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Bone marrow-derived mesenchymal stem cells (BMSCs) have
the potential to differentiate into osteoblasts or adipocytes,
and the shift between osteogenic and adipogenic differentia-
tion determines bone mass. The aim of this study was to iden-
tify whether lncRNAs are involved in the differentiation
commitment of BMSCs during osteoporosis. Here, we found
ORLNC1, a functionally undefined lncRNA that is highly
conserved, which exhibited markedly higher expression levels
in BMSCs, bone tissue, and the serum of OVX-induced oste-
oporotic mice than sham-operated counterparts. Notably,
a similar higher abundance of lncRNA-ORLNC1 expression
was also observed in the bone tissue of osteoporotic patients.
The transgenic mice overexpressing lncRNA-ORLNC1
showed a substantial increase in the osteoporosis-associated
bone loss and decline in the osteogenesis of BMSCs. The
BMSCs pretreated with lncRNA-ORLNC1-overexpressing
lentivirus vector exhibited the suppressed capacity of osteo-
genic differentiation and oppositely enhanced adipogenic dif-
ferentiation. We then established that lncRNA-ORLNC1
acted as a competitive endogenous RNA (ceRNA) for miR-
296. Moreover, miR-296 was found markedly upregulated
during osteoblast differentiation, and it accelerated osteo-
genic differentiation by targeting Pten. Taken together, our
results indicated that the lncRNA-ORLNC1-miR-296-Pten
axis may be a critical regulator of the osteoporosis-related
switch between osteogenesis and adipogenesis of BMSCs
and might represent a plausible therapeutic target for
improving osteoporotic bone loss.
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INTRODUCTION
Osteoporosis is a systemic bone metabolism disease characterized by
decreased bone mineral density (BMD) and deterioration of bone mi-
croarchitecture, conferring a high risk of bone fragility and fractures.1

To date, the incidence of osteoporosis has dramatically increased with
each passing year.2 Studies showed that approximately one in two
women and up to one in four men aged 50 and above endure osteo-
porosis.3 It has been an enormous public health problem all over the
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world.4 Bone tissue is a balanced internal microenvironment with
bone formation and resorption, which is critically required for the
maintenance of the bone homeostasis.5 Accumulating evidence
supports the theory that osteoporosis is the result of decreased osteo-
genesis combined with increased adipogenesis.6 It is, therefore, clear
that strengthening the function of osteoblasts to restore the normal
bone homeostasis is of paramount significance for the treatment of
osteoporosis.

Bone marrow-derived mesenchymal stem cells (BMSCs) are a type of
multipotent stem cells, which have the capacity of self-renewal and
the potential of multi-lineage differentiation.7 In certain inductive
microenvironments, BMSCs can differentiate into a variety of cell
types, such as osteoblasts, adipocytes, chondrocytes, neurons, myo-
cytes, myoblasts, etc.8 Such a property makes BMSCs an attractive
candidate for cell therapy and tissue engineering.9 Osteoporosis is a
consequence of the imbalance between osteogenic and adipogenic
differentiation of BMSCs.10 As the progenitor cells of osteoblasts
and adipocytes, BMSCs are considered seed cells for the treatment
of osteoporosis.11 However, the molecular mechanisms underlying
the switch-like diversion between osteogenic and adipogenic differen-
tiation in BMSCs remain largely unknown.
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Long non-coding RNAs (lncRNAs) are a recently defined family
of transcripts of longer than 200 nt.12,13 Numerous studies have
indicated that lncRNAs are involved in cell proliferation, differen-
tiation, and apoptosis, as well as in the pathogenesis of various dis-
eases, including cardiovascular conditions, neurological disorders,
and cancers.14,15 Recently, several lncRNAs were found to partic-
ipate in osteogenesis, osteoarthritis, and osteosarcoma.16–18 As
another class of non-coding RNAs, microRNAs (miRNAs) of
18–22 nt in length are involved in regulating gene expression by
directly binding to the 30 UTR of mRNAs.19 One of the mecha-
nisms for the effects of lncRNAs is to act as competitive endoge-
nous RNAs (ceRNAs) to sponge miRNAs by sequence comple-
mentarity and, thereby, reduce the functional availability of the
targeted miRNAs. Such a lncRNA-miRNA interaction forms a reg-
ulatory network to control the expression of downstream target
genes.20,21 For instance, lncRNA-LINCMD1 was shown to activate
the expression of muscle-specific genes (MAML1 and Mef2c) by
absorbing miR-133 and miR-135, leading to the differentiation
of myoblasts.22 Yet, whether lncRNAs are involved in regulating
osteogenic and adipogenic potentials of BMSCs has remained
unclear.

To shed light on this aspect, we conducted the present study using
a mouse model of osteoporosis induced by ovariectomy (OVX)
surgery. We analyzed the lncRNA expression profile to identify
the dysregulated lncRNAs in osteoporotic tissues. We focused
on lncRNA-ORLNC1 (osteoporosis-related lncRNA 1) that was
found overexpressed in bone tissue, serum, and BMSCs of OVX
mice, by characterizing the role of this lncRNA in osteoporotic differ-
entiation and delineating the underlying cellular and molecular
mechanisms.

RESULTS
Osteoporosis Induces lncRNA-ORLNC1 Overexpression in Mice

and Humans

As the first step toward understanding the role of lncRNAs in osteo-
porosis, we conducted microarray analysis to identify the differen-
tially expressed lncRNAs in a mouse model of osteoporosis induced
by OVX (Figures S1A–S1E). This allowed us to identify a subset of
lncRNAs that were differentially expressed between the osteoporotic
mice and the sham-operated control counterparts (Figure S1E).
Among lncRNAs with high conservative property from the microar-
ray data, we chose the top five lncRNAs from the highest expression
and the top five ones from the lowest expression in OVX-induced
osteoporotic mice compared with the sham group. The differential
expression of ten lncRNAs was verified by qRT-PCR (Figure 1A).
Among these lncRNAs, NONCODE: NONMMUT016106 was the
most significantly upregulated one, with a 2.5-fold increase in
microarray analysis and a 5-fold upregulation by using qRT-PCR
(Figure S1E; Figure 1A).We therefore centered our subsequent exper-
iments on this lncRNA. For convenience, we named this lncRNA
ORLNC1. Notably, upregulation of lncRNA-ORLNC1 was also
consistently observed in the BMSCs and serum of osteoporotic
mice by qRT-PCR (Figures 1B and 1C).
Intriguingly, the sequences of lncRNA-ORLNC1 are conserved across
species, including human and mouse. Furthermore, upregulation of
lncRNA-ORLNC1 in the bone tissues from osteoporotic patients rela-
tive to healthy controls was also confirmed (Figure 1D).

To further investigate the possible role of lncRNA-ORLNC1 in osteo-
genesis and adipogenesis, BMSCs were induced into osteoblasts
and adipocytes using osteogenic induced medium (OM) and adipo-
genic induced medium (AM) in a time-dependent manner (Figures
S2A–S2E). Interestingly, qRT-PCR revealed that the expression level
of lncRNA-ORLNC1 was notably decreased during the osteoblast
mineralization phase and significantly elevated over the course of adi-
pogenic differentiation in the BMSCs of 8-week-old C57BL/6J mice
(Figures 1E and 1F).

Overexpression of lncRNA-ORLNC1 Suppresses Osteogenesis

and Promotes Adipogenesis of BMSCs

The above results suggest that the expression of lncRNA-ORLNC1 is
upregulated in osteoporotic mice and patients and may be involved
in regulating the balance between osteogenic and adipogenic differ-
entiation of BMSCs. To determine the role of overexpression of
lncRNA-ORLNC1 in the osteogenic differentiation of BMSCs, the
cells were transfected with lncRNA-ORLNC1 overexpressing lenti-
virus successfully (Figure S3A). As shown in Figure 2A, alizarin red
S (ARS) staining showed that transfection of overexpressed
lncRNA-ORLNC1 inhibited the mineralized nodule formation in
BMSCs after osteogenic differentiation of 14 days, but the negative
control (NC) did not produce any appreciable effects (Figure 2A).
Alkaline phosphatase (ALP) staining confirmed that the BMSCs
treated with lncRNA-ORLNC1 were slightly stained after 14-day in-
duction, indicating that the cells failed to differentiate into mature
osteoblasts (Figure 2B). Quantitative analysis of ARS and ALP stain-
ings showed that the overexpression of lncRNA-ORLNC1 sup-
pressed osteogenesis of BMSCs (Figures 2A and 2B). Moreover,
the overexpression of lncRNA-ORLNC1 reduced the mRNA levels
of five important osteogenic marker genes after 14-day osteogenic
differentiation, including ALP, bone morphogenetic protein 4
(Bmp4), osteocalcin (Bglap), osteopontin-like protein (Spp1), and
collagen type I, alpha 1 (Col1a1), known to be crucial for osteogen-
esis (Figure 2C). Immunofluorescence assay further supported that
lncRNA-ORLNC1 overexpression repressed the expression of runt-
related transcription factor 2 (Runx2) after osteogenesis of 3 days
(Figure 2D). In addition, western blot confirmed that transfection
of lncRNA-ORLNC1 decreased the expression of Osterix and
Runx2 after osteogenic induction of 7 days (Figure 2E).

For adipogenic differentiation, the adipogenic potential of BMSCs
was investigated by oil red O (ORO) staining after 16 days. As shown
in Figure 2F, lncRNA-ORLNC1 overexpression promoted lipid
droplet formation of BMSCs 16 days after adipogenic differentia-
tion. The mRNA levels of five adipocyte markers, including perox-
isome proliferator activated receptor gamma (Pparg), fatty acid-
binding protein 4 (Fabp4), CCAAT/enhancer-binding protein alpha
(Cebpa), CCAAT/enhancer-binding protein beta (Cebpb), and
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Figure 1. lncRNA-ORLNC1 Is Associated with

Osteoporosis and Differentiation of BMSCs

(A) Real-time qPCR verification of differential expression of

ten lncRNAs chosen from microarray analysis in the bone

tissues from sham and OVX mice. (B and C) Upregulation

of lncRNA-ORLNC1 in BMSCs (B) and serum (C) from

OVX mice compared with the sham group. (D) Real-

Time qPCR was performed to assess the expression of

lncRNA-ORLNC1 in the osteoporotic patients (n = 5).

(E and F) ThemRNA levels of lncRNA-ORLNC1 in BMSCs,

which were induced with OM and AM during osteogenic

(E) and adipogenic (F) differentiation. NM, normal growth

medium; OM, osteogenic induced medium; AM, adipo-

genic induced medium. *p < 0.05, **p < 0.01, and ***p <

0.001.
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CCAAT/enhancer-binding protein delta (Cebpd), were elevated by
lncRNA-ORLNC1 overexpression after adipogenic differentiation
of 16 days (Figure 2G). In the confocal fluorescence images,
lncRNA-ORLNC1 treatment increased Pparg-positive BMSCs
4 days after adipogenic differentiation, which was in accordance
with the results of western blot analysis performed after 8-day adipo-
genic differentiation (Figures 2H and 2I).

To determine whether lncRNA-ORLNC1 treatment leads to the
decline of bone formation, the BMSCs transfected with lncRNA-
ORLNC1 overexpression or NC were implanted into the backside
of nude mice. After 8 weeks, the implants were collected to examine
whether lncRNA-ORLNC1 affected the bone formation. H&E stain-
ing showed that BMSC-ORLNC1 formed less bone tissue than
BMSC-NC in immunodeficient mice after 8-week transplantation
(Figure 2J).

We then continued to investigate whether lncRNA-ORLNC1 is a
physiologically relevant regulator of osteoporosis. To this end,
we generated Osterix-derived lncRNA-ORLNC1 transgenic (TG)
mice using the conventional gene-targeting technique for detailed
analysis. The expression levels of lncRNA-ORLNC1 were signifi-
cantly increased in the bone tissue and BMSCs of TG mice, as de-
tected by qRT-PCR, relative to wild-type (WT) littermates (Figures
3A and 3B). Bone microarchitecture in the femora of WT mice,
TG mice, WT mice with OVX, and TG mice counterparts was
analyzed by micro-computed tomography (microCT) (Figures
3C and 3D). MicroCT demonstrated that the BMD, trabecular
number (Tb.N), connectivity density (Conn.D), and trabecular
bone volume relative to tissue volume (Tb.BV to TV) were
much lower, but the trabecular separation (Tb.SP) was higher, in
396 Molecular Therapy Vol. 27 No 2 February 2019
the femora of TG mice than in those of the
age-matched WT mice (Figure 3D). Addition-
ally, TG mice exhibited decreased bone mass,
and increased structure model index (SMI),
which indicates the relative amount of plates
(Figure 3D). Furthermore, overexpression of
lncRNA-ORLNC1 suppressed mRNA expres-
sion of the osteogenic markers in the bone tissue of TG mice
compared to WT mice (Figure 3E). To confirm these observations,
we isolated BMSCs from TG and WT mice and induced BMSCs
into osteoblasts for 14 days. Consistent with the ALP staining,
ARS staining demonstrated that BMSCs of TG mice displayed
reduced potential of osteogenic differentiation (Figures 3F
and 3G).

Knockdown of lncRNA-ORLNC1 Increases Osteogenic

Differentiation and Decreases Adipogenic Differentiation of

BMSCs

We have shown that the gain of function of lncRNA-ORLNC1 sup-
pressed osteogenesis and promoted adipogenesis of BMSCs. It was
thus anticipated that the loss of function of lncRNA-ORLNC1 should
produce the opposite results. Our subsequent experiments indeed
supported this notion.

To identify the effect of knockdown of lncRNA-ORLNC1 in the oste-
ogenic differentiation of BMSCs, the cells were transfected with
shRNA-ORLNC1 (short hairpin RNA-ORLNC1 as an inhibitor of
lncRNA-ORLNC1) successfully (Figure S3A). First, BMSCs treated
with shRNA-ORLNC1 had strengthened osteogenic potential of
BMSCs with increased mineralization, as indicated by ARS and
ALP stainings (Figures 4A and 4B). Consistently, the mRNA levels
of osteoblast-specific genes (ALP, Bmp4, Bglap, Spp1, and Col1a1)
were increased by shRNA-ORLNC1 during subsequent osteoblast
differentiation for 14 days (Figure 4C). In agreement with the changes
of their mRNA levels, the expression levels of the osteoblastic genes
were also elevated after transfection with shRNA-ORLNC1, as re-
vealed by western blot and immunofluorescence techniques (Figures
4D and 4E). On the other hand, shRNA-ORLNC1 decreased the



Figure 2. lncRNA-ORLNC1 Inhibits Osteogenesis and Stimulates Adipogenesis of BMSCs

(A) ARS staining and quantification deriving from osteogenic BMSCs with lentivirus overexpressing lncRNA-ORLNC1 or lncRNA-NC were performed to assess the oste-

ogenic capacity after 14 days. Cells grown in the normal growth medium were shown as a reference. NM, normal growth medium; OM, osteogenic induced medium. Scale

bar, 100 mm. (B) BMSCs stained with ALP staining showed calcium deposits in the presence of lncRNA-ORLNC1 overexpression compared with NC. Scale bar, 100 mm. (C)

The expression levels of ALP, Bmp4, Bglap, Spp1, and Col1a1 significantly decreased after treatment with overexpression of lncRNA-ORLNC1. (D) Immunostaining of

BMSCs transfected with lncRNA-ORLNC1 overexpression exhibited decreased Runx2-positive cells. Runx2, red; DAPI, blue. Scale bar, 100 mm. (E) Relative protein levels of

Runx2 and Osterix after treatment with lncRNA-ORLNC1 overexpression or lncRNA-NC at day 7 of the osteogenic differentiation. (F) Increase of adipogenic differentiation by

lncRNA-ORLNC1 overexpression treatment. Scale bar, 200 mm. (G) The mRNA levels of adipogenic genes. (H) Images showed Pparg expression in BMSCs treated with

lncRNA-ORLNC1 overexpression compared to NC. Pparg, green; DAPI, blue. Scale bar, 100 mm. (I) Western blot was applied to ensure the protein levels of Pparg and Fabp4

in BMSCs. (J) H&E staining and quantification of bone regeneration. Relative bone growth surface area compared to total surface. The black arrows indicate the bone

formation, and the red arrows indicate hydroxyapatite. Scale bar, 50 mm. **p < 0.01, and ***p < 0.001.
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number and cell surface area of adipocytes after the 16-day adipo-
genic differentiation of BMSCs (Figure 4F). Meanwhile, the mRNA
levels of adipogenic differentiation-related genes (Pparg, Fabp4,
Cebpa, Cebpb, and Cebpd) were significantly downregulated by
shRNA-ORLNC1 in BMSCs treated with AM for 16 days (Figure 4G).
Moreover, BMSCs treated with shRNA-ORLNC1 exhibited fewer
Pparg-positive cells than the NC group (Figure 4H). Pparg and
Fabp4 protein levels were also significantly diminished by the knock-
down of lncRNA-ORLNC1 after adipogenic differentiation of 8 days
(Figure 4I). This result agreed with qRT-PCR analysis and immuno-
fluorescence assay.

Then, the pro-osteogenic effects of shRNA-ORLNC1 were repro-
duced under in vivo conditions. The BMSCs infected with shRNA-
ORLNC1 were transplanted into the backside of immunodeficient
mice, andH&E staining was performed. Noticeably, the results clearly
Molecular Therapy Vol. 27 No 2 February 2019 397
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Figure 3. Overexpression of lncRNA-ORLNC1 Results in Osteoporosis and Impairs Osteogenic Capacity in a Mouse Model of Osteoporosis

(A and B) lncRNA-ORLNC1 expression was markedly upregulated in the bone tissue (A) and BMSCs (B) from lncRNA-ORLNC1-overexpressing transgenic mice. WT, wild-

type mice; TG, transgenic mice. (C and D) Representative mCT images (C) and quantitative analysis (D) of the femur fromWT and TGmice indicated the bone loss of TGmice

compared to WT mice. WT + OVX, wild-type mice with OVX surgery; TG + OVX, transgenic mice with OVX surgery. (E) The mRNA levels of ALP, Bmp4, Bglap, Spp1, and

Col1a1 in the bone tissue of TGmice compared withWTmice. (F and G) ARS (F) and ALP (G) stainings exhibited impaired osteogenic differentiation potential of BMSCs in TG

mice and TG mice with OVX surgery. Scale bar, 100 mm. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. Knockdown of lncRNA-ORLNC1 Increases Osteoblast Maturation and Decreases Adipogenesis of BMSCs

(A and B) ARS (A) and ALP (B) stainings and quantitative analysis (A and B) of matrix mineralization showed BMSCs treated with shRNA-ORLNC1 increased the osteogenic

ability compared with BMSCs pretreated with NC after osteogenic induction for 14 days. Scale bar, 100 mm. (C) Real-time qPCR analysis showed the increased levels of

osteogenic markers in BMSCs with treatment of shRNA-ORLNC1 compared with NC as indicated. (D) Immunofluorescence staining for osteogenic protein Runx2 in BMSCs

induced into osteoblasts for 3 days after transfection with shRNA-ORLNC1, normalized to the negative control group. Runx2, red; DAPI, blue. Scale bar, 100 mm. (E) Western

blot analysis showed the increased levels of osteoblast genes in BMSCs after treatment with shRNA-ORLNC1. (F) ORO staining was performed to determine the number of

adipocytes in BMSCs after adipogenic differentiation of 16 days. Scale bar, 200 mm. (G) The mRNA levels of adipogenesis-related genes were attenuated in the presence of

shRNA-ORLNC1, as determined by real-time qPCR. (H and I) Immunofluorescence staining (H) and western blot (I) analysis indicated that the protein expression

of adipocyte-specific genes were inhibited by shRNA-ORLNC1 treatment. Pparg, green; DAPI, blue. Scale bar, 100 mm. (J) H&E-stained sections of heterotopic bone

showed the increased bone formation after treatment with shRNA-ORLNC1. The black arrows indicate the bone formation, and the red arrows indicate hydroxyapatite. Scale

bar, 50 mm. *p < 0.05, **p < 0.01, and ***p < 0.001.
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showed that lncRNA-ORLNC1 knockdown rendered enhanced new
bone formation relative to NC (Figure 4J).

In all cases, the BMSCs transfected with NC did not show any mean-
ingful alterations. The efficacy of shRNA-ORLNC1 to knock down
endogenous lncRNA-ORLNC1 and the failure of NC to affect
lncRNA-ORLNC1 were confirmed (Figure S3A).
lncRNA-ORLNC1 Acts by Interacting with miR-296

With the above-presented data strongly suggesting the critical role
of lncRNA-ORLNC1 in regulating osteogenic and adipogenic differ-
entiation of BMSCs both in in vitro and in vivo models, we went on
to elucidate the mechanisms on how lncRNA-ORLNC1 controls
osteogenic and adipogenic differentiation. It is known that lncRNAs
regulate gene expression by multiple and diverse mechanisms, of
Molecular Therapy Vol. 27 No 2 February 2019 399
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Figure 5. lncRNA-ORLNC1 Directly Targets miR-296, and miR-296 Possesses the Ability to Regulate Osteogenic Differentiation of BMSCs

(A and B) The effects of miR-106a, miR-106b, miR-20a, miR-20b, miR-296-3p, and miR-346 on the osteogenic differentiation of BMSCs were detected by ARS (A) and ALP

(B) stainings. Scale bar, 100 mm. (C) FISH images showing localization of lncRNA-ORLNC1 in BMSCs. 18S, probe for 18S rRNA; U6, probe for U6 snRNA. Scale bar, 200 mm.

(D) Luciferase reporter assay was used to assess the relationship between lncRNA-ORLNC1 and miR-296. (E) The expression level of lncRNA-ORLNC1 was upregulated in

BMSCs transfected with biotin-labeled miR-296. (F) The expression of miR-296 was significantly decreased in the BMSCs (left) and bone tissue (right) of osteoporotic mice

normalized to the control group. (G) The level of miR-296 was markedly decreased in the BMSCs (left) and bone tissue (right) of osteoporotic transgenic mice compared with

WTmice. (H) Quantification of miR-296 in the bone tissue of patients with osteoporosis compared with control. (I and J) The expression level of miR-296 was highly increased

during osteogenic differentiation (I) and obviously decreased after adipogenic differentiation (J) of BMSCs. **p < 0.01, and ***p < 0.001.
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which ceRNA appears to be a common mode of action for many
lncRNAs.

To see if such a mechanism applies to lncRNA-ORLNC1 in our
models, we first performed computational analysis to search for the
miRNAs that could be bound by this lncRNA. In this way, we were
able to identify six miRNAs that have the potential to interact with
lncRNA-ORLNC1, because they have excellent sequence comple-
mentarity to the latter with high free energy. Among six miRNAs,
miR-106a, miR-106b, miR-20a, miR-20b, and miR-346 were not
able to affect osteogenesis (Figures 5A and 5B). However, miR-296
possessed the ability to regulate osteogenic differentiation of BMSCs
(Figures 5A and 5B). To further investigate the underlying mecha-
nism of lncRNA-ORLNC1 regulated miR-296, we tested the distribu-
tion of lncRNA-ORLNC1 using fluorescence in situ hybridization
(FISH). The results of FISH indicated that lncRNA-ORLNC1 was
found to be located in both the nucleus and the cytoplasm of BMSCs
(Figure 5C). We therefore conducted the following experiments to
400 Molecular Therapy Vol. 27 No 2 February 2019
establish the relationship between lncRNA-ORLNC1 and miR-296.
The expression of miR-296 in BMSCs transfected with miR-296
mimic or miR-296 anti-miRNA oligonucleotide (AMO) is shown in
Figure S3B.

We first demonstrated the reciprocal relationship between lncRNA-
ORLNC1 and miR-296 in terms of their expression levels. We then
continued to test if the observed reciprocal expression could be
attributed to a direct interaction between lncRNA-ORLNC1 and
miR-296. For this purpose, we constructed luciferase reporters
that carried either a WT lncRNA-ORLNC1 or the mutant
lncRNA-ORLNC1 that contains base replacement to disrupt the
putative miR-296-binding site. Transfection of miR-296 mimic
diminished the luciferase activities elicited by the WT lncRNA-
ORLNC1 vector, but not by the mutant vector (Figure 5D).
When the binding site of miR-296 in the lncRNA-ORLNC1
sequence was mutated, the regulation of lncRNA-ORLNC1 was
abolished (Figure 5D).
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Next, BMSCs were transfected with biotinylated NC or biotinylated
miR-296 for 48 hr. The cells were harvested for a biotin-based pull-
down assay. qRT-PCR analysis demonstrated that lncRNA-ORLNC1
expression level was augmented in BMSCs treated with biotinylated
miR-296 (Figure 5E). As illustrated in Figure 5F, the expression of
miR-296 was downregulated in the bone tissues and cells of OVX-
induced osteoporotic mice, which was opposite to the upregulation
of lncRNA-ORLNC1 in the same models. Moreover, miR-296 level
was considerably lower in lncRNA-ORLNC1-overexpressing TG
mice than in WT littermates (Figure 5G). Strikingly, miR-296 level
was also substantially reduced in the bone tissues of osteoporotic
patients compared with control subjects (Figure 5H). During the
progress of osteogenesis, while the level of lncRNA-ORLNC1 was
decreased, that of miR-296 was increased in BMSCs after osteogenic
differentiation (Figure 5I). Besides, the expression level of miR-296
was decreased in BMSCs after adipogenic differentiation of 16 days
(Figure 5J).

If miR-296 truly mediates the regulatory effects of lncRNA-
ORLNC1 on osteogenic and adipogenic differentiations, then it is
expected to elicit the opposite actions to the lncRNA. The following
functional studies indeed provided the evidence in support of this
notion. As shown in Figure S4A, there was no obvious effect of
miR-296 in the osteogenic potential under normal condition.
Also, osteogenic differentiation was promoted in the BMSCs by pre-
treatment with miR-296 mimic after the induction of 14 days, and
this action was blunted by miR-296 AMO (Figures 6A and 6B).
Consistently, the mRNA levels of master regulators of osteogenesis
were upregulated by miR-296 mimic and downregulated by miR-
296 AMO (Figures 6C and 6D). A similar pattern of alterations of
osteoblast marker genes was observed at the protein level, as indi-
cated by the results from western blotting and immunostaining of
BMSCs (Figures 6E and 6F).

Under in vivo conditions, the area of bone formation of the backside
was markedly higher in immunodeficient mice that received miR-296
mimic compared to the samemice prior tomimic-NC treatment (Fig-
ure 6G). Furthermore, H&E staining revealed that BMSCs transfected
with miR-296 AMO impaired bone formation in immunodeficient
mice (Figure 6G). Exceptionally, miR-296 mimic rescued the OVX-
induced impairment of the osteogenic potential of BMSCs, as uncov-
ered by ARS and ALP staining assays (Figure 6H). Furthermore, miR-
296 mimic transfection restored the decreased osteogenesis of BMSCs
from lncRNA-ORLNC1-overexpressing transgenic mice (Figure 6I).

With the above data suggesting that miR-296 favors osteogenic differ-
entiation of BMSCs, it is logical to anticipate that this miRNA should
disfavor adipogenic differentiation.We therefore turned to look at the
effects of miR-296 on the adipogenic potential of BMSCs. Forced
expression of miR-296 in BMSCs decreased the number of adipocytes
16 days following the induction of adipogenic differentiation (Fig-
ure 7A). In contrast, miR-296 AMO treatment accelerated the adipo-
genic differentiation of BMSCs (Figure 7A). The mRNA levels of the
selected adipogenic markers were robustly reduced by miR-296
mimic, but they were increased by miR-296 AMO (Figures 7B and
7C). Consistently, the protein levels of adipocyte-specific genes
were substantially lower in the miR-296 mimic group, but they
were higher in the miR-296 AMO group (Figures 7D and 7E).

To further validate whether lncRNA-ORLNC1 could govern the oste-
ogenic differentiation increased by miR-296, ARS and ALP stainings
were performed. The results indicated that osteoblast matrix minerali-
zation was markedly augmented in BMSCs treated with miR-296
mimic, and it was abolished by overexpression of lncRNA-ORLNC1
(Figure 8A). We next performed immunofluorescence staining and
western blot, and the results confirmed that the protein levels of osteo-
blast-related genes were extremely increased bymiR-296mimic, which
were further diminished by overexpressed lncRNA-ORLNC1 (Figures
8B and 8C). As shown in Figure 8D, lncRNA-ORLNC1 reversed the
decrease in the number and area of adipocytes induced by miR-296
mimic.Meanwhile, the western blot and fluorescence staining strength-
ened the finding that lncRNA-ORLNC1 promoted the protein expres-
sions of adipogenesis-related genes, which were attenuated bymiR-296
mimic (Figures 8E and 8F). These data confirmed that lncRNA-
ORLNC1 suppressed osteogenic differentiation and promoted adipo-
genic differentiation by inhibiting the role of miR-296.

Pten Mediates the lncRNA-ORLNC1-miR-296 Axis as an Anti-

osteogenic Factor

To gain further insight into the mechanism by which the lncRNA-
ORLNC1-miR-296 axis regulates osteoblast activity, we continued to
explore the key target gene formiR-296 action relevant to adipogenesis
and osteogenesis of BMSCs. Using the RegRNA database to predict the
potential targets of miR-296, Pten was identified as a candidate for our
subsequent experiments (Figure 8G). We first constructed luciferase
reporter vectors that had either a WT Pten 30 UTR or a Pten
30 UTR containing mutant sequences of the miR-296-binding site
(Figure 8H). First, as depicted in Figure 8H, miR-296 mimic, but
not its AMO, substantially inhibited the luciferase reporter activities
elicited by the WT Pten 30 UTR. As expected, the luciferase activities
produced by the vector carrying the mutated Pten 30 UTR was not
affected by miR-296 (Figure 8H). The mRNA level of Pten was unaf-
fected by miR-296 (Figure 8I). Moreover, at 14 days following osteo-
genic differentiation of BMSCs, the protein level of Pten was grossly
lower in the miR-296 mimic group and higher in the miR-296
AMO group, compared to their respective NCs (Figure 8J). The down-
regulation of Pten expression in BMSCs treated with miR-296 was
reversed by the overexpression of lncRNA-ORLNC1 (Figure 8J).

DISCUSSION
The present study was designed to exploit the role of lncRNAs in oste-
oporotic differentiation and delineate the underlying cellular andmo-
lecular mechanisms. Our initial microarray analysis in conjunction
with qRT-PCR allowed us to focus our detailed investigation on a
particular lncRNA that we named ORLNC1. Expression of
lncRNA-ORLNC1 was dramatically decreased during osteogenic dif-
ferentiation and increased during adipogenic differentiation of
BMSCs. We demonstrated that lncRNA-ORLNC1 regulated BMSC
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Figure 6. miR-296 Directs toward Osteoblastic Differentiation in Immunodeficient Mice and Bone Formation from BMSCs

(A and B) ARS (A) and ALP (B) analysis revealed that BMSCs treated with miR-296 mimic potentiated osteogenesis and miR-296 AMO weakened osteoblast differentiation

compared with NC after osteogenic differentiation of 14 days. Scale bar, 100 mm. (C and D) Real-time qPCR confirmed that miR-296mimic (C) increased the mRNA levels of

osteoblast genes and miR-296 AMO (D) decreased the expression relative to NC, respectively. (E) Expression of osteogenic genes in BMSCs were diminished by miR-296

AMO and increased by miR-296 mimic. (F) Fluorescent images of Runx2 revealed significantly enhanced osteogenic ability caused by miR-296 mimic while this was

decreased by miR-296 AMO. Runx2, red; DAPI, blue. Scale bar, 100 mm. (G) The ratio of new bone was analyzed by H&E staining from immunodeficient mice. The black

arrows indicate bone formation, and the red arrows indicate hydroxyapatite. Scale bar, 50 mm. (H and I) ARS and ALP analysis verified miR-296 can restore the osteogenic

ability of BMSCs from osteoporotic mice caused by OVX surgery (H) or overexpression of lncRNA-ORLNC1 (I) compared with control mice. Scale bar, 100 mm. *p < 0.05,

**p < 0.01, and ***p < 0.001.

Molecular Therapy
lineage commitment. Overexpression of lncRNA-ORLNC1 inhibited
osteoblast differentiation and promoted adipocyte differentiation of
BMSCs. Overexpression of lncRNA-ORLNC1 resulted in osteopo-
rosis-related bone loss and low BMD in transgenic mice.

Overexpression of lncRNA-ORLNC1 might prevent BMSCs from
differentiating into osteoblastic lineage and promote adipogenic dif-
ferentiation of BMSCs. In addition, when the lncRNA-ORLNC1
was knocked down, BMSCs acquired the ability to differentiate into
osteoblasts in vitro, and they showed decreased adipogenic differen-
402 Molecular Therapy Vol. 27 No 2 February 2019
tiation. More importantly, our results confirmed that the expression
of lncRNA-ORLNC1 was significantly upregulated in the bone tissue
of osteoporotic patients. This discovery provided a new molecular
insight into the dysregulated lncRNAs in osteoporosis, and it
suggested that lncRNA-ORLNC1 resulted in a high incidence of oste-
oporosis. Similarly, several studies have reported that lncRNAs
govern the differentiation of BMSCs.23,24 Knockdown of lncRNA
NONHSAT009968 ameliorates osteogenic differentiation in an in-
flammatory environment caused by Staphylococcal protein A (SpA)
of human BMSCs (hBMSCs).25



Figure 7. miR-296 Suppresses Adipogenesis of BMSCs under In Vitro Conditions

(A) ORO staining evaluated that miR-296 inhibited fat accumulation in BMSCs undergoing differentiation of 16 days. Scale bar, 200 mm. (B and C) Relative expression levels

of Fabp4, Pparg, Cebpa, Cebpb, and Cebpd were regulated in BMSCs after transfection with miR-296 mimic (B) and miR-296 AMO (C). (D and E) Immunofluorescence

(D) and western blot (E) analyses showed the decreased levels of adipogenic-related genes in miR-296-transfected BMSCs. Pparg, green; DAPI, blue. Scale bar, 100 mm.

*p < 0.05, **p < 0.01, and ***p < 0.001.
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Various studies have indicated that miRNAs are found to be involved
in the regulation of osteogenesis through affecting key molecules that
control osteogenic differentiation in BMSCs.26 miR-2861 enhanced
Bmp2-induced osteoblast differentiation by targeting histone deace-
tylase 5 (Hdac5).27 However, there was no research on the role of
miR-296 in the regulation of BMSC commitment. In this study, we
first identified miR-296 as an important enhancer in osteoblast differ-
entiation of BMSCs. BMSCs treated with miR-296 mimic exhibited
increased osteogenic differentiation ability and decreased adipogenic
differentiation capacity in BMSCs. Knockdown of miR-296 potently
suppressed the osteogenesis and elevated adipogenesis of BMSCs.
During ectopic bone formation, BMSCs transfected with miR-296
mimic generated more new bone formation, which was essential for
bone homeostasis and fracture healing.

Pten is known as a negative regulator of osteogenesis, which has
been reported to function as a negative regulator of osteoblastic dif-
ferentiation.28,29 miRNA bioinformatics analysis databases,
including TargetScan and RegRNA, all predicted that Pten is a po-
tential target of miR-296. Therefore, we hypothesized that miR-296
might control the differentiation of BMSCs into osteoblasts by
targeting Pten. To verify this hypothesis, our data revealed that
the overexpression of miR-296 suppressed Pten protein level
without affecting the mRNA level. Luciferase reporter assay also
confirmed that Pten was one of the targets for miR-296, and
miR-296 could repress the expression of Pten by specifically bind-
ing to its 30 UTR. Indeed, in the present study, the protein expres-
sion of Pten exhibited a negative correlation with the osteoblast
differentiation process, indicating the increased osteogenic ability
of BMSCs treated with miR-296 mimic, owing to the influence
by inhibiting Pten.

In our study, the sequences of lncRNA-ORLNC1 are evolutionarily
conserved across species, including human and mouse. The mature
sequence of lncRNA-ORLNC1 is derived from two exons, and in
particular the second exon is highly conserved between mouse and
human. Interestingly, the binding site of miR-296 is located in the sec-
ond exon of lncRNA-ORLNC1, which has highly evolutionarily
conserved domains. Meanwhile, miR-296 is a highly conserved
miRNA across different species. It suggests that the lncRNA-
ORLNC1-miR-296 axis forms a highly conserved mechanism for
governing BMSC commitment.

We investigated the roles of lncRNA-ORLNC1 in regulating
the switch between osteogenic and adipogenic differentiation of
BMSCs during osteoporosis. In addition, the expression level of
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Figure 8. lncRNA-ORLNC1 Regulates Osteogenesis and Adipogenesis of BMSCs through Targeting miR-296, and Pten Is a Candidate Target Gene for

miR-296

(A) ARS and ALP stainings indicated that lncRNA-ORLNC1 counteracted the increased effect of miR-296 on osteogenic differentiation of BMSCs. Scale bar, 100 mm. (B and

C) Immunofluorescence staining (B) and western blot analysis (C) of relative protein expression showed increased levels of osteogenic genes in miR-296-treated BMSCs

were inhibited by lncRNA-ORLNC1. Runx2, red; DAPI, blue. Scale bar, 100 mm. (D) Quantitative analysis of the number of adipocytes revealed that lncRNA-ORLNC1

increased the adipogenic differentiation, which was inhibited by miR-296. Scale bar, 200 mm. (E and F) Immunofluorescence staining (E) and western blot (F) indicated the

protein levels of adipocyte-related genes in BMSCs after treatment with lncRNA-ORLNC1 and miR-296. Pparg, green; DAPI, blue. Scale bar, 100 mm. (G) The binding sites

between miR-296-3p and Pten. (H) Luciferase reporter assay revealed the relationship between miR-296 and Pten. (I) The relative mRNA level of Pten was not changed after

treatment withmiR-296mimic andNC. (J) The protein level of Ptenwas largely decreased bymiR-296mimic, while it was increased bymiR-296 AMO; and, lncRNA-ORLNC1

and miR-296 mimic regulated the protein expression of Pten. *p < 0.05, **p < 0.01, and ***p < 0.001.
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lncRNA-ORLNC1 was increased in the bone tissue of osteoporotic
patients. It implies that lncRNA-ORLNC1 is the potent biomarker
for the diagnosis of osteoporosis. Osteoporosis is easy to be diag-
nosed by X-ray examination. But, the sensitive biomarker is always
required for the early diagnosis of osteoporosis. Our results provide
a new potential biomarker for patients with osteoporosis. However,
the mechanisms of the serum lncRNA-ORLNC1 released from bone
cells remain to be elucidated.
404 Molecular Therapy Vol. 27 No 2 February 2019
In addition, we found that knockdown of lncRNA-ORLNC1 could
reverse the decreased osteogenic capacity of BMSCs in osteopo-
rosis in vitro. Consistently, in vivo study showed that BMSCs
treated with shRNA-ORLNC1 lentivirus formed more bone tissues
than its control after transplanted into the backside of immunode-
ficient mice. Moreover, we proved that miR-296 leads to acceler-
ated osteogenesis and suppressed adipogenesis, and, thereby, it
participates in the formation of bone tissues. Collectively, these
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data also point to the importance of the lncRNA-ORLNC1-miR-
296 axis in the lineage commitment of BMSCs, and they suggest
silencing lncRNA-ORLNC1 or enhancing miR-296 as a new
approach for promoting bone formation. However, in our study,
miR-296 transgenic mice were not used to support the function
of miR-296 in osteoporosis. This is a limitation of the present
study.

Conclusions

In summary, we first confirmed that lncRNA-ORLNC1 was positively
correlated with osteoporosis. lncRNA-ORLNC1 can not only inhibit
osteogenic differentiation and potentiate adipogenic differentiation
of BMSCs in vitro, but also effectively restrain the acceleration of
miR-296 on osteoblast differentiation by targeting Pten. More impor-
tantly, our findings enriched the understanding of lncRNA-miRNA
regulation of bone development and osteogenic differentiation.
Furthermore, our study puts forward a new target for bone tissue
engineering and especially the prevention and treatment of
osteoporosis.

MATERIALS AND METHODS
Clinical Data Collection

The bone tissues of osteoporotic and control patients used in this
study were collected from 20- to 60-year-old men or women, from
January 2016 to December 2017, in The First Affiliated Hospital of
Harbin Medical University. Some pieces of human bone were
obtained when the osteoporotic patients or controls underwent
routine therapeutic surgery. In our study, the bone tissues were
collected from 5 osteoporotic patients (T-score % �2.5) and 5 con-
trols (T-score R 1) who experienced fractures caused by strike,
high-altitude falling, or slip. The BMD analysis and additional exam-
inations used for osteoporosis diagnosis were recorded according to
the criteria of having experienced one or more fragility fractures
and a T-score % �2.5.

The participants were excluded from the study if they had suffered
diseases that can affect bonemetabolism, including diseases of the kid-
ney, liver, or parathyroid; diabetes mellitus; hyperprolactinemia;
oophorectomy; rheumatoid arthritis; ankylosing spondylitis; malab-
sorption syndromes; malignant tumors; hematological diseases; or
previous pathological fractures. The bone tissues of the patients
were treated with RNAlater (Vazyme, China) and stored in a �80�C
freezer for subsequent analyses.

Animals

Female C57BL/6J mice (8 weeks, 18–20 g) were purchased from the
Experimental Animal Center of Harbin Medical University. The an-
imal-handling procedures conformed to the principle of the Care and
Use of Laboratory Animals published by the NIH. The mice were
housed under specific pathogen-free conditions (22�C, 12-hr light
and 12-hr dark cycles, and 50%–55% humidity) with free access to
food pellets and tap water. Additionally, all experimental procedures
were carried out in strict accordance with the Ethic Committee
of Harbin Medical University. All experiments related to the use of
mice were approved by the Institutional Animal Care Committee of
Harbin Medical University.

Isolation and Culture of BMSCs

BMSCs were isolated from female C57BL/6J mice (8 weeks, 18–20 g)
and harvested as described in detail in our previous work.30 In brief,
mice were anesthetized by intraperitoneal injection of pentobarbital
sodium (Sigma-Aldrich, USA) at a dose of 40 mg/kg and sacrificed.
Then the femur and tibia were isolated and soaked in 75% ethyl
alcohol (Tianjin Fuyu Fine Chemical, China). After removal of the
attached muscles and connective tissues from bones, bone marrow
was flashed out with BMSC normal culture medium (Cyagen Biosci-
ences, USA), containing 10% fetal bovine serum (FBS), 1% penicillin,
and 1% glutamine, using a 1-mL syringe (Changzhou Kangfulai Med-
ical, China) stabbed into the marrow cavity. Then, the flushing fluid
was transferred into a clean ampoule and ultimately removed into a
25-cm2 culture flask (Corning, USA). BMSCs were cultured in a
37�C, 5% CO2 humidified incubator (Thermo, USA). The freshly iso-
lated BMSCs were designated as passage 0 (P0). The medium was
changed to remove non-adherent BMSCs. The normal culture me-
dium was renewed every 3 days to support the growth of BMSCs.
BMSCs were detached with 0.25% trypsin (Cyagen Biosciences,
USA) at a confluence of 70%–80%, and they were subcultured to
the next passage, which was considered as passage one (P1). BMSCs
between the third and fifth passages were used in the following
experiments.

Lentiviral Vector Construction and Transfection

The packaged lncRNA-ORLNC1-overexpressing lentivirus vector
and NC lentivirus vector were obtained from Cyagen Biosciences.
In addition, to generate lncRNA-ORLNC1 knockdown cells, BMSCs
were treated with lentivirus vector that contained shRNA targeting
lncRNA-ORLNC1. All the lentivirus vectors were used for BMSC
transfection at an MOI of 30–40. BMSCs were plated at a density of
3 � 105–5 � 105 cells/cm2 in each six-well plate (Corning, USA),
according to the protocol manual. When BMSCs grew to 40%–50%
confluence, transfection was performed in the presence of polybrene
(Cyagen Biosciences, USA) and the appropriate volume of fresh F12-
DMEM (HyClone, USA) without FBS to improve efficiency, accord-
ing to the manufacturer’s instructions. After a 6-hr reaction, the me-
dium was refreshed. Transfection efficiency of the lentivirus was veri-
fied by real-time qPCR.

miRNA Transfection

Mmu-miR-296-3p mimic, mmu-miR-296-3p AMO, and
their respective NCs were synthesized and supplied by GenePharma
(China). The sequences of mmu-miR-296-3p mimic were as follows:
primary chain, 50-GAGGGUUGGGUGGAGGCUCUCC-30, and
passenger chain, 50-AGAGCCUCCACCCAACCCUCUU-30. The
sequence of mmu-miR-296-3p AMO was 50-GGAGAGCCUC
CACCCAACCCUC-30. The sequences of mimic-NC were as follows:
50-UUCUCCGAACGUGUCACGUTT-30 and 50-ACGUGAACAGU
UCGGAGAATT-30. The sequence of AMO-NC was 50-CAGUA
CUUUUGUGUAGUACAA-30.
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After BMSCs had reached a confluence of 50%–60%, transfection of
mmu-miR-296-3p mimic was conducted in Opti-MEM Reduced
SerumMedium(Invitrogen,USA), according to themanufacturer’s in-
structions. The transfection mix was composed of 50 nM mmu-miR-
296-3p mimic, 10 mL X-treme Reagent (Roche, Switzerland), and an
optimal volume of Opti-MEM Reduced Serum Medium in each six-
well plate. The mmu-miR-296-3p AMO was transfected into BMSCs
at a final concentration of 100 nM in each well of six-well plates.

Osteogenic Differentiation and Adipogenic Differentiation of

BMSCs

To induce osteogenic differentiation, BMSCs at a density of 2� 104 or
1 � 105 cells/cm2 were cultured in the 24-well plates or 6-well plates.
At confluence of approximately 60%–70%, BMSCs were treated with
osteogenic induced medium (Cyagen Biosciences, USA), supple-
mented with 10% FBS, 1% glutamine, 1% penicillin-streptomycin,
0.2% ascorbic acid, 1% b-glycerophosphate, and 0.01% dexametha-
sone, to promote the osteogenic differentiation and accelerate the for-
mation of mineralized matrix. The medium was refreshed every
3 days, and the cells were harvested after osteogenic differentiation.

For adipogenic differentiation, BMSCs at a density of 2 � 104 or 1 �
105 cells/cm2 were seeded in the 24-well or 6-well plates, and, when
the cells reached about 80%–90%, the cells were induced into adipo-
cytes in the presence of adipogenic induced medium (Cyagen Biosci-
ences, USA), according to the protocol recommended by the manu-
facturer. Adipogenic induced medium A was composed of 175 mL
culture medium, 10% FBS, 1% glutamine, 1% penicillin-strepto-
mycin, 0.2% insulin, 0.1% IBMX, 0.1% rosiglitazone, and 0.1% dexa-
methasone. Adipogenic induced medium B contained 175 mL culture
medium, 10% FBS, 1% penicillin-streptomycin, 1% glutamine, and
0.2% insulin. The cells were differentiated in adipogenic induced me-
dium A for 3 days and medium B for the next day. Experiments were
performed after adipogenic differentiation.

ARS Staining and Quantitative Analysis

The extracellular matrix calcification was detected by ARS staining
14 days after osteogenic differentiation of BMSCs. After fixation by
4% neutral buffered formalin (Tianjin Fuyu Fine Chemical) for
20 min, cells were stained by ARS solution for 30 min (Cyagen Bio-
sciences, USA), followed by PBS washing for three times with gentle
shaking. Images were recorded by a scanner (Nikon, Japan). For
quantification of mineralization, the staining was solubilized by
100 mM cetylpyridinium chloride (Sigma-Aldrich, USA) for 1 hr
and measured spectrophotometrically at 570 nm by a microplate
reader (Tecan, Switzerland). ARS staining and quantification were
repeated three times.

ALP Staining and Quantitative Analysis

On day 14 following osteogenic differentiation of BMSCs, OM
was removed and ALP staining was performed to detect matrix
mineralization depositions. Cells were washed three times with PBS
(Solarbio, China) and fixed with 95% ethanol (Tianjin Fuyu Fine
Chemical, China) at room temperature for 10 min. Then, BMSCs
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were embedded in the ALP incubation buffer containing 3% b-glyc-
erophosphate disodium salt hydrate (Sigma-Aldrich, USA), 2%
sodium pentobarbital (Peking Shangcai Fine Chemical, China), 2%
calcium chloride (Tianjin Bodi Chemical, China), 2%magnesium sul-
fate (Tianjin Haijing Fine Chemical, China) at 37�C in the dark for
4 hr. After washes, cobalt nitrate (Tianjin Tianli Chemical, China)
was added into 24-well plates. After 5 min, the cells were exposed
to 1% ammonium sulfide (Tianjin Fuyu Fine Chemical, China) for
2 min and washed with PBS three times. Then, the calcium mineral-
ization pictures were obtained by an inverted optimal microscope
(Nikon, Japan). The black and gray granular positions were regarded
as calcium deposits, which indicated the intensity of ALP staining.
The cells were incubated with 10 mM p-nitrophenyl phosphate
(Dalian Meilunbio, China) as the substrate at 37�C for 15 min. After-
ward, ALP activity was quantified at 420 nm by a microplate reader.

ORO Staining and Quantification

ORO staining was performed to detect the number of mature
adipocytes 16 days after adipogenic differentiation of BMSCs. After
washing with PBS thoroughly, the cells were fixed in 4% paraformal-
dehyde (Solarbio, China) at 4�C for 20 min and then subjected to
ORO staining with the working solution diluted in PBS (Cyagen Bio-
sciences, China) at room temperature for 30 min, according to the
manufacturer’s instructions. After washing with PBS three times,
photographs of lipid droplets were taken by an inverted optimal mi-
croscope and camera system.

RNA Extraction and Real-Time qPCR

Total RNA was isolated from BMSCs and bone tissues using TRIzol
reagent (Life Technology, USA), according to the manufacturer’s in-
structions as previously described.31 The RNA samples of 0.5 mg each
were used to perform reverse transcription. The cDNA was generated
using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA). The cycling profile of the cDNA Reverse Tran-
scription (Roche, Switzerland) was as follows: 95�C for 10 min, 2 -
cycles at 37�C for 1 hr, 85�C for 5 min, and cooling at 4�C. The ampli-
fication reactions were assembled in 20-mL reaction volumes
containing 10 mL FS Universal SYBR Green Master (Roche,
Switzerland), 7 mL double-distilled water, 2 mL amplification primers
(GenePharma, China), and a 1 mL cDNA in each amplification reac-
tion using a Roche LightCycler 480 PCR machine. The conditions of
the real-time PCR were as follows: denaturation at 95�C for 10 s and
40 cycles at 95�C for 10 s and 60�C for 30 s. The annealing tempera-
ture was set according to the primers used in the study. The level of
the relative mRNA was normalized to the level of housekeeping
gene (Gapdh or Actb) mRNA using the 2�DDCT method and ex-
pressed as fold changes relative to the internal reference. The se-
quences of specific primers are listed in Table 1.

Western Blot Analysis

Western blotting was performed as previously described.32 Cells
were washed three times with ice-cold PBS and lysed in radioimmu-
noprecipitation (RIPA) buffer (Sigma-Aldrich, USA) with 1% cocktail
at 4�C for 30 min. Supernatants were collected, and the concentration



Table 1. The Sequences of Primers

Target Genes Primer Sequences

ALP
forward 50-ACAACCTGACTGACCCTTCG-30

reverse 50-TCATGATGTCCGTGGTCAAT-30

Bmp4
forward 50-TCGTTACCTCAAGGGAGTGG-30

reverse 50-ATGCTTGGGACTACGTTTGG-30

Bglap
forward 50-TTCTGCTCACTCTGCTGACC-30

reverse 50-TTTGTAGGCGGTCTTCAAGC-30

Spp1
forward 50-ACACTTTCACTCCAATCGTCC-30

reverse 50-TGCCCTTTCCGTTGTTGTCC-30

Col1a1
forward 50-CAGCCGCTTCACCTACAGC-30

reverse 50-TTTTGTATTCAATCACTGTCTTGCC-30

Pparg
forward 50-TCACAAGAGGTGACCCAATG-30

reverse 50-CCATCCTTCACAAGCATGAA-30

Fabp4
forward 50-TTCCTGTCGTCTGCGGTGATT-30

reverse 50-GATGCCTTTGTGGGAACCTGG-30

Cebpa
forward 50-GTGTGCACGTCTATGCTAAACCA-30

reverse 50-GCCGTTAGTGAAGAGTCTCAGTTTG-30

Cebpb
forward 50-TGGACAAGCTGAGCGACGAG-30

reverse 50-GAACAAGTTCCGCAGGGTGC-30

Cebpd
forward 50-CACGACTCCTGCCATGTACG-30

reverse 50-GCCGCTTTGTGGTTGCTGTT-30

Gapdh
forward 50-CATCACTGCCACCCAGAAGAC-30

reverse 50-CCAGTGAGCTTCCCGTTCAG-30

U6 small nuclear RNA

forward 50-GCTTCGGCAGCACATATACTAAAAT-30

reverse 50-CGCTTCACGAATTTGCGTGTCAT-30

RT primer 50-CGCTTCACGAATTTGCGTGTCAT-30

mmu-miR-296-3p

forward 50-CGCCGGAGGGTTGGGTGGAG-30

reverse 50-CAGCCACAAAAGAGCACAAT-30

RT primer 50CCTGTTGTCTCCAGCCACAAAAGAGCACAATATTTCAGGAGACAACAGGGGAGAGC-30

mmu-lncRNA-ORLNC1
forward 50-CAAAGCTGGGCCTGTGTACT-30

reverse 50-CTGGGAGGGCTGCAATATC-30

hsa-lncRNA-ORLNC1
forward 50-GTACTTATCATCATCCCACCAA-30

reverse 50-GCAGGCTTACTTCTTCATTCC-30

hsa-Actb
forward 50-GGGAAATCGTGCGTGACATT-30

reverse 50-GGAACCGCTCATTGCCAAT-30

mmu-Actb
forward 50-ACTGCCGCATCCTCTTCCT-30

reverse 50-TCAACGTCACACTTCATGATGGA-30
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of protein was quantified by a BCA protein assay kit (Beyotime
Biotechnology, China). Total protein was separated by 12.5% SDS-
PAGE (Shanghai EpiZyme Scientific, China) and then transferred to
nitrocellulose membrane (Millipore, USA). Subsequently, the mem-
brane was blocked with 5% non-fat milk in Tris-buffered saline
(TBS)-Tween 20 (TBST) buffer for 2 hr at room temperature, and
then it was incubated with anti-Runx2 (ab76956, Abcam, Britain),
anti-Osterix (ab22552, Abcam, Britain), anti-Pparg (ab178860, Ab-
cam, Britain), anti-Pten (ab32199, Abcam, Britain), or anti-Fabp4
(3544, Cell Signalling Technology, USA) at 4�C overnight. The mem-
brane was washed with TBST buffer and then incubated with second-
ary antibodies at room temperature for 1 hr. The protein levels were
detected using ImageJ software (NIH, USA). Anti-b-Actb (ab8226,
Abcam, Britain) was used as a loading control.

Immunofluorescence Staining

At 3 days after osteogenic differentiation, BMSCs were washed by
PBS and fixed with 4% PFA at room temperature for 20 min. Then,
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http://www.moleculartherapy.org


Molecular Therapy
BMSCs were rinsed with PBS three times and penetrated with 0.4%
Triton X-100 (Biosharp, China) at room temperature for 60 min.
The solution was withdrawn and cells were washed with PBS three
times. An appropriate volume of available goat serum (Boster Bio-
logical Technology, China) was used to block the cells at room
temperature for 30 min. After washing three times, the BMSCs
were incubated with primary antibody against Runx2 (12556S,
Cell Signaling Technology, USA) on a shaking table at 4�C over-
night. The cells were rinsed with PBS again the next day and incu-
bated with anti-mouse or anti-rabbit secondary antibodies diluted
(1:500) in PBS at room temperature for 1 hr. To stain the nucleus,
the cells were then further stained with DAPI (Solarbio, China)
diluted in PBS in the dark at room temperature for 30 min. The
cells were next visualized under a confocal microscope (Olympus,
Japan) equipped with proper filters. The BMSCs were incubated
with the primary antibody against Pparg (ab178860, Abcam, Brit-
ain) to demonstrate the adipogenic differentiation.

BMSC Transplantation Assay In Vivo and Histochemistry

Analysis

To evaluate the role of lncRNA-ORLNC1 and miRNA in regulating
new bone formation in mice, BMSCs were transplanted into immu-
nodeficient mice following treatment with miRNA and lncRNA.
BMSCs (1 � 105 cells per ampoule) were transfected with lncRNA-
ORLNC1 lentivirus, shRNA-ORLNC1 lentivirus, miR-296 mimic,
miR-296 AMO, or their respective NCs for 24 hr. Then, the cells
were washed with PBS three times. Next, 2 � 106 cells were resus-
pended in 40 mg hydroxyapatite (Nanjing Emperor Nano Material,
China) dissolved in physiological saline (Harbin Medical Pharmaceu-
tical, China), and they were transplanted subcutaneously into the dor-
sal surface of 6-week-old female immunocompromised mice (Beijing
Vital River Laboratory Animal Technology, China). After 8 weeks,
the transplantations were harvested, and histochemistry analysis
was performed as described previously.33 The transplantations were
immersed in 4% PFA overnight, followed by decalcification in 10%
EDTA for 15 days. Paraffin sections were deparaffinized, hydrated,
and stained with H&E (Solarbio, China). Image-Pro Plus software
was used to quantify the bone regeneration.

Generation of Transgenic Mice

Osterix+ osteoprogenitor-specific lncRNA-ORLNC1 conditional over-
expressingTGmice were constructed byCyagen Biosciences, using the
conventional gene-targeting approach. To generate the lncRNA-
ORLNC1-overexpressing transgenic mice, a vector containing Sp7
promoter and lncRNA-ORLNC1 plasmid was constructed. Micro-in-
jection technology was used to inject DNA into mouse embryos and
transplant the embryos into foster female mice. After serial breeding
schemes, lncRNA-ORLNC1 transgenicmicewere obtained.Genotypic
analysis was determined by genomic DNA, which was isolated from
mouse tails. WT littermates were used as controls.

OVX-Induced Osteoporotic Mouse Model

24 8-week-old female C57BL/6J mice were randomly divided into two
groups of an equal number, and they underwent either bilateral OVX
408 Molecular Therapy Vol. 27 No 2 February 2019
operation or sham surgery, as previously described.34 The mice were
allowed to adapt to the environment for 1 week before surgery, and
they were operated on under anesthetization with chloral hydrate
(Sigma-Aldrich, USA). After surgery, all mice were housed under
the same pathogen-free conditions for 4 weeks before harvest.

MicroCT Scanning and Analysis

MicroCT (or mCT) analysis was performed to evaluate bone volume
and microstructure using a SCANCO mCT-100 instrument
(SCANCO Medical, Switzerland) with a 90-kV microfocus X-ray
source. Mouse femora were fixed in 4% PFA for 24 hr and fully rinsed
with PBS three times. Then, the femora were soaked in 75% ethanol
(Tianjin Fuyu Fine Chemical, China) and scanned at 1.25 mM resolu-
tion. The Scanco software was used to analyze three-dimensional
structure images and the trabecular bone parameters of mouse femur
in vitro, including BMD, bone volume relative to tissue volume (BV to
TV), Tb.N, Conn. D, SMI, Tb.Sp.

Dual-Luciferase Reporter Analysis

The direct interaction between lncRNA-ORLNC1 and mmu-miR-
296-3p was analyzed by luciferase reporter assay. The sequence of
lncRNA-ORLNC1 is 50-TAAAAAGCCAAAGCTGGGCCTGTGT
ACTCACAAGTGTGCAGCCATGGGCAGGCTTACTTCTTCATT
CCTGCTACTGATTGTTCCTGCATATGTCCTGTCCCAGGTTAC
TCTGAAAGAGTCTGGCCCTGGGATATTGCAGCCCTCCCAGA
CCCTCAGTCTGACTTGTTCTTTCTCTGGGTTTTCACTGAGCA
CTTTTGGTATGGGTGTAGGCTGGATTCGTCAGCCTTCAGGG
AAGGGTCTGGAGTGGCTGGCACACATTTGGTGGGATGATGA
TAAGTACTATAACCCAGCCCTGAAGAGTCGGCTCACAATCT
CCAAG-30. To generate Luc-30 UTR reporter vector, a miR-296
30 UTR region centering the lncRNA-ORLNC1 target sequence
was subcloned into the psiCHECKTM vector (Promega, USA)
downstream of the luciferase open reading frame. BMSCs were
co-transfected with WT or mut lncRNA-ORLNC1 constructs and
either miR-296 mimic or NC using Lipofectamine 2000 (Invitrogen,
USA), according to the manufacturer’s instructions. The lumines-
cence signal was quantified by a dual-luciferase reporter assay system
(Promega, USA) using a luminometer (Promega, USA) for 48 hr after
transfection. Values from the firefly luciferase assay were normalized
to the renilla luciferase assay value.

Pull-down Assay with Biotinylated miRNA

BMSCs were harvested from 6-well plates at 72 hr post-transfection
with biotinylated miR-296 at a concentration of 50 nM. After being
rinsed with PBS three times, the cells were resuspended and incu-
bated with 70 mL RIPA buffer (Sigma-Aldrich, USA) at 4�C for
15 min. The lysates were precleared by centrifugation for 1 min
at 5,000 � g, and 50 mL samples were aliquoted for analysis. To
prevent non-specific binding of RNA and protein complexes, the
beads were washed with RIPA buffer three times. The lysates
were incubated with M-280 streptavidin magnetic beads (Sigma-
Aldrich, USA) for binding at 4�C for at least 3 hr. The RNA bound
to the beads was purified using TRIzol Reagents for additional
analysis.
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Statistical Analysis

All experiments in this work were performed in at least triplicates.
The data were expressed as mean ± SEM. The differences amongmul-
tiple groups were by ANOVA followed by Student’s unpaired t test
and between two groups were compared by Student’s t test only. A
value of p < 0.05 was considered as statistically significant.

Study Approval

All animal care protocols and experiments were reviewed and
approved by the Animal Care and Use Committee (KY2017-257) of
the Laboratory Animal Research Center at The Second Affiliated
Hospital of Harbin Medical University. All mice were maintained
in the specific pathogen-free facility of the Laboratory Animal
Research Center at Harbin Medical University. The clinical study
was approved by the Ethics Committee (201516) of The First Affili-
ated Hospital of Harbin Medical University, and written informed
consent was obtained from all participants.
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