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Abstract. — OBJECTIVE: To study effects of
microRNA-98 (miR-98) on osteogenic differenti-
ation of mesenchymal stem cells (MSCs).

PATIENTS AND METHODS: We predicted tar-
get gene of miR-98 with software test, and detect-
ed expression changes of miR-98, as well as its
target gene HMGAZ2, in the process of osteogenic
differentiation of mesenchymal stem cells. After
transfection of miR-98 mimic and HMGA2 siRNA,
we induced osteogenic differentiation and de-
tected expression changes of osteogenic differ-
entiation markers (RUNX2, ALP, OCN, and BSP).

RESULTS: MiR-98 combined directly with tar-
get gene HMGA2 and inhibited its expression.
During the process of osteogenic differentia-
tion, expression of miR-98 was up-regulated,
while HMGA2 expression was down-regulat-
ed. In addition, the expression of osteogenesis
maker genes increased in cells being transfect-
ed with miR-98 mimics and HMGA2 siRNA.

CONCLUSIONS: MiR-98 can promote osteo-
genic differentiation of mesenchymal stem cells
by targeting gene HMGA2.

Key Words:
MiR-98, HMGAZ, Osteogenic differentiation, Mesen-
chymal stem cells.

Introduction

The chronic inflammatory bone disease is a
kind of disorder characterized by osteopenia,
which mainly includes postmenopausal osteopo-
rosis, rheumatoid arthritis, and periodontal dis-
ease. Impairment of bone formation is one of the
major pathogenesis of these diseases. Autogenous
and allogeneic bone grafts have been success-
fully applied in clinical treatment, but there are
still some drawbacks, such as multiple surgeries,
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graft failure, immunological rejection, bone graft
insufficiency, and infection'. Therefore, osteogen-
esis using MSCs as seeding cells is an efficient
treatment?.

Mesenchymal stem cells are a group of adult
stem cells with both self-renewal ability and mul-
tidirectional differentiation potential®. They are
derived from a variety of adult tissues, including
bone marrow, adipose tissue, umbilical cord/um-
bilical cord blood and skin, etc.*3. Under a given
condition, mesenchymal stem cells are able to dif-
ferentiate into osteoblast, lipoblast, chondroblast,
and myoblast®. Mesenchymal stem cells have
great abilities of self-replication and proliferation.
In addition, mesenchymal stem cells have many
advantages, such as widespread sources, easy ac-
cess to separate, easy to in vitro culture and pro-
liferate. Based on above features, mesenchymal
stem cells have quickly become a hotspot in the
field of cell regenerative medicine™®. A variety of
biological factors have an impact on proliferation,
differentiation or apoptosis of mesenchymal stem
cells, in which genes, signaling proteins and epi-
genetic modifications can act on the fate-decided
process of MSCs?!!.,

MicroRNAs (miRNAs), as a kind of small
non-coding RNA molecules, have been proven
to be functional in negatively regulating expres-
sion of the target gene at transcriptional and
posttranscriptional levels'?. Evidence is accumu-
lating that miRNAs are involved in regulation
of many molecular biological processes, such as
cell proliferation and differentiation, tissue and
organ development, tumorigenesis'>!*. Several
miRNAs have been found to play an important
role in balance regulation of osteogenic differ-
entiation and adipogenic differentiation. For
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instance, overexpression of miR-455, miR-204,
and miR-17-5p can inhibit osteogenic differen-
tiation of mesenchymal stem cells and promote
the differentiation of them into adipose cells at
the same time'>".

The primary purpose of this study was to in-
vestigate the effects of microRNA-98 (miR-98) on
osteogenic differentiation of mesenchymal stem
cells (MSCs)

Patients and Methods

Culture of Human Bone Marrow-Derived
Mesenchymal Stem Cells (hBMMSCs)

We selected some patients who underwent ili-
ac bone graft surgery and open fracture surgery
After getting approval of Ethics Committee and
patients’ informed consent, we selected some pa-
tients whose disease required iliac crest bone graft
and open fractures operation (excluding other sys-
temic diseases and osteoporosis), and aspirated 5
mL of their bone marrow during operations. The
bone narrow was mixed with the same volume of
serum-free low-glucosea-minimum essential me-
dium (a-MEM), and centrifuged at 400 g for 10
min at room temperature. Then, after removing
the adipose layer and resuspending the cells in the
low-glucose a-MEM, the cells were centrifuged at
400 g for 30 min in the Percoll separation medi-
um. Next, intermediate mononuclear cell layer was
extracted, washed twice with phosphate buffered
saline (PBS), and then, resuspended in the low-glu-
cose a-MEM. Cells were seeded in 25 cm? culture
flask after adjustment of cell density to 1 x 10%L,
and were maintained in a 37°C incubator with 5%
CO,. The third generation cells in logarithmic
growth period were used for the experiment.

Osteoinductive Differentiation In vitro

MSCs were seeded into 6-well plates after differ-
ent treatments. When the cells reached 60%-70%
confluence, osteogenic induction medium was add-
ed to induce osteogenic differentiation. The osteo-
genic induction medium was a-MEM with 10% fetal
bovine serum (FBS, Thermo Fisher Scientific, Inc.
Waltham, MA, USA), including 0.1 pmol/L. dexa-
methasone, 50 pg/mL Vitamin C, and 10 mmol/L
B-sodium glycerophosphate. Then, the full volume
of the medium was changed every three days.

Prediction of miRNA Target Genes

The following three databases were used to
predict target genes in this article: TargetScan
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(http://www.targetscan.org/), miRTarBase (http:/
mirtarbase.mbc.nctu.edu.tw/php/search.php) and
miRDB (http:/www.mirdb.org/).

Transfection of miRNA and siRNA
Lyophilized powder of miRNA and siRNA
were dissolved in diethyl pyrocarbonate (DEP-
C)-treated water as stock solution of 10 pmol/L
and reserved. Cells of logarithmic growth phase
were seeded in 6-well plates at a density of 1x10°%/
cm? When the cell confluence reached 50%,
the culture medium was abandoned, cells were
washed three times with PBS and then dried.
Subsequently, 4 uLL Lipofectamine2000 (Thermo
Fisher Scientific, Inc. Waltham, MA, USA) were
added to 200 pL Opti-mem culture medium and
mixed, then let stand for 5 minutes. Likewise,
the corresponding volume of siRNA was added
to 200 pL Opti-mem culture medium and mixed.
Next, two tubes of mixed solutions were blended
and let stand for 20 minutes at room temperature.
The culture medium was renewed after 5 hours.

Dual-Luciferase Reporter Assay

A reporter plasmid containing wild-type or
mutant sequences of HMGA2 3’UTR region was
constructed. The 3’'UTR sequence of HMGA?2 in
human’s genome was amplified by polymerase
chain reaction (PCR). Specific primers were used
to add Xbal or Nde I restriction enzyme cutting
sites at the ends of the sequence. The PCR prod-
ucts were purified and pGL3M vectors were li-
gated respectively into them after double enzyme
digestion. Then, recombinant plasmids were
transformed, identified and sequenced. The con-
structed plasmids were named pGL3-HMGA2-
wild and pGL3-HMGA2-mut, respectively.

Cells were planted in 24-well plates one day
before transfection. 500 pL culture medium, re-
porter plasmids, internal control plasmids and
transfection reagent were put in Eppendorf tube
and incubated for 5 minutes. Then, two 250 pL
of mixed solutions were added to mimics and NC
separately. Cells were taken out for detection of
dual-luciferase reporter assay after being trans-
fected for 48 hours. The result was based on aver-
age value of four replicate wells.

Alkaline Phosphatase Staining

The cultured cells were washed three times with
PBS to remove culture medium. Next, the cells
were fixed with 95% ethanol for 10 minutes and
dried, Then, alkaline phosphatase reaction solu-
tions were added to them to incubate for four hours
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at 37°C. Thereafter, cells were treated with 1% co-
baltous nitrate for two minutes and rinsed one to
two minutes. Finally, cells were dried and photo-
graphed after one to two minutes of treatment by
ammonium sulfide and five minutes of rinse.

Alizarin Red Staining

Cells were washed three times with PBS and
fixed with 95% ethanol for 10 minutes, then washed
three times with deionized water. Next, cells were
incubated with 0.1% alizarin red staining for 30
minutes at 37°C so that positives cells were dyed
orange. After that, cells were washed twice with
distilled water and mounted with glycerol, exam-
ined and photographed under a microscope.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Quantitative Real-time RT-PCR was used to
detect the gene expression in cells after osteo-
genic induction. After extracting total RNA by
TRIzol (Thermo Fisher Scientific, Inc. Waltham,
MA, USA), RNA samples were used to synthe-
size complementary Deoxyribose Nucleic Acid
(cDNA) by PrimeSeript TMRT reagent Kit (Ta-
KaRa, Dalian, China) with gDNA Eraser accord-
ing to the manufacturer’s instructions. Then,
cDNA templates were amplified using quantita-
tive polymerase chain reaction (Q-PCR) accord-
ing to the manufacturer’s instructions of SYBR
Green PCR Master Mix (TaKaRa, Dalian, Chi-
na). Amplification protocol consisted of an ini-
tial denaturation step at 95°C (5 min) followed
by 40 cycles of a thermal step protocol consist-
ing of 95°C (5 s) and 60°C (20 s). Cycle threshold
values (Ct value) of each sample and inner refer-
ence glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were obtained after the reaction. The
primer sequences used in this experiment are
shown in Table L.

Western Blot

After seven days osteogenic induction, cells
transfected with miR-98 mimics and mimics
control in each group were digested by tryp-
sin (Gibco, Rockville, MD, USA) and collected

Table I. Primers used in this study.

in Eppendorf tube by centrifugation. Cell lysate
was added to extract and prepare protein samples.
Based on the molecular weight of the target pro-
tein, different concentrations of sodium dodecyl
sulphate (SDS)-polyacrylamide gel were selected
for protein electrophoresis. Protein molecules in
the gel were transferred to polyvinylidene di-
fluoride (PVDF) membrane under electric field
(Millipore, Billerica, MA, USA). And the specific
binding of antigen and antibody was used to spe-
cifically mark (primary antibody and secondary
antibody) the target gene protein binding on the
membrane. Then, the light signal was converted
into visible bands on X-ray film.

Statistical Analysis

The experimental data were analyzed by statisti-
cal product and service solutions (SPSS) 17.0 (Chi-
cago, IL, USA). All quantitative data were expressed
as mean + standard deviation. The #-test was used
for the comparison of the two groups. The differ-
ence was statistically significant when p<0.05.

Results

Expression and Function of miR-98 in
Osteogenic Differentiation

In the period of inducing mesenchymal stem
cells differentiation, the expression of miR-98 in-
creased gradually and reached the peak on the 14
day, then deceased slightly at 21 day, but it was
still higher than baseline (Figure 1A). After trans-
fection with mir-98 mimics, expression of mir-98
significantly increased (Figure 1B). High expres-
sion of mir-98 markedly promoted the expression
of mRNA (Figure 1C) and protein (Figure 1D)
of osteogenic differentiation genes RUX2, BSP
and OCN. In addition, by alkaline phosphatase
staining, we found that overexpression markedly
promoted osteogenic differentiation (Figure 1E),
and the results of alizarin red staining indicated a
significant calcium deposition in high-expression
miR-98 group. The above results suggested that
miR-98 played an important role in osteogenic
differentiation.

Gene Sense primer Antisense primer

RNX2 ACTTCCTGTGCTCGGTGCT GACGGTTATGGTCAAGGTGAA
OCN CCTCACACTCCTCGCCCTAT GTGGTCAGCCAAGCTGGTCAC
BSP TGGATGAAAACGAACAAGGCA AAACCCACCATTTGGAGACGT
GAPDH TCCATGACAACTTTGGTATCG TGTAGCCAAATTCGTTGTCA
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Figure 1. Expression and function of miR-98 in osteogenic differentiation. 4, Expression of miR-98 increased in the period
of inducing mesenchymal stem cells differentiation. B, Expression of mir-98 transfected with mir-98 mimics was significantly
increased. C, High expression of mir-98 markedly promoted expression of mRNA of osteogenic differentiation genes RUX2,
BSP and OCN. D, High expression of mir-98 markedly promoted the expression of protein of osteogenic differentiation genes
RUX2, BSP and OCN. E, Alkaline phosphatase staining and alizarin red staining presented that high expression of miR-98
promote osteogenic differentiation.
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Figure 3. Expression and function of HMGA?2 in osteogenic differentiation. 4, Expression and function of HMGA?2 in os-
teogenic differentiation. B, Expression of HMGA?2 transfected with HMGA?2 siRNA mimics was significantly decreased. C,
Low expression of HMGA markedly promoted the expression of protein of osteogenic differentiation genes RUX2, BSP and
OCN. D: Low expression of HMGA markedly promoted the expression of mRNA of osteogenic differentiation genes RUX2,
BSP and OCN. E: Alkaline phosphatase staining and alizarin red staining presented that low expression of HMGA?2 promote

osteogenic differentiation, *p<0.05.

highly conserved invertebrates (Figure 2D). By
analysis of dual-luciferase reporter assay, miR-98
could be directly combined with 3’UTR region of
HMGA?2 (Figure 2E). These above results indi-
cated that miR-98 can be directly combined with
HMGAZ2 to inhibit its expression.

Expression and Function of HMIGAZ in
Osteogenic Differentiation

During the in vitro induction of mesenchymal
stem cells differentiation, expression of HMGA2
kept a moderate downward tendency and de-
creased to the lowest at 7" day. Thereafter, the
expression increased slightly but still was lower
than baseline (Figure 3A). After transfection with
HMGA?2 siRNA, expression of HMGA?2 signifi-
cantly declined (Figure 3B). Low expression of
mir-98 significantly promoted the expression of
the protein (Figure 3C) and mRNA (Figure 3D)
of osteogenic differentiation genes RUX2, BSP,
and OCN. By alkaline phosphatase staining, it
could be seen that reduction of HMGA2 expres-
sion promoted osteogenic differentiation evident-
ly (Figure 3E), and the results of alizarin Red S
staining showed a significant calcium deposition
in the low-expression HMGA?2 group. The above
results suggested that HMGA?2 played an import-
ant role in osteogenic differentiation. In summa-

ry, we demonstrated that miR-98 was involved in
stem cell differentiation by regulating expression
of HGMA?2 through comprehensive analysis.

Discussion

In 1999, Pittenger et al® isolated mesenchymal
stem cells from the iliac bone marrow. He found
that the cell populations were single phenotypic
and could be induced to multiple differentiation.
Furthermore, cloned cells from the cell popula-
tions were also found to have similar character-
istics. Therefore, those cells are defined as bone
marrow mesenchymal stem cells. MSCs are con-
sidered to be the advantageous resource for cell
and gene therapy", with their treatment effec-
tiveness having been reported®*?' extensively in
the field of hematopoiesis recovery, osteogenesis,
osteogenesis imperfecta, acute myocardial infarc-
tion, and joint diseases. Therefore, it is extremely
meaningful to study the differentiation of MSCs.

MiRNAs have been found to affect the ac-
tivity of osteoblasts and osteoclasts. Wei et al*
found that miR-34 inhibits the final differenti-
ation of osteoblasts by inhibiting expression of
SATB2 and inhibits the proliferation of mature
osteoblasts by inhibiting expression of CyclinDl,
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CDK4, and CDK6. Obvious skeletal defect was
generated in transgenic mice with abnormal ex-
pression of miR-34c. Expression changes of miR-
NA in age-related osteoporosis had been revealed
by high-throughput screening; as a result, it was
found that expression of eight miRNAs increased
and 30 miRNAs deceased in osteoporosis model
of mice through overlapping detection of mesen-
chymal stem cells and bone tissue®.

One of the important manifestations of the dif-
ferentiation of BMSCs into osteoblasts is the se-
cretion and synthesis of genes and proteins related
to osteoblasts. Alkaline phosphatase is a marker
enzyme produced in the early stage of osteogenic
differentiation, which has the function of hydrolyz-
ing phosphate ester in the process of osteogenesis,
and is conducive to osteogenesis. The expression
of alkaline phosphatase is time-dependent and its
activity can be used as an indicator of osteogenic
differentiation*’. Osteoblast specific transcription
factor is one of the important factors affecting the
bone development. This transcription factor partic-
ipates in the process of osteoblast differentiation
and bone development of MSCs by regulating the
expression of various osteogenesis-specific fac-
tors; it is another indicator to judge the ability of
osteogenic differentiation®. Osterix (OSX), a kind
of transcription factor with zinc-finger structure,
has been found to be specifically expressed in os-
teoblasts and plays an extremely important role in
bone formation and osteogenic differentiation. The
mutation or deletion of OSX can cause delay and
stagnation of bone formation?®. Therefore, in this
experiment, we examined the expression levels of
above-mentioned markers to verify whether BM-
SCs differentiated into osteoblasts.

miR-98 was first cloned from HeLa cells and
was expressed in many tissues. The miR-98 family
is highly conserved and is closely related to a vari-
ety of physiological processes by regulating target
genes. The dysregulated expression of miR-98 is
involved in the occurrence, development, invasion,
and metastasis of various tumors, such as lung can-
cer, breast cancer, and colon cancer?*”?. Although
miR-98 is also expressed in a variety of normal
tissues, its function under physiological conditions
is still not clear. We found that miR-98 gradually
increased during the induction of mesenchymal
stem cell differentiation. Highly expressed miR-98
could significantly promote the expression of os-
teogenic differentiation-related genes RUX2, BSP,
and OCN, and promoted calcium deposition. The
above results suggested that miR-98 played an im-
portant role in osteogenic differentiation.
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To study the mechanism of miR-98 in regulating
osteogenic differentiation of MSCs, we used bio-
informatics prediction methods to find the poten-
tial target genes of miR-98. It has been reported®
that HMGA?2 was involved in the differentiation
of stem cells. HMGA?2 could promote the self-re-
newal of breast cancer stem cells, block their dif-
ferentiation, and play a key role in maintaining
their stemness. Therefore, we chose HMGA?2 as
a target gene for research. We showed that miR-
98 can directly bind to HMGA?2 and inhibit its
expression. HMGA?2 expression gradually decre-
ased during the induction of mesenchymal stem
cell differentiation in vitro. Decreasing HMGA2
significantly promoted osteogenic differentiation.

Conclusions

We showed that miR-98 is one of the key miR-
NAs that regulate the osteogenic differentiation
of MSCs, and can promote the osteogenic diffe-
rentiation of MSCs by negatively regulating the
expression of HMGA2. This work is beneficial
for us to profoundly understand the mechanism
of osteogenic differentiation of MSCs and provide
an important mean for the clinical treatment of
osteoporosis caused by the decreased osteogenic
capacity of MSCs.
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