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Abstract

Previous studies indicated that let-7 enhances osteogenesis and bone formation of human
adipose-derived mesenchymal stem cells (MSCs). We also have confirmed that let-7f-5p expression
was upregulated during osteoblast differentiation in rat bone marrow-derived MSCs (BMSCs) and
was downregulated in the vertebrae of patients with glucocorticoid (GC)-induced osteoporosis
(GIOP). The study was performed to determine the role of let-7f-5p in GC-inhibited osteogenic
differentiation of murine BMSCs in vitro and in GIOP in vivo. Here, we report that dexamethasone
(Dex) inhibited osteogenic differentiation of BMSCs and let-7f-5p expression, while increasing the
expression of transforming growth factor beta receptor 1 (TGFBRI1), a direct target of let-7f-5p
during osteoblast differentiation under Dex conditions. In addition, let-7f-5p promoted osteogenic
differentiation of BMSCs, as indicated by the promotion of alkaline phosphatase (ALP) staining and
activity, Von Kossa staining, and osteogenic marker expression (Runx2,0sx, Alp, and Ocn), but
decreased TGFBRI expression in the presence of Dex. However, overexpression of TGFBRI
reversed the upregulation of let-7f-5p during Dex-treated osteoblast differentiation. Knockdown of
TGFBRI reversed the effect of let-7f-5p downregulation during Dex-treated osteogenic
differentiation of BMSCs. We also found that glucocorticoid receptor (GR) mediated transcriptional
silencing of let-7f-5p and its knockdown enhanced Dex-inhibited osteogenic differentiation. Further,
when injected in vivo, agomiR-let-7f-5p significantly reversed bone loss induced by Dex, as well as
increased osteogenic marker expression (Runx2, Osx, Alp, and Ocn) and decreased TGFBRI
expression in bone extracts. These findings indicated that the regulatory axis of
GR/let-7f-5p/TGFBR1 may be important for Dex-inhibited osteoblast differentiation and that
let-7f-5p may be a useful therapeutic target for GIOP.
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Introduction

Glucocorticoids (GCs) act as
immunosuppressive agents and are widely prescribed
for a range of inflammatory diseases, such as
rheumatic diseases, as well as organ-transplant
recipients. However, they are associated with
well-established deleterious effects on bone that can

result in GC-induced osteoporosis (GIOP), which is
the most common cause of secondary osteoporosis. It
was reported previously that almost 30-50% of adults
will experience an osteoporotic fracture after
long-term GC therapy, and furthermore, accelerated
bone loss and increased fracture risk are evident soon
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after initiation of GC treatment [1]. Mechanistically,
reduced bone formation is regarded as a crucial
process of GIOP and many studies have determined
that the glucocorticoid receptor (GR), DKK1,
sclerostin, AP-1, PPARy2, Runx2, and other critical
molecules play key roles in this process [2-5].
Additionally, this is the main difference between
GIOP and postmenopausal osteoporosis (PMOP), the
latter of which is characterized by increased bone
turnover [6, 7]. Although the 2017 American College
of Rheumatology (ACR) guidelines [8] outlined how
patients receiving GC therapy, should be managed,
providing effective treatment for GIOP remains a
challenge, due to the side-effects induced by existing
recommended drugs, such as bisphosphonates and
teriparatide [9]. Therefore, it is necessary to
investigate the cellular and molecular mechanisms by
which GCs inhibit osteoblast differentiation and bone
formation to understand the pathomechanism of
GIOP and identify novel therapeutic targets.
MicroRNAs (miRNAs) are a class of small
non-coding RNAs that regulate degradation or
translational inhibition of transcripts by binding to
complementary sites of target messenger RNAs
[10-12]. Emerging evidence suggest that miRNAs are
involved in regulating bone homeostasis and
osteoporosis [13, 14]. In addition, there have been

several  studies regarding miRNA-mediated
osteogenesis under GC treatment. Hypercortisolism
in Cushing’s disease patients inhibits
osteoblastogenesis and osteoblast function by

controlling the expression of miRNAs, including
miR-125b-5p, miR-218-5p, miR-34a-5p, miR-188-3p,
miR-199a-5p, which are known to suppress
osteoblastogenesis [15]. Another study indicated that
miR-29a protected against GC-induced bone loss in
rats and alleviated the inhibitory effects of GC on
osteoblast differentiation and mineral acquisition by
reducing GC-induced disturbance of Wnt and Dkk-1
actions [16]. Also, GCs reduced miR-29a expression
via HDAC4 activity and then reduced acetylation of
histone 3 at lysine 9 in the miR-29a promoter [17].
MiR-34a was reported to inhibit the effects of
dexamethasone (Dex) on osteogenesis of mouse
mesenchymal stem cells (MSCs) and angiogenesis,
suggesting that it may be a useful therapeutic target
for GC-induced osteonecrosis of the femoral head
[18]. However, the whole spectrum of
miRNA-modulating osteoblast differentiation and
bone formation under conditions of treatment with
GCs in vitro and in vivo remains to be not fully
elucidated.

In our previous study, high-throughput
miRNA-sequencing analysis indicated that let-7f-5p
miRNA, a subtype of let-7 family, was significantly

downregulated in vertebrae of GIOP patients [19].
Furthermore, we and other groups demonstrated that
let-7 was a positive regulator in osteogenesis and bone
formation of rat bone marrow-derived MSCs (BMSCs)
[20] and human adipose-derived MSCs [21]. In
addition, let-7 has been shown to promote ectopic
bone formation of human adipose-derived MSCs in
vivo [21]. Meanwhile, let-7 miRNAs acted as
posttranscriptional regulators in blastodermal cells
and T cells by repressing transforming growth factor
beta receptor 1 (TGFBR1) [22, 23], a serine/threonine
kinase receptor, to transform TGF-p signaling [24-26].
Moreover, TGF-B and TGFBR1 promote osteoclast
formation and inhibits osteoblast differentiation
[27-33]. However, the precise functions and
underlying molecular mechanisms of action of
let-7f-5p in GC-inhibited osteogenic differentiation of
murine BMSCs and GC-induced bone loss in mice
remain unclear. This study was performed to
investigate the role of let-7f-5p in GC-inhibited
osteoblast differentiation and the therapeutic
potential of targeting let-7f-5p to treat GIOP. Using in
vitro and in vivo approaches, we showed that let-7f-5p
rescued Dex-inhibited osteogenic differentiation of
murine BMSCs and Dex-induced bone loss by
targeting TGFBR1, a negative regulator of
osteogenesis. These observations suggested that
targeting let-7f-5p may provide novel therapeutic
options for the prevention and treatment of GIOP.

Materials and Methods

Cell isolation and culture

The cells were cultured in a modified essential
medium (a-MEM) containing 10% foetal bovine
serum (FBS), 100 units/ml penicillin, and 100 mg/ml
streptomycin (Gibco). BMSCs derived from mice were
harvested and cultured as follows. 8-week-old mice
were purchased in the Experimental Animal Center of
Guangzhou University of Chinese Medicine
(Guangzhou, China). After euthanasia, we removed
the long bones (tibiae and femurs) aseptically and
flushed out the bone marrow with a-MEM
supplemented  with 20% FBS and 1%
Penicillin-Streptomycin. The cells were filtered with a
40-pm cell strainer and cultured in 35-mm dishes at a
density of 4x10*/cm? at 37°C in 5% COz for 4 days. We
collected the cells in fraction 2 to 6 for pre-osteoblasts
cultures and osteogenic differentiation experiments.

Osteogenic differentiation and treatment

For the osteogenic differentiation, unattached
cells were removed and replaced with osteogenic
induction medium (10% FBS in a-MEM containing
25mg/mL Vit C and 5mM [-Glycerophosphate) with
or without Dex (0.1 pM) in 12-well cell culture plates
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as previously described [18], which were then
replaced with the osteogenic induction medium and
Dex every 2-3 days. After 5 to 7 days in osteogenic
induction medium, the cells were used for alkaline
phosphatase (ALP) staining and ALP activity assay.
Mineralization typically occurs after 10 to 14 days in
culture, and the cells were stained with the Von Kossa
method for measurement of mineralized nodule
formation.

ALP staining, ALP activity, and mineralization
assay

After osteogenic induction for 7 days, we fixed
the cells with 4% formaldehyde (Sigma, Shanghai,
China) for 15 min at room temperature, and incubated
them with ALP substrate, BCIP/NBT (Thermo
Scientific Waltham, MA). To test the ALP activity, we
lysed the cells by using a radio immunoprecipitation
assay (RIPA, Beyotime, Shanghai, China) and then
determined the ALP activity through performing an
ALP Activity Assay (Beyotime). For measurement of
mineralized nodule formation, cells were fixed with
4% formaldehyde and washed with PBS for 3 times.
Then, we incubated the cells with a 5% silver nitrate
solution and exposed them under the light for 30 min.
Lastly, we used a 5% sodium thiosulfate to remove
the nonspecific staining for 5 min.

Prediction of let-7f-5p target genes

Let-7f-5p target genes and the binding sites were
predicted by using diverse bioinformatic platforms,
such as TargetScan 7.2 (http://targetscan.org),
miRBase, miRDB, miRanda, etc.

MiRNAs and reporter vectors construction

Let-7f-5p, mutation constructs, and reporter gene
construction were performed according to previous
studies [20]. Briefly, we used genomic DNA from
mouse as the template and the genomic fragments of
let-7f-5p precursors were amplified by reverse
transcription PCR (RT-PCR). Next, we cloned the
amplified products into the restriction sites (Notl and
Xhol) of pLAS2-RFP vector. Then BMSCs was virally
infected with the modified vector and let-7f-5p
expression was detected by quantitative RT-PCR
(qRT-PCR). Additionally, we cloned the let-7f-5p’s
binding site in TGFRB1 and the whole TGFRB1 3'UTR
sequence into the restriction sites (Pmel and Xhol) of
pmirGLO luciferase vector. Also, a pair of primers
with mutant sequence were used to generate the
mutation constructs of TGFRB1 3'UTR.

Transfection of let-7f-5p mimics and
antagomiR

MiRIDIAN miRNA mimics were used to design
the let-7f-5p overexpression. Anti-let-7f-5p miRNA

inhibitors (AntagomiR) were purchased from
Dharmacon (Denver, CO). BMSCs were transfected
for 24 h with let-7f-5p mimics (100 nM), let-7f-5p
antagomiR (100 nM) or miR-NC (negative control, 100
nM) through Lipofectamine 2000 reagent. Then the
cells were used for the following experiments.

RT-PCR and qRT-PCR

RT-PCR and qRT-PCR were performed as
described elsewhere [20]. Firstly, total RNA was
extracted from BMSCs or bone tissues with Trizol
(Sigma). Then, to obtain cDNA, we diluted 1 pg of
RNA with 10 ml of nuclease-free water. Then we
added into 1 pl of 50 mM hexamer primers. Next, the
denatured process of the solution was performed with
respective temperature and time point sequentially
(65°C, 5 min; and 4°C, 60 min). Lastly, the solution
was incubated with at 25°C for 10 min, 45°C for 60
min and and 75°C for 5 min. The primers for qRT-PCR
were listed at Table S1. Additionally, for miRNA
qRT-PCR assay, total RNA was isolated and the small
RNA fractions were enriched using mirVana miRNA
Isolation Kit. Next, the cDNA was prepared with the
TagMan miRNA Reverse Transcription Kit and
RT-PCR was performed. Lastly, let-7f-5p expression
level was quantified by TagMan U6 snRNA assay.

Western blot analysis

To investigate protein expression levels in cells
and bones, western blot was performed. The protein
samples were subjected with equal protein
concentration to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to PVDF
membranes (Milipore, Darmstadt, Germany). Next,
membranes were blotted with 5%  skim
milk-PBS-Tween 20 for 1 h at room temperature and
incubated with primary antibodies overnight at 4°C.
Rabbit anti-TGFBR1 (1:1,000, sc-101574, Santa Cruz)
and rabbit anti-GR (1:1000, sc-56851, Santa Cruz) were
used. After that, the blots were washed with
PBS-Tween 20 (PBST) and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies
(1:3000) for 1 h at room temperature. Lastly, the blots
were washed again and incubated with enhanced
chemilumescent (ECL) substrates (Bio-rad) for 1 min
and the Image ] software was applied to analysing the
blots.

Gene overexpression and knockdown assay

For the overexpression of TGFBR1, TGFBR1 CDS
region was amplified from mouse cDNA and cloned
into pCS2+ plasmid vector which included the CMV
promoter. For the silence of TGFBR1 and GR, small
interfere RNA (siRNA), composed of several
target-specific 19-25-nucleotide siRNAs, was used
(Santa Cruz, Dallas, Texas) and BMSCs were
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transfected with Lipofectamine RNAimax
(Invitrogen) according to the manufacturer’s
instruction. The overexpression and knockdown
efficiency of TGFBR1 and GR were examined using
qRT-PCR.

Dual-luciferase reporter assay

Luciferase activity of the reporter constructs
were evaluated by performing the dual-luciferase
reporter assay (Promega, USA). In brief, BMSCs (80%
confluence) were seeded in the 6-well plates and were
induced the differentiation for 24 h. Then the cells
were cotransfected with 100 nM of let-7f-5p mimics, 1
pg of TGFBR1 3'UTR or the control, and miR-NC per
well by using Lipofectamine 2000. After 24 h of
transfection, cell extracts were prepared for
measuring the luciferase activity through the
Dual-Luciferase Reporter Assay System (Promega,
Biotech Co., Ltd., China).

ChIP assay

Chromatin immunoprecipitation (ChIP) assay
was carried out in line with the manufacturer's
instructions (Millipore, Darmstadt, Germany). After
the intervention process, BMSCs were fixed through
1% paraformaldehyde and then lysed with SDS lysis
buffer. Followed by which, the lysate was sonicated
(16 rounds of 20 pulses with 2 minutes between
rounds) and the protein-DNA mixture were
immunoprecipitated by using IgG or anti-GR
antibody at 4°C overnight. Then the products were
collected after incubation on protein A + G-coated
magnetic beads. The beads were washed and ChIP
elution buffer was used to elute the bound chromatin.
Proteinase K was applied to digest the protein for 4 h
at 45°C. DNA purification kit was used to purify the
DNA. The DNA fragments of the GR binding sites in
the let-7f-5p promoter were designed and synthesized
by RiboBio (Guangzhou, China). Next, qPCR was
applied to test the GR binding site. The total
chromatin was regarded as input and IgG was used as
controls.

GC-induced bone loss

For GIOP animals model, 8-week-old male
C57BL/6 mice (n=6 per group) (Experimental Animal
Center of Guangzhou University of Chinese
Medicine, Guangzhou, China) were intraperitoneally
administered with Dex (the First Affiliated Hospital of
Guangzhou University of Chinese Medicine,
Guangzhou, China) daily at a dose of 1 mg/kg body
weight as described [34-36]. Animals were housed in
cages under pathogen-free conditions under a
12-hlight and 12-h dark cycle in the animal room of
the First Affiliated Hospital of Guangzhou University
of Chinese Medicine (approval no. SYXK [Yue]

2018-0001) under a 12-h/12-h light/dark cycle
(lightson at 08:00) with free access to a standard
rodent diet and water. After 8 weeks of treatment,
vertebrae were dissected and used for micro-CT and
histomorphometric analysis.

Micro-CT analysis

Micro-CT examination was accomplished as
described previously [37] through a Skyscan 1172
micro-CT imaging system (Skyscan, Kontich,
Belgium) with a 12 mm spatial resolution (X-ray
source 80 kV/100pA). Volume reconstruction was
achieved via the built-in software NRecon 1.6 and
CTAn 1.8, respectively. To analyze the bone
remodeling, the volume of interest (VOI) was
characterized as a cylindrical space wrapping the
cancellous bone. Trabecular bone volume (BV/TV,
%), trabecular number (Tb.N, /mm), trabecular
thickness (Tb.Th, mm), and trabecular separation
(Tb.Sp, mm) were calculated within the delimited
VOL

Bone histomorphometry

For histological analysis, the mice were injected
with 25 mg/kg calcein at 8 and 2 days before
euthanasia. Preparation of undecalcified vertebrae
samples and trabecular bone histomorphometry were
executed in accordance with previous studies [38].
Bone samples were fixed with 10% paraformaldehyde
overnight and reserved in 70% ethanol at 4°C, and
then were embedded with methylmethacrylate.
Five-mm-thick pieces were processed through the
microtome. Histomorphometric analysis of the L4
vertebrae mainly contained bone formation
parameters bone formation rate (BFR/BS, pm?® pm?2
per day), mineral apposition rate (MAR, pm per day),
mineralizing surface (MS/BS, %), and osteoblast
number (N.Ob/B.Pm, /mm). All above parameters
were measured and expressed as stated in ASBMR
nomenclature committee [39].

ELISA

The concentration of serum procollagen type 1
N-terminal propeptide (P1NP) and osteocalcin (OCN)
were measured using commercial enzyme-linked
immunosorbent assay (ELISA) kits from IDS
(Fountain Hills, AZ). Blood was collected by
puncturing the mice cheekpouch. And the mice were
fasted for 4 h before collecting blood.

Statistical analysis

We conducted three independent experiments
on all experiments. All determined parameters were
expressed as mean t standard deviation (s.d.). The
significant statistical differences were appraised using
two-tailed unpaired Independent-Sample T test for
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comparisons between two groups. One-way Analysis
of Variance (ANOVA) plus the Tukey’s test were used
for comparisons among three or more groups. P value
< 0.05 was recognized to have statistically significant
differences.

Results

Dex inhibited let-7f-5p but promoted TGFBRI
expression during osteogenic differentiation of
BMSCs and let-7f-5p modulated TGFBRI

We first explored the roles of Dex on
proliferation and osteoblastic ~differentiation of
BMSCs. The presence of Dex markedly reduced the
proliferation and osteogenesis potential of BMSCs,
which is evident in CCK-8 assay, alkaline
phosphatase (ALP) staining, and Von Kossa staining
(Figure S1A-C). Quantitative analysis confirmed the
inhibition of ALP activity (Figure S1D), an early
marker of osteogenesis. Furthermore, qRT-PCR
analysis revealed significant reductions in the mRNA

A B.
Let-7f-5p qPCR
5 207 = Vehicle
._E mm Dex
@ 1.57 -
g
o deke
»
o 1.0- *
<
=
[
E 0.5
o
-
K
@ 0.0~
4
s RS s @

Differentiation time

C. D.
TGFBR1

2.0+

1.54

1.54

Relative TGFBR1
expression level
b

1.0

0.0~

ke

Mutation of TGFBR1 3'UTR

TGFBR1 | s S——

Relative mRNA expression level

B-actin

Vehicle Dex

expression levels of the key osteogenic markers
Runx2, Osx (Osterix), Alp, and Ocn (Osteocalcin) in
BMSCs with Dex treatment in comparison to the
controls (Figure S1E).

Our previous study using high-throughput
miRNA-sequencing analysis revealed a marked
reduction of let-7f-5p in vertebrae of GIOP patients
and indicated that let-7f-5p acted as a positive
modulator of  osteoblast  proliferation  and
differentiation in wvitro [18-20]. Here, we further
examined whether Dex has a regulatory effect on
osteogenic differentiation of BMSCs by targeting
let-7f-5p in vitro. Quantitative RT-PCR assay showed
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Figure 1. Dexamethasone (Dex) inhibits let-7f-5p expression and TGFBRI is a direct target for let-7f-5p during osteogenic differentiation of BMSCs under
Dex conditions. (A) Dex reduced let-7f-5p expression during differentiation (days 0, 1, 3, and 5) in BMSCs. Results are shown as mean = s.d. of three independent experiments
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MiRNAs function as regulators of multiple
biological activities through suppression of target
gene expression. With regard to the promotion of
osteogenesis by let-7f-5p, we attempted to identify the
candidate protein-coding genes targeted by let-7f-5p.
Among the candidates predicted by the TargetScan
bioinformatics  platform  (http://targetscan.org),
TGFBR1 was found to be of interest (Figure 1B). The
TGF-f signalling pathway has been reported to play a
crucial role in bone homeostasis, inducing osteoclast
formation and repressing osteoblast differentiation,
and TGFBR1 acts as an important signalling factor.
Further, we found that Dex increased TGFBR1 mRNA
and protein expression levels in BMSCs (Figure
1C-D). Therefore, to determine whether let-7f-5p
binds directly to 3'UTR of TGFBR1, we performed
luciferase reporter assays by constructing a whole
length of TGFBR1 3'UTR, which was recognized as
the TGFBR1 wild-type (WT) 3'UTR by subcloning in a
pmir-GLO dual-luciferase reporter. The subcloned
site is 3' end in firefly luciferase coding sequence. The
TGFBR1 mutant (MT) 3'UTR was designed by
mutating the binding sequence from CTACCTCA to
CATGGAC (Figure 1B). Following let-7f-5p mimics
transfection, the activity of WT was significantly
repressed compared with that of MT (Figure 1E). All
these data revealed the selectivity of let-7f-5p
regulation to TGFBR1 3'UTR.

Let-7f-5p negatively regulated TGFBRI and
promoted osteogenic differentiation of
Dex-treated BMSCs

To investigate the regulatory effect of let-7f-5p in
Dex-inhibited osteogenic differentiation of BMSCs,
we carried out gain-of-function experiments through
transfecting let-7f-5p mimics into BMSCs prior to
Dex-inhibited osteogenic differentiation of BMSCs
(Figure 2A). Osteogenic differentiation and
mineralisation activity of BMSCs as demonstrated by
ALP staining (Figure 2B), Von Kossa staining (Figure
2C), and quantitative ALP activity (Figure 2D), were
promoted by let-7f-5p mimics. And the marker genes
(Runx2, Osx, Alp, and Ocn) of osteoblast
differentiation exhibited increased expression after
transfection of let-7f-5p mimics (Figure 2E). Further,
overexpression of let-7f-5p markedly decreased
TGFBR1 expression at the mRNA and protein levels
(Figure 2F-H). Our data indicated that let-7f-5p
restores Dex-inhibited osteogenic differentiation of
BMSCs by targeting the 3'-UTR of TGFBRI. In
addition, let-7f-5p was also shown to downregulate
TGFBR1 expression and promoted promote the
development of osteogenic differentiation phenotypes

of BMSCs without Dex treatment (Figure S2).

Overexpression of TGFBRI1 reversed the
effects of let-7f-5p upregulation on osteogenic
differentiation of Dex-treated BMSCs

To examine whether TGFBR1 gain-of-function
can reverse the promotion of Dex-treated osteogenic
differentiation by let-7f-5p mimics, we co-transfected
the TGFBR1 overexpression plasmid and let-7f-5p
mimics into BMSCs. TGFBR1 expression was
markedly upregulated in comparison to the controls
(Figure 3A-C). We next evaluated the effects of
overexpressing TGFBR1 together with let-7f-5p
mimics on  osteogenic  differentiation  and
mineralisation activity of Dex-treated BMSCs.
Compared with the control group, reduced levels of
ALP staining, fewer mineralization nodules, and
decreased ALP activity were observed in the group
with TGFBR1 overexpression and let-7f-5p mimics
(Figure 3D-F). In addition, the upregulation of
osteospecific genes including Runx2, Osx, Alp, and
Ocn messenger RNA induced by let-7f-5p mimics in
BMSCs was also reversed by a combination of
TGFBR1 overexpression and let-7f-5p mimics in
BMSCs (Figure 3G).

Knockdown of TGFBRI1 reversed the effects of
downregulation of let-7f-5p on osteogenic
differentiation of Dex-treated BMSCs

Next, we examined the role of TGFBR1
loss-of-function in reversing the inhibition of
osteogenic differentiation of Dex-treated BMSCs with
let-7f-5p antagomiR by co-transfecting TGFBR1
siRNA and let-7f-5p antagomirs into BMSCs.
Let-7f-5p and TGFBR1 expression levels were verified
after transfection (Figure 4A-C). The effects of
TGFBR1 knockdown combined with let-7f-5p
antagomiR on osteogenic differentiation and
mineralisation activity of Dex-treated BMSCs were
examined. The let-7f-5p antagomiR significantly
inhibited ALP positive staining, mineralisation
nodule formation, and ALP activity. The group
treated with let-7f-5p antagomir and TGFBR1 siRNA
exhibited  increased =~ ALP  staining, = more
mineralisation nodules, and increased ALP activity
relative to the controls (Figure 4D-E). In addition,
expression trends of osteospecific genes (Runx2, Osx,
Alp, and Ocn) were consistent with the results of ALP
staining and the mineralisation assay (Figure 4F-I).
These results indicated that TGFBR1 acted as a
negative regulator for the promotion of osteogenic
differentiation of Dex-treated BMSCs by let-7f-5p.
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transfected with let-7f-5p mimics. Results are shown as mean # s.d. of three independent experiments performed in triplicates, **P < 0.001 by t test. (B-C) ALP staining and Von
Kossa staining of BMSCs transfected with let-7f-5p mimics with Dex treatment. (D) Quantitative analysis of the ALP activity in BMSCs transfected with let-7f-5p mimics with Dex

treatment. Results are shown as mean * s.d. of three independent experiments performed

in triplicates, **P < 0.001 by t test. (E) Increased mRNA expression of Runx2, Osx, Alp,

and Ocn in BMSCs transfected with let-7f-5p mimics with Dex treatment. Results are shown as mean * s.d. of three independent experiments performed in triplicates, *P < 0.05
and *P < 0.01 by t test. (F-H) let-7f-5p inhibited mRNA expression and protein expression of TGFBR1 in BMSCs under Dex conditions. Results are shown as mean * s.d. of three

independent experiments performed in triplicates, “P < 0.01 and **P < 0.001 by t test.

GR suppressed let-7f-5p expression under Dex
treatment

Most roles of GC are modulated by the GR, an
extensively expressed nuclear receptor. GCs suppress
bone formation by  attenuating  osteoblast
differentiation via monomeric GR [2]. To determine
whether the GR directly regulated let-7f-5p
expression,  we performed loss-of-function
experiments using siRNAs to knock down GR

expression in the BMSCs (siGR), and then confirmed
the knockdown effect (Figure 5H and J) . The control
group was termed “siCtrl]”. Next, we verified
transcriptional regulation through ChIP experiment
using an anti-GR antibody on the let-7f-5p promoter.
The results indicated that GR binding was
significantly reduced at the let-7f-5p promoter in the
siGR cells compared to siCtrl cells (Figure 5A). In
addition, GR knockdown markedly increased the
level of cellular let-7f-5p expression (Figure 5B).
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Figure 3. Overexpression of TGFBRI reverses the effect of the upregulation of let-7f-5p on osteogenic differentiation of BMSCs under Dex conditions.
(A-C) Increased mRNA and protein expression of TGFBRI in BMSCs transfected with let-7f-5p mimics with overexpression of TGFBRI. Results are shown as mean = s.d. of
three independent experiments performed in triplicates, “P < 0.01 and **P < 0.001 by t test. (D-E) ALP staining and Von Kossa staining of BMSCs transfected with let-7f-5p mimics
with overexpression of TGFBRI under Dex conditions. (F) Quantitative analysis of the ALP activity in BMSCs transfected with let-7f-5p mimics with overexpression of TGFBRI
under Dex conditions. Results are shown as mean * s.d. of three independent experiments performed in triplicates, “P < 0.01 by t test. (G) Inhibited mMRNA expression of Runx2,
Osx, Alp, and Ocn in BMSCs transfected with let-7f-5p mimics with overexpression of TGFBR1 under Dex conditions. Results are shown as mean * s.d. of three independent

experiments performed in triplicates, *P < 0.05 by t test.

To elucidate the effect of GR-mediated let-7f-5p
in Dex-inhibited osteogenic differentiation of BMSCs,
we performed downstream functional analysis,
including assays of osteogenic differentation,
mineralisation activity, osteogenic differentation
marker expression level, and TGFBR1 expression
level, by transfecting siGR into BMSCs. Levels of ALP
activity (Figure 5C), ALP staining (Figure 5D), Von
Kossa staining (Figure 5E), and expression of Runx2,
Osx, Alp, and Ocn mRNA increased in the
GR-knockdown cells (Figure 5F). Further, GR
loss-of-function markedly inhibited the mRNA and
protein expression levels of TGFBR1 (Figure 5G-I).
Taken together, these observations suggest that GR
may suppress let-7f-5p expression at the
transcriptional level during Dex-inhibited osteogenic
differentiation of BMSCs.

Let-7f-5p reversed Dex-induced bone loss in
mice

To investigate the anabolic function of let-7f-5p
in vivo, we injected Dex-treated or sham-operated
control mice with 7 mg/kg let-7f-5p agomiR, 7mg/kg
scrambled miRNA (miR-NC), or 0.2 ml phosphate
buffered saline (PBS) on days 1-3 of the 1st, 3rd , 5th,
and 7t weeks. Firstly, let-7f-5p expression in vertebral
bone extracts was measured to verify the effective
delivery in mice (Figure 6A). We next assessed the
characteristics of trabecular bone at the vertebral
column. Micro-CT analysis indicated that BV/TV,
Tb.N, and Tb.Th in Dex-treated mice were expectedly
lower than those in sham-operated control mice,
whereas the opposite trend was observed for Tb.Sp.
The significant cancellous bone loss was partially
reversed after the treatment of let-7f-5p agomiR
(Figure 6B-C). These putative anabolic effects were

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

2190

verified with the marked effects on bone formation
parameters. Histomorphometric measurement
showed the markedly upregulation of N.Ob/B.Pm.
Meanwhile, the MAR, MS/BS, and BFR/BS were
significantly increased in let-7f-5p agomiR mice
compared with those in vehicle-treated controls,
indicating that bone formation was promotd in
let-7f-5p agomiR-treated mice (Figure 6D). We also
performed ELISA to evaluate the bone turnover. The
expression levels of serum markers PINP and OCN,
key markers for bone formation, were markedly
increased in let-7f-5p agomiR mice (Figure 6E). In

addition, injection of let-7f-5p agomiR also prevented
estrogen-deficiency-induced osteoporosis and
ameliorated age-related bone loss (data not shown).
Furthermore, consistent with the results of in vitro
transfection (Figure 2), the expression levels of Runx2,
Osx, Alp, and Ocn mRNA increased, whereas TGFBR1
expression decreased at both mRNA and protein
levels in vertebral samples of let-7f-5p agomiR-treated
mice in comparison to those from miR-NC or
vehicle-treated mice (Figure 7). Taken together, these
observations indicate that the in vivo therapeutic effect
of let-7f-5p is also regulated by TGFBR1 inhibition.
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Figure 4. Knockdown of TGFBRI reverses the effect of the downregulation of let-7f-5p on osteogenic differentiation of BMSCs under Dex conditions. (A)
mRNA expression of let-7f-5p in BMSCs. Results are shown as mean # s.d. of three independent experiments performed in triplicates, “*P < 0.001 by ANOVA with Tukey’s post
hoc test. (B-C) mRNA and protein expression of TGFBR1 in BMSCs. Results are shown as mean * s.d. of three independent experiments performed in triplicates, **P < 0.001 by
ANOVA with Tukey’s post hoc test. (D) ALP staining and Von Kossa staining of BMSCs transfected with let-7f-5p antagomiR with siTGFBRI under Dex conditions. (E)
Quantitative analysis of the ALP activity in BMSCs transfected with let-7f-5p antagomiR with siTGFBRI under Dex conditions. Results are shown as mean * s.d. of three
independent experiments performed in triplicates, *P < 0.05 and **P < 0.01 by ANOVA with Tukey’s post hoc test. (F-l) mRNA expression of Runx2, Osx, Alp, and Ocn in BMSCs
transfected with let-7f-5p antagomiR with siTGFBR1 under Dex conditions. Results are shown as mean # s.d. of three independent experiments performed in triplicates, *P < 0.05

and *P < 0.01 by ANOVA with Tukey’s post hoc test.

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

2191

A. B. C.
Let-7f-5p promoter Let-7f-5p qPCR
415 - 420 8-
15 =
H = s = siCtrl + Vehicle £ ek
Q
. 2 _
Sequence AGTTCT : ::f;:;l:g:: < 6
Mut Sequence CTCGAC = 104 i
o @
19G GR £ ;i 44
5 e °
X 54 g
(]
°
0
® » x o x x : g S S Q&
. ) o o o ) o oS e O
2 T & z s H & 8 & B &
S £ & 3
+ 8§ o + § o Vehicle Dex
E G 'a _E G 'E
Q Q
(7] w
D. E. F.
150- *k Dex 3 siCtrl + Dex mm siGR + Dex
siCtrl SiGR | - * -
>
s K
S100{ —— c
= ALP @ 1.0
9 staining g
8 504 %
< @ 0.54
2
©
— el :
& 0.0
é\c‘é ‘}GQ- 0 3+ R &
& o° L o o
Q.
Dex
G. H. l. J.
TGFBR1 GR g W 5 44
H H
3] s ] F 5
E E g 1.0 g 1.0
= [ ke
S 1.0 T S 1.0 | 2 %
2 - g o 0.5- o 0.5
o o .g - ‘g .
g g g 3 -
o 0.54 o 0.54 4 4
Z 2 i 0.0 0.0-
: rorars [ ] cr -
0.0 T 0.0 T | o e | . .
L O L s _
° * siCtrl  siGR Dex
R Dax Dex

Figure 5. GR mediates transcriptional silencing of let-7f-5p during Dex-inhibited osteogenic differentiation of BMSCs. (A) The predicted GR binding site in
let-7f-5p promoter and the mutant versions are shown. (B) ChIP assay revealed the significant reduction in binding of GR with the let-7f-5p promoter in BMSCs transfected with
siGR under Dex conditions. Results are shown as mean * s.d. of three independent experiments performed in triplicates, “P < 0.01 by ANOVA with Tukey’s post hoc test. (C)
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0.001 by ANOVA with Tukey’s post hoc test. (D) Quantitative analysis of the ALP activity in BMSCs transfected with siGR under Dex conditions. Results are shown as mean +
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independent experiments performed in triplicates, P < 0.05 and *P < 0.01 by t test. (G-J) Reduced mRNA and protein expression of TGFBR1 and GR in BMSCs transfected with
siGR under Dex conditions. Results are shown as mean * s.d. of three independent experiments performed in triplicates, *P < 0.05, **P < 0.01, and **P < 0.001 by t test.
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Figure 6. Let-7f-5p reverses Dex-induced bone loss in mice. (A) Increased let-7f-5p expression in bone following injection of let-7f-5p (agomir) using Invivofectamine 2.0
reagent into 6-week-old female C57 mice. Results are shown as mean * s.d., n=6, *P < 0.05, *P < 0.01, and #P < 0.05 by ANOVA with Tukey’s post hoc test. (B) micro-CT scanning
of lumbar 4 vertebrae. (C-D) Histomorphometric analysis of the trabecular bone in vertebrae. Results are shown as mean * s.d., n=6, *P < 0.05, “P < 0.01, **P < 0.001, #P < 0.05,
#P < 0.01, and ##P < 0.001 by ANOVA with Tukey’s post hoc test. (E) The serum levels of PINP and OCN. Results are shown as mean = s.d., n=6, *P < 0.05, “P < 0.01, and #P
< 0.01 by ANOVA with Tukey’s post hoc test.

. . formation is a major characteristic of GIOP. For
Discussion example, low dose GCs rapidly inhibit several key
GCs contribute to early and rapid bone loss, and  indices of osteoblast activity, such as serum PINP,
increased fracture risk, thus causing severe propeptide of type I C-terminal procollagen (P1CP),
socioeconomic problems in societies. Reduced bone and OCN [40]. The pathophysiology of GIOP is
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different from that of PMODP, which is characterised
by increases in both bone resorption and bone
formation, with an imbalance towards bone
resorption over bone formation. In the present study,
we confirmed that Dex significantly suppressed
mouse osteoblast differentiation and mineralisation
with significant downregulation of related osteogenic
markers (Runx2, Osx, Alp, and Ocn), consistent with
results of previous studies [15-17]. Bisphosphonates
(to reduce bone resorption) and teriparatide (to
increase bone formation) are currently recommended
as first-line therapeutic options for GIOP. In addition,
teriparatide is effective at improving bone mineral
density compared with oral bisphosphonates and is
thus indicated for severe GIOP [1]. However,
teriparatide, still has some disadvantages, including
its relatively high cost, the actual or perceived
inconvenience of a daily injection for 24 months, and
side-effects that include hypercalcemia,
hypercalciuria, and risk of osteosarcom. A number of
drugs have also being been suggested to be useful for
the regulation of bone formation in GIOP patients,
including inhibitors of components of the Wnt
signalling pathway (DKK-1 and sclerostin) [1, 2].
However, further elucidation of the mechanisms of
osteoblast differentiation under conditions of
treatment with GCs, and the development of novel
therapeutic targets are still necessary to gain a better
understanding of the pathophysiology of GIOP and
insight into its prevention and treatment. The results
of the present study suggest the
GR/let-7f-5p/TGFBR1 regulatory axis may play a
critical role in Dex-inhibited osteogenic differentiation
of murine BMSCs. In murine models, we also showed
that let-7f-5p may be a promising osteoanabolic drug
to mitigate pathological bone loss in GIOP patients.
Large numbers of miRNAs regulate protein
synthesis by blocking translation of mRNA. Thus,
mRNA mediate a wide range of biological processes,
including proliferation, differentiation, migration,
metabolism, and apoptosis [41]. As the first known
human family of miRNAs, let-7 and its family
members are highly conserved in both sequence and
function across species. They also control large
numbers of cell-fate determination genes and
influence pluripotency, differentiation, tumorigenesis,
and transformation [42-45]. Further, let-7 family
members have prodifferentiation functions with
“anti-stemness” properties [46, 47]. Indeed, they were
reported to promote osteoblast differentiation and
repress adipogenesis in human adipose-derived
MSCs by directly targeting high-mobility group
AT-hook 2 (HMGA?2) [20, 48]. In addition, let-7
expression was upregulated during osteogenic
differentiation of human MSCs [49, 50]. The results of

our previous study [19] along with those presented
here (Figure 1E) demonstrated that let-7f-5p
expression during osteogenic differentiation in both
rat and murine BMSCs, further confirming that let-7
family members are highly conserved among species
and play important roles in osteoblast differentiation.
Recently, we performed high-throughput sequencing
analysis to identify miRNAs involved in GIOP based
on sampling human vertebrae, and let-7f-5p was
shown to be significantly downregulated, suggesting
that let-7f-5p may be a key negative mediator and
potential therapeutic target for GIOP. However, the
roles of let-7f-5p in rescuing GC-inhibited osteoblast
differentiation and bone formation remain elusive.
Here, we found let-7f-5p was markedly reduced in the
presence of Dex. We further confirmed that let-7f-5p
directly targets 3’-UTR of TGFBR1, which was
upregulated by Dex treatment. We next focused on
the effects of let-7f-5p on the osteogenic
differentiation phenotypes of BMSCs. Let-7f-5p in the
presence of Dex significantly promoted ALP and
mineralisation activity, and upregulated Runx2, Osx,
Alp, and Ocn mRNA expression.

TGFBR1 is a serine/threonine kinase receptor
that transduces downstream signals of members of
the TGF-B superfamily [24-26], which plays an
important role in bone regeneration [51]. For instance,
TGF-p promotes osteoclastogenesis [27, 28] and
inhibits osteogenesis [29-31]. TGF-f3 signal conduction
is dependent on the coordination of heteromeric
complexes of TGFBR1 and 2, and specific intracellular
Smad effector proteins. Activated heteromeric
complexes between R-Smad and Smad4 act as
transcription factors and regulate gene transcriptional
responses, ultimately inhibiting ALP activity and
bone formation. A previous study reported that the
TGFBR1 inhibitor SB431542 markedly enhanced
osteoblast differentiation of mouse C2C12 cells, and
induced the production of ALP and bone sialoprotein
as well as matrix mineralisation in human MSCs [32],
suggesting that TGFBR1 plays a negative role in bone
formation. In the present study, we also confirmed
that Dex promoted TGFBR1 expression level in
osteogenic differentiation of murine BMSCs. As the
specific direct let-7f-5p target, we verified the function
of TGFBR1 in let-7f-5p-promoted osteoblast
differentiation of Dex-treated cells. Our data showed
that TGFBR1 overexpression combined let-7f-5p
mimics reversed the promotion of osteoblast
differentiation and mineralisation in Dex-treated
BMSCs. Taken together, targeting of TGFBR1 by
let-7f-5p may be a critical mechanism involved in
Dex-inhibited osteogenic differentiation of murine
BMSCs.
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Figure 7. Osteogenic markers and TGFBRI expression are affected by the presence of let-7f-5p in mice. (A-D) Increased Runx2, Osx, Alp, and Ocn expression in
bone extracts following injection of let-7f-5p (agomir) from mice. Results are shown as mean * s.d., n=6, P < 0.05, “P < 0.01, #P < 0.05, #P < 0.01, and ##P < 0.001 by ANOVA
with Tukey’s post hoc test. (E-F) Reduced mRNA and protein expression of TGFBRI in bone extracts following injection of let-7f-5p (agomir) from mice. Results are shown as
mean * s.d., n=6, P < 0.05, “P < 0.01, and ##P < 0.001 by ANOVA with Tukey’s post hoc test.

Most of regulatory roles of GC are coordinated
through GR, which was shown to mediate gene
expression through several pathways, like interacting
as monomeric receptors with DNA-bound
transcription factors, such as NF-xB, AP-1, and IRF-3
[52]. Previously, GC-mediated GR signalling was
suggested to play a role in the effects on osteoblasts [2,
53, 54]. For example, Sher et al. reported that the
expression of osteoblastic GR was necessary for
skeletal integrity under physiological status.
GC-induced osteoporosis was shown to be regulated
by osteoblastic GR, and the monomeric GR could
inhibit osteogenesis through reducing the expression
of osteoblastic interleukin 11 (IL-11) [54]. Conversely,
some studies reported that GR-modulating
compound, which possessed anti-inflammatory
action, has no effect on osteoblast function [55, 56].
However, how the interaction between the GR and
miRNAs affect osteoblast differentiation in the
presence of GCs remains poorly understood. Here, we
revealed that GR binded to let-7f-5p promoter and
inhibiting the activity. We showed experimentally
that there was a marked downregulation of
GR-let-7f-5p binding and an accompanying

upregulation expression of let-7f-5p in the presence of
siGR, indicating that the GR negatively regulates
let-7f-5p. GR knockdown studies further confirmed
the effective downregulation of TGFBR1 and
enhanced development of osteoblast differentiation
phenotypes. These findings confirmed that the GR can
modulate let-7f-5p when osteogenic differentiation of
murine BMSCs is inhibited by Dex.

As let-7f-5p promoted Dex-inhibited osteoblast
differentiation in vitro, we speculated that it may play
an important role in bone formation during GIOP in
vivo. Here, the potential anabolic action of let-7f-5p
was investigated using 6-week-old mice skeletons
underwent active modelling. Mice were injected with
Dex and let-7f-5p agomiR and miR-NC intermittently
more than 8 weeks. Let-7f-5p agomiR protected
trabecular bone loss both in GIOP mice and
sham-treated controls. Further, bone extracts from
mice treated with let-7f-5p agomiR exhibited evidence
of increased osteogenic marker (Runx2, Osx, Alp, and
Ocn) levels and decreased TGFBR1 expression,
importantly confirming the in vitro findings. These
data suggest that let-7f-5p is a potential anabolic
target for GIOP treatment. Previous reports yielded
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conflicting evidence regarding the influence of
let-7f-5p on tumour induction and development.
Let-7f-5p is reported to promote chemotherapeutic
resistance in colorectal cancer [57], was stable or
overexpressed in the majority of typical and atypical
lung carcinoid samples analysed [58], and contributed
to downregulation of thrombospondin-1 in breast
cancer with low-dose metronomic paclitaxel
chemotherapy [59]. Conversely, other groups
reported that let-7f reduced the vasculogenic mimicry
of human glioma cells by regulating
periostin-dependent migration [60]; inhibited glioma
cell proliferation, migration, and invasion [61];
inhibited cisplatin resistance induced by secreted
protein acidic and rich in cysteine (SPARC) in
medulloblastoma cells [62]; was downregulated in
hepatocellular carcinoma [63] and papillary thyroid
cancer [64]; and inhibited tumour invasion and
metastasis in human gastric cancer [65]. Although no
tumours were observed in let-7f-5p agomiR-treated
mice in the present study, further preclinical studies
of let-7f-5p are required to confirm its safety.

To the best of our knowledge, we demonstrate
the roles of let-7f-5p on osteogenesis in BMSCs treated
with GCs in vitro and on GC-induced osteoporosis in
vivo for the first time. However, this study had some
limitations. Firstly, although we investigated the
effect of let-7f-5p in osteogenesis, its role in another
important process, osteoclastogenesis, was not
examined in the present study. Secondly, the potential
mechanism of bone formation is intricate; even
though our observations revealed that let-7f-5p
targeted TGFBR1 signaling to modulate the
Dex-inhibited BMSCs osteogenesis, additional
molecules and pathways might also participate in this
process. Third, further studies on genetically
engineered/large animals are necessary for verifying
these findings.

In summary, the results of the present study
showed that Dex inhibited let-7f-5p expression and
that TGFBR1 is a direct target of let-7f-5p during
Dex-inhibited osteogenic differentiation of murine
BMSCs. We further showed that let-7f-5p promoted
Dex-inhibited osteoblast differentiation in vitro. This
effect was partly mediated through TGFBR1
targeting, which subsequently mediates the
downstream osteogenic transcription. Further, the GR
may suppress let-7f-5p expression on the
transcriptional level during Dex-inhibited osteoblast
differentiation. In addition, let-7f-5p treatment
prevented Dex-induced bone loss in vivo. The results
of this study demonstrate that GR/let-7f-5p/ TGFBR1
may be important in GC-inhibited osteoblast
differentiation and that let-7f-5p ameliorates

GC-induced bone loss, indicating that let-7f-5p would
be a potential therapeutic target for GIOP.
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C-terminal procollagen; PMOP: postmenopausal
osteoporosis; RT-PCR: reverse transcription PCR; s.d.:
standard deviation; siRNA: small interfere RNA;
SPARC: secreted protein acidic and rich in cysteine;
Tb.N: trabecular —number; Tb.Sp: trabecular
separation; Tb.Th: trabecular thickness; VOI: volume
of interest; WT: wild-type.

Supplementary Material

Supplementary figure and table.
http:/ /www. ijbs.com/v15p2182s1.pdf

Acknowledgements

This work was generously supported by
Guangdong Province Universities and Colleges Pearl
River Scholar Funded Scheme (2018), National
Natural Science Foundation of China (81674000,
81774338), The youth scientific research training
project of GZUCM (2019QNPY04), Key Project of
Basic Research and Applied Basic Research of
Department of Education of Guangdong Province
(2018KZDXMO021), Excellent Young Scholars Project
of China Association of Traditional Chinese Medicine
(CACM-2017-QNRC1-01), Science and Technology
New Star of Guangzhou Pearl river (201710010078),
Scientific Research Project of Guangdong Traditional
Chinese  Medicine  Bureau  (20180330134046),
Guangdong Medical Research Fund (A2019167),
Youth Research Fund of the First Affiliated Hospital
of Guangzhou University of Traditional Chinese
Medicine (2019QN17), Natural Science Foundation of
Xinjiang  Autonomous Region (2019D01C013,
2018D01C011), Excellent Doctoral Dissertation
Incubation Grant of First Clinical School of
Guangzhou University of Chinese Medicine
(YB201602, YB201702), Excellent Young Scholars

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

2196

Project of the First Affiliated Hospital of Guangzhou

University  of

Chinese Medicine (2017QNO0S,

2017TDO8).

Author contributions

Gengyang Shen, Hui Ren, and Xiaobing Jiang

designed the research; Gengyang Shen, Hui Ren,
Zhida Zhang, Xiang Yu, Jinjing Huang, Wenhua
Zhao, Qi Shang, and Jingjing Tang performed
experiments; Gengyang Shen, Hui Ren, Zhida Zhang,
Xiang Yu, and Xiaobing Jiang drafted and wrote the
manuscript; Xiaobing Jiang, De Liang, Zhidong Yang,
Gengyang Shen, Hui Ren, and Xiang Yu provided
funding; Xiaobing Jiang, De Liang, and Zhidong Yang
supervised the work.

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

2.

10.

12.

13.

14.

15.

16.

17.

Rizzoli R, Biver E. Glucocorticoid-induced osteoporosis: who to treat with
what agent? Nature reviews Rheumatology. 2015; 11: 98-109.

Rauch A, Seitz S, Baschant U, Schilling AF, Illing A, Stride B, et al.
Glucocorticoids suppress bone formation by attenuating osteoblast
differentiation via the monomeric glucocorticoid receptor. Cell Metab. 2010;
11: 517-31.

Weinstein RS, Jilka RL, Parfitt AM, Manolagas SC. Inhibition of
osteoblastogenesis and promotion of apoptosis of osteoblasts and osteocytes
by glucocorticoids. Potential mechanisms of their deleterious effects on bone.
The Journal of clinical investigation. 1998; 102: 274-82.

Yao W, Cheng Z, Busse C, Pham A, Nakamura MC, Lane NE. Glucocorticoid
excess in mice results in early activation of osteoclastogenesis and
adipogenesis and prolonged suppression of osteogenesis: a longitudinal study
of gene expression in bone tissue from glucocorticoid-treated mice. Arthritis
Rheum. 2008; 58: 1674-86.

den Uyl D, Bultink IE, Lems WF. Advances in glucocorticoid-induced
osteoporosis. Curr Rheumatol Rep. 2011; 13: 233-40.

Weinstein RS. Clinical practice. Glucocorticoid-induced bone disease. N Engl ]
Med. 2011; 365: 62-70.

Ren H, Liang D, Jiang X, Tang J, Cui J, Wei Q, et al. Variance of spinal
osteoporosis induced by dexamethasone and methylprednisolone and its
associated mechanism. Steroids. 2015; 102: 65-75.

Buckley L, Guyatt G, Fink HA, Cannon M, Grossman J, Hansen KE, et al. 2017
American College of Rheumatology Guideline for the Prevention and
Treatment of Glucocorticoid-Induced Osteoporosis. Arthritis care & research.
2017; 69: 1095-110.

Saag KG, Shane E, Boonen S, Marin F, Donley DW, Taylor KA, et al.
Teriparatide or alendronate in glucocorticoid-induced osteoporosis. N Engl J
Med. 2007; 357: 2028-39.

Ambros V. The functions of animal microRNAs. Nature. 2004; 431: 350-5.
Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004; 116: 281-97.

Ivey KN, Srivastava D. MicroRNAs as regulators of differentiation and cell
fate decisions. Cell Stem Cell. 2010; 7: 36-41.

Zhao W, Shen G, Ren H, et al. Therapeutic potential of microRNAs in
osteoporosis function by regulating the biology of cells related to bone
homeostasis. Journal of cellular physiology. 2018; 233: 9191-208.

Shen G, Ren H, Qiu T, Liang D, Xie B, Zhang Z, et al. Implications of the
Interaction Between miRNAs and Autophagy in Osteoporosis. Calcif Tissue
Int. 2016; 99: 1-12.

Belaya ZE, Grebennikova TA, Melnichenko GA, Nikitin AG, Solodovnikov
AG, Brovkina O], et al. Effects of endogenous hypercortisolism on bone
mRNA and microRNA expression in humans. Osteoporosis international : a
journal established as result of cooperation between the European Foundation
for Osteoporosis and the National Osteoporosis Foundation of the USA. 2018;
29:211-21.

Wang FS, Chuang PC, Lin CL, Chen MW, Ke HJ, Chang YH, et al.
MicroRNA-29a protects against glucocorticoid-induced bone loss and fragility
in rats by orchestrating bone acquisition and resorption. Arthritis Rheum.
2013; 65: 1530-40.

Ko]JY, Chuang PC, Chen MW, Ke HC, Wu SL, Chang YH, et al. MicroRNA-29a
ameliorates glucocorticoid-induced suppression of osteoblast differentiation
by regulating beta-catenin acetylation. Bone. 2013; 57: 468-75.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zha X, Sun B, Zhang R, Li C, Yan Z, Chen ]. Regulatory effect of
microRNA-34a on osteogenesis and angiogenesis in glucocorticoid-induced
osteonecrosis of the femoral head. ] Orthop Res. 2018; 36: 417-24.

Ren H, Yu X, Shen G, Zhang Z, Shang Q, Zhao W, et al. miRNA-seq analysis of
human vertebrae provides insight into the mechanism underlying GIOP.
Bone. 2018; 120: 371-86.

Shen GY, Ren H, Huang JJ, Zhang ZD, Zhao WH, Yu X, et al. Plastrum
Testudinis  Extracts Promote BMSC Proliferation and Osteogenic
Differentiation by Regulating Let-7f-5p and the TNFR2/PI3K/AKT Signaling
Pathway. Cellular physiology and biochemistry : international journal of
experimental cellular physiology, biochemistry, and pharmacology. 2018; 47:
2307-18.

Wei ], LiH, Wang S, Li T, Fan ], Liang X, et al. let-7 enhances osteogenesis and
bone  formation  while  repressing  adipogenesis  of  human
stromal/mesenchymal stem cells by regulating HMGA?2. Stem Cells Dev.
2014; 23: 1452-63.

Bronevetsky Y, Burt TD, McCune JM. Lin28b Regulates Fetal Regulatory T
Cell Differentiation through Modulation of TGF-beta Signaling. Journal of
immunology. 2016; 197: 4344-50.

Lee SI, Jeon MH, Kim ]S, Jeon IS, Byun SJ. The gga-let-7 family
post-transcriptionally ~ regulates TGFBR1 and LIN28B during the
differentiation process in early chick development. Mol Reprod Dev. 2015; 82:
967-75.

Heldin CH, Miyazono K, ten Dijke P. TGF-beta signalling from cell membrane
to nucleus through SMAD proteins. Nature. 1997; 390: 465-71.

Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in
TGF-beta family signalling. Nature. 2003; 425: 577-84.

Shi Y, Massague J. Mechanisms of TGF-beta signaling from cell membrane to
the nucleus. Cell. 2003; 113: 685-700.

Quinn JM, Itoh K, Udagawa N, Hausler K, Yasuda H, Shima N, et al.
Transforming growth factor beta affects osteoclast differentiation via direct
and indirect actions. Journal of bone and mineral research : the official journal
of the American Society for Bone and Mineral Research. 2001; 16: 1787-94.
Sells Galvin R], Gatlin CL, Horn JW, Fuson TR. TGF-beta enhances osteoclast
differentiation in hematopoietic cell cultures stimulated with RANKL and
M-CSF. Biochemical and biophysical research communications. 1999; 265:
233-9.

Bonewald LF, Dallas SL. Role of active and latent transforming growth factor
beta in bone formation. J Cell Biochem. 1994; 55: 350-7.

Breen EC, Ignotz RA, McCabe L, Stein JL, Stein GS, Lian JB. TGF beta alters
growth and differentiation related gene expression in proliferating osteoblasts
in vitro, preventing development of the mature bone phenotype. Journal of
cellular physiology. 1994; 160: 323-35.

Alliston T, Choy L, Ducy P, Karsenty G, Derynck R. TGF-beta-induced
repression of CBFA1 by Smad3 decreases cbfal and osteocalcin expression
and inhibits osteoblast differentiation. EMBO J. 2001; 20: 2254-72.

Maeda S, Hayashi M, Komiya S, Imamura T, Miyazono K. Endogenous
TGF-beta signaling suppresses maturation of osteoblastic mesenchymal cells.
EMBO J. 2004; 23: 552-63.

Rhodes SD, Wu X, He Y, Chen S, Yang H, Staser KW, et al. Hyperactive
transforming growth factor-betal signaling potentiates skeletal defects in a
neurofibromatosis type 1 mouse model. Journal of bone and mineral research :
the official journal of the American Society for Bone and Mineral Research.
2013; 28: 2476-89.

Lin NY, Chen CW, Kagwiria R, Liang R, Beyer C, Distler A, et al. Inactivation
of autophagy ameliorates glucocorticoid-induced and ovariectomy-induced
bone loss. Ann Rheum Dis. 2016; 75: 1203-10.

McLaughlin F, Mackintosh J, Hayes BP, McLaren A, Uings IJ, Salmon P, et al.
Glucocorticoid-induced =~ osteopenia in the mouse as assessed by
histomorphometry, microcomputed tomography, and biochemical markers.
Bone. 2002; 30: 924-30.

Yongtao Z, Kunzheng W, Jingjing Z, Hu S, Jianqiang K, Ruiyu L, et al.
Glucocorticoids activate the local renin-angiotensin system in bone: possible
mechanism for glucocorticoid-induced osteoporosis. Endocrine. 2014; 47:
598-608.

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen K], Muller R.
Guidelines for assessment of bone microstructure in rodents using
micro-computed tomography. Journal of bone and mineral research : the
official journal of the American Society for Bone and Mineral Research. 2010;
25: 1468-86.

Yuan Q, Jiang Y, Zhao X, Sato T, Densmore M, Schuler C, et al. Increased
osteopontin  contributes to inhibition of bone mineralization in
FGF23-deficient mice. Journal of bone and mineral research : the official
journal of the American Society for Bone and Mineral Research. 2014; 29:
693-704.

Dempster DW, Compston JE, Drezner MK, Glorieux FH, Kanis JA, Malluche
H, et al. Standardized nomenclature, symbols, and units for bone
histomorphometry: a 2012 update of the report of the ASBMR
Histomorphometry Nomenclature Committee. Journal of bone and mineral
research : the official journal of the American Society for Bone and Mineral
Research. 2013; 28: 2-17.

Ton FN, Gunawardene SC, Lee H, Neer RM. Effects of low-dose prednisone
on bone metabolism. Journal of bone and mineral research : the official journal
of the American Society for Bone and Mineral Research. 2005; 20: 464-70.

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15 2197

41. Treiber T, Treiber N, Meister G. Regulation of microRNA biogenesis and its
crosstalk with other cellular pathways. Nat Rev Mol Cell Biol. 2019; 20: 5-20.

42. Roush S, Slack FJ. The let-7 family of microRNAs. Trends Cell Biol. 2008; 18:
505-16.

43. Esquela-Kerscher A, Slack FJ. Oncomirs - microRNAs with a role in cancer.
Nat Rev Cancer. 2006; 6: 259-69.

44. Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, et
al. The 2l-nucleotide let-7 RNA regulates developmental timing in
Caenorhabditis elegans. Nature. 2000; 403: 901-6.

45. YuF, Yao H, Zhu P, Zhang X, Pan Q, Gong C, et al. let-7 regulates self renewal
and tumorigenicity of breast cancer cells. Cell. 2007; 131: 1109-23.

46. Peter ME. Let-7 and miR-200 microRNAs: guardians against pluripotency and
cancer progression. Cell cycle. 2009; 8: 843-52.

47. Viswanathan SR, Daley GQ, Gregory RI. Selective blockade of microRNA
processing by Lin28. Science. 2008; 320: 97-100.

48. Sun T, Fu M, Bookout AL, Kliewer SA, Mangelsdorf DJ. MicroRNA let-7
regulates 3T3-L1 adipogenesis. Molecular endocrinology. 2009; 23: 925-31.

49. Oskowitz AZ, Lu ], Penfornis P, Ylostalo J, McBride J, Flemington EK, et al.
Human multipotent stromal cells from bone marrow and microRNA:
regulation of differentiation and leukemia inhibitory factor expression.
Proceedings of the National Academy of Sciences of the United States of
America. 2008; 105: 18372-7.

50. Goff LA, Boucher S, Ricupero CL, Fenstermacher S, Swerdel M, Chase LG, et
al. Differentiating human multipotent mesenchymal stromal cells regulate
microRNAs: prediction of microRNA regulation by PDGF during
osteogenesis. Exp Hematol. 2008; 36: 1354-69.

51. Rahman MS, Akhtar N, Jamil HM, Banik RS, Asaduzzaman SM.
TGF-beta/BMP signaling and other molecular events: regulation of
osteoblastogenesis and bone formation. Bone Res. 2015; 3: 15005.

52. Kassel O, Herrlich P. Crosstalk between the glucocorticoid receptor and other
transcription factors: molecular aspects. Mol Cell Endocrinol. 2007; 275: 13-29.

53. Hartmann K, Koenen M, Schauer S, Wittig-Blaich S, Ahmad M, Baschant U, et
al. Molecular Actions of Glucocorticoids in Cartilage and Bone During Health,
Disease, and Steroid Therapy. Physiological reviews. 2016; 96: 409-47.

54. Sher LB, Harrison JR, Adams DJ, Kream BE. Impaired cortical bone acquisition
and osteoblast differentiation in mice with osteoblast-targeted disruption of
glucocorticoid signaling. Calcif Tissue Int. 2006; 79: 118-25.

55. Gerber AN, Masuno K, Diamond MI. Discovery of selective glucocorticoid
receptor modulators by multiplexed reporter screening. Proceedings of the
National Academy of Sciences of the United States of America. 2009; 106:
4929-34.

56. Rauch A, Gossye V, Bracke D, Gevaert E, Jacques P, Van Beneden K, et al. An
anti-inflammatory selective glucocorticoid receptor modulator preserves
osteoblast differentiation. FASEB J. 2011; 25: 1323-32.

57. Tie Y, Chen C, Yang Y, Qian Z, Yuan H, Wang H, et al. Upregulation of
let-7f-5p promotes chemotherapeutic resistance in colorectal cancer by directly
repressing several pro-apoptotic proteins. Oncol Lett. 2018; 15: 8695-702.

58. Di Fazio P, Maass M, Roth S, Meyer C, Grups J, Rexin P, et al. Expression of
hsa-let-7b-5p, hsa-let-7f-5p, and hsa-miR-222-3p and their putative targets
HMGA?2 and CDKNT1B in typical and atypical carcinoid tumors of the lung.
Tumour biology : the journal of the International Society for
Oncodevelopmental Biology and Medicine. 2017; 39: 1010428317728417.

59. Tao WY, Liang XS, Liu Y, Wang CY, Pang D. Decrease of let-7f in low-dose
metronomic Paclitaxel chemotherapy contributed to upregulation of
thrombospondin-1 in breast cancer. Int ] Biol Sci. 2015; 11: 48-58.

60. Xue H, Gao X, Xu'S, Zhang J, Guo X, Yan S, et al. MicroRN A-Let-7f reduces the
vasculogenic ~mimicry of human glioma cells by regulating
periostin-dependent migration. Oncol Rep. 2016; 35: 1771-7.

61. Yan S, Han X, Xue H, Zhang P, Guo X, Li T, et al. Let-7f Inhibits Glioma Cell
Proliferation, Migration, and Invasion by Targeting Periostin. ] Cell Biochem.
2015; 116: 1680-92.

62. Pannuru P, Dontula R, Khan AA, Herbert E, Ozer H, Chetty C, et al.
miR-let-7f-1  regulates SPARC mediated cisplatin resistance in
medulloblastoma cells. Cellular signalling. 2014; 26: 2193-201.

63. Ge W, Yu DC, Li QG, Chen X, Zhang CY, Ding YT. Expression of serum
miR-16, let-7f, and miR-21 in patients with hepatocellular carcinoma and their
clinical significances. Clin Lab. 2014; 60: 427-34.

64. Damanakis Al, Eckhardt S, Wunderlich A, Roth S, Wissniowski TT, Bartsch
DK, et al. MicroRNAs let7 expression in thyroid cancer: correlation with their
deputed targets HMGA2 and SLC5A5. J Cancer Res Clin Oncol. 2016; 142:
1213-20.

65. Liang S, He L, Zhao X, Miao Y, Gu Y, Guo C, et al. MicroRNA let-7f inhibits
tumor invasion and metastasis by targeting MYH9 in human gastric cancer.
PloS one. 2011; 6: €18409.

http://www.ijbs.com



