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Accumulating evidence indicates that cryptochrome circadian
regulatory (CRY) proteins have emerged as crucial regulators
of osteogenic differentiation. However, the associated mecha-
nisms are quite elusive. In this study, we show that knockdown
of CRY2 downregulated the expression of runt-related tran-
scription factor 2 (Runx2), alkaline phosphatase (ALP), osteo-
calcin (OCN), and osteopontin (OPN) to facilitate osteoblast
differentiation. Further study identified that CRY2 was directly
targeted by microRNA (miR)-7-5p, which was highly induced
during osteoblast differentiation. The expression of Runx2,
ALP, collagen type I alpha 1 (Collal), and OCN was upregu-
lated by overexpression of miR-7-5p and induction of osteo-
blast differentiation. Moreover, signal transducer and activator
of transcription 3 (STAT3) transcriptionally activated miR-7-
5p to significantly enhance the expression of above osteogenic
marker genes and mineral formation. However, overexpression
of CRY2 abolished the osteogenic differentiation induced by
miR-7-5p overexpression. Silencing of CRY2 unraveled the
binding of CRY2 with the circadian locomotor output cycles
kaput (CLOCK)/brain and muscle ARNT-like 1 (BMAL1) com-
plex to release CLOCK/BMALL, which facilitated the binding
of CLOCK/BMALL to the promoter region of the P300 E-box
to stimulate the transcription of P300. P300 subsequently pro-
moted the acetylation of histone 3 and the formation of a tran-
scriptional complex with Runx2 to enhance osteogenesis.
Taken together, our study revealed that CRY2 is repressed by
STAT3/miR-7-5p to promote osteogenic differentiation
through CLOCK/BMAL1/P300 signaling. The involved mole-
cules may be potentially targeted for treatment of osteoporosis.

INTRODUCTION

Osteoblast differentiation and bone remodeling are regulated by a
concerted communication between osteoblasts and osteoclasts.””
Osteoblast differentiation requires numerous transcription factors
to regulate both the formation and maintenance of bone.” Osteoblasts
differentiated from mesenchymal stem cells (MSCs) account for 5%
of bone cells and are responsible for the synthesis of type I collagen
and the deposition of the mineralized nodule to facilitate the forma-
tion of bone.”

CRY2, the cryptochrome circadian regulator 2, is a core compo-
nent of the circadian clock necessary for the generation and
maintenance of circadian rhythms.” CRY2 acts as a transcrip-
tional repressor to negatively regulate the gene transcription and
is associated with diverse physiological processes.” More and
more reports suggest that the circadian rhythm may regulate
specific osteogenic differentiation. For instance, animals with
Cry2~'~ displayed a significant increase of the bone volume at
the age of 12 weeks.” Furthermore, the expression of peroxisome
proliferator-activated receptor 3 (PPARJ) genes was elevated in
myotubes and muscles of the Cry2~'~ animal,® which facili-
tates osteogenic differentiation through the sirtuin 1-dependent
signaling pathway.” However, the specific mechanism associated
with CRY2 is unknown.

MicroRNAs (miRNAs) are short, noncoding RNAs that disturb the
translation of specific target mRNAs to regulate various biological pro-
cesses.'’ An increasing number of miRNAs, such as miR-219a-5p, miR-
23a, miR-451a, and miR-25, have been identified to promote osteoblast
differentiation through targeting the negative regulators of osteogene-
sis.>'"'* In contrast, some other specific miRNAs promote the differ-
entiation of osteoclasts by targeting critical osteogenic factors.'> For
example, miR-221 proved to inhibit osteoblast differentiation by target-
ing the runt-related transcription factor 2.'° Furthermore, miRNA-
376¢-3p was identified to regulate the osteogenesis by targeting Twist-
related protein 1 (TWIST-1) in bone marrow-derived MSCs
(BMSCs)."” Similarly, miR-208a-3p targets Activin A receptor type I
(ACVRI) to suppress osteoblast differentiation and bone formation.'®
Numerous studies have demonstrated that miRNAs are indispensable
for the progression of osteoblast or osteoclast differentiation.
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In this study, we identified that the expression of CRY2 was directly
inhibited by signal transducer and activator of transcription 3
(STAT3)-transactivated miR-7-5p overexpression, which upregu-
lated the expression of circadian locomotor output cycles kaput
(CLOCK)/brain and muscle ARNT-like 1 (BMALI1) and the tran-
scription of P300 to stimulate osteogenesis through the enhanced
histone 3 acetylation and the formation of a transcriptional complex
with runt-related transcription factor 2 (Runx2). Successful identifi-
cation of miR-7-5p might provide an alternative therapeutic strategy
against CRY2 to maintain the bone anabolism in the context of age-
related bone disease, such as osteoporosis.

RESULTS

Knockdown of CRY2 Enhances Osteogenic Differentiation

To identify the role of CRY2, a transcriptional repressor and a core
component of the circadian clock that may play a crucial role in oste-
ogenic differentiation, we first silenced the endogenous expression of
CRY2 in C3H10 and C2C12 cell lines by using a couple of short
hairpins RNAs (shRNAs). The protein expression level of CRY2
was efficiently decreased by CRY2 shRNA compared with control
shRNA (Figure 1A). Moreover, we used gqRT-PCR to test the expres-
sion levels of osteogenic differentiation markers after the silencing of
CRY?2. The results showed that the expression of various bone-spe-
cific markers, including the runt-related transcription factor 2
(Runx2), alkaline phosphatase (ALP), the collagen type I alpha 1
(Collal), osteocalcin (OCN), and osteopontin (OPN), was upregu-
lated after knockdown of CRY?2 expression (Figure 1B). Furthermore,
we examined the effect of CRY2 on osteogenic differentiation and
mineralization. Cells expressing ShRNA control and CRY2 shRNA
were cultured in the osteogenic induction medium. After 21 days of
osteogenic induction, mineralized nodules were stained red by Aliz-
arin red staining, as shown in Figures 1C and 1D. Knockdown of
CRY2 impaired the formation of mineralized nodules tested by Aliz-
arin red staining. Similarly, ALP staining and ALP activity were
significantly increased in CRY2 shRNA-treated cells compared with
control cells (Figures 1C and 1E). These results suggest that CRY2
suppresses osteogenic differentiation.

CRY2Is a Direct Target of miR-7-5p

To investigate the molecular mechanism of the CRY2-associated oste-
ogenic differentiation, we used TargetScan, miRWalk, microrna.org,
and miRDB to predict the possible miRNAs that might target the
3’ UTR of CRY2 mRNA. Among the candidate miRNAs, we selected
11 miRNAs (Figure 2A), but we found that the expression of CRY2
was only decreased after miR-7-5p overexpression at the mRNA level
(Figure 2B). Meanwhile, the protein level of CRY2 was downregulated
in two cell lines (Figure 2C). Through the bioinformatic analysis, the
wild-type (WT) and mutant 3’ UTR of CRY2 were cloned into the
dual-luciferase reporter assay vector (Figure 2D). The luciferase re-
porter vector and pRL-TK vector (Renilla) reference vector were co-
transfected along with miR-7-5p into HEK293T cells, and the lucif-
erase activity was measured to determine the effects of miR-7-5p
on luciferase expression. Overexpression of miR-7-5p significantly
suppressed the luciferase activity in wild-type but not mutant CRY2
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3’ UTR-transfected cells, whether exogenous or endogenous (Figures
2E and 2F). Furthermore, we found that overexpression of miR-7-5p
could remarkably abolish the expression of CRY2 (Figure 2G). After
CRY2 overexpression, the expression of osteocalcin was decreased.
However, overexpression of miR-7-5p reversed the inhibition of
osteogenic differentiation induced by CRY2 overexpression (Fig-
ure 2H). All data indicate that CRY2 may act as a downstream target
of miR-7-5p.

miR-7-5p Promotes Osteoblastic Differentiation

To detect the expression of miR-7-5p during osteoblastic differentia-
tion, MSCs were treated with osteogenic induction medium. The
expression levels of the osteogenic markers, including Collal and
OCN, were monitored on days 0, 7, and 14 upon the induction. We
detected the expression of miR-7-5p by qRT-PCR during osteogenic
differentiation and found that miR-7-5p expression was upregulated
at the different time points of induction (Figure 3A). In addition,
the relative mRNAs of Collal and OCN were also upregulated
(Figure 3B).

Based on above results, miR-7-5p was overexpressed by the lenti-
virus-mediated infection in mouse myoblast (C2C12) and mouse
MSCs (C3H10). The results showed that the expression of miR-7-
5p was remarkably increased (Figure 3C). Accordingly, overexpres-
sion of miR-7-5p could promote the expression of osteogenic gene
markers, such as ALP, Runx2, Collal, and OCN (Figures 3D and
3E). The osteogenic differentiation of these cell lines was assayed by
Alizarin red staining and ALP activity staining. We found that
miR-7-5p overexpression promoted the formation of mineralized
nodules and increased the ALP activity (Figures 3F-3H). These re-
sults suggest that miR-7-5p may participate in the process of osteo-
genic differentiation.

miR-7-5p Is Transactivated by STAT3

To identify further the transcriptional regulation of miR-7-5p during
osteoblastic differentiation, we analyzed the sequence containing
3,000 nt located at the miR-7-5p promoter region by bioinformatics
with online prediction databases (PROMO, Jaspar, UCSC Genome
Browser, and hTFtarget). Three binding sites, including —342 bp to
—358 bp (5-CATTACAGGAACACAG-3'), —853 bp to —862 bp
(5-TACCAGGAA-3'), and —1,044 bp to —1,056 bp (5-
GGGTGGCTCCGG-3'), were identified to bind to STAT3. To test
the effect of STAT3 on miR-7-5p expression, C3HI10 cells were
treated with the STAT3-specific inhibitor Stattic using different con-
centrations. western blot results showed that the expression level of
phosphorylated (p)-STAT3 (Y705) was significantly suppressed,
and CRY2, the target of miR-7-5p, was upregulated (Figure 4A) after
treatment with Stattic. The miR-7-5p expression level was signifi-
cantly decreased as well (Figure 4B). Next, we designed oligos from
—452 bp to —192 bp, from —901 bp to —741 bp, and from
—1,161 bp to —913 bp (Figures 4C and 4D) to test their binding ac-
tivity to STAT3. By chromatin immunoprecipitation (ChIP) assay, we
revealed that p-STAT3 (Y705) could directly bind to the promoter re-
gion of miR-7-5p to activate the transcriptional ability (Figure 4E). All
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Figure 1. Knockdown of CRY2 Enhances Osteogenic Differentiation

(A) Western blot analysis of CRY2 expression in shRNA stably transfected cells. (B) gRT-PCR was performed to determine the expression levels of OCN, ALP, Col1al,
and Runx2 in shRNA stably transfected cells and control cells. (C) Alizarin red staining and ALP staining in CRY2 shRNA stably transfected cells compared with control
cells. (D) Alizarin red-S staining was quantified by densitometry at 562 nm. (E) Relative ALP activity was measured during osteoblastic differentiation of C3H10 and C2C12
cells. B-actin is a protein-loading control. All assays were repeated at least three times. The data are the mean + SD (n = 3). n.s., not significant, *p < 0.05, **p < 0.01,

5 < 0.001.

of these results confirmed that STAT3 could positively activate the
miR-7-5p expression.

Knockdown of CRY2 Enhances Osteogenic Differentiation to
Promote CLOCK/BMAL1/P300 Expression

To investigate further the molecular mechanism of osteogenic differ-
entiation regulated by CRY2, we focused on the Cry repressor
complex and CLOCK/BMAL1 complex in response to osteogenic
stimulation in CRY2 overexpression and silencing cells. As shown

in Figure 5A, the expression of CRY2 was significantly reduced in
shRNA-expressing cells and increased in ¢DNA-transfected cells
compared with control cells, whereas CLOCK and BMALLI expression
levels were increased in CRY2 shRNA-transduced cells and reduced
in CRY2-overexpression cells compared with controls (Figure 5A).
Thus, we hypothesized that the CLOCK/BMALI complex may
mainly participate in the CRY2-mediated osteogenic differentiation.
Therefore, we performed coimmunoprecipitation experiments and
revealed that CRY2 could bind to the CLOCK/BMALLI complex in
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Figure 2. CRY2 Is a Direct Target of miR-7-5p

(A) A diagram showing candidate miRNAs analyzed by bicinformatics. (B) The mRNA levels of CRY2 detected by gRT-PCR in miR-7-5p overexpression cells. (C) Western blot
analyses of CRY2 protein expression in miR-7-5p overexpression cells compared with empty vector. (D) The putative binding sites of miR-7-5p to the 3’ UTR of CRY2
predicted by bioinformatic prediction tools, and the mutation site in the 3’ UTR of CRY2 was shown. (E and F) The effect of miR-7-5p on luciferase activity induced by the
pGL3-CRY2-wt and pGL3-CRY2-mut reporter plasmids in HEK293T (E) and C3H10 (F) cells determined by luciferase reporter assays. (G) CRY2 expression in cells with miR-
7-5p only or miR-7-5p plus CRY2 cDNA tested by western blot. (H) Quantification of OCN in cells transfected with miR-7-5p only or miR-7-5p plus CRY2 cDNA by qRT-PCR.
B-actin is a protein-loading control. All assays were repeated at least three times. The data are the mean + SD (n = 3). n.s., not significant. “p < 0.05, **p < 0.01, **p < 0.001.

MSCs (Figure 5B). Previous reports have validated that bone
morphogenetic protein 2 (BMP-2) regulates osteoblast differentiation
through increasing Runx2 acetylation by P300."” To investigate
further the molecular mechanism of the CLOCK/BMALI complex
in osteogenic differentiation induced by CRY2, we tested the expres-
sion of P300 and acetyl-histone H3 (Lys 14) in CRY2 silencing and
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overexpression cells. The results showed that the expression of
P300 and acetyl-histone H3 (Lys 14) was upregulated after CRY2
silencing. On the contrary, when CRY2 was overexpressed, the
expression of P300 and acetyl-histone H3 (Lys 14) was remarkably
suppressed (Figure 5A). Given that the dimer of CLOCK/BMALIL
could regulate the expression of P300, we ectopically expressed
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Figure 3. miR-7-5p Promotes Osteogenic Differentiation
(A) Quantitative real-time PCR analysis of miR-7-5p expression during osteogenic differentiation. U6 was used as an internal control. (B) Quantitative real-time PCR analysis of
Col1a1 and osteocalcin expression. 18S RNA was used as an internal control. (C) Relative miR-7-5p expression in miR-7-5p overexpression cells tested by gRT-PCR. (D) The
expression levels of OCN, ALP, Col1a1, and Runx2 detected by gRT-PCR. (E) The expression of Runx2 in miR-7-5p overexpression cells detected by western blot. (F) Alizarin
red staining and ALP staining in miR-7-5p overexpression cells compared with control cells. (G) Alizarin red-S staining was quantified by densitometry at 562 nm. (H) Relative
ALP activity was measured during osteoblastic differentiation of C3H10 and C2C12 cells. B-actin is a protein-loading control. All assays were repeated at least three times.
The data are the mean + SD (n = 3). n.s., not significant, *p < 0.05, **p < 0.01, **p < 0.001.

*

Buuiels 4v  Buiuiels s-yv

21d

Relative miR-7-5p expression

Alizarin red (Fold induction)

Relative ALP activity

[&]

— N w &~
1 h 1 1

o

- N w
= ® =

o
T

>

@B miR-NC
o miR-7-5p

C3H10 C2C12

C3H10 C2C12

C3H10

@B miR-Nc g
e miR-7-5p

0d 7d 14d 21d

C2C12
@8 miR-Nc =

| @0 miR-7-5p

0d 7d 14d 21d

Molecular Therapy: Nucleic Acids Vol. 19 March 2020 869


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

A B Cc
Stattic 0 3 6 9 12 (M) S 20,
X . & ’""" 2 | =m OuM m® 6uM @B 12uM
p-STAT3(Y705) e = g i 5l 3uM 9uM Primer 3 Primer 1
STAT3 m 5 -1161bp ~ -913bp -452bp ~ -192bp
Q.
= ﬁ 1.4 - — e T |
1 208 232 332 34 g 0.5] - " Primer 2
Runx2 A D S e - % -901bp ~ -741bp
A t 1 089 066 049 0.38 E 00_
clif) “ Concentrations (uM)
D E
8-
15 = & 19G
: ko . p-STAT3
P 1.0 Fragment 1 E‘:‘i
“o5 T (‘I:J gg 4 -
Fragment 2 ® o
0.0= L GXCIL XA g 5 L G o
1234567891011 E
Fragment 3 =
Primer 1 Primer 2

Figure 4. miR-7-5p Is Regulated by STAT3

(A) Western blot analysis of p-STAT3 (Y705), CRY2, and Runx2 expression in C3H10 cells after treatment with different concentrations of the STATS inhibitor Stattic. (B) gRT-
PCR was performed to detect the expression levels of miR-7-5p after treatment with a different concentration of Stattic in C3H10 cells. (C) The promoter region of miR-7-5p
containing the putative STAT binding sites. (D) Transcription start site (TSS) binding motives for STAT3 obtained from JASPAR. (E) Binding sites of STAT3 to the miR-7-5p
promoter tested by chromatin immunoprecipitation (ChiP). IgG, negative control; Input, starting sonicated DNA; Pol I, RNA polymerase Il positive control. B-actin is a protein-
loading control. All assays were repeated at least three times. The data are the mean + SD (n = 3). n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

CLOCK after overexpression of CRY2, indicating that expression of
P300 and Runx2 was markedly increased (Figure 5C) and that over-
expression of P300 in CRY2 silencing cells could further increase the
Runx2 expression (Figure 5D). To assess further whether the
CLOCK/BMALI complex could directly participate in the transcrip-
tional regulation of P300, we used bioinformatics and found that the
sequence from —1,838 bp to —1,850 bp (5-TGATCCGCCCTC-3')
and from —2,134 bp to —2,146 bp (5'-CCGCCCGCCTTG-3'),
located at the promoter region of P300, might bind to CLOCK (Fig-
ures 5E and 5F). Therefore, we performed ChIP assay and found that
CLOCK directly bound to the promoter region of P300 to promote
the transcription of P300 (Figure 5G). These results unraveled a
mechanism that knockdown of CRY2 promotes osteogenic differen-
tiation through the CLOCK/BMAL1-mediated upregulation of P300,
which induces histone H3 acetylation and promotes transcriptional
activity of Runx2.

Detection of CRY2, miR-7-5p, STAT3, and P300 in Human MSCs

To validate the above findings, human MSCs isolated from bone
marrow of 2 osteoporosis and 2 healthy human subjects were detected
for the expression levels of mi-7-5p, CRY2, p-STAT3, and P300.
Following 2 passages, immunofluorescent staining was performed
to detect the expression of MSC marker CD44, whereas the hemato-
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poietic cell marker CD34 was tested as a negative control, and mouse
MSCs were used as a positive control (Figure 6A). Further tests
showed that the expression of miR-7-5p was lower in osteoporotic pa-
tients than in bone healthy subjects (Figure 6B). The expression of
CRY?2 was much higher in osteoporotic patients than in bone healthy
subjects, but P300 and p-STAT3 were lower in osteoporotic MSCs
than in healthy MSCs (Figures 6C and 6D). All of these results suggest
that the relationship among CRY2, miR-7-5p, p-STAT3, and P300
likely exists in human MSCs, which may indicate a potential clinical
application for a treatment strategy of osteoporosis.

DISCUSSION

In the present study, we have identified an uncharacterized signal
pathway in which CRY2 is suppressed by miR-7-5p to promote
bone formation. We show that CRY2 negatively regulates the expres-
sion of Runx2, ALP, OCN, and OPN to repress osteoblast differenti-
ation. However, CRY2 can be directly targeted by miR-7-5p, which is
transactivated by STAT3 to induce osteoblast differentiation. Rein-
troduction of CRY2 abolishes the osteogenic differentiation induced
by miR-7-5p overexpression. CRY2 is able to bind to the CLOCK/
BMALI complex to suppress the function of CLOCK/BMALL,
whereas interruption of CRY2 activates the function of CLOCK/
BMALL and the transcription of P300 to promote the acetylation of
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S & & & & c?‘ F ¥ & ¥ I ) . )
& & & @ & v\gﬁ & ‘gﬁ positive control. B-actin and GAPDH are a protein-loading
S © 9 S (;é} _(V% .(V;" Q\@ _\Wfa ﬁf’ control. All assays were repeated at least three times. The
Rt _ < & & o & & data are the mean + SD (n = 3). n.s., not significant, *
1057 134 1058 (12 - A 9 »P<
CLOCK | ) F20d ﬁ m 0.05, *p < 0.01, **p < 0.001.
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s |—.—-—| [ ——] (Lys 14) }..d I—-—.| differentiation. A study reported that the mice
e — | = His'*tgne}—————{ |—-—i lacking CRY2 displayed significantly higher
stone | |

I CaH10 coc12 C3H10 C2c12 bone volume,” and another study revealed that
the mice lacking cryl and cry2 had an increase
E F of bone-formation parameters (mineral apposi-
15 Primer 2 Primer 1 tion rate and bone-formation rate).” Thus, we

10 -2235bp ~-2067bp  -1998bp ~ -1808bp . . . .
2 P300 mainly investigated the correlation between
- AA I = == miRNA and CRY2 mRNA during osteoblast
O e i s differentiation. Bioinformatic analysis showed

123456780910 CLOCK Binding sites :

that miR-7-5p might directly target the 3’ UTR
G 6.0 of CRY2 (Figure 2A), which was confirmed by
. o\,od; N g - 'ngOK the luciferase reporter assay (Figures 2E and 2F).
Fragment 1 - “Z.’ :: - - A previous study reported that miR-7-5p may
520 directly target the 3’ UTR of nuclear factor
Fragment 2 _ E 00 (NF)-kB p65 to regulate negatively its expres-
) Primert Primer2 sion.”’ Because, the NF-kB pathway positively

histone 3 and the expression Runx2, which eventually enhances
osteogenesis.

Our previous study has shown that the SNP rs2292910 of Cry2 is asso-
ciated with osteoporosis in a Chinese geriatric cohort,”’ because the
SNP rs2292910 is located at the 3’ UTR region of CRY2, which
may affect bone formation as a flanking sequence to be targeted by
miR-7-5p. However, a similar SNP site was not found or predicted
in the 3’ UTR region of mouse CRY2 mRNA. Thus, whether the
SNP 152292910, which we previously reported, is associated with
the targeted regulation of CRY2 by miR-7-5p may still need more
investigation. Hence, we focused on the role of CRY2 in osteogenic

regulates the binding of receptor activator of

NF-kB ligand (RANKL) to RANK to suppress
osteoblast differentiation,”> miR-7-5p may play a decisive role in
the maintenance of bone metabolism balance. Beyond that, numerous
studies have demonstrated that miR-7-5p may play vital roles in the
generation or development of various tumors. miR-7-5p interacts
with urothelial carcinoma associated 1 (UCAL) to suppress the
degradation of epidermal growth factor receptor (EGFR) through
binding to the EGFR 3’ UTR.** miR-7-5p functions as a tumor sup-
pressor to inhibit cancer cell growth, invasion, and metastasis in
breast cancer,”*>° glioma,27 bronchial epithelial cells,”®
crine neoplasm,29 liver cancer,’” and intestinal epithelial cells.’® How-
ever, miR-7-5p also promotes tumorigenesis in colorectal cancer
cells.”* Our study reported a novel function of miR-7-5p that is to

neuroendo-
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Figure 6. Detection of CRY2, miR-7-5p, STAT3, and P300 in Human MSCs

(A) CD34 and CD44 were detected in human bone marrow-derived MSCs by immunofluorescence staining, and C3H10 was used as positive control. (B) Quantitative real-
time PCR analysis of miR-7-5p expression in osteoporotic and healthy MSCs. U6 was used as an internal control. (C) Western blot analysis of STAT3, P300, and CRY2
expression in osteoporotic and normal MSCs. (D) Expression of p-STAT3, CRY2, and P300 in osteoporotic and healthy MSCs was analyzed by immunofluorescent staining.
GAPDH is a protein-loading control. All assays were repeated at least three times. The data are the mean + SD (n = 3). n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

872

Molecular Therapy: Nucleic Acids Vol. 19 March 2020



www.moleculartherapy.org

LD Osteogenic
(\\S’]:AT';’ T T Differentiation

RUATA AT

/ =
< 27
< e S PRI

<
y

=
(=1
MiR-7-5p A ud™ T k% —
AW W

Figure 7. A Schematic Model Showing That miR-7-5p, Transactivated by
STAT3, Promotes Osteoblast Differentiation through the CRY2-Mediated
Suppression of CLOCK/BMAL1/P300 Expression and Histone 3 Acetylation

regulate positively the osteogenesis through the downregulation of
CRY2. Moreover, overexpression of miR-7-5p resulted in an increase
of mineral nodules and the upregulation of osteoblast marker genes,
such as ALP, Runx2, OCN, and type I collagen (Figure 3). To validate
the effects of CRY2 downregulation on osteogenesis induced by miR-
7-5p overexpression, we silenced the CRY2 expression. We found that
silencing of CRY2 led to the increase of osteogenic differentiation and
the formation of mineral nodules, as indicated by the high expression
of osteogenic gene markers (Figure 1).

In addition, studies have shown that CRY2 functions as a core
component of the circadian clock to regulate gene expression nega-
tively.”! At the molecular level, circadian clocks are regulated by
the transcription-translation feedback loop. Besides of the circadian
element, CLOCK, BMALL, period (per1 and per2), and cryptochrome
(cryl and cry2) also participated in circadian clocks.”*>* CRY2 reg-
ulates the circadian cycle through the repression of the CLOCK/
BMALI-mediated transcription of E-box genes. Previous studies
have revealed that circadian clock genes could regulate fibroblast-
like synoviocytes and chondrocyte development.”> Moreover, CRY
suppresses BMALI1-Ser90 phosphorylation through binding to
CK28 to regulate negatively the mammalian circadian clock.”® The
circadian transcriptional factors promote the calvarial bone forma-
tion.”” BMP-2 or extracellular signal-regulated kinase (Erk) signaling
stimulates the acetylation of H3 histone by P300 to promote osteo-
blast differentiation and bone formation.'”**>* Hence, we tested
the relationship between CLOCK/BMALI and P300 during osteo-
blast differentiation and bone formation. Our results suggest that
CLOCK functions as a transcription factor to induce the transcription
of P300. We also found that the expression of CRY2 was upregulated
in MSCs derived from osteoporotic patients, but the expression of
miR-7-5p, p-STAT3, and P300 was decreased in these cells (Figure 6).

Taken together, our data demonstrate that CRY2 is suppressed by
miR-7-5p during osteogenesis. The phosphorylation of STAT3

directly regulates miR-7-5p expression, and miR-7-5p induces osteo-
genic differentiation through repression of CRY2, which inhibits the
expression of the CLOCK/BMALI1 complex. Furthermore, CLOCK/
BMALI1 mediates the transcription of P300 through binding to the
promoter region of the P300 E-box to promote the formation of a
transcriptional complex with Runx2, which enhances the acetylation
of H3 histone for the progression of osteogenic differentiation (Fig-
ure 7). Therefore, a distinct signaling, including STAT3/miR-7-5p/
CRY2, has been revealed during osteoblast differentiation, which
may provide a potential therapeutic strategy against disorders associ-
ated with osteoporosis.

MATERIALS AND METHODS

Cell Culture and Differentiation

Cell lines were purchased from ATCC (Manassas, VA, USA),
including C3H10, C2C12, and 293T cells, and cultured in DMEM,
supplemented with 10% fetal bovine serum (FBS). Osteoblast
differentiation was induced with osteogenic medium containing
50 pg/mL ascorbic acid, 10 mM B-glycerophosphate, and 1 mM dexa-
methasone (osteogenic culture conditions), and fresh medium was
replaced every 2 days.* Cells were incubated in a humidified atmo-
sphere at 37°C with 5% CO.,.

Plasmid Construction

miRNA and anti-miRNA precursor clones of miR-7-5p and anti-
miR-7-5p in lentiviral vectors and the lentiviral plasmids containing
CLOCK and P300 cDNAs were purchased from LncBio (Shanghai).
The lentivirus system for sShRNA expression includes three plasmids
(pLKO.1-puro, psPAX2, and pMD2.G). The lentiviral vector pPCDH-
CMV-MCS-EF1-puro was obtained from Addgene System Biosci-
ences (SBI). To knock down CYR2 expression, two shRNAs (CRY2
shRNA-1, 5-GCTGAATTCGCGTCTGTTTGT-3' and shRNA-2,
5-GGATGAATGCCAATTCCTTAC-3') targeting the mouse CRY2
mRNA sequence were inserted into the lentiviral vector pLKO.1-
puro, according to the previously reported methods.” A full-length
coding DNA sequence of mouse CRY2 was amplified using the for-
ward primer 5-GCTCTAGAATGGCGGCGGCTGCTGTGGTGGC
AG-3" and the reverse primer with hemagglutinin (HA) tag: 5'-CA
AGGAAAAAAGCGGCCGCTCAAGCGTAATCTGGAACATCGT
ATGGGTAGGAGTCCTTGCTTGCTGGCTCT-3". The PCR prod-
uct was cloned into the lentiviral vector pCDH-CMV-MCS-EF1-
puro.

Western Blot

Cells were lysed using the radioimmunoprecipitation assay (RIPA)
lysis buffer (Beyotime, China) containing the protease inhibitor cock-
tail (Sigma). The protein concentration was determined using the bi-
cinchoninic acid (BCA) Protein Assay Kit (Beyotime). Equal amounts
of proteins were separated by 10% SDS-PAGE and transferred to
the polyvinylidene fluoride (PVDF) membranes. After blocking,
membrane-bound proteins were then incubated overnight at 4°C
with primary antibodies. After washing and incubating with second-
ary antibodies, protein levels were detected using the enhanced chem-
iluminescence reagents (Millipore). The primary antibody to CRY2
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was from Proteintech (USA) (dilution 1:1,000). The antibodies to
Runx2, p-STAT3 (Y705), total-STAT3, BMALI, histone H3, and
acetyl-histone H3 (Lys14) were from Cell Signaling Technology
(USA) (dilution 1:1,000). The antibodies to p-STAT3 (S727) and
P300 were from Santa Cruz (USA) (dilution 1:500). The antibodies
to OPN and CLOCK were from Abcam (UK) (diluted 1:1,000).
The antibody against beta-actin was from Sigma-Aldrich (USA)
(1:10,000). All experiments were repeated three times. All blots
were exposed for visualization between 5 s and 2 min. The intensity
of protein bands was quantified by Image] software (http://imagej.
nih.gov/ij/download.html) to calculate the ratios of IntDen (pro-
teins)/IntDen (B-actin or glyceraldehyde 3-phosphate dehydrogenase
[GAPDH]) to ensure that the detection of protein bands was
linearized.

RNA Isolation and Real-Time PCR Analysis

Total RNA was extracted from cultured cells using the TRIzol reagent
(Invitrogen), according to the manufacturer’s instruction. Real-time
PCR was performed on the Applied Biosystems 7500 Real-Time
PCR Systems (Applied Biosystems). To detect the miRNA levels, total
RNA was reversely transcribed into cDNA using TransScript miRNA
for the First-Strand ¢cDNA Synthesis SuperMix kit (TransGen
Biotech, China), and real-time-PCR analysis was performed using
FastStart Universal SYBR Green Master (Rox) (Roche). U6 was
used as an internal control for the miRNA assay, and the reactions
were run in triplicates. Relative mRNA or miRNA expression levels
were calculated using the 272" method to determine the fold
change in expression between the experimental and control groups.

Luciferase Reporter Assay

The target gene was predicted by scanning the database. The wild-
type 3’ UTR sequence of CRY2 mRNA containing the putative bind-
ing site for miR-7-5p was amplified by PCR and cloned into the
downstream of the firefly luciferase pGL3 reporter plasmid (Promega,
USA). In addition, the mutant 3’ UTR of CRY2 was constructed using
the Mut Express MultiS Fast Mutagenesis Kit (Vazyme, China). The
mutation primers used were as follows: forward 5-ACTAAAGCAAG
GCGTACTTCCACCCTGTGGCCTGCACTT-3' and reverse: 5'-GG
TGGAAGTACGCCTTGCTTTAGTTGGCCACCGTCGTCC-3' and
forward: 5'-ACTAAAGCAACGGGAAGTTCCACCCTGTGGCCT
GCACTT-3' and reverse: 5'-GGTGGAACTTCCCGTTGCTTTAG
TTGGCCACCGTCGTCC-3'. To perform the luciferase assay,
HEK293T or C3H10 cells were seeded into 24-well plates with 50%
density and cotransfected with WT or mutant plasmid pGL3, pRL-
TK Renilla, and miR-7-5p plasmid (or NC) using Lipofectamine
2000. After 48 h, luciferase activity was analyzed using the Dual-Lucif-
erase Reporter System (Promega, USA), according to the manufac-
turer’s instructions. Firefly luciferase activity was normalized with
Renilla luciferase activity.

ChIP

ChIP was performed using the EZ-ChIP kit (Millipore), according to
the manufacturer’s instructions. An anti-mouse p-STAT3 antibody
(CST), anti-immunoglobulin G (IgG) control antibodies (1 pg) and
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positive control anti-RNA Polymerase II antibody (1 pg) were used
for the immunoprecipitation. Immunoselected genomic DNA was
then used in standard PCR and real-time PCR, as previously
described."” The primers used for amplification of the miR-7-5p
gene promoter were as follows: fragment 1, forward 5'-AAGGTGGT
CAGCGGATTA-3' and reverse 5-CCCCAAAAGGTTGAGACA-3;
fragment 2, forward 5'-CCTGGGCAACATAGCAAG-3' and reverse
5'-AGGTCCACCAAGATCACC-3’; fragment 3, forward 5'-ACAAG
TAACTATTCCCAAAG-3' and reverse 5'-AGCTCACTAAAGCC
CATT-3'. The primers used for amplification of the P300 gene pro-
moter were as follows: fragment 1, forward 5'-CACCGTGCCCGGC
TAATT-3 and reverse 5'-GGTGGCTCACGCCTGTAA-3'; fragment
2, forward 5-TATCCCTGAAGGCCAATC-3' and reverse 5-AGG
CTGAGGCAGGAGAAT-3'.

Alizarin Red Staining and Alkaline Phosphatase Staining
Osteogenic induction of cells may generate the formation of mineral-
ized nodules and calcium deposits that could be well determined by
Alizarin red staining, according to the literature,™ so we performed
Alizarin red staining in our study. Specifically, cells were fixed with
4% paraformaldehyde and rinsed three times with one times PBS to
remove paraformaldehyde completely. Then the cells were stained
with 40 mM alizarin red stain solution (pH 4.2) for 1 hat 37°C to label
the calcium deposits. After that, all of the plates were rinsed with
distilled water to wash unconjugated Alizarin red and scanned. The
alkaline phosphatase staining was performed using the Leagene Alka-
line Phosphatase Kit (Leagene; China). Cells were rinsed in PBS and
fixed with 4% paraformaldehyde for 30 min at room temperature,
washed with PBS, and then stained following the manufacturer’s in-
struction. The stained cells in plates were photographed. To quantify
the Alizarin red-S (AR-S) staining, stained cells were dissolved with
10% (w/v) cetylpyridinium chloride, and the extracted solution was
measured by the absorbance at 562 nm.

ALP Activity Assay

After osteogenic induction, cells were detected for the ALP activity by
using a commercial kit (Sigma), according to the manufacturer’s in-
structions. A bicinchoninic acid (BCA) method (Pierce, Rockford,
IL, USA) was performed to detect the protein concentration.
Following standard protocols, the relative ALP activity was then
normalized to total protein concentration. To quantify the ALP stain-
ing, stained cells were dissolved with 10% (w/v) cetylpyridinium chlo-
ride, and the extracted solution was measured by the absorbance at
562 nm.

Isolation of Human Mesenchymal Stem Cells from Bone
Marrow of Osteoporosis Patients

Ethical approval for the use of patient samples in this study was
granted by the Medical Ethics Committee of the Fifth People’s Hos-
pital of Shanghai City (2014EC (040)). Mesenchymal stem cells
were isolated from bone marrow of osteoporotic patients and normal
patients (Fifth People’s Hospital of Shanghai Fudan University). Cells
were flushed with DMEM and resuspended in DMEM, supplemented
with 20% heat-inactivated FBS and 1% penicillin/streptomycin after
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800 rpm centrifugation. These cells were cultured for about 14 days
with media changes every 2-3 days and used to detect the expression
of relative protein by western blot and immunofluorescence.

Immunofluorescence Staining

Cells were seed in 24-well plates containing cover slides and incu-
bated overnight. The cover slides were washed with PBS and fixed
with 4% formaldehyde for 15 min after washing with PBS. Triton
X-100 (0.05%) was treated to permeabilize the cells for 5 min, and
slides were blocked with 5% BSA. After incubation with primary anti-
body, the slides were washed, incubated with a secondary antibody
conjugated with Alexa Fluor 594 and Alexa Fluor 488 (Jackson
ImmunoResearch), washed again with PBS, and stained with DAPL
The mounted slides were viewed with a fluorescence microscope,
and images were captured with a fluorescent microscope camera.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6.0 soft-
ware. Each experiment was performed in triplicate with all the data
expressed as the mean + SD. Statistical differences used Student’s
t test and one-way analysis of variance (ANOVA). Values were
considered statistically significant at p < 0.05.

AUTHOR CONTRIBUTIONS

Conceptualization, G.Y. and Y.H.; Methodology, Z.T.; Investigation,
Z.T., TX, Y.L, and W.F; Writing - Original Draft, Z.T. and G.Y.;
Writing — Review & Editing, Z.T., G.Y., and Y.H.; Funding Acquisi-
tion, Y.H.; Resources, G.Y. and Y.H.; Supervision, G.Y. and Y.H.

CONFLICTS OF INTEREST

The authors declare no competing interests.

ACKNOWLEDGMENTS

This study was supported by the Natural Science Foundation of China
for Yang Hong (81671376); Scientific Research Project of Shanghai
Municipal Health and Family Planning Commission (201740163);
Minhang District Natural Science Foundation (2016 MHZ10); and
Central Laboratory, the Fifth People’s Hospital of Shanghai, Fudan
University.

REFERENCES

1. Zhu, S, Yao, F,, Qiu, H., Zhang, G., Xu, H,, and Xu, J. (2018). Coupling factors and
exosomal packaging microRNAs involved in the regulation of bone remodelling. Biol.
Rev. Camb. Philos. Soc. 93, 469-480.

[

. Xu, C,, Ochi, H., Fukuda, T., Sato, S., Sunamura, S., Takarada, T., Hinoi, E., Okawa,
A., and Takeda, S. (2016). Circadian Clock Regulates Bone Resorption in Mice.
J. Bone Miner. Res. 31, 1344-1355.

w

. Aquino-Martinez, R,, Farr, ].N.,, Weivoda, M.M., Negley, B.A., Onken, J.L., Thicke,
B.S., Fulcer, M.M.,, Fraser, D.G., van Wijnen, A.J., Khosla, S., and Monroe, D.G.
(2019). miR-219a-5p Regulates Rorbeta During Osteoblast Differentiation and in
Age-related Bone Loss. ]. Bone Miner. Res. 34, 135-144.

4. Singh, A, Gill, G, Kaur, H., Amhmed, M., and Jakhu, H. (2018). Role of osteopontin
in bone remodeling and orthodontic tooth movement: a review. Prog. Orthod. 19, 18.

5. Fu, L, Patel, M.S,, Bradley, A., Wagner, E.F,, and Karsenty, G. (2005). The molecular
clock mediates leptin-regulated bone formation. Cell 122, 803-815.

(=)

N

]

o

20.

21.

22.

23.

24.

. Lee, Y., Lee, J., Kwon, L, Nakajima, Y., Ohmiya, Y., Son, G.H., Lee, K.H., and Kim, K.

(2010). Coactivation of the CLOCK-BMALI complex by CBP mediates resetting of
the circadian clock. J. Cell Sci. 123, 3547-3557.

. Maronde, E., Schilling, A.F., Seitz, S., Schinke, T., Schmutz, I., van der Horst, G.,

Amling, M., and Albrecht, U. (2010). The clock genes Period 2 and Cryptochrome
2 differentially balance bone formation. PLoS ONE 5, e11527.

. Jordan, S.D., Kriebs, A., Vaughan, M., Duglan, D., Fan, W., Henriksson, E., Huber,

AL, Papp, S.J., Nguyen, M., Afetian, M., et al. (2017). CRY1/2 Selectively Repress
PPARdelta and Limit Exercise Capacity. Cell Metab. 26, 243-255.246.

. Gong, K., Qu, B,, Wang, C., Zhou, J., Liao, D., Zheng, W., and Pan, X. (2017).

Peroxisome  Proliferator-Activated ~ Receptor o  Facilitates ~ Osteogenic

Differentiation in MC3T3-E1 Cells via the Sirtuin 1-Dependent Signaling Pathway.
Mol. Cells 40, 393-400.

. Sera, S.R, and Zur Nieden, N.I. (2017). microRNA Regulation of Skeletal

Development. Curr. Osteoporos. Rep. 15, 353-366.

. Godfrey, T.C., Wildman, B.J.,, Beloti, M.M., Kemper, A.G., Ferraz, E.P.,, Roy, B,

Rehan, M., Afreen, LH., Kim, E., Lengner, CJ., and Hassan, Q. (2018). The
microRNA-23a cluster regulates the developmental HoxA cluster function during
osteoblast differentiation. J. Biol. Chem. 293, 17646-17660.

. Karvande, A., Kushwaha, P., Ahmad, N., Adhikary, S., Kothari, P., Tripathi, A.K,,

Khedgikar, V., and Trivedi, R. (2018). Glucose dependent miR-451a expression con-
tributes to parathyroid hormone mediated osteoblast differentiation. Bone 117,
98-115.

. Jansz, N, Nesterova, T., Keniry, A., Iminitoff, M., Hickey, P.F., Pintacuda, G., Masui,

0., Kobelke, S., Geoghegan, N., Breslin, K.A., et al. (2018). Smchdl Targeting to the
Inactive X Is Dependent on the Xist-HnrnpK-PRC1 Pathway. Cell Rep. 25, 1912-
1923.e9.

. Sun, Y., Kuek, V., Liu, Y., Tickner, J., Yuan, Y., Chen, L., Zeng, Z., Shao, M., He, W,

and Xu, J. (2018). MiR-214 is an important regulator of the musculoskeletal meta-
bolism and disease. J. Cell. Physiol. 234, 231-245.

. Haider, M.T., and Taipaleenmdki, H. (2018). Targeting the Metastatic Bone

Microenvironment by MicroRNAs. Front. Endocrinol. (Lausanne) 9, 202.

. Zou, T., and Meyerson, M. (2019). Circulating Tumor DNA Provides a Sneak Peek

into Treatment Responses in Non-Small Cell Lung Cancer. Cancer Res. 79, 1038-
1040.

. Camp, E., Pribadi, C.M.P., Anderson, P.J., Zannettino, A.C.W., and Gronthos, S.

(2018). miRNA-376¢-3p mediates TWIST-1 inhibition of BMSC osteogenesis and
can reduce aberrant bone formation of TWIST-1 haploinsufficient calvarial cells.
Stem Cells Dev. 27, 1621-1633.

. Arfat, Y., Basra, M.A.R,, Shahzad, M., Majeed, K., Mahmood, N., and Munir, H.

(2018). miR-208a-3p Suppresses Osteoblast Differentiation and Inhibits Bone
Formation by Targeting ACVR1. Mol. Ther. Nucleic Acids 11, 323-336.

. Jun, J.H., Yoon, W.J,, Seo, S.B., Woo, KM, Kim, G.S., Ryoo, H.M., and Baek, J.H.

(2010). BMP2-activated Erk/MAP kinase stabilizes Runx2 by increasing p300 levels
and histone acetyltransferase activity. J. Biol. Chem. 285, 36410-36419.

Li, Y., Zhou, J., Wu, Y., Lu, T, Yuan, M., Cui, Y., Zhou, Y., Yang, G., and Hong, Y.
(2016). Association of osteoporosis with genetic variants of circadian genes in
Chinese geriatrics. Osteoporos. Int. 27, 1485-1492.

Wen, X,, Chen, X,, Liang, X., Zhao, H., Li, Y., Sun, X,, and Lu, J. (2018). The small
molecule NSM00191 specifically represses the TNF-o/NF-kB axis in foot and ankle
rheumatoid arthritis. Int. J. Biol. Sci. 14, 1732-1744.

Dong, M., Yu, X,, Chen, W., Guo, Z., Sui, L., Xu, Y., Shang, Y., Niu, W., and Kong, Y.
(2018). Osteopontin Promotes Bone Destruction in Periapical Periodontitis by
Activating the NF-kB Pathway. Cell. Physiol. Biochem. 49, 884-898.

Yang, Z., Shi, X, Li, C., Wang, X, Hou, K,, Li, Z,, Zhang, X, Fan, Y., Qu, X, Che, X,,
and Liu, Y. (2018). Long non-coding RNA UCA1 upregulation promotes the migra-
tion of hypoxia-resistant gastric cancer cells through the miR-7-5p/EGFR axis. Exp.
Cell Res. 368, 194-201.

Luo, H,, Liang, H., Chen, Y., Chen, S., Xu, Y., Xu, L., Liu, J., Zhou, K., Peng, J., Guo, G.,
et al. (2018). miR-7-5p overexpression suppresses cell proliferation and promotes
apoptosis through inhibiting the ability of DNA damage repair of PARP-1 and
BRCAL1 in TKE6 cells exposed to hydroquinone. Chem. Biol. Interact. 283, 84-90.

Molecular Therapy: Nucleic Acids Vol. 19 March 2020 875


http://refhub.elsevier.com/S2162-2531(19)30415-9/sref1
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref1
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref1
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref2
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref2
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref2
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref3
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref3
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref3
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref3
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref4
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref4
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref5
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref5
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref6
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref6
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref6
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref7
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref7
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref7
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref8
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref8
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref8
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref9
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref9
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref9
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref9
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref10
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref10
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref11
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref11
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref11
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref11
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref12
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref12
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref12
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref12
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref13
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref13
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref13
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref13
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref14
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref14
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref14
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref15
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref15
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref16
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref16
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref16
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref17
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref17
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref17
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref17
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref18
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref18
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref18
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref19
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref19
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref19
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref20
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref20
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref20
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref21
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref21
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref21
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref22
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref22
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref22
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref23
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref23
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref23
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref23
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref24
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref24
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref24
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref24
http://www.moleculartherapy.org

25.

26.

27.

28.

29.

30.

31.

32.

33.

876

Shi, Y., Luo, X,, Li, P, Tan, J., Wang, X., Xiang, T., and Ren, G. (2015). miR-7-5p sup-
presses cell proliferation and induces apoptosis of breast cancer cells mainly by tar-
geting REGy. Cancer Lett. 358, 27-36.

Gao, D,, Qi, X,, Zhang, X., Fang, K., Guo, Z., and Li, L. (2019). hsa_circRNA_0006528
as a competing endogenous RNA promotes human breast cancer progression by
sponging miR-7-5p and activating the MAPK/ERK signaling pathway. Mol.
Carcinog. 58, 554-564.

Jia, B, Liu, W, Gu, J., Wang, J., Lv, W., Zhang, W., Hao, Q,, Pang, Z., Mu, N., Zhang,
W., and Guo, Q. (2019). MiR-7-5p suppresses stemness and enhances temozolomide
sensitivity of drug-resistant glioblastoma cells by targeting Yin Yang 1. Exp. Cell Res.
375, 73-81.

Song, M., Wang, Y., Shang, Z.F,, Liu, X.D., Xie, D.F., Wang, Q., Guan, H., and Zhou,
P.K. (2016). Bystander autophagy mediated by radiation-induced exosomal miR-7-
5p in non-targeted human bronchial epithelial cells. Sci. Rep. 6, 30165.

Heverhagen, A.E., Legrand, N., Wagner, V., Fendrich, V., Bartsch, D.K,, and Slater,
E.P. (2018). Overexpression of MicroRNA miR-7-5p Is a Potential Biomarker in
Neuroendocrine Neoplasms of the Small Intestine. Neuroendocrinology 106,
312-317.

Kabir, T.D., Ganda, C., Brown, R.M., Beveridge, D.J., Richardson, K.L., Chaturvedi,
V., Candy, P., Epis, M., Wintle, L., Kalinowski, F., et al. (2018). A microRNA-7/
growth arrest specific 6/TYRO3 axis regulates the growth and invasiveness of sorafe-
nib-resistant cells in human hepatocellular carcinoma. Hepatology 67, 216-231.

Hove, J.R., Koster, RW., Forouhar, A.S., Acevedo-Bolton, G., Fraser, S.E., and Gharib,
M. (2003). Intracardiac fluid forces are an essential epigenetic factor for embryonic
cardiogenesis. Nature 421, 172-177.

Farshadi, E., Yan, J., Leclere, P., Goldbeter, A., Chaves, 1., and van der Horst, G.T.J.
(2019). The positive circadian regulators CLOCK and BMALI1 control G2/M cell cy-
cle transition through Cyclin B1. Cell Cycle 18, 16-33.

Kriebs, A., Jordan, S.D., Soto, E., Henriksson, E., Sandate, C.R., Vaughan, M.E., Chan,
A.B., Duglan, D., Papp, S.J., Huber, A.L., et al. (2017). Circadian repressors CRY1 and
CRY?2 broadly interact with nuclear receptors and modulate transcriptional activity.
Proc. Natl. Acad. Sci. USA 114, 8776-8781.

Molecular Therapy: Nucleic Acids Vol. 19 March 2020

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Molecular Therapy: Nucleic Acids

Zhang, E.E,, Liu, Y., Dentin, R., Pongsawakul, P.Y., Liu, A.C., Hirota, T., Nusinow,
D.A., Sun, X,, Landais, S., Kodama, Y., et al. (2010). Cryptochrome mediates circadian
regulation of cAMP signaling and hepatic gluconeogenesis. Nat. Med. 16, 1152-1156.

Hand, L.E.,, Dickson, S.H., Freemont, A.J., Ray, D.W., and Gibbs, J.E. (2019). The
circadian regulator Bmall in joint mesenchymal cells regulates both joint develop-
ment and inflammatory arthritis. Arthritis Res. Ther. 21, 5.

Tamaru, T., Hattori, M., Honda, K., Nakahata, Y., Sassone-Corsi, P., van der Horst,
G.T., Ozawa, T., and Takamatsu, K. (2015). CRY Drives Cyclic CK2-Mediated
BMALI Phosphorylation to Control the Mammalian Circadian Clock. PLoS Biol.
13, €1002293.

Zvonic, S., Ptitsyn, A.A., Kilroy, G., Wu, X,, Conrad, S.A., Scott, LK., Guilak, F.,
Pelled, G., Gazit, D., and Gimble, ].M. (2007). Circadian oscillation of gene expression
in murine calvarial bone. J. Bone Miner. Res. 22, 357-365.

Jeon, EJ., Lee, K.Y., Choi, N.S., Lee, M.H., Kim, H.N,, Jin, Y.H., Ryoo, H.M., Choi,
].Y., Yoshida, M., Nishino, N., et al. (2006). Bone morphogenetic protein-2 stimulates
Runx2 acetylation. J. Biol. Chem. 281, 16502-16511.

Lee, M., and Partridge, N.C. (2010). Parathyroid hormone activation of matrix metal-
loproteinase-13 transcription requires the histone acetyltransferase activity of p300
and PCAF and p300-dependent acetylation of PCAF. J. Biol. Chem. 285, 38014-
38022.

Tang, J., Zhang, Z., Jin, X., and Shi, H. (2018). miR-383 negatively regulates osteo-
blastic differentiation of bone marrow mesenchymal stem cells in rats by targeting
Satb2. Bone 114, 137-143.

Shao, Y., Liu, X,, Meng, J., Zhang, X., Ma, Z., and Yang, G. (2019). MicroRNA-1251-
5p Promotes Carcinogenesis and Autophagy via Targeting the Tumor Suppressor
TBCC in Ovarian Cancer Cells. Mol. Ther. 27, 1653-1664.

Guo, X,, Zhu, Y., Hong, X., Zhang, M., Qiu, X., Wang, Z., Qi, Z., and Hong, X. (2017).
miR-181d and c-myc-mediated inhibition of CRY2 and FBXL3 reprograms meta-
bolism in colorectal cancer. Cell Death Dis. 8, €2958.

Samsa, W.E., Vasanji, A., Midura, RJ.,, and Kondratov, R.V. (2016). Deficiency of

circadian clock protein BMALL in mice results in a low bone mass phenotype.
Bone 84, 194-203.


http://refhub.elsevier.com/S2162-2531(19)30415-9/sref25
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref25
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref25
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref26
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref26
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref26
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref26
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref27
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref27
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref27
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref27
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref28
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref28
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref28
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref29
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref29
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref29
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref29
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref30
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref30
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref30
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref30
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref31
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref31
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref31
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref32
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref32
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref32
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref33
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref33
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref33
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref33
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref34
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref34
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref34
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref35
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref35
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref35
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref36
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref36
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref36
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref36
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref37
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref37
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref37
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref38
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref38
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref38
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref39
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref39
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref39
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref39
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref40
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref40
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref40
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref41
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref41
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref41
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref42
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref42
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref42
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref43
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref43
http://refhub.elsevier.com/S2162-2531(19)30415-9/sref43

	Inhibition of CRY2 by STAT3/miRNA-7-5p Promotes Osteoblast Differentiation through Upregulation of CLOCK/BMAL1/P300 Expression
	Introduction
	Results
	Knockdown of CRY2 Enhances Osteogenic Differentiation
	CRY2 Is a Direct Target of miR-7-5p
	miR-7-5p Promotes Osteoblastic Differentiation
	miR-7-5p Is Transactivated by STAT3
	Knockdown of CRY2 Enhances Osteogenic Differentiation to Promote CLOCK/BMAL1/P300 Expression
	Detection of CRY2, miR-7-5p, STAT3, and P300 in Human MSCs

	Discussion
	Materials and Methods
	Cell Culture and Differentiation
	Plasmid Construction
	Western Blot
	RNA Isolation and Real-Time PCR Analysis
	Luciferase Reporter Assay
	ChIP
	Alizarin Red Staining and Alkaline Phosphatase Staining
	ALP Activity Assay
	Isolation of Human Mesenchymal Stem Cells from Bone Marrow of Osteoporosis Patients
	Immunofluorescence Staining
	Statistical Analysis

	Author Contributions
	Conflicts of Interest
	Acknowledgments
	References


