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Abstract

Background: Osteoporosis seriously disturbs the life of people. Meanwhile, inhibition or weakening of osteogenic
differentiation is one of the important factors in the pathogenesis of osteoporosis. It was reported that miR-27a-3p
reduced the symptoms of osteoporosis. However, the mechanism by which miR-27a-3p in osteogenic differentiation
remains largely unknown.

Methods: To induce the osteogenic differentiation in MC3T3-E1 cells, cells were treated with osteogenic induction
medium (OIM). RT-gPCR was used to evaluate the mRNA expression of miR-27a-3p and CRY2 in cells. The protein
levels of CRY2, Runt-related transcription factor 2 (Runx2), osteopontin (OPN), osteocalcin (OCN) and the phosphoryla-
tion level of extracellular regulated protein kinases (ERK) 1/2 in MC3T3-E1 cells were evaluated by western blotting.
Meanwhile, calcium nodules and ALP activity were tested by alizarin red staining and ALP kit, respectively. Luciferase
reporter gene assay was used to analyze the correlation between CRY2 and miR-27a-3p.

Results: The expression of miR-27a-3p and the phosphorylation level of ERK1/2 were increased by OIM in MC3T3-E1
cells, while CRY2 expression was decreased. In addition, OIM-induced increase of calcified nodules, ALP content and
osteogenesis-related protein expression was significantly reversed by downregulation of miR-27a-3p and overexpres-
sion of CRY2. In addition, miR-27a-3p directly targeted CRY2 and negatively regulated CRY2. Meanwhile, the inhibitory
effect of miR-27a-3p inhibitor on osteogenic differentiation was reversed by knockdown of CRY2 or using honokiol
(ERK1/2 signal activator). Furthermore, miR-27a-3p significantly inhibited the apoptosis of MC3T3-E1 cells treated by

OIM. Taken together, miR-27a-3p/CRY2/ERK axis plays an important role in osteoblast differentiation.

Conclusions: MiR-27a-3p promoted osteoblast differentiation via mediation of CRY2/ERK1/2 axis. Thereby, miR-
27a-3p might serve as a new target for the treatment of osteoporosis.
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Background

Osteoporosis is a common bone disease in aging people,
and the imbalance of bone formation and bone resorp-
tion are the major causes of the progression of osteopo-
rosis (Katri et al. 2019; Rachner et al. 2011). The risk of
fractures in the limbs and trunk were greatly increased
due to the development of osteoporosis, which could
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result in 30-50% mortality (Hirsch 2018). The steady
state of bones was mainly maintained by osteoblasts and
osteoclasts. Osteoblasts mainly originates from bone
marrow mesenchymal stem/stromal cells, which played
key roles in bone mass regulation (Teitelbaum 2000).
Osteoclasts were large multinucleated cells derived from
the mononuclear macrophages, which could absorb bone
and promote bone renewal (Boyle et al. 2003). The abnor-
mal differentiation of osteoblasts and osteoclasts resulted
in the loss of bone mass and bone structure strength,
and they ultimately led to the occurrence of osteoporo-
sis (Boot et al. 2016). Therefore, screening and identifying
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drugs that inhibit osteoclasts or promote osteoblast dif-
ferentiation is essential for developing new treatment
methods against osteoporosis.

Autophagy stands for an ability of cells to prevent
their own death, and apoptosis was the common cel-
lular process (Ling et al. 2021). In addition, autophagy
could also protect cells against apoptosis (Bai et al. 2021).
Clock genes [such as cryptochromes (Cryl and Cry2)
and cycles (Per, Per2 and Per3)] are known to be tim-
ing system formed in the human body which effectively
modulate the autophagy in cells (Partch et al. 2014).
Meanwhile, silencing of CRY2 accelerated the acetyla-
tion of histone 3 by activating the CLOCK/BMAL1/P300
signaling pathway, and then promoted the osteogenic
bone formation and cell autophagy through promoting
a transcription complex with Runt-related transcription
factor 2 (Runx2) (Tang et al. 2020). Additionally, previ-
ous studies showed that regulating the intracellular activ-
ity of CRY1 could be used to regulate osteogenesis and
fat formation (Kushibiki and Awazu 2008), suggesting the
possible relationship between CRY and osteoporosis. On
the other hand, cells will switch to an autophagy path-
way when apoptosis is inhibited (Yu et al. 2021). It was
previously reported that autophagy and apoptosis were
closely associated with the differentiation of osteoblasts
(Dai et al. 2021). Moreover, mitogen-activated protein
kinase (MAPK) could regulate cell proliferation, apop-
tosis and differentiation (Johnson and Lapadat 2002).
Extracellular regulated protein kinases (ERK) were highly
expressed in osteoblasts, including ERK1 (MAPK3)
and ERK2 (MAPK1) type (Kim et al. 2019). Honokiol
(2-(4-hydroxy-3-prop-2-enyl-phenyl)-4-prop-2-enylphe-
nol) is a small-molecule polyphenol, which is the most
important active pharmaceutical ingredient of Houpo
(Yeh et al. 2016). Furthermore, honokiol could induce
the activation of ERK signaling pathway (Yeh et al. 2016).
Honokiol and p-ERK promoted osteoblast differentia-
tion (Boot et al. 2016; Yeh et al. 2016). Multiple reports
indicated that ERK1/2 pathway could promote osteoblast
differentiation and bone formation (Kim et al. 2019).
Besides, puerarin and astragalin promoted osteogenic
differentiation in MC3T3 and MG-63 cells by activating
ERK1/2 to prevent osteoporosis (Liu et al. 2019; Wang
et al. 2013). Furthermore, CRY2 knockdown increased
the phosphorylation of ERK1/2 by inducing cell cycle
progression in tumor cells (Yu et al. 2018). However, the
relationship between these two ingredients in osteoblast
differentiation has not been reported.

MicroRNAs (miRNAs) play crucial regulatory roles in
the process of bone remodeling, especially in the regula-
tion of bone structure that balances bone formation, bone
resorption, and the development of osteoporosis (Ge
et al. 2017). Meanwhile, a study revealed that miR-27a-3p
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was involved in various diseases. For instance, BMSC-
derived extracellular vesicles carrying miR-22-3p could
promote osteogenic differentiation and bone formation
by mediation of the FTO (Zhang et al. 2020). Fu et al.
found that miR-27a-3p induced osteogenic differen-
tiation in hMSC via activation of osteogenic genes (Fu
et al. 2019). However, the detailed association between
miR-27a-3p and ERK1/2 pathway in osteogenic differ-
entiation needs to be further explored. Therefore, the
application of miR-27a-3p in novel osteoporosis therapy
is worthy of attention, and the further research is needed.
Based on these backgrounds, the aim of this study was to
investigate the function of miR-27a-3p in pre-osteoblast
differentiation. In addition, the role ERK1/2 signal trans-
duction in miR-27a-3p-mediated osteogenesis would be
investigated. We hoped this research would provide new
ideas for exploring the new therapeutic strategy against
osteoporosis.

Methods

Cell culture and differentiation

The pre-osteoblast MC3T3-E1 was obtained from the
cell bank of the Chinese Academy of Sciences (Shang-
hai, China). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS; Gibco, CA, USA). Osteoblastic differentia-
tion of MC3T3-E1 cells was induced by adding a mixture
of 10% FBS, L-ascorbic acid (10 mM), dexamethasone
(1078 mol/L) and B-glycerophosphate (10 mM) (Takara
Bio, Shiga, Japan) every 2 days. Meanwhile, honokiol was
obtained from MedChemExpress (MCE; 10 nM, Shang-
hai, China). In addition, it was dissolved in 10 mL DMSO
and diluted with purified water (1:100).

Mineralization analysis

The degree of osteogenic differentiation of MC3T3-E1
cells (ODM) was evaluated by cell matrix mineralization
after staining with Alizarin Red S (Sigma-Aldrich, MA,
USA). After treatment with MK430, cells were washed
twice with PBS and fixed with ice-cold 70% ethanol for
30 min at room temperature. After washing with PBS
for three times, cells were stained with Alizarin Red S
for 30 min at room temperature. Finally, the microscope
(Olympus Corporation, Japan) was used to observe
the calcium deposit at 30x magnification, and ten ran-
dom fields were selected using Image-Pro Plus software
(Media Cybernetics) to quantify matrix mineralization.

ALP enzyme assay

According to the product manual, ALP kit (Excellbio,
Shanghai, China) was used to investigate the level of ALP
in MC3T3-E1 cells. 100 pL of serially diluted standard
samples and MC3T3-E1 serially diluted lysed samples
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were added to microplates, respectively. After 2 h of
incubation at 37 °C, cells were stained with 100 pL ALP
antibody at 37 °C for 1 h. Then, cells were incubated with
100 pL secondary antibody at 37 °C for 30 min. Finally,
the specific binding optical density of each well was
determined at 450 nm using a microplate reader (Bio-
Rad, Hercules, CA, USA) after inoculated with 100 pL
substrate in the dark for 15 min.

Quantitative real-time PCR

According to the manufacturer’s instructions, total
RNA was extracted from cells using rapid extraction
kit (BioTeke, Beijing, China) according to the manufac-
turer’s instruction. 2 pg RNA was reversed transcribed
into cDNA by TagMan Micro-RNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster, CA). Real-time
quantitative PCR was performed using SYBR Green I
Master Mix (Solarbio, Beijing, China) on and Exicycler
96 quantitative PCR analyzer (Bioneer, Daejeon, South
Korea). The reaction procedure was as follows: 95 °C, 3
min, 95 °C, 30 s, 58 °C, 30 s for 40 cycles. The expression
of miR-27a-3p and CRY2 was calculated normalized to
U6 and GAPDH with 2-AAC method. The primers used
were as follows: miR-27a-3p, 5-GCGCATTCACAG
TGGCTAAG-3' (forward) and 5-GTCGTATCCAGT
GCAGGGTCCGAGGTATTCGCACTGGATACGACG
CGGAA-3' (reverse); CRY2, 5'-GGGACTCTGTCTATT
GGCATCTG-3' (forward) and 5-GTCACTCTAGCC
CGCTTGGT-3' (reverse); U6, 5-CTCGCTTCGGCA
GCACA-3' (forward) and 5-AACGCTTCACGAATT
TGCGT-3' (reverse); GAPDH, 5-AGCCCAAGATGC
CCTTCAGT-3' (forward) and 5-CCGTGTTCCTAC
CCCCAATG — 3/ (reverse).

Cell transfection

Oligonucleotides (negative controls, miR-27a-3p inhibi-
tor, miR-27a-3p mimics and CRY2 overexpression plas-
mids) were purchased from GenePharma (Shanghai,
China). Furthermore, for CRY2 knockdown, the short
hairpin RNA (shRNA) specific for CRY2 (sh-CRY2)
or negative control shRNA (sh-NC) was obtain from
GenePharma (Shanghai, China). MC3T3-E1 cells were
transfected with miR-NC, miR-27a-3p mimics, miR-
27a-3p inhibitor, pcDNA-CRY2 vector, sh-CRY2 and
sh-NC using Lipofectamine 2000 (Invitrogen, Thermo
Fisher Scientific) according to the manufacturer’s
instructions. Finally, all transfected cells were collected
for experiments.

Western blotting

Cells were harvested and lysed in RIPA lysis buffer
(Biyuntian Biotech Co., Ltd., Beijing, China). Then, the
BCA analysis kit (Bio-Rad) was used to quantify the
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protein concentration. The proteins (25 ug per lane) were
separated by 10% SDS-PAGE and then transferred onto
polyvinylidene fluoride membrane (PVDF) (EMD Mil-
lipore, Billerica, MA, USA). The PVDF membrane was
blocked in 5% skimmed milk powder in Tris buffered
saline-Tween 20 for 2 h. Then, membranes were incu-
bated with anti-osteocalcin (OCN) (1: 1000, Abcam, MA,
USA), anti-osteopontin (OPN) (1: 1,000, Abcam, MA,
USA), anti-RUNX2 (1: 1000, Abcam, MA, USA), anti-
ERK1/2 (1: 1000, Abcam, MA, USA), anti-p-ERK1/2 (1:
1000, Abcam, MA, USA), anti-CRY2 (1: 1,000, Abcam,
MA, USA), anti-Bax (1: 1,000, Abcam, MA, USA), anti-
cleaved caspase3 (1: 500, Abcam, MA, USA), anti-Bcl2 (1:
2000, Abcam, MA, USA), anti-BMAL1 (1: 1000, Abcam,
MA, USA), anti-AKT (1: 1000, Abcam, MA, USA), anti-
p-AKT (1: 1000, Abcam, MA, USA), LC3B(1: 2000,
Abcam, MA, USA) or anti-GAPDH (1: 2000, Abcam,
MA, USA) overnight. Then, membranes were incubated
with a secondary antibody conjugated with HRP (anti-
rabbit IgG, 1: 5000, Cell Signaling Technology, Inc., MA,
USA) for 1 h at room temperature. A Super Signal West
Pico chemiluminescence detector (Thermo Fisher Sci-
entific, Inc.) and Image Tool version 3.0 grayscale scan-
ning software (Microsoft Corporation, Redmond, WA,
USA) were used to observe and quantify protein bands in
enhanced mode.

Luciferase reporter assay

The partial sequence of the 3’-untranslated region
(UTR) of CRY2 containing the putative binding sites of
miR-27a-3p were synthetized and obtained from San-
gon Biotech Co., Ltd. Subsequently, the sequences were
cloned into the pmirGLO Dual-Luciferase miRNA Tar-
get Expression Vector (Promega Corporation) to con-
struct wild-type or mutant (WT/MUT) reporter vectors
for CRY2. Cells (2 x 10%) were seeded in 96-well plates
and co-transfected with 100 ng PmirGLO-CRY2-WT
or PmirGLO-CRY2-MUT and miR-27a-3p mimics with
Lipofectamine 2000 reagent (Invitrogen). Luciferase
activity was measured after 48 h of transfection.

Cell apoptosis analysis

Cells were plated in 6-well plates (5 x 10* per well). Cells
were centrifuged at 956 xg for 5 min and the residue was
resuspended with 100 pL binding buffer. Subsequently, 5
pL Annexin V-FITC (Becton, Dickinson and Company,
USA) and 5 pL propidium iodide (Becton, Dickinson
and Company, USA) were added to the cells for 15 min
at 4 °C. Apoptotic cells were analyzed by flow cytometry
using a flow cytometer (Becton, Dickinson and Company,
USA).
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Statistical analysis

Statistical analysis was performed using the SPSS 17.0
statistical software package (SPSS, Chicago, Illinois,
USA). The data was expressed as the mean =+ standard
deviation (SD). One-way ANOVA (multiple groups) or
Student’s t-test (two groups) was used to analyze differ-
ences between groups. All data represent the average of
at least three independent experiments in triplicate, and
P <0.05 was considered to have significant difference.
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Results

MiR-27a-3p and CRY2 are differentially expressed

during osteoblast differentiation

First, the expression of miR-27a-3p and CRY2 was
investigated. The data revealed that osteogenic induc-
tion medium (OIM) increased the number of calcified
nodules and ALP activity in cells in a time-dependent
manner (Fig. la, b). In addition, OIM significantly
increased the protein levels of OCN, OPN, and Runx2
(Fig. 1c). Interestingly, the expression of miR-27a-3p
was markedly increased by OIM in a time-dependent
manner (Fig. 1d), while the expression of CRY2 was
decreased (Fig. le, f). Meanwhile, the phosphorylation
level of ERK1/2 signaling pathway in MC3T3-E1 cells
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was activated by OIM in a time-dependent manner Knockdown of miR-27a-3p or overexpression of CRY2

(Fig. 1f). All these results indicated that miR-27a-3p inhibits osteoblast differentiation

and p-ERK1/2 expression was upregulated in ODM- To investigate the functions of miR-27a-3p and CRY2

treated MC3T3-E1 cells, while CRY2 was inactivated. in osteoblast differentiation, MC3T3-E1 cells were
transfected with CRY2 overexpression vector or miR-
27a-3p inhibitor. The results showed that the miR-
27a-3p expression was decreased in MC3T3-E1 cells
when transfected with miR-27a-3p inhibitor (Fig. 2a).
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Increased expression of CRY2 mRNA and protein was
observed in cells when transfected with pcDNA-CRY2
(Fig. 2b). In addition, the data of Alizarin red staining
indicated that overexpression of CRY2 or miR-27a-3p
inhibitor could reduce the osteoblastic mineralized
nodules (Fig. 2¢). Similarly, the ALP activity in MC3T3-
E1 cells was notably decreased in the presence of miR-
27a-3p downregulation or pcDNA-CRY2 (Fig. 2d). In
summary, the expression of CRY2 interfered with the
osteogenic differentiation of cells. In contrast, miR-
27a-3p could enhance the osteogenic differentiation
in MC3T3-E1 cells. In addition, the expressions of
osteoblast differentiation-related proteins (OCN, OPN
and Runx2) and p-ERK1/2 in MC3T3-E1 cells were
notably decreased by CRY2 overexpression or miR-
27a-3p inhibitor (Fig. 2e). Taken together, these results
revealed that miR-27a-3p inhibitor or CRY2 overex-
pression could inhibit the osteoblast differentiation in
MC3T3-EL1 cells through inactivation of ERK1/2 signal-
ing pathway.

MiR-27a-3p activates ERK1/2 signaling by targeting CRY2
In Fig. 3a, ¢, the data of RT-qPCR showed that the level
of miR-27a-3p in MC3T3-E1 cells was significantly
increased when transfected with miR-27a-3p mimics,
while the mRNA level of CRY2 was decreased (Fig. 3a,
c). And the data of western blotting also showed a
decrease in CRY2 expression (Fig. 3c). In addition,
sh-CRY2 could notably reduce CRY2 expression in
MC3T3-E1 cells (Fig. 3b). Meanwhile, bioinformat-
ics software starbase (http://starbase.sysu.edu.cn/)
predicted that CRY2 might be a direct target of miR-
27a-3p (Fig. 3d), and the luciferase activity in WT-
CRY2 was significantly inhibited when transfected
with miR-27a-3p mimics, while miR-27a-3p had very
limited effect on MUT-CRY2 (Fig. 3d). Additionally,
overexpression of miR-27a-3p activated ERK1/2 sign-
aling, while miR-27a-3p inhibitor exhibited the oppo-
site effect. Meanwhile, miR-27a-3p inhibitor-induced
inactivation of ERK1/2 signaling was reversed by CRY2
knockdown (Fig. 3e). Moreover, the expressions of
BMALL, p-Akt and p-ERK in MC3T3-E1 cells were sig-
nificantly upregulated by knockdown of CRY2 (Fig. 3f).
All these results suggested that miR-27a-3p could acti-
vate ERK1/2 pathway through binding with CRY2.
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MiR-27a-3p promotes osteoblast differentiation

by downregulation of CRY2

Then, the mechanism by which miR-27a-3p regu-
lated osteoblast differentiation was examined. The data
revealed that miR-27a-3p inhibitor notably impeded the
formation of cellular calcified nodules and ALP activity
in osteoblasts,, while this phenomenon was rescued by
knockdown of CRY2 or honokiol (ERK1/2 signal activa-
tor) (Fig. 4a, b). Meanwhile, the data of western blotting
showed that miR-27a-3p inhibitor significantly reduced
the levels of osteogenic proteins (Fig. 4c). Similarly, the
effect of miR-27a-3p inhibitor was also offset by knock-
down CRY2 or honokiol. Overall, miR-27a-3p promoted
osteogenic differentiation in MC3T3-E1 cells through
mediation of CRY2/ERK1/2 signaling pathway.

miR-27a-3p inhibits cell apoptosis and induces autophagy
via targeting CRY2

In order to test the cell apoptosis, flow cytometry was
performed. As revealed in Fig. 5a, knockdown of CRY2
or honokiol treatment significantly reversed miR-27a-3p
inhibitor induced cell apoptosis. Meanwhile, knockdown
of CRY?2 inhibited the pro-apoptotic effect of miR-27a-3p
inhibitor via mediation of Bax, Bcl-2 and cleaved cas-
pase3 (Fig. 5b). In addition, knockdown of miR-27a-3p
notably downregulated the ratio of LC3-1I/LC3-1, how-
ever, CRY2 shRNA or honokiol treatment reversed this
phenomenon (Fig. 5c). Altogether, CRY2 knockdown or
honokiol reversed the effect of miR-27a-3p inhibitor on
cell apoptosis and autophagy.

Discussion

Nowadays, the major treatment for osteoporosis was to
slow the absorption of bones or induce the formation
of bones (Rachner et al. 2011). Osteoblasts were neces-
sary for bone development and formation, and acceler-
ating osteoblast differentiation was a promising method
to promote bone formation (Wang and Cai 2020). In
this study, we firstly explored the function by which
miR-27a-3p promoted the osteogenic differentiation. As
expected, CRY2 was identified to be the target of miR-
27a-3p, and miR-27a-3p regulated CRY2/ERK1/2 signal-
ing to induce osteoblast differentiation. In addition, our
study firstly explored the relation among miR-27a-3p,
CRY2 and ERK1/2, suggesting that miR-27a-3p/CRY2/

(See figure on next page.)

Fig. 3 CRY2 was a direct target of miR-27a-3p. a RT-qPCR examined the expression of miR-27a-3p. b, ¢ RT-gPCR and western blotting detected
CRY2 expression. d Dual luciferase report analysis the interaction of miR-27a-3p and CRY2. e Western blotting analyzed ERK1/2 level. f MC3T3-E1
cells were transfected with CRY2 shRNA. The protein expressions of Akt, p-Akt, ERK, p-ERK and BMAL2 in MC3T3-E1 cells were detected by western

blotting. *P <0.05, **P <0.01, ***P <0.001
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ERK1/2 could play an important role in progression of
osteoporosis.

Dysregulation of miRNAs are closely involved in many
diseases, including the imbalance between adipogenic
differentiation and osteogenic differentiation, thus lead-
ing to the occurrence of osteoporosis (Ha 2011; Nugent
2016). Among them, highly expressed miR-27a might be
closely correlated with the development of osteoporosis
(Gu et al. 2016; Guo et al. 2014). Previous reports indi-
cated that miR-27a downregulation could induce adi-
pogenic differentiation, while miR-27a suppressed fat
formation and aggrandized osteogenesis by regulating

PPARy and GREM1 (Gu et al. 2016). In this study, miR-
27a-3p expression was upregulated in OIM-induced
MC3T3-E1 cells. MiR-27a-3p knockdown impeded the
osteogenic differentiation and inhibited the phospho-
rylation of ERK1/2. Our study was consistent with the
previous research about the role of ERK in osteogenic
differentiation (Kim et al. 2019; Sun et al. 2018). In addi-
tion, this study further revealed that miR-27a-3p was
involved in osteogenic differentiation and ERK pathway
activation. Meanwhile, previous data showed that miR-
27a-3p knockdown could inhibit the phosphorylation of
ERK1/2 (Su et al. 2019; Zhou et al. 2016). Thus, our study
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further confirmed that miR-27a-3p could act as a pro-
moter of ERK.

Starbase prediction showed that miR-27a-3p targeted
binding sites existed on CRY2. CRY2 is a blocker protein
that negatively regulates target gene transcription and
participates in regulating various physiological processes
in the body (Lee et al. 2010). In addition, disruption of
the circadian rhythm might cause specific bone forma-
tion mechanisms to be blocked, implying that CRY2, as

one of the main molecules of circadian rhythm, might
participate in the bone formation (Vriend and Reiter
2016; Zhou et al. 2018). In particular, the CRY2 partici-
pates in the synthesis and catabolism of bones, while its
mechanism is still unclear (Maronde et al. 2010). Initially,
CRY?2 expression in MC3T3-E1 cells was markedly weak-
ened during osteogenic differentiation. However, overex-
pression of CRY2 inhibited the ODM in vitro, indicating
that CRY2 negatively regulated osteogenic differentiation
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activities. Meanwhile, our findings indicated that CRY2
knockdown could reverse the effect of miR-27a-3p
inhibitor on osteogenic differentiation. Tsuchiya Y et al.
found that CRY2 knockdown could lead to the loss of
p-ERK (Tsuchiya et al. 2013). Our study was consistent
to this previous research. On the other hand, a previous
reference indicated that CRY2 knockdown increased
the phosphorylation of ERK 1/2 in cancer cells (Yu et al.
2018). In addition, knockdown of SPRY4 promoted
osteogenic differentiation by enhancing MAPK medi-
ated ERK phosphorylation (Park et al. 2019). Our cur-
rent study found that ERK pathway activation and CRY2
knockdown reversed the regulation of miR-27a-3p inhib-
itor on osteoblasts differentiation, suggesting inhibition
of miR-27a-3p reduced activation of p-ERK was reversed
by CRY2 knockdown. Based on the previous references
and our data, miR-27a-3p could activate ERK signaling
through regulation of CRY2.

It had confirmed that autophagy played an impor-
tant role in osteoblast differentiation (Li et al. 2019).
Despite their distinct mechanisms and functions, apop-
tosis and autophagy were closely associated. Importantly,
autophagy was necessary for the onset of apoptosis,
which usually triggers the occurrence of apoptosis (Wang
et al. 2019). A study showed that miR-27a-3p inhibi-
tor suppressed the apoptosis of osteoblasts via induc-
ing autophagy. ERK was known to be a mediator in cell
proliferation through inducing the cell autophagy (Cag-
nol and Chambard 2010; Zhang et al. 2019). Consistent
with this view, our data revealed that miR-27a-3p could
mediate CRY2/ERK1/2 in osteoblasts and downregula-
tion of miR-27a-3p induced apoptosis in osteoblasts via
mediation of CRY2/ERK1/2. Dong Y et al. found that
miR-27a-3p could regulate the autophagy in LPS-treated
HUVEC:s through targeting SLIT2 (Dong et al. 2020; Xie
et al. 2020). LC3 was considered to play regulatory roles
in autophagy (Wang et al. 2020). In present study, (Zheng
et al. 2020; Zhou et al. 2020) we found that CRY2 knock-
down or honokil reversed the effect of miR-27a-3p inhib-
itor on osteogenic differentiation via regulating apoptosis
and autophagy. Furthermore, co-transfection of (Wang
et al. 2020) miR-27a-3p inhibitor and CRY2 shRNA or
honokil induced cell autophagy via mediation of LC3.

Of course, there are some limitations in this study as
follows: (1) more target mRNAs of miR-27a-3p need to
be explored; (2) the association between miR-27a-3p
and CRY2/ERK needs to be further confirmed in vivo.
Thereby, more investigations are needed in future. In
conclusion, we manifested that miR-27a-3p enhanced
OPN, OCN and RUNX2 gene expression by regulating
the CRY2/ERK1/2 axis in MC3T3-E1 cells to promote
osteogenic differentiation. These findings in this study
indicated that miR-27a-3p was the regulatory factor of
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ODM and a potential therapeutic target to promote oste-
oblast differentiation against osteoporosis.

Acknowledgements
Thank the Doctoral research initiation fund of Dali University (No. FY202001)
for financially support our work.

Authors’ contributions

LRR: conception, design of the work, drafted the work; RBY: experimental stud-
ies, data analysis; SYW: data analysis, experimental studies; XDG: the creation
of new software used in the work, experimental studies; JTX: data acquisition,
experimental studies; KSY: conception, design of the work, revised the work,
supervision; All authors read and approved the final manuscript.

Funding
This work was supported by the Doctoral research initiation fund of Dali
University (No. FY202001).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not Applicable. This article does not contain any studies with human partici-
pants or animals performed by any of the authors.

Consent for publication
All authors agree to publish.

Competing interests
The authors declare that they have no conflict of interest.

Received: 9 November 2020 Accepted: 14 April 2021
Published online: 26 April 2021

References

Bai GL, Wang P, Huang X, Wang ZY, Cao D, Liu C, et al. Rapamycin protects
skin fibroblasts from UVA-induced photoaging by inhibition of p53 and
phosphorylated HSP27. Front Cell Dev Biol. 2021;9:633331. https://doi.
0rg/10.3389/fcell.2021.633331.

Boot A, Oosting J, de Miranda NF, Zhang Y, Corver WE, van de Water B, et al.
Imprinted survival genes preclude loss of heterozygosity of chromosome
7 in cancer cells. J Pathol. 2016,240(1):72-83. https://doi.org/10.1002/
path.4756.

Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation.
Nature. 2003;423(6937):337-42. https://doi.org/10.1038/nature01658.

Cagnol S, Chambard JC. ERK and cell death: mechanisms of ERK-induced cell
death-apoptosis, autophagy and senescence. FEBS J. 2010,277(1):2-21.
https://doi.org/10.1111/j.1742-4658.2009.07366.X.

Dai W, Wang M, Wang P, Wen J, Wang J, Cha S, et al. IncRNA NEATT ameliorates
LPSinduced inflammation in MG63 cells by activating autophagy and
suppressing the NLRP3 inflammasome. Int J Mol Med. 2021;47(2).607-20.
https://doi.org/10.3892/ijmm.2020.4827.

Dong Y, Fan G, LiY, Zhou Q. TUGT represses apoptosis, autophagy, and inflam-
matory response by regulating miR-27a-3p/SLIT2 in lipopolysaccharide-
treated vascular endothelial cells. J Surg Res. 2020;256:345-54. https://
doi.0rg/10.1016/},5.2020.05.102.

Fu YC, Zhao SR, Zhu BH, Guo SS, Wang XX. MiRNA-27a-3p promotes osteo-
genic differentiation of human mesenchymal stem cells through target-
ing ATF3. Eur Rev Med Pharmacol Sci. 2019;23(3 Suppl):73-80. https://doi.
0rg/10.26355/eurrev_201908_18632.

Ge DW, Wang WW, Chen HT, Yang L, Cao XJ. Functions of microRNAs in osteo-
porosis. Eur Rev Med Pharmacol Sci. 2017;21(21):4784-9.

Gu C, XuY, Zhang S, Guan H, Song S, Wang X, et al. miR-27a attenuates
adipogenesis and promotes osteogenesis in steroid-induced rat BMSCs


https://doi.org/10.3389/fcell.2021.633331
https://doi.org/10.3389/fcell.2021.633331
https://doi.org/10.1002/path.4756
https://doi.org/10.1002/path.4756
https://doi.org/10.1038/nature01658
https://doi.org/10.1111/j.1742-4658.2009.07366.x
https://doi.org/10.3892/ijmm.2020.4827
https://doi.org/10.1016/j.jss.2020.05.102
https://doi.org/10.1016/j.jss.2020.05.102
https://doi.org/10.26355/eurrev_201908_18632
https://doi.org/10.26355/eurrev_201908_18632

Ren et al. Mol Med (2021) 27:43

by targeting PPARgamma and GREM1. Sci Rep. 2016;6:38491. https://doi.
0rg/10.1038/srep38491.

Guo D, LiQ, LvQ Wei Q, Cao S, Gu J. MiR-27a targets sFRP1 in hFOB cells
to regulate proliferation, apoptosis and differentiation. PLoS One.
2014;9(3):€91354. https://doi.org/10.1371/journal.pone.0091354.

Ha TY. MicroRNAs in human diseases: from cancer to cardiovascular disease.
Immune Netw. 2011;11(3):135-54. https://doi.org/10.4110/in.2011.11.3.
135.

Hirsch C. In postmenopausal women with osteoporosis, romosozumab fol-
lowed by alendronate reduced fractures vs alendronate alone. Ann Intern
Med. 2018;168(2):JC3. https://doi.org/10.7326/ACPJC-2018-168-2-003.

Johnson GL, Lapadat R. Mitogen-activated protein kinase pathways mediated
by ERK, JNK, and p38 protein kinases. Science. 2002;298(5600):1911-2.
https://doi.org/10.1126/science.1072682.

Katri A, Dabrowska A, Lofvall H, Ding M, Karsdal MA, Andreassen KV, et al.
Combining naproxen and a dual amylin and calcitonin receptor agonist
improves pain and structural outcomes in the collagen-induced arthritis
rat model. Arthritis Res Ther. 2019;21(1):68. https://doi.org/10.1186/
$13075-019-1819-9.

Kim JM, Yang YS, Park KH, Oh H, Greenblatt MB, Shim JH. The ERK MAPK path-
way is essential for skeletal development and homeostasis. Int J Mol Sci.
(2019). https://doi.org/10.3390/ijms20081803.

Kushibiki T, Awazu K. Controlling osteogenesis and adipogenesis of mesenchy-
mal stromal cells by regulating a circadian clock protein with laser irradia-
tion. Int J Med Sci. 2008;5(6):319-26. https://doi.org/10.7150/ijms.5.319.

LeeY, Lee J, Kwon |, Nakajima Y, Ohmiya Y, Son GH, et al. Coactivation of the
CLOCK-BMALT complex by CBP mediates resetting of the circadian clock.
J Cell Sci. 2010;123(Pt 20):3547-57. https://doi.org/10.1242/jcs.070300.

LiW, Zhang S, Liu J, Liu Y, Liang Q. Vitamin K2 stimulates MC3T3E1 osteoblast
differentiation and mineralization through autophagy induction. Mol
Med Rep. 2019;19(5):3676-84. https://doi.org/10.3892/mmr.2019.10040.

Ling Z, Fang ZG, Wu JY, Liu JJ. The depletion of Circ-PRKDC enhances
autophagy and apoptosis in T-cell acute lymphoblastic leukemia via
microRNA-653-5p/Reelin mediation of the PI3K/AKT/mTOR signaling
pathway. Kaohsiung J Med Sci. 2021. https://doi.org/10.1002/kjm2.12352.

Liu L, Wang D, Qin 'Y, Xu M, Zhou L, Xu W, et al. Astragalin promotes osteoblas-
tic differentiation in MC3T3-E1 cells and bone formation in vivo. Front
Endocrinol (Lausanne). 2019;10:228. https://doi.org/10.3389/fendo.2019.
00228.

Maronde E, Schilling AF, Seitz S, Schinke T, Schmutz |, van der Horst G, et al. The
clock genes Period 2 and Cryptochrome 2 differentially balance bone
formation. PLoS One. 2010;5(7):¢11527. https://doi.org/10.1371/journal.
pone.0011527.

Nugent M. MicroRNAs: exploring new horizons in osteoarthritis. Osteoarthritis
Cartilage. 2016;24(4):573-80. https://doi.org/10.1016/jjoca.2015.10.018.

Park S, Arai Y, Kim BJ, Bello A, Ashraf S, Park H, et al. Suppression of SPRY4 pro-
motes osteogenic differentiation and bone formation of mesenchymal
stem cell. Tissue Eng Part A. 2019,25(23-24):1646-57. https://doi.org/10.
1089/ten.TEA.2019.0056.

Partch CL, Green CB, Takahashi JS. Molecular architecture of the mammalian
circadian clock. Trends Cell Biol. 2014;24(2):90-9. https://doi.org/10.
1016/j.tcb.2013.07.002.

Rachner TD, Khosla S, Hofbauer LC. Osteoporosis: now and the future. Lancet.
2011;377(9773):1276-87. https://doi.org/10.1016/S0140-6736(10)62349-5.

Su C, Huang DP, Liu JW, Liu WY, Cao YO. miR-27a-3p regulates proliferation and
apoptosis of colon cancer cells by potentially targeting BTG1. Oncol Lett.
2019;18(3):2825-34. https://doi.org/10.3892/01.2019.10629.

Sun X, Xie Z, MaY, Pan X, Wang J, Chen Z, Shi P. TGF-beta inhibits osteogenesis
by upregulating the expression of ubiquitin ligase SMURF1 via MAPK-ERK
signaling. J Cell Physiol. 2018;233(1):596-606. https://doi.org/10.1002/jcp.
25920.

Tang Z, XuT, LiY, Fei W, Yang G, Hong Y. Inhibition of CRY2 by STAT3/miRNA-
7-5p promotes osteoblast differentiation through upregulation of
CLOCK/BMAL1/P300 expression. Mol Ther Nucleic Acids. 2020;19:865-76.
https://doi.org/10.1016/j.omtn.2019.12.020.

Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000;289(5484):1504—
8. https://doi.org/10.1126/science.289.5484.1504.

Page 11 of 11

Tsuchiya Y, Minami |, Kadotani H, Todo T, Nishida E. Circadian clock-controlled
diurnal oscillation of Ras/ERK signaling in mouse liver. Proc Jpn Acad Ser
B Phys Biol Sci. 2013;89(1):59-65. https://doi.org/10.2183/pjab.89.59.

Vriend J, Reiter RJ. Melatonin, bone regulation and the ubiquitin-proteasome
connection: a review. Life Sci. 2016;145:152-60. https://doi.org/10.1016/j.
Ifs.2015.12.031.

Wang LJ, Cai HQ. Let-7b downgrades CCND1 to repress osteogenic prolifera-
tion and differentiation of MC3T3-E1 cells: an implication in osteoporosis.
Kaohsiung J Med Sci. 2020. https://doi.org/10.1002/kjm2.12236.

Wang 'Y, Wang WL, Xie WL, Li LZ, Sun J, Sun WJ, Gong HY. Puerarin stimulates
proliferation and differentiation and protects against cell death in human
osteoblastic MG-63 cells via ER-dependent MEK/ERK and PI3K/Akt
activation. Phytomedicine. 2013;20(10):787-96. https://doi.org/10.1016/].
phymed.2013.03.005.

Wang L, Heckmann BL, Yang X, Long H. Osteoblast autophagy in glucocorti-
coid-induced osteoporosis. J Cell Physiol. 2019;234(4):3207-15. https://
doi.org/10.1002/jcp.27335.

Wang N, Muhetaer G, Zhang X, Yang B, Wang C, Zhang Y, et al. Sanguisorba
officinalis L. suppresses triple-negative breast cancer metastasis by inhib-
iting late-phase autophagy via Hif-1alpha/Caveolin-1 signaling. Front
Pharmacol. 2020;11:591400. https://doi.org/10.3389/fphar.2020.591400.

Xie J, Li L, Deng S, Chen J, Gu Q, Su H, et al. Slit2/Robo1 mitigates DSS-induced
ulcerative colitis by activating autophagy in intestinal Stem Cell. Int J Biol
Sci. 2020;16(11):1876-87. https://doi.org/10.7150/ijbs.42331.

Yeh PS, Wang W, Chang YA, Lin CJ, Wang JJ, Chen RM. Honokiol induces
autophagy of neuroblastoma cells through activating the PI3K/Akt/mTOR
and endoplasmic reticular stress/ERK1/2 signaling pathways and sup-
pressing cell migration. Cancer Lett. 2016;370(1):66-77. https://doi.org/
10.1016/j.canlet.2015.08.030.

YuY,LiY, Zhou L, Yang G, Wang M, Hong Y. Cryptochrome 2 (CRY2) suppresses
proliferation and migration and regulates clock gene network in osteo-
sarcoma cells. Med Sci Monit. 2018;24:3856-62. https://doi.org/10.12659/
MSM.908596.

YuQ,Yang S, Li Z, Zhu, Li Z, Zhang J, et al. The relationship between
endoplasmic reticulum stress and autophagy in apoptosis of BEAS-
2B cells induced by cigarette smoke condensate. Toxicol Res (Camb).
2021;10(1):18-28. https://doi.org/10.1093/toxres/tfaa095.

Zhang P, Holowatyj AN, Roy T, Pronovost SM, Marchetti M, Liu H, et al. An
SH3PX1-dependent endocytosis-autophagy network restrains intestinal
stem cell proliferation by counteracting EGFR-ERK signaling. Dev Cell.
2019;49(4):574-89 e575. https://doi.org/10.1016/j.devcel.2019.03.029.

Zhang X, Wang Y, Zhao H, Han X, Zhao T, Qu P, et al. Extracellular vesicle-
encapsulated miR-22-3p from bone marrow mesenchymal stem cell
promotes osteogenic differentiation via FTO inhibition. Stem Cell Res
Ther. 2020;11(1):227. https://doi.org/10.1186/513287-020-01707-6.

Zheng H, Feng H, Zhang W, Han Y, Zhao W. Targeting autophagy by natural
product Ursolic acid for prevention and treatment of osteoporosis.
Toxicol Appl Pharmacol. 2020;,409:115271. https://doi.org/10.1016/j.taap.
2020.115271.

Zhou L, Liang X, Zhang L, Yang L, Nagao N, Wu H, et al. MiR-27a-3p func-
tions as an oncogene in gastric cancer by targeting BTG2. Oncotarget.
2016;7(32):51943-54. https://doi.org/10.18632/oncotarget.10460.

Zhou L, Zhang T, Sun S, Yu Y, Wang M. Cryptochrome 1 promotes osteogenic
differentiation of human osteoblastic cells via Wnt/beta-Catenin signal-
ing. Life Sci. 2018;212:129-37. https://doi.org/10.1016/].1fs.2018.09.053.

Zhou K, Xu'Y, Wang Q, Dong L. Overexpression of miR-431 attenuates hypoxia/
reoxygenation-induced myocardial damage via autophagy-related 3.
Acta Biochim Biophys Sin (Shanghai). 2020. https://doi.org/10.1093/abbs/
gmaals4.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1038/srep38491
https://doi.org/10.1038/srep38491
https://doi.org/10.1371/journal.pone.0091354
https://doi.org/10.4110/in.2011.11.3.135
https://doi.org/10.4110/in.2011.11.3.135
https://doi.org/10.7326/ACPJC-2018-168-2-003
https://doi.org/10.1126/science.1072682
https://doi.org/10.1186/s13075-019-1819-9
https://doi.org/10.1186/s13075-019-1819-9
https://doi.org/10.3390/ijms20081803
https://doi.org/10.7150/ijms.5.319
https://doi.org/10.1242/jcs.070300
https://doi.org/10.3892/mmr.2019.10040
https://doi.org/10.1002/kjm2.12352
https://doi.org/10.3389/fendo.2019.00228
https://doi.org/10.3389/fendo.2019.00228
https://doi.org/10.1371/journal.pone.0011527
https://doi.org/10.1371/journal.pone.0011527
https://doi.org/10.1016/j.joca.2015.10.018
https://doi.org/10.1089/ten.TEA.2019.0056
https://doi.org/10.1089/ten.TEA.2019.0056
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1016/S0140-6736(10)62349-5
https://doi.org/10.3892/ol.2019.10629
https://doi.org/10.1002/jcp.25920
https://doi.org/10.1002/jcp.25920
https://doi.org/10.1016/j.omtn.2019.12.020
https://doi.org/10.1126/science.289.5484.1504
https://doi.org/10.2183/pjab.89.59
https://doi.org/10.1016/j.lfs.2015.12.031
https://doi.org/10.1016/j.lfs.2015.12.031
https://doi.org/10.1002/kjm2.12236
https://doi.org/10.1016/j.phymed.2013.03.005
https://doi.org/10.1016/j.phymed.2013.03.005
https://doi.org/10.1002/jcp.27335
https://doi.org/10.1002/jcp.27335
https://doi.org/10.3389/fphar.2020.591400
https://doi.org/10.7150/ijbs.42331
https://doi.org/10.1016/j.canlet.2015.08.030
https://doi.org/10.1016/j.canlet.2015.08.030
https://doi.org/10.12659/MSM.908596
https://doi.org/10.12659/MSM.908596
https://doi.org/10.1093/toxres/tfaa095
https://doi.org/10.1016/j.devcel.2019.03.029
https://doi.org/10.1186/s13287-020-01707-6
https://doi.org/10.1016/j.taap.2020.115271
https://doi.org/10.1016/j.taap.2020.115271
https://doi.org/10.18632/oncotarget.10460
https://doi.org/10.1016/j.lfs.2018.09.053
https://doi.org/10.1093/abbs/gmaa154
https://doi.org/10.1093/abbs/gmaa154

	MiR-27a-3p promotes the osteogenic differentiation by activating CRY2ERK12 axis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture and differentiation
	Mineralization analysis
	ALP enzyme assay
	Quantitative real‐time PCR
	Cell transfection
	Western blotting
	Luciferase reporter assay
	Cell apoptosis analysis
	Statistical analysis

	Results
	MiR-27a-3p and CRY2 are differentially expressed during osteoblast differentiation
	Knockdown of miR-27a-3p or overexpression of CRY2 inhibits osteoblast differentiation
	MiR-27a-3p activates ERK12 signaling by targeting CRY2
	MiR-27a-3p promotes osteoblast differentiation by downregulation of CRY2
	miR-27a-3p inhibits cell apoptosis and induces autophagy via targeting CRY2

	Discussion
	Acknowledgements
	References


