesting
that Kenglotl silencing may serve a suppressive role in bone
formation by upregulating miR-98-5p expression.

The present study investigated the interaction between
Kcnglotl and miR-98-5p and the mechanism of miR-98-5p
in osteogenic differentiation. According to a previous study,
miR-98-5p targets the transcription factor Tbx5 and obstructs
the transition of rat mesenchymal stem cells into cardio-
myocytes (19). Furthermore, TargetScan predicted binding of
miR-98-5p to Tbx5. Tbx5 has been reported to promote the
differentiation of 5-azacytidine-treated cardiac fibroblasts into
cardiomyocytes (34). Another study showed that miR-10-5p

impedes myocardial differentiation of bone marrow mesen-
chymal stem cells via inhibition of Tbx5 (35). Therefore, it
was hypothesized that Kcnqlotl may target miR-98-5p and
upregulate expression of Tbx5, thereby promoting differen-
tiation. In the present study, the dual luciferase reporter assay
confirmed the binding between miR-98-5p and Tbx5. The data
revealed that knockdown of miR-98-5p significantly decreased
Tbx5 expression, which was rescued by Kenqlotl overexpres-
sion. This suggested that Kcnglotl regulated Tbx5 expression
via miR-98-5p. In addition, less osteogenic differentiation
and mineralization, as well as decreased expression levels of
RUNX2, COLI1AL, osteopontin and osteocalcin in MC3T3-El
cells, were observed following Kcnqlotl overexpression or
transfection with agomiR-98-5p or sh-Tbx5. These results



8 WANG et al: Kenqlotl PROMOTES BONE FORMATION

A s B .
c £ 2.0 1
5 2
@ o
e % *kok
s 109 L TOXS - - 15 #
3 < x 88&
v -
& Y GAPDH , 81011
o 05 . — -
E=} 0o
L] ~ 0.5
T T - = O & 99 ®
& £3 82228 2
0 2
o o @ < kK ©
0.0 - S 8 £ E &£ ¢ £ s 0.0 -
I 0 1o g € s E & ¢ « 5 - £z 9 g 9 9
g S ES © 5 8§ 38 ¢ £E g &8 2 % % 3
£ 2 2
5 4 = = I8 E 3 § 2 T & 8§ 5 &
o @ < 5 + & g © 3 S E + @
» -~ =T ¥ & e X o € b} +
g 8 ¢4 ¥ ) § &6 & =
S 5 & & Q¥ > T Q°
¥ ¢ o z ¢ §5 T
g ¥ 2 £ ¥ §
Q 5 o o ) X
a S T 2 &
X 5 =
g8 X
C D &
4 _ 3-
E *kk
{ ==
>
= *kk N
2 34 ©
= 0
S a 21 i
g ## o T 88&
= | J -+ =
T2 88& B
(] hed
2 s 111
8 14 5
[0} N
o <
0 0-
— . - - o [N} [t
5 - & 9 & 9 9 £ s 58 =z © =z X%
£ «© ° z i =4 8 € < - 7 s ; el
S £ T £ 8 £ F s 2 T x & £ K
8§ 2 2 & 2 % ¢ © 8 § E & 2 %
3 & § £ I 9 e ¢ o6 = £ 2
& 5 2 E B3 Z & % 2 5§ B C
© o = Q g <}
Q + e} ‘5. o + (= o —
= o = = = ¢ S o
B + S g I} sy S <
- £ X § - T X §
o o & ¥ =4 = o X
S T = ¢ s T % 3
¥ 5 . T 8 =
g ¢ g X
2 (o]
Q a
o

R BRTl

pc-Keng1ot1+agomiR-98-5p

Figure 5. miR-98-5p overexpression and Tbx5 knockdown reverse the promotive effect of Kcnqlotl overexpression on osteogenic differentiation and
mineralization. (A) Relative mRNA expression of Tbx5 in MC3T3-El cells was detected by reverse transcription-quantitative PCR following transfection
with sh-Tbx5. (B) Relative protein expression of Tbx5 in MC3T3-EI cells transfected with control, pcDNA3.1, pc-Kcnqglotl, pc-Kenqglotl + agomiR-NC,
pc-Kenglotl + agomiR-98-5p, pc-Kenglotl + sh-NC or pc-Kenqlotl + sh-Tbx5 detected by western blotting. (C) Relative ALP activity in MC3T3-El cells
transfected with control, pcDNA3.1, pc-Kcnqlotl, pc-Kenqlotl + agomiR-NC, pc-Kenglotl + agomiR-98-5p, pc-Kenglotl + sh-NC or pc-Kenqglotl + sh-Tbx5
detected by ALP assay kit. (D) Formation of mineralized nodules in MC3T3-EI cells transfected with control, pcDNA3.1, pc-Kcnglotl, pc-Kenglotl +
agomiR-NC, pc-Kcenglotl + agomiR-98-5p, pc-Kenqlotl + sh-NC or pe-Kenglotl + sh-Tbx5 (E) detected by alizarin red S staining assay. Scale bar, 50 ym.
Data are expressed as mean + SD. “P<0.001 vs. pcDNA3.1; “P<0.05, *P<0.001 vs. sh-NC or pc-Kcnqlotl + agomiR-NC; 44P<0.001 vs. pc-Kcnqlotl +
sh-NC. Kcnglotl, long non-coding RNA KCNQI opposite strand/antisense transcript 1; miR, microRNA; sh, short hairpin; NC, negative control; Tbx5, T-box
transcription factor 5; ALP, alkaline phosphatase; OD, optical density.

suggested that miR-98-5p overexpression or Tbx5 knockdown  significantly suppressed by sh-Tbx5. However, the suppres-
may reverse the promotive effect of Kenqlotl overexpres- — sive effect of agomiR-98-5p on the increased Tbx5 level was
sion on the osteogenic differentiation of MC3T3-El cells. marginal. It was hypothesized that other unidentified specific
The present results also revealed that the increase in Tbx5  pathways regulate the Kcnqlotl/miR-98-5p/Tbx5 axis. This
expression levels induced by Kcnqlotl overexpression was  should be confirmed in vivo and in clinical practice. The
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Figure 6. miR-98-5p overexpression and Tbx5 knockdown reverse the promotive effect of Kenqlotl overexpression on osteogenic differentiation-associated
protein expression. Relative protein expression of osteogenic differentiation-associated RUNX2, COL1ALl, osteopontin and osteocalcin in MC3T3-E1 cells
transfected with control, pcDNA3.1, pc-Kenqlotl, pc-Kenglotl + agomiR-NC, pc-Kenglotl + agomiR-98-5p, pc-Kenqlotl + sh-NC or pc-Kenqlotl + sh-Tbx5
detected by western blotting. Data are expressed as mean + SD. ““P<0.001 vs. pcDNA3.1; “P<0.05,"P<0.01, *P<0.001 vs. pc-Kcnqlotl + agomiR-NC;
&&&P<().001 vs. pc-Kenglotl + sh-NC. Kenglotl, long non-coding RNA KCNQI1 opposite strand/antisense transcript 1; miR, microRNA; sh, short hairpin; NC,
negative control; Tbx5, T-box transcription factor 5; RUNX, Runt-related transcription factor 2; COL1A1, collagen type I a 1.

MC3T3-El cell line is a classical and common cell model
used to study osteogenic differentiation. Thus, MC3T3-El
was selected as a representative to investigate the role of
Kcenqlotl in bone formation and the underlying mecha-
nism (36,37). Human osteoblast cell lines should be used to
verify the results. Utilization of multiple cell lines may better
reveal the mechanism underlying the effect of Kcnqlotl on
osteogenic differentiation. However, the present study focused
on the target and mechanism by which osteogenic differen-
tiation regulates osteoporosis in the present study. Another
limitation of the study was that the expression of Kcnglotl
and miR-98-5p was not assessed at early timepoints (such
as day 1-3). The biological effects of Kcnglotl/miR-98-5p in
other pre-osteoblast cell lines and other potential mechanisms
should be investigated in future.

In conclusion, the present study showed that Kcnqlotl
serves a role in regulating osteogenic differentiation and
mineralization of MC3T3-El by modulating expression of

miR-98-5p/Tbx5. Kenqlotl may be a potential effective
therapeutic molecular biomarker for treatment of osteoporosis
to improve patient quality of life.
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