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MetaLnc9 facilitates osteogenesis of human bone marrow mesenchymal stem 
cells by activating the AKT pathway
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ABSTRACT
Aim of the study: To investigate the role of MetaLnc9 in the osteogenesis of human bone 
marrow mesenchymal stem cells (hBMSCs).
Materials and Methods: We used lentiviruses to knockdown or overexpress MetaLnc9 in hBMSCs. 
qRT-PCR was employed to determine the mRNA levels of osteogenic-related genes in transfected 
cells. ALP staining and activity assay, ARS staining and quantification were used to identify the 
degree of osteogenic differentiation. Ectopic bone formation was conducted to examine the 
osteogenesis of transfected cells in vivo. AKT pathway activator SC-79 and inhibitor LY294002 
were used to validate the relationship between MetaLnc9 and AKT signaling pathway.
Results: The expression of MetaLnc9 was significantly upregulated in the osteogenic differentia-
tion of hBMSCs. MetaLnc9 knockdown inhibited the osteogenesis of hBMSCs, whereas over-
expression of it promoted the osteogenic differentiation both in vitro and in vivo. Taking 
a deeper insight, we found that MetaLnc9 enhanced the osteogenic differentiation by activating 
AKT signaling. The inhibitor of AKT signaling LY294002 could reverse the positive effect on 
osteogenesis brought by MetaLnc9 overexpression, whereas the activator of AKT signaling SC- 
79 could reverse the negative effect caused by MetaLnc9 knockdown.
Conclusion: Our works uncovered a vital role of MetaLnc9 in osteogenesis via regulating the AKT 
signaling pathway.
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Introduction

Bone defect is worldwide popular and has always been 
a difficult problem in the field of orthopedic treatment. 
With its great regeneration and reconstruction ability, 
bone has attracted much attention in tissue engineering 

and regenerative medicine1, 2. Stem cell therapy takes 
an emerging role in bone tissue regeneration. Human 
bone marrow mesenchymal stem cells (hBMSCs) are 
the most promising candidates. Reasons for this are 
easy access, their anti-inflammatory character, ability 
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of multilineage differentiation, and so on 3, 4. In many 
studies, stem cells were genetically engineered to 
express specific genes or differentiate into specific cell 
lines before implantation5, 6.

Long non-coding RNAs (lncRNAs) are RNA mole-
cules that are not able to code protein, and are initially 
considered as the “noise” of transcription7. Abundant 
studies have displayed that lncRNAs take part in many 
important life activities, such as cell proliferation, dif-
ferentiation, and apoptosis, as important regulatory 
factors8–10. In recent years, the molecular mechanisms 
of lncRNAs involved in bone-related diseases have been 
extensively studied11. More and more studies have 
exhibited that lncRNAs are essential regulators of 
bone homeostasis and play key roles in stem cell 
differentiation12. Since lncRNAs play important roles 
in bone formation, tissue engineering techniques that 
use stem cells modified by lncRNAs combined with 
appropriate scaffolds are a promising bone regenera-
tion strategy. MetaLnc9 (Linc00963) belongs to the 
lncRNAs family and has been identified to regulate 
biological functions of multiple cancer cell lines13–16. 
Effects of MetaLnc9 on the differentiation of stem cells 
are rarely researched and still need more in-depth 
studies.

In our study, MetaLnc9 was found to increase dur-
ing osteogenesis of hBMSCs. Overexpressing MetaLnc9 
facilitated osteogenesis of hBMSCs while silencing 
MetaLnc9 inhibited the osteogenic differentiation. 
MetaLnc9 knockdown caused a decreased level of phos-
phorylated AKT (p-AKT). AKT pathway activator SC- 
79 could reverse the inhibition triggered by MetaLnc9 
knockdown on osteogenesis of hBMSCs. AKT pathway 
inhibitor LY294002 could reverse the positive effect 
MetaLnc9 overexpression has on osteogenesis (graphi-
cal abstract).

Materials and methods

Cell culture and treatment

Primary hBMSCs were purchased from ScienCell com-
pany (Carlsbad, CA, USA). Cells were cultivated in 
proliferation medium (PM) composed of Dulbecco’s 
modified Eagle’s medium supplemented with 10% 
fetal bovine serum, 100 U/mL penicillin, and 100 U/ 
mL streptomycin. When the cell fusion degree arrived 
70%-80%, medium was changed into osteogenic med-
ium (OM) to induce the osteogenic differentiation. OM 
was consisted of standard PM supplemented with 100  
nM dexamethasone, 0.2 mM ascorbic acid, and 10 mM 
β-glycerophosphate. Medium was changed every two or 
3 days.

Transfection

Recombinant lentiviruses containing full-length 
MetaLnc9 (LINC OVER) and the scramble control 
(NC) were purchased from Cyagen Biosciences 
(Guangzhou, China). Recombinant lentiviruses target-
ing MetaLnc9 (LINC sh-1 and LINC sh-2) and the 
scramble control (shNC) were obtained from 
GenePharma Co. (Shanghai, China). Transfection was 
carried out by exposing hBMSCs to the dilutions of the 
viral supernatant for 72 h.

Alkaline Phosphatase (ALP) staining and activity

ALP staining and activity assay were completed as 
described previously17, 18. After 1 week of osteogenic 
induction, cells were rinsed with PBS for three times, 
fixed in 4% paraformaldehyde and incubated with the 
ALP substrate solution (CoWin Biotech, Beijing, 
China). To detect ALP activity more precisely, an 
ALP activity Kit was used (Biovision, Milpitas, CA). 
Results are normalized to the total protein contents.

Alizarin red S staining and quantification

After 14 days of osteogenic induction, Alizarin red 
S staining was used to detect calcium deposits. Cells 
were washed with PBS for three times and then fixed 
with 4% paraformaldehyde for 15 min, and stained with 
1% Alizarin red S dye (Sigma-Aldrich; Merck KGaA) 
for 20 min. Deionized water was used to wash the cells 
after staining for three times. Cetylpyridinium chloride 
was used to solubilize the staining. Quantification was 
carried out to measure the degree of bone nodule for-
mation by using a spectrophotometer at 570 nm. 
Images of ALP and ARS staining were recorded by 
a scanner (Image Scanner III, GE Healthcare Bio- 
Sciences Corp., Piscataway, NJ, USA).

RNA isolation and quantitative reverse 
transcription-polymerase chain reaction (Qrt-PCR) 
analysis

Total RNA was extracted using TRIzol Reagent 
(Invitrogen, Carlsbad, CA, USA). Then, a PrimeScript 
RT Reagent Kit (Takara, Tokyo, Japan) was applied to 
synthesize cDNA from RNA. qRT-PCR was performed 
with SYBR Green Master Mix (Roche Applied Science, 
Mannheim, Germany) on a 7500 real-time PCR System 
(Applied Biosystems, Foster City, CA, USA) using 
GAPDH for normalization. Relative quantification of 
gene expression was calculated by using the 
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comparative CT (ΔΔCT) method. Sequences of primers 
used are listed in Supplemental Table 1.

Ectopic bone formation in vivo

Before in vivo experiments, hBMSCs were transfected 
with lentiviruses and induced in OM for 1 week. Then, 
5 × 106 cells were resuspended and incubated with 6  
mm × 6 mm × 3 mm Bio-Oss Collagen (Geistlich, 
GEWO GmbH, Baden-Baden, Germany) scaffolds for 
1 h at 37 °C. Afterward, the mixture of cells and scaf-
folds were implanted subcutaneously into the dorsal 
surface of 8-week-old BALB/c homozygous nude (nu/ 
nu) male mice, as described previously18, 19. The mice 
were bought from Charles River Laboratories (Beijing, 
China) and maintained under specific pathogen-free 
condition. The mice were randomized into five groups 
(six mice per group): shNC-hBMSCs/Collagen group, 
LINC sh-1-hBMSCs/Collagen group, LINC sh- 
2-hBMSCs/Collagen group, NC-hBMSCs/Collagen 
group, and LINC OVER-hBMSCs/Collagen group. 
The mice were anesthetized with sodium pentobarbital 
(40 mg/kg, i.p.). After 8 weeks, all mice were anesthe-
tized with sodium pentobarbital (40 mg/kg, i.p.) and 
killed by sodium pentobarbitone overdose (100 mg/kg, 
i.p.). Implants were harvested after 2 months, fixed with 
4% paraformaldehyde, decalcified, embedded in paraf-
fin wax, and cut into 5 μm sections. HE and Masson’s 
trichrome staining were performed to identify bone 
formation. Researchers who conducted the experiments 
and analyzed the outcomes are different people. All 
animal experiments were approved by the 
Institutional Animal Care and Use Committee of the 
Peking University Health Science Center (LA2021078) 
and were performed according to the Institutional 
Animal Guidelines.

Western blot analysis

Proteins were extracted by means of radioimmunopre-
cipitation assay (RIPA) lysis buffer. Samples were first 
separated by sodium dodecyl sulfate polyacrylamide-gel 
electrophoresis and then transferred to PVDF mem-
branes (Millipore, Billerica, MA, USA). After being 
blocked for 1 h with skimmed milk, membranes were 
incubated with primary antibodies against AKT (Cell 
Signaling Technology, Beverly, MA, USA), phosphory-
lated-AKT (Ser473) (Cell Signaling Technology) and 
GAPDH (HuaxingBio Science, Beijing, China) at 4 °C 
overnight. After being washed with TBS containing 
Tween-20, the membranes were incubated with second-
ary antibodies for 1 h at room temperature. Signals of 

protein bands were visualized using the ECL Kit 
(CoWin Biotech).

Subcellular fractionation

A nuclei isolation Kit (Invent-biotech, Minnesota, 
USA) was used to isolate the nuclear and cytoplasmic 
fractions of hBMSCs. RNA from both fractions was 
extracted using Trizol and then reverse transcribed 
into cDNA. qRT-PCR was carried out to quantify the 
RNA expression. MALAT1 and GAPDH were detected 
as the fractionation indicators. Primers used in the 
qRT-PCR are shown in Supplementary Table 1.

Statistics

All statistical analyses were performed using SPSS ver-
sion 16.0 (SPSS Inc., Chicago, IL, USA). Independent 
sample t-test was applied to evaluate statistical differ-
ences between two groups, and one-way analysis of 
variance (ANOVA) was used to analyze the statistical 
significance when there were more than two groups. 
The results were expressed as mean ± standard devia-
tion from at least three biologically repeated experi-
ments with three technical replicates per sample. We 
considered p values less than 0.05 as statistically 
significant.

Results

MetaLnc9 was upregulated during the osteogenic 
differentiation of hBmscs and was mainly located 
in the nucleus

To investigate the effect of MetaLnc9 on osteogenesis, 
we first detected the expression level of MetaLnc9 dur-
ing osteogenic differentiation. The mRNA levels of 
osteogenesis-related genes Runt-related transcription 
factor 2 (RUNX2), ALP, and osterix (OSX) were also 
detected to figure out whether we successfully induce 
the osteogenesis of hBMSCs. qRT-PCR results showed 
a great rise of osteogenic marker genes as expected 
(Figure 1(a–c)). Moreover, Metalnc9 was significantly 
upregulated during the osteogenesis of BMSCs 
(Figure 1d), which indicated a role it might play in 
the osteogenic differentiation. Subcellular location of 
lncRNAs is important because it is concerned with 
the function of most lncRNAs. We performed subcel-
lular fractionation assay to examine the distribution of 
MetaLnc9 of hBMSCs. As presented in Supplementary 
Fig.2, MetaLnc9 was primarily located in the nucleus of 
hBMSCs, meanwhile the marker RNAs (MALAT1 and 
GAPDH) were enriched in their expected fractions.

MetaLnc9 regulates osteogenesis by regulating AKT signaling 3



Gain- and loss-of-function of MetaLnc9 in vitro 
affect osteogenic differentiation

To explore whether MetaLnc9 regulates osteogenic differ-
entiation, we next used lentivirus to knockdown and 
overexpress MetaLnc9 in hBMSCs (Supplementary 
Fig.1A-C). Transfected hBMSCs were cultured in PM or 
OM for 1 week. ALP activity was significantly increased in 
the MetaLnc9 overexpression group and decreased in the 
MetaLnc9 knockdown group (Figure 2(a,b)). 
Consistently, the mRNA expression levels of ALP, 
RUNX2, and OSX were decreased in the MetaLnc9 
knockdown group and upregulated in MetaLnc9 over-
expression group (Figure 2(e–g)). After 14 days of culture 
in PM or OM, ARS staining and quantification results 
uncovered that the mineralized nodules were improved in 
the MetaLnc9 overexpression group and diminished in 
the MetaLnc9 knockdown group (Figure 2(c,d)).

Gain- and loss-of-function of MetaLnc9 in vivo 
affect bone formation

Subsequently, ectopic bone formation was con-
ducted to further uncover the effect MetaLnc9 
had on osteogenesis in vivo. HE staining and 
Masson’s trichrome staining indicated MetaLnc9 
overexpression group (LINC over) promoted new 
bone formation compared with its control group 
(NC), whereas MetaLnc9 knockdown (LINC sh-1, 
LINC sh-2) formed less bone-like tissues compared 
with the control group (shNC) (Figure 3). 
Furthermore, we also examined osteogenic maker 
genes of ectopic samples. As shown in 
Supplemental Figure 3, MetaLnc9 overexpression 
upregulated osteogenic marker genes RUNX2 and 
ALP in vivo, while MetaLnc9 knockdown had an 
opposite effect.

Figure 1. The expression pattern of osteo-related genes and MetaLnc9 during the osteogenesis of hBMSCs. A-C. Relative mRNA 
expression of osteogenic markers RUNX2, ALP and OSX were measured during day 0, 1, 4, 7, 12, 14, 17, 21. D. Relative mRNA 
expression of MetaLnc9 was measured during day 0, 1, 4, 7, 12, 14, 17, 21. Results are presented as the mean ± SD, **P < 0.01, 
compared with day 0.
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Silencing MetaLnc9 suppressed osteogenic 
differentiation via inhibition of the AKT signaling 
pathway

We next screened several osteogenesis-related signaling 
pathways to explore the mechanism by which 
MetaLnc9 regulates osteogenesis and found MetaLnc9 
knockdown significantly decreased the protein level of 

p-AKT (Figure 4(a,b)). We inspected the effect of 
MetaLnc9 on osteogenic differentiation in the presence 
of AKT signaling activator SC-79 (10 μM) to validate 
whether MetaLnc9 regulated osteogenesis via AKT 
pathway. The decreased ALP activity induced by 
MetaLnc9 knockdown was successfully abrogated by 
treatment of SC-79 (Figure 4(c,d)). Moreover, the nega-
tive effect MetaLnc9 knockdown had on extracellular 

Figure 2. Gain- and loss-of-function of MetaLnc9 in the osteogenic differentiation of hBMSCs in vitro. A-B. ALP staining and activity 
were detected in shNC, LINC sh-1, LINC sh-2, NC, LINC over groups. C-D. ARS staining and quantification were measured in shNC, 
LINC sh-1, LINC sh-2, NC, LINC over groups. E-G. mRNA levels of ALP, RUNX2, and OSX were measured in shNC, LINC sh-1, LINC sh-2, 
NC, LINC over groups. Results are presented as the mean ± SD, **/**P < 0.01, */##P < 0.05, *compared with shNC, # compared with 
NC.

MetaLnc9 regulates osteogenesis by regulating AKT signaling 5



matrix calcium deposits was also reversed by SC-79 
(Figure 4(e,f)). Besides, adding SC-79 moderated the 
reduction of mRNA expression levels of osteogenic 
markers RUNX2, ALP, and OSX caused by MetaLnc9 
silencing (Figure 4(g–i)).

Overexpression of MetaLnc9 enhanced osteogenic 
differentiation via activation of the AKT signaling 
pathway

Inhibitor of AKT signaling pathway LY294002 (20  
μM) was applied to confirm that overexpression of 

MetaLnc9 enhanced osteogenic differentiation via 
activating the AKT pathway. Consistent with knock-
down experiments, overexpression of MetaLnc9 
increased protein level of p-AKT compared to NC 
group (Figure 5(a,b)). The enhanced ALP activity 
caused by MetaLnc9 overexpression was significantly 
overturned (Figure 5(c,d)) after using LY294002. 
Moreover, the reinforcement resulted from MetaLnc9 
overexpression on calcium deposits was also dimin-
ished by LY294002 (Figure 5(e,f)). Treatment of 
LY294002 reduced the upregulation of mRNA expres-
sion levels of osteogenic markers RUNX2, ALP, and 

Figure 3. MetaLnc9 promoted bone formation of hBmscs in vivo. Mice were transplanted with Bio-oss collagen scaffold loaded 
hBmscs overexpressing or knocking down MetaLnc9 in the dorsal surface. H&E staining and Masson’s trichrome staining in shNC, 
LINC sh-1, LINC sh-2, NC, LINC over groups. Scale bar = 100 μm.
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Figure 4. Silencing MetaLnc9 promoted the osteogenesis of hBMSCs via inhibiting AKT signaling pathway. A-B. The protein levels of 
p-AKT and AKT were measured and quantified in shNC, LINC sh-1, LINC sh-2 groups, normalized to GADPH. C-D. ALP staining and 
activity were detected in shNC, shNc+SC-79, LINC sh, LINC sh+SC-79 groups. E-F. ARS staining and quantification were detected in 
shNC, shNc+SC-79, LINC sh, LINC sh+SC-79 groups. G-I. mRNA levels of ALP, RUNX2, and OSX were measured in shNC, shNc+SC-79, 
LINC sh, LINC sh+SC-79 groups. Results are presented as the mean ± SD, **/**P < 0.01, */##P < 0.05, *compared with shNC, # 
compared with LINC sh.
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Figure 5. Overexpressing MetaLnc9 promoted the osteogenesis of hBMSCs via activating AKT signaling pathway. A-B. P-AKT and AKT 
were measured and quantified in NC and LINC over groups, normalized to GADPH. C-D. ALP staining and activity were detected in 
NC, NC+LY294002, LINC over, LINC over+LY294002 groups. E-F. ARS staining and quantification were detected in NC, NC+ LY294002, 
LINC over, LINC over+LY294002 groups. G-I. mRNA levels of ALP, RUNX2, and OSX were detected in NC, NC+ LY294002, LINC over, 
LINC over+LY294002 groups. Results are presented as the mean ± SD, **/**P < 0.01, */##P < 0.05, *compared with NC, # compared 
with LINC over.
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OSX triggered by MetaLnc9 overexpression (Figure 5 
(g–i)).

Discussion

Numerous lncRNAs exert their effects via AKT signal-
ing, which is widely considered to affect stem cells’ 
ability of osteogenic differentiation20–22. Phosphorylated 
AKT played a crucial role in the osteogenesis of hBMSCs 
through many downstream genes23, 24. For example, it 
could inhibit the ability of GSK3β to form a complex 
with β-catenin, contributing to the accumulation of β- 
catenin and enhancing osteogenic gene expression25. 
Notwithstanding, direct phosphorylation by AKT pre-
vent GSK3β from attenuating RUNX2 activity26.

In present study, we discovered that MetaLnc9 
promoted the osteogenesis of hBMSCs through acti-
vating AKT signaling pathway. Subcellular fractiona-
tion assay disclosed that Metalnc9 was largely 
distributed in the nuclear area of hBMSCs. 
However, inactivated AKT existed mostly in the cyto-
plasm. Our further study would focus on whether the 
majority of MetaLnc9 located in the nucleus activated 
AKT or the minority cytoplasmic MetaLnc9 exerted 
the effects and the detailed mechanisms. Similar to 
our study, MetaLnc9 was found to be located in both 
cytoplasm and nucleus in non-small cell lung cancer 
(NSCLC) cells. It activated AKT signaling through 
interacting with the glycolytic kinase PGK1 and pre-
vented its ubiquitination in NSCLC cells. PGK1 is 
located mainly in cytoplasm and researchers specu-
lated that PGK1 might be a downstream target of 
MetaLnc9 in the cytosol15. We examined the expres-
sion of PGK1 in transfected BMSCs via western blot. 
Similarly, we also found out overexpressing 
MetaLnc9 enhanced PGK1 and silencing MetaLnc9 
reduced PGK1. Our results suggested that Metalnc9 
might activate AKT signaling via promoting the 
expression of PGK1 in BMSCs (Supplemental 
Figure 4). Moreover, Metalnc9 fostered hepatocellular 
carcinoma progression via stimulating PI3K/AKT 
pathway with the detailed mechanisms remaining to 
be explored27. In contrast to our findings, a previous 
research uncovered that MetaLnc9 was primarily 
situated in cytoplasm in bladder cancer cells28. 
These findings suggested MetaLnc9 played diverse 
roles in different cell lines.

Researchers have worked hard on new approaches 
to repair bone defect. Tissue engineering involved 
stem cells, especially BMSCs, is a potential strategy 
and has received much attention29, 30. However, as 
seed cells, BMSCs also have some deficiencies, such 
as inefficiency of osteogenic differentiation, difficulty 

in quality control, and decline in their proliferative 
ability. Therefore, several studies used gene-modified 
BMSCs in the defect area and received promising 
repair effects31–33. Our research implied that 
MetaLnc9 might serve as a gene target to modify 
BMSCs to improve its osteogenic differentiation abil-
ity. Moreover, there are some clinical medicines tar-
geting AKT signaling pathway to treat diseases such as 
breast cancer34、cervical cancer35 and renal cell 
carcinoma36. It is reasonable to hypothesize that 
MetaLnc9 might be used to treat bone defect as 
a nucleotide drug targeting AKT signaling in the 
future.

Our study discovered that MetaLnc9 was upregu-
lated during the osteogenesis of hBMSCs. 
Overexpression of MetaLnc9 facilitated the osteogenic 
differentiation of hBMSCs by activating AKT signaling 
pathway. In future, we will try to figure out the detailed 
mechanisms of how MetaLnc9 regulated phosphoryla-
tion of AKT and the downstream gene reactions, espe-
cially those involved in the osteogenesis.
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