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Abstract 

Background  Mesenchymal stem cells (MSCs), known for their ability to differentiate into osteoblasts, play a pivotal 
role in bone metabolism. In our previous investigations, we identified a novel long non-coding RNA (lncRNA) named 
MCP1 Regulatory Factor (MRF), which exhibits significant involvement in immune regulation of BMSCs. Moreover, we 
observed noticeable expression changes of MRF during the osteogenic differentiation of BMSCs. However, the exact 
role and underlying mechanism of MRF in the osteogenic differentiation of BMSCs remain elusive.

Methods  QRT-PCR analysis was employed to assess the expression levels of MRF. RNA interference and overexpres-
sion plasmids were utilized to modulate MRF expression, allowing for the observation of changes in the osteogenic 
differentiation capacity of BMSCs. Downstream pathways involved in the MRF-mediated regulation of BMSCs’ osteo-
genic differentiation were predicted using transcriptome sequencing. The functionality of MRF in vivo was validated 
through a mouse tibial drilling defect model.

Results  In patients with osteoporosis, there is a notable increase in the expression of MRF within BMSCs. During 
the osteogenic differentiation of BMSCs, the MRF expression progressively decreases. The knockdown of MRF signifi-
cantly enhances the osteogenic differentiation of BMSCs, promoting an increased expression of bone-related proteins 
such as RUNX2, ALP, and COL1A1. Transcriptome sequencing and western blot indicated that cAMP/PKA/CREB signal-
ing pathway was significantly activated after lncRNA-MRF knockdown. Moreover, in the mouse tibial drilling defect 
model, MRF knockdown significantly promotes ossification in vivo.

Conclusions  MRF modulates the cAMP/PKA/CREB signaling pathway via the follicle stimulating hormone recep-
tor (FSHR), thereby influencing the ossification differentiation of BMSCs. Our research suggests that MRF may serve 
as a potential target for bone-related disorders.
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Introduction
MSCs are extensively researched and considered prom-
ising for bone regeneration and repair [1]. Bone marrow 
mesenchymal stem cells (BMSCs) are a vital source of 
osteoblasts with the potential for multi-directional dif-
ferentiation. The process of osteogenic differentiation in 
BMSCs is precisely regulated to maintain skeletal health, 
but abnormalities in this differentiation can result in 
conditions like osteoporosis, skeletal deformities, and 
delayed fracture healing. Although numerous factors reg-
ulate the osteogenic differentiation of BMSCs, the precise 
mechanism remains largely unknown.

Long non-coding RNA (lncRNA) represent a distinct 
class of RNA molecules, defined by their lengths exceed-
ing 200 nucleotides and their inability to encode pro-
teins, or their capacity to encode only small peptides 
[2]. These molecules interact with DNA, RNA, and pro-
teins, playing vital regulatory roles in various biological 
pathways like cellular metabolism, the cell cycle, tumor 
invasion, and metastasis. Studies have demonstrated that 
lncRNA also influence bone formation by modulating 
the growth and differentiation of osteoblasts and osteo-
clasts. A recent study by Zhang et  al. [3] revealed that 
lncRNA Nron is critical for osteoclast differentiation, as 
it regulates the nuclear translocation of NFATc1. In addi-
tion to their tri-lineage differentiation capacity, BMSCs 
also exhibit significant immunomodulatory capabilities, 
which are integral to their overall function [4]. In our ini-
tial research focusing on how mononuclear cells impact 
BMSCs [5], we analyzed the gene expression of BMSCs 
co-cultured with mononuclear cells compared to those 
cultured in isolation. This analysis led to the discovery of 
a significant lncRNA named lncRNA MRF that be crucial 
for the immunoregulatory function of BMSCs. Consid-
ering the substantial changes in MSC behavior induced 
by mononuclear cells through lncRNA MRF and the 
known influence of osteoclasts on MSC osteogenic dif-
ferentiation, we hypothesize that lncRNA MRF may play 
a pivotal role in the osteogenic differentiation process of 
BMSCs.

In our initial investigation, we conducted a proteom-
ics analysis on the binding proteins of lncRNA MRF, 
demonstrating its role in modulating the immunomod-
ulatory functions of BMSCs via the HNRNPD-MCP1 
axis [5]. Specifically, MRF upregulates the expression of 
monocyte chemoattractant protein 1 (MCP-1), thereby 
enhancing the recruitment of monocytes. Inhibiting 
MRF expression enhances the ability of MSCs to sup-
press M1 macrophage polarization and promote M2 
polarization. However, the comprehensive changes in 
downstream genes and regulatory pathways involved 
in the osteoblastic differentiation of BMSCs medi-
ated by lncRNA MRF are still not fully understood. The 

differentiation of BMSCs can be influenced by vari-
ous mechanisms, with numerous studies focusing on 
lncRNA-mediated cell differentiation. For example, Cor-
alee E. Tye et al. [6] conducted a transcriptome analysis 
on hMSCs induced for osteogenic differentiation over 
0, 7, and 14 days, revealing a decrease in the expression 
of lncRNA (MIR181A1HG) during ossification. Silenc-
ing this lncRNA in MSCs enhanced differentiation 
towards osteo-chondroprogenitors, resulting in changes 
in expression and BMP2 responsiveness of skeletal gene 
networks such as SOX5 and DLX5. Wang et al. [7] identi-
fied a novel lncRNA-IUR associated with Bcr-Abl-medi-
ated cellular transformation using gene-chip technology. 
They highlighted its role as a critical negative regula-
tor of Bcr-Abl-induced tumorigenesis. Knocking down 
lncRNA-IUR significantly increased the survival of Abl-
transformed leukemia cells in mice and promoted tumor 
growth. Through RNA-seq analysis, they found that 
lncRNA-IUR suppresses Bcr-Abl-mediated tumor forma-
tion by inhibiting CD71 expression regulated by STAT5. 
Transcriptome sequencing is commonly employed to 
investigate regulatory mechanisms. Differential analysis 
tools, such as Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), applied to post-
transcription sequencing data, facilitate the identification 
of downstream regulatory molecules associated with 
lncRNA.

Our research revealed a negative correlation between 
lncRNA MRF and the osteogenic differentiation of 
BMSCs, showing that lncRNA MRF can suppress the 
osteogenic differentiation capacity of BMSCs. Through 
transcriptional sequencing and Western blot analysis, we 
found that lncRNA MRF regulates BMSCs’ osteogenic 
differentiation via the FSHR/cAMP/PKA/CREB signal-
ing pathway. Furthermore, in a mouse bone defect model, 
inhibiting lncRNA MRF was shown to enhance bone 
healing. These results provide additional evidence on the 
functional role of lncRNA MRF in BMSCs and represent 
the first study showing a lncRNA that concurrently regu-
lates BMSCs differentiation and immune modulation.

Materials and methods
BMSCs isolation and culture
Bone marrow tissue was aseptically collected from 
patients undergoing spinal surgery at the Department of 
Orthopedics, Sun Yat-sen Memorial Hospital, between 
October 2021 and May 2024. Inclusion criteria: 1) 
Patients with intervertebral disc degeneration who have 
surgical indications. Exclusion criteria: 1) Pregnant or 
lactating women; 2) Individuals with psychiatric disor-
ders who cannot provide informed consent; 3) Patients 
with spinal tuberculosis, spinal infections, or other infec-
tious diseases; 4) Patients with ankylosing spondylitis 
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or other spinal diseases; 5) Patients with spinal tumors. 
Except for the BMSCs from normal and osteoporotic 
patients used in Fig.  1c, subsequent experiments were 
conducted using BMSCs from patients without osteopo-
rosis. All included osteoporotic patients were newly diag-
nosed and had not received anti-osteoporosis treatment 
at the time of surgery. Following the addition of Hydroxy-
ethyl Starch separation solution, BMSCs were isolated 
and purified using density gradient centrifugation. The 

experimental procedures involved BMSCs from the sec-
ond to fifth generation. Cells were cultured in a medium 
consisting of 90% Dulbecco’s Modified Eagle’s Medium 
(DMEM, Gibco, New York, USA) with 1 g/L D-Glucose 
and 10% Fetal Bovine Serum (FBS, TIANHANG, Zheji-
ang, China). The culture bottles were placed in an incu-
bator set at 37 degrees Celsius with 5% carbon dioxide 
and 20% oxygen. The medium was changed every two 
days until the cells reached 80–90% confluence.

Fig. 1  LncRNA MRF are elevated in osteoporosis, showing a negative correlation with osteoblast differentiation. a Immunohistochemistry 
of Col1A1 in normal bone tissue and bone tissue of patients with osteoporosis. b The positive area ratio was evaluated by Image J(n = 3). C 
Comparison of LncRNA MRF in BMSCs between normal and osteoporotic patients using qPCR (n = 8). d QPCR detection of changes in LncRNA 
MRF in BMSCs induced by time gradient osteogenesis (n = 3). e Correlation analysis between LncRNA MRF and ALP activity (n = 16). f ARS staining 
after time gradient induced osteogenic differentiation of BMSCs. g Image J was used to analyze the positive area of ARS staining (n = 3) h ALP 
staining after time gradient induced osteogenic differentiation of BMSCs. i Image J was used to analyze the positive area of ALP staining(n = 3), The 
data are presented as the mean ± SD (*p  <0.05, **p  <0.01, ***p < 0.001)
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RNA interference and Plasmid construction 
and transfection
After reaching 80% confluence, third-generation BMSCs 
underwent transfection with lncRNA MRF specific 
siRNA, synthesized by GenePharma (Shanghai), or 
FSHR-specific siRNA, synthesized by IGE Biotechnol-
ogy (Guangzhou), as outlined in Table 1. The transfection 
process involved the use of Opti-mem and Lipofectamine 
3000 Transfection Reagent (Thermo Fisher Scientific, 
Waltham, MA, USA) following the manufacturer’s 
instructions. This method introduced targeted MRF 
(SI-MRF) siRNA, targeted FSHR (SI-FSHR) siRNA and 
non-targeted control siRNA (NC) (GenePharma, Shang-
hai) into the BMSCs. Additionally, to induce MRF over-
expression, the MRF plasmid was created by gene create 
(Wuhan, China) and transfected into the BMSCs using 
the pcDNA3.1 vector and Lipofectamine 3000 Transfec-
tion Reagent. Subsequently, the BMSCs were either col-
lected for interference efficiency measurement after 72 h 
or used in other experiments.

Osteogenic differentiation
The third-generation BMSCs are digested, resuspended, 
and seeded at a density of 5*105 cells/well in a 6-well 
plate. Osteogenic induction is carried out using a medium 
consisting of 10% Fetal Bovine Serum (FBS), 50  μg/mL 
of ascorbic acid, 10 mmol/L of β-glycerophosphate, and 
0.1  mM of dexamethasone in 90% Dulbecco’s Modified 
Eagle Medium (DMEM) with 1  g/L of D-Glucose. The 
cells are then placed in an incubator at 37 °C and 5% CO2, 
with the osteogenic medium replaced every two days 
until the BMSCs are ready for further experimentation.

ARS staining assay
BMSCs were fixed in a 4% paraformaldehyde solution 
for 15 min, then treated with 500 μl of 1% Alizarin Red S 
(ARS) in a 24-well plate. After 15 min, the staining solu-
tion was removed, and the plate was washed thrice with 
phosphate-buffered saline (PBS). The results were ana-
lyzed by scanning the plate with an imaging scanner and 
quantifying using Image J.

ALP assay
The BMSCs were fixed in a 4% paraformaldehyde solu-
tion for 15  min and then subjected to ALP staining 
using the BCIP/NBT ALP reagent kit (Beyotime, China) 
according to the manufacturer’s instructions. The stained 
cells were observed under an optical microscope, and 
quantitative analysis of the results was carried out using 
Image J software.

Quantitative real‑time polymerase chain reaction
The EZB reagent (MA, USA) was used as instructed by 
the manufacturer to isolate total RNA from BMSCs. 
Subsequently, the Prime Script RT Master Mix was 
employed for reverse transcription, involving an incuba-
tion at 37 °C for 15 min followed by denaturation at 85 °C 
for 5 s to synthesize complementary DNA (cDNA) from 
the extracted RNA. RT-PCR was conducted using SYBR 
Premix Ex Taq, and relative gene expression was deter-
mined using GAPDH as a reference gene. The expression 
of the target gene mRNA was assessed using the ΔΔCT 
method, with primer details available in Table 2.

Western blot
After adding protease inhibitor (1%) and phosphatase 
inhibitor (1%) (Cwbio, Jiangsu, China) to RIPA buffer 
for lysis, the solution was added to the BMSCs sam-
ples. Following a 30-min incubation for protein diges-
tion by protease, the mixture was centrifuged to extract 
total protein. Each sample, containing 20  μg of protein, 
underwent protein immunoblot analysis. The pre-boiled 
protein samples were loaded with SDS-PAGE Loading 
Buffer onto a 4%-20% SDS-PAGE gel (ACE Biotechnol-
ogy) and electrophoresed at 145  V for 50  min. The gel 
was transferred to a PVDF membrane (Millipore, Bill-
erica, MA, USA) at 400 mA for 65 min. After membrane 
blocking for 1  h with 5% BSA in TBST solution, it was 
incubated overnight at 4  °C with specific primary anti-
bodies. These included antibodies from IMMNOWAY 
(anti-CREB, anti-P-CREB, anti-FSHR), PROTEINTECH 
(anti-ALP, anti-RUNX2, anti-COL1A1), Santa Cruz (anti-
PKA, anti-P-PKA), Cwbio (anti-GAPDH), and Bioworld 
(anti-β-ACTIN). Following three washes with TBST, the 
membrane was incubated with the secondary antibody 
for 1 h, followed by three additional washes with TBST. 
Finally, light signals were captured using an ECL imaging 

Table 1  Specific siRNA sequences of lncRNA MRF and FSHR

Gene name Sense (5′–3′) Antisense (5′–3’)

lncRNA MRF-homo-294 GGG​ACA​CAU​UUA​UUG​AUG​UTT​ ACA​UCA​AUA​AAU​GUG​UCC​CTT​

lncRNA MRF-homo-389 GUG​GAU​GAA​ACA​UCA​AUA​UTT​ AUA​UUG​AUG​UUU​CAU​CCA​CTT​

FSHR-1 GGU​CGA​CUU​ACA​ACU​UAA​Att UUU​AAG​UUG​UAA​GUC​GAC​Ctt
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system (Syngene G:BOX ChemiXT 4, United Kingdom) 
for final analysis. Quantitative analysis of the results was 
performed using Image J.

Immunofluorescence
Cells were washed three times with PBS, followed by 
fixation in 4% paraformaldehyde. Subsequently, three 
additional washes with PBS were performed, followed by 
permeabilization with 0.5% Triton X-100 for 5 min. After 
three more rinses with PBS, the cells were blocked with 
10% bovine serum albumin at 37 °C in a humid chamber 
for one hour. Following this, primary antibodies against 
COL1A1 (1:200) and P-PKA (1:200) were applied over-
night at 4  °C in the dark. After the primary antibody 
incubation, cells were washed with PBS and then incu-
bated with the secondary antibody (Alexa Fluor® 488, 
1:100) at 37 °C for one hour. Subsequent to three rounds 
of PBS washing, a 1-min DAPI staining was performed. 
Fluorescence images were captured using an Olympus 
BX 63 microscope (New York, USA), and the results were 
quantified using Image J for fluorescence analysis.

Histological and immunohistochemical staining
Tissue specimens were fixed in 4% formaldehyde for 48 h, 
decalcified for more than 30 days, and then embedded in 
paraffin and made slices. Following the manufacturer’s 
protocols, histological sections were stained with Hema-
toxylin and Eosin, as well as Safranin O-Fast Green and 
tartrate-resistant acid phosphatase (TRAP) staining, to 
assess the extent of defect repair. Immunohistochemis-
try involved incubating tissues with primary antibodies 
targeting COL1A1 (1:200) and p-CREB (phosphorylated-
cAMP-responsive element binding protein) (1:200) over-
night, followed by the application of secondary antibodies 
to murine tibial defect specimens. Photomicrographs 
were captured using a NIKON NI-U microscope, and 
quantitative image analysis was conducted using Image 
J. Antibodies were sourced from Proteintech (USA) and 
Immunoway (Plano, USA).

Micro‑ CT
Micro-computed tomography (micro-CT) is utilized to 
examine the tibial bone structure in this study. Mice are 
euthanized using an intraperitoneal injection of pento-
barbital at a dose of 50  mg/kg. The tibial tissue is then 
fixed in 4% paraformaldehyde for 48 h and stored at 4℃ 
in 70% ethanol. The micro-CT scan and image acqui-
sition are carried out by the Department of Nuclear 
Medicine at the Animal Center of Sun Yat-sen Univer-
sity. Analysis of bone volume/total volume (BV/TV), 
trabecular thickness, trabecular number, and trabecular 
separation is performed following established guide-
lines. Two-dimensional and three-dimensional images of 
the bone structure are reconstructed from the obtained 
slices.

Transcriptome sequencing
Utilizing RNA-seq technology, we investigated the gene 
expression profile during osteoblast differentiation fol-
lowing the knockdown of MRF. When the cultures 
reached 80% confluence in 75 cm2 culture bottles, BMSCs 
were transduced using Opti-mem and Lipofectamine 
3000 Transfection Reagent (Thermo Fisher Scientific, 
Waltham, MA, USA) as per the manufacturer’s instruc-
tions, with siRNA targeting MRF (SI-MRF) and negative 
control siRNA (NC) (GenePharma, Shanghai). Subse-
quently, osteogenesis induction was carried out for three 
days. A total of six cell samples from the NC1/SI1, NC2/
SI2, and NC3/SI3 groups were analyzed. These samples 
were obtained from a 16-year-old female, a 30-year-old 
male, and a 69-year-old male, all of whom did not have 
osteoporosis. In the RNA-Seq experiment, each sam-
ple was individually cultured using second-generation 
BMSCs. The cell concentration reached (106) cells/ml, 
and all samples passed the company’s quality inspection. 

Table 2  RT-PCR primer sequences

Primer name Sequence (5′–3′)

lncrnaF TGC​CCA​CTA​CCT​CAT​TCC​CA

lncrnaR TGG​AGT​GGA​GAC​TGT​TCC​GT

RUNX2-F TGT​CAT​GGC​GGG​TAA​CGA​T

RUNX2-R AAG​ACG​GTT​ATG​GTC​AAG​GTGAA​

ALP-F CCA​CGT​CTT​CAC​ATT​TGG​TG

ALP-R AGA​CTG​CGC​CTG​GTA​GTT​GT

OCN-F TTC​TTT​CCT​CTT​CCC​CTT​G

OCN-R CCT​CTT​CTG​GAG​TTT​ATT​TGG​

hhipf AAT​GCA​GAG​CCA​CGG​TAC​AA

hhipr GCT​GGC​TCA​CAT​TTT​GCA​GT

ATP2B2f TGG​TGA​TTT​TCA​TAG​CCA​AGAGC​

ATP2B2r GTG​AGC​TCC​AAG​AGG​TGT​CC

CALM3f GAG​GGA​AAG​TAG​TCC​GGC​G

CALM3r GTC​AGC​TGG​TCA​GCC​TAC​G

VAV1f GCC​GAC​ATG​GGC​AAG​ATT​TC

VAV1r GGC​CTG​CTG​ATG​GTT​CTC​TT

PPARAf TGT​GGC​AAG​ACA​AGC​TCA​GA

PPARAr GTG​AAA​GCG​TGT​CCG​TGA​TG

fshr-f GCT​TTG​AAA​GTG​TGT​GTC​TCT​ATG​GC

fshr-r CAG​AGG​CTC​CGT​GGA​AAA​CA

GAPDH-F ACA​GTT​GCC​ATG​TAG​ACC​

GAPDH-R TTT​TTG​GTT​GAG​CAC​AGG​

OPN-F ACT​CGA​ACG​ACT​CTG​ATG​ATGT​

OPN-R GTC​AGG​TCT​GCG​AAA​CTT​CTTA​
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BMSCs from different patients were not mixed. Total 
RNA was extracted from the BMSCs using TRIzol rea-
gent (BASMDTSCI). Transcriptional sequencing of the 
samples was conducted by Xu ran biological (Shanghai, 
China), In order to identify differentially expressed genes 
between different sample groups using DESeq2 software, 
the differential expression range can be filtered by satisfy-
ing the criteria of |log2FC| ≥ 1 and p value ≤ 0.05 to select 
the differentially expressed genes between two groups. 
For the analysis of differential expression gene dataset, 
the TopGO software was used to conduct functional 
analysis of Gene Ontology (GO). Additionally, KEGG 
pathway enrichment analysis was performed using the 
Metascape database.

Surgical procedures
The animal experiments conducted at Sun Yat-Sen Uni-
versity were approved by the SYSU Institutional Animal 
Care and Use Committee (SYSU-IACUC-2024-001134). 
C57BL/6 mice (12  weeks, 18–22  g) were obtained from 
the Shuiyuntian Biology Company (Guangzhou, China). 
The left and right tibias of each mouse were assigned 
to different groups and drill holes separately, with one 
group treated with a blank siRNA and the other with a 
lncRNA MRF knockdown siRNA. A total of 12 mice were 
used in the study. The mice were anesthetized with isoflu-
rane, and their lower limbs were prepared for surgery by 
sterilization. Following a small skin incision and muscle 
isolation to expose the tibia, a 0.8 mm diameter hole was 
drilled at a suitable location. The lncRNA MRF knock-
down siRNA (5 nmol; 10 μL) or negative control siRNA 
was then introduced into the hole. The muscles were 
repositioned, and the skin was sutured and disinfected. 
The lncRNA MRF knockdown siRNA was administered 
every two days following the surgery. At 1 and 2  weeks 
after surgery, mice were euthanized by intraperitoneal 
injection of 1% pentobarbital sodium under excessive 
anesthesia (100 mg/kg) and their tibia was extracted for 
subsequent experiments. Throughout the study, the mice 
were housed in a pathogen-free environment with access 
to food and water, and were maintained on a 12-h light/
dark cycle in a temperature-controlled room [8].

Dual‑luciferase reporter assay
The promoter sequence of the FSHR was synthesized and 
subsequently cloned into the pGL3-Basic vector by IGE 
Biotechnology (Guangzhou). Utilizing Lipofectamine 
3000 (Thermo Fisher Scientific, Waltham, MA, USA), 
the aforementioned vector was transfected into 293  T 
cells. Following transfection, the cells were subjected to 
either siRNA treatment to silence lncRNA MRF or were 
transfected with an overexpression plasmid to enhance 
lncRNA MRF expression. In all experimental conditions, 

cells were additionally co-transfected with the pRL-TK 
plasmid to serve as an internal control. The luciferase 
activity was then measured using the Dual-Luciferase 
Reporter Assay System (APExBIO, USA). Relative lucif-
erase activity was evaluated in accordance with the man-
ufacturer’s guidelines.

Cell counting kit‑8 assay
We inoculated 96-well plates with 2 × 103 cells per well 
and allowed them to adhere for 24 h. Following this, we 
added varying concentrations of H-89 (1, 5, 10, 20, 40, 80, 
and 160  μM) dissolved in DMSO, sourced from Selleck 
(United States). After treatment with H-89, we added a 
medium containing 10% CCK-8 solution to each well and 
incubated the plates at 37 °C for 1 h. The absorbance was 
then measured at 450 nm using an enzyme labeler.

Statement
The work has been reported in line with the ARRIVE 
guidelines 2.0.

Statistical analysis
Each experiment was repeated a minimum of three times, 
and the results were presented as the mean ± stand-
ard deviation. Statistical analysis was performed using 
GraphPad Prism 9 software (La Jolla, CA, USA). The 
Student’ s t-test and two-way ANOVA were utilized to 
determine statistical significance, with p values less than 
0.05 deemed as statistically significant.

Results
LncRNA MRF are elevated in osteoporosis, showing 
a negative correlation with osteoblast differentiation.
In the preliminary phase, we have established the length 
and pertinent information of lncRNA MRF. Its entire 
length was found to be 1531 bp, located on the short arm 
of chromosome 12. Simultaneously, we gathered bone 
specimens from three patients with osteoporosis and 
three patients who underwent spinal surgery for sco-
liosis. Immunohistochemical staining for COL1A1 [9] 
confirmed a decrease in bone formation markers in oste-
oporosis patients [10] (Fig. 1a, b). To further explore the 
influence of lncRNA MRF on BMSCs, we utilized BMSCs 
from eight patients with osteoporosis and eight control 
patients with hip dysplasia but without osteoporosis. Fol-
lowing RNA extraction, qPCR analyses were conducted, 
revealing an upregulation of lncRNA MRF expression 
in BMSCs derived from osteoporosis patients (Fig.  1c). 
Considering the significant role of BMSCs in the occur-
rence and progression of osteoporosis, we investigated 
the changing trends of lncRNA MRF expression dur-
ing BMSCs osteogenic differentiation. The results dem-
onstrated a progressive decline in lncRNA MRF levels 
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concomitant with increasing induction of osteogene-
sis, as demonstrated by ARS and ALP staining, as well 
as ALP detection and qPCR analyses (Fig. 1d, f, h, g, i). 
Moreover, lncRNA MRF exhibited an inverse correlation 
with alkaline phosphatase activity (Fig.  1e). These find-
ings suggest a strong association between lncRNA MRF 
expression and bone metabolism in osteoporosis. Collec-
tively, these results indicate that lncRNA MRF may serve 
as a negative regulator during BMSCs osteogenic differ-
entiation and bone formation.

The knockdown and overexpression of LncRNA MRF 
influence the osteogenic differentiation of BMSCs.
In order to investigate the role of lncRNA MRF in the 
osteogenic differentiation of BMSCs, we constructed 
and selected two siRNAs with relatively high knockdown 
efficiency for lncRNA MRF (shRNA-1 and shRNA-2) 
(Table  1). The results from ARS and ALP experiments 
(Fig.  2a, b) indicate an enhanced differentiation of 
BMSCs into osteoblasts upon the reduction of lncRNA 
MRF expression. Following the transfection with OE-
MRF, both ARS staining and ALP assays (Fig.  2d, e) 
indicated a marked decrease in the osteogenic differen-
tiation of BMSCs. qPCR data revealed a similar upward 
trend in the mRNA levels of osteogenic markers ALP, 
RUNX2, OCN, and OPN following the suppression of 
lncRNA MRF expression (Fig. 2c). In the group subjected 
to over-expression of lncRNA MRF (OE-MRF), there was 
a significant elevation in the expression level of lncRNA 
MRF in the BMSCs. Correspondingly, the mRNA levels 
showed a decline in osteogenic activity, with decreased 
expression of ALP, RUNX2, OCN, and OPN (Fig.  2f ). 
Western blot analysis confirmed these observations, 
showing that a decrease in lncRNA MRF expression led 
to an increase in osteogenic markers, including ALP, 
RUNX2, and COL1A1 proteins, while lncRNA MRF 
overexpression exhibited the reverse trend (Fig.  2g, h, 
i, j). Immunofluorescence data also support these find-
ings, as evidenced by the notable rise in the fluorescence 

intensity of COL1A1, after a reduction in lncRNA MRF 
expression (Fig.  2k, l). After over-expressing lncRNA 
MRF, the fluorescence intensity of COL1A1 had substan-
tially reduced (Fig. 2m, n). The above experiments indi-
cate that lncRNA MRF has an inhibitory effect on the 
osteogenic differentiation regulation of BMSCs.

Targeting lncRNA MRF holds the potential to enhance 
bone formation in vivo.
To further investigate the role of lncRNA MRF in osteo-
genesis in vivo, we conducted an animal experiment with 
a drilled-hole model (Fig.  3a). After drilling holes near 
the epiphysis of the mouse tibia with a 0.8 mm drill bit, 
we administered injections of SI-MRF or negative con-
trols (Fig.  3b). Following treatment with either negative 
controls siRNA or lncRNA MRF knockdown siRNA for 
seven or fourteen days, we utilized micro-CT scanning 
to assess the damage site. Both external and internal 
general vistas of the femur revealed a relatively deficient 
cortical bone covering in the siRNA blank control injec-
tion group, while the lncRNA MRF knockdown siRNA 
group demonstrated a more substantial bone filling of 
deficits, suggesting an accelerated healing rate (Fig.  3c). 
In the lncRNA MRF knockdown siRNA injection group, 
we have observed a pronounced increase in the BV/TV 
ratio and Trabecular Thickness (Fig. 3d, e, f, g) as well as a 
significantly higher Trabecular Number within the callus 
tissue (Fig. 3h, j) and less Trabecular Spacing (Fig. 3i, k). 
The bone defect healing rate in the lncRNA MRF knock-
down siRNA group was also higher than that in the con-
trol group (Fig.  3l, m). This suggests that lncRNA MRF 
knockdown siRNA can effectively enhance bone repair 
in the context of mouse tibia deficiencies. H&E staining 
(Fig.  3n) and Safranin O/Fast Green (Fig.  3o) staining 
show a more continuous cortical bone and more trabecu-
lar connections at the site of tibia-drilled hole deficien-
cies in the lncRNA MRF knockdown siRNA injection 
group. To investigate whether LncRNA-MRF affects 
other cells involved in bone formation within the bone 

(See figure on next page.)
Fig. 2  The knockdown and overexpression of LncRNA MRF influence the osteogenic differentiation of BMSCs. a Treatment of BMSCs with shRNA-1 
and shRNA-2 during osteogenic differentiation followed by ARS/ALP staining. b Image J was used to analyze the positive area of ARS/ALP staining 
(n = 3). c qPCR detection of mRNA expression of osteogenic related molecules after knock-down of LncRNA MRF (n = 3). d Treatment of BMSCs 
with MRF overexpression plasmid during osteogenic differentiation followed by ARS/ALP staining. e Image J was used to analyze the positive 
area of ARS/ALP staining (n = 3). f qPCR detection of mRNA expression of osteogenic related molecules after overexpression of LncRNA MRF 
(n = 3). g, i Western blot showing changes in the expression of osteogenic related proteins after knocking down or overexpressing LncRNA MRF. 
h, j Quantification of specific signal intensities. GAPDH was used as the loading control. Values are presented as mean ± standard deviation (SD) 
for three independent experiments (n = 3) *p  <0.05, **p  <0.01, ***p  <0.001. k, l, m Immunofluorescence images (20 X) showing COL1A1 staining 
of BMSCs treated shRNA-1, shRNA-2, and MRF overexpression plasmids and Osteogenic induction for three days. n Image J was used to analyze 
the Immunofluorescence intensity of COL1A1 (n = 3). The data are presented as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001)). Full-length 
blots are presented in Supplementary material 1: Figures 1–8, The cropping position of the original image is marked in Supplementary material 1: 
documents 1
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microenvironment, such as osteoclasts, we performed 
TRAP staining on tissue sections from the drilled areas 
(Fig. 3p, q). The results showed no significant difference 
in the number of osteoclasts between tibias injected 
with SI-MRF and those injected with negative controls 
(Fig.  3r). This indicates that SI-MRF does not primarily 

exert its effects through osteoclasts. Immunohistochem-
istry reveals a larger number of COL1A1-positive cells 
(Fig.  3s, t, u). The above results indicate that inhibiting 
lncRNA MRF in  vivo has a promoting effect on bone 
repair.

Fig. 2  (See legend on previous page.)
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Fig. 3  Targeting lncRNA-MRF holds the potential to enhance bone formation in vivo. a Overall flowchart of animal experiments. b Picture of Mouse 
Surgical Process. c In vivo micro-CT demonstrated , at 1w and 2w, local injection of negative controls siRNA or lncRNA MRF knockdown siRNA 
displayed in bone repair at the site of drilling injury, and the group injected with lncRNA MRF knockdown siRNA showed better bone repair The 
new generating bone formed part of the drill-hole area was indicated with red mark. d-k The following parameters were calculated when analyzing 
the bone repair situation at the damaged area of the drill-hole: bone volume per total volume (BV/TV), Trabecular Thickness (Tb. Th), Trabecular 
Number (Tb. N), Trabecular Spacing (Tb. Sp). l, m Image J was used to analyze the bone defect healing rate, The data are presented as the mean 
± SD (*p < 0.05, **p < 0.01, ***p < 0.001). n, o Histological analysis including HE and Safranin O and Fast Green staining showed the degree of local 
bone repair after injection of negative controls siRNA or lncRNA MRF knockdown siRNA. p osteoclast staining showed the number of osteoclasts 
after injection of negative controls or lncRNA MRF knockdown siRNA. q Image J was used to analyze the proportion of new bone, The data are 
presented as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001). r The number of osteoclasts was calculated using image j. s Immunohistochemistry 
of Col1A1 in local injection of negative controls siRNA group or lncRNA MRF knockdown siRNA group with 1w or 2w. t, u The positive area ratio 
was evaluated by Image J. The data are presented as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001). Six mice were used in 1W group and 2W 
group respectively, n  =  6
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DGE was analyzed before and after silencing LncRNA MRF 
using RNA‑seq technology.
To provide further clarity on the mechanism underlying 
the regulation of osteogenic differentiation of BMSCs by 
lncRNA MRF, we conducted RNA-seq to identify differ-
entially expressed genes (DEGs) before and after lncRNA 
MRF knockdown. The results revealed expression 
changes in 384 genes (Fig.  4a), with 201 genes showing 
increased expression, and 183 genes showing decreased 
expression (Fig.  4b). Functional enrichment analysis of 
DEGs using Gene Ontology (GO) revealed insights into 
Biological Process, Cell Component, and Molecular 
Function (Fig. 4c). We have identified the ten most prom-
inent upregulated and downregulated genes (Fig.  4d), 
the analysis of which will bolster our understanding and 
verification of DEGs. The chord plot illustrated GO func-
tion enrichment (Fig. 4e), while the scatter plot demon-
strated the relationship between Pathways and DEGs 
based on KEGG pathway classification (Fig.  4f ). The 
analysis revealed significant enrichment in pathways such 
as Galactose Metabolism, Pentose Phosphate Pathway, 
B Cell Receptor Signaling Pathway, and cAMP Signaling 
Pathway. Notably, six genes were enriched in the cAMP 
signaling pathway, which showed a high degree of enrich-
ment and a strong correlation with osteogenic differen-
tiation. To validate the RNA-seq findings, we conducted 
PCR verification on the molecules enriched in the cAMP 
signaling pathway (Fig.  4j). The cAMP signaling path-
way is an important and classic pathway that affects the 
osteogenic differentiation of BMSCs, and its upstream 
can be regulated by G-protein coupled receptors. Our 
RNA-seq results showed a significant upregulation of 
FSHR (Fig.  4g), alongside notable enrichment of the 
cAMP signaling pathway. It is speculated that FSHR, as a 
G-protein coupled receptor, may regulate the osteogenic 
differentiation of MSCs by affecting the downstream 
cAMP signaling pathway. Therefore, we conducted vali-
dations. Western blot results (Fig.  4h, l) demonstrated 

that the reduction of lncRNA MRF in BMSCs leads to 
increased FSHR protein expression and a simultaneous 
rise in FSHR mRNA levels (Fig.  4k). The cAMP signal-
ing pathway mainly functions through the phosphoryla-
tion of PKA and downstream effector molecules, so we 
assessed the phosphorylation ratios of PKA and CREB 
following the knockdown or overexpression of lncRNA 
MRF. A significant increase in the ratios of p-PKA and 
p-CREB was observed (Fig. 4i, m, n). The results support 
the hypothesis that the osteogenic-inducing activity of 
lncRNA MRF may be associated with the cAMP meta-
bolic pathway [11].

The LncRNA MRF governs osteogenic differentiation 
via the FSHR‑cAMP‑PKA‑CREB signaling pathway.
To investigate the specific mechanisms by which 
LncRNA-MRF regulates FSHR and to determine whether 
LncRNA-MRF influences the cAMP/PKA/CREB sign-
aling pathway via FSHR mediation, we constructed a 
luciferase reporter plasmid containing the FSHR pro-
moter and performed dual-luciferase assays. The find-
ings revealed that compared to the NC group, 293 T cells 
treated with SI-MRF exhibited increased luciferase activ-
ity. Conversely, overexpression of LncRNA MRF resulted 
in a significant decrease in luciferase activity within 
293  T cells (Fig.  5b). This result suggests that LncRNA 
MRF may inhibit the transcription of FSHR, indicating 
that the regulation of FSHR mRNA by LncRNA MRF 
occurs through modulation of its transcriptional activity 
(Fig. 5a). We also designed specific siRNA for the knock-
down of FSHR (SI-FSHR) and conducted rescue experi-
ments. The results indicated that following treatment 
with SI-MRF, BMSCs showed a significant increase in 
the ratios of P-PKA/PKA and P-CREB/CREB, suggesting 
substantial activation of the cAMP-PKA-CREB signaling 
pathway. Subsequently, we performed concurrent knock-
down of FSHR alongside MRF. The results demonstrated 
that BMSCs subjected to the simultaneous knockdown 

(See figure on next page.)
Fig. 4  DGE was analyzed before and after silencing LncRNA MRF using RNA-seq technology. a For the differentially expressed genes screened 
between sample groups, bidirectional hierarchical clustering of genes and samples was performed and displayed using a heatmap. b 
Volcanic diagram of DGE between two sample groups. c Functional enrichment analysis of DEGs using Gene Ontology (GO) revealed insights 
into Biological Process, Cell Component, and Molecular Function. d the ten most prominent upregulated and downregulated genes. e The chord 
plot of GO function enrichment. f the scatter plot about the relationship between Pathways and DEGs based on KEGG pathway classification. 
g The expression changes of FSHR in the volcano map of RNA sequencing results. h Western blot showing changes in the expression of FSHR 
after knocking down or overexpressing LncRNA MRF. i Western blot showing changes in the expression of P-PKA/PKA, P-CREB/CREB after knocking 
down or overexpressing LncRNA MRF. j The molecules enriched in the cAMP signaling pathway were confirmed using PCR, the data are presented 
as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001) (n = 3). k Changes in mRNA expression of FSHR after knocking down LncRNA MRF (n = 3). 
l Quantification of specific signal intensities. GAPDH was used as the loading control. Values are presented as mean ± standard deviation (SD) 
for three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001) (n = 3). m, n Quantification of specific signal intensities. GAPDH was used 
as the loading control. Values are presented as mean ± standard deviation (SD) for three independent experiments (n = 3) (*p < 0.05, **p < 0.01, 
***p < 0.001). A total of six cell samples from the NC1/SI1, NC2/SI2, and NC3/SI3 groups were analyzed. n = 3. Full-length blots are presented 
in Supplementary material 1: Figure 9–24, The cropping position of the original image is marked in Supplementary material 1: documents 1
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of both MRF and FSHR exhibited a marked reduction 
in the ratios of P-PKA/PKA and P-CREB/CREB (Fig. 5c, 
f ), indicating that FSHR knockdown inhibits the acti-
vation of the cAMP-PKA-CREB signaling pathway 
induced by MRF knockdown. In addition, we ordered 
the cAMP/PKA/CREB signaling pathway inhibitor H-89 
(a potent PKA inhibitor) and conducted further rescue 

experiments. CCK-8 assays demonstrated that, compared 
to the negative control group, the viability of BMSCs 
remained unaffected when exposed to H-89 at concen-
trations below 10  μM for a duration of 24  h (Fig.  5j). 
The results demonstrated that, compared to NC group, 
BMSCs treated with SI-MRF displayed an enhanced 
osteogenic phenotype. However, the addition of H-89 

Fig. 4  (See legend on previous page.)
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(10  μM) significantly decreased the levels of osteogenic 
marker proteins (Fig. 5d, e). Similarly, the enhancement 
of osteogenesis in BMSCs induced by SI-MRF was mit-
igated in the presence of H-89, as reflected by the cor-
responding reductions in ALP activity and Alizarin Red 
staining intensity (Fig.  5g, h, i). Additionally, immuno-
fluorescence analyses of p-PKA and p-CREB corrobo-
rate these findings (Fig. 5k–n), with BMSCs treated with 
siRNA-MRF displaying a brighter fluorescence of p-PKA 
and p-CREB, compared to the negative control group. 
Immunohistological staining of p-CREB shows that 
tibial defects injected with lncRNA MRF knockdown 
siRNA present a greater number of p-CREB positive cells 
(Fig. 5o, r, s). Immunohistochemical staining for p-CREB 
confirmed a decrease in bone formation markers in oste-
oporosis patients (Fig.  5p, q). The result demonstrates 

that lncRNA MRF is also associated with the cAMP-
PKA-CREB signaling pathway in human tissues. Overall, 
depletion of lncRNA MRF can activate the FSHR-cAMP-
PKA-CREB signaling pathway, contributing to the osteo-
genic differentiation of BMSCs and enhancing their bone 
repair capabilities (Fig. 6).

Discussion
In conclusion, our study delved into the impact of 
lncRNA MRF on BMSCs’ osteogenic differentiation and 
its activation of related pathways. Our results demon-
strate that downregulation of lncRNA MRF significantly 
enhances ALP activity, osteogenic marker proteins, 
and mRNA expression. Additionally, this downregu-
lation promotes the FSHR-cAMP-PKA-CREB signal-
ing pathway, which plays a crucial role in the lncRNA 
MRF-mediated regulation of BMSCs osteogenic differen-
tiation, thereby facilitating the osteogenic differentiation 
process. We suggest that lncRNA MRF exerts an inhibi-
tory effect on osteogenesis primarily through the cAMP/
PKA/CREB signaling pathway. Moreover, we validated 
the in vivo role of lncRNA MRF in osteogenesis and bone 
repair using a mouse tibial drilling model [12].

Fig. 5  The LncRNA MRF governs osteogenic differentiation 
via the FSHR-cAMP-PKA-CREB signaling pathway. a The pattern 
map lists the binding sites of lncRNA MRF in the FSHR promoter 
and the sequence of the predicted lncRNA MRF binding site. 
b Dual-luciferase assays on LncRNA MRF and the promoters 
of FSHR (n = 3). c Western blot showing changes in the expression 
of P-PKA/PKA, P-CREB/CREB after knocking down LncRNA MRF 
or knocking down LncRNA MRF and FSHR at the same time. d 
Western blot showing changes in the expression of osteogenic 
related proteins after knocking down LncRNA MRF or knocking 
down LncRNA MRF after using H-89. e, fQuantification of specific 
signal intensities. GAPDH was used as the loading control. Values are 
presented as mean ± standard deviation (SD) for three independent 
experiments (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001). g Treatment 
of BMSCs with SI-MRF and SI-MRF+H-89 during osteogenic 
differentiation followed by ARS/ALP staining. h, i Image J was used 
to analyze the positive area of ARS/ALP staining (n = 3). j viability 
of BMSCs cultured with 0 ~ 160µM H-89 for 24h (n = 3). k, m 
Immunofluorescence images (20 X) showing P-CREB, P-PKA staining 
of BMSCs treated shRNA-1, shRNA-2, and MRF overexpression 
plasmids and Osteogenic induction for three days. l, n Image J 
was used to analyze the Immunofluorescence intensity of P-CREB, 
P-PKA. The data are presented as the mean ± SD (n = 3) (*p < 0.05, 
**p < 0.01, ***p < 0.001). o Immunohistochemistry of P-CREB 
in local injection of negative controls siRNA group or lncRNA MRF 
knockdown siRNA group with 1w or 2w. p Immunohistochemistry 
of P-CREB in normal bone tissue and bone tissue of patients 
with osteoporosis. q, r, s The positive area ratio was evaluated 
by Image J (n = 3). The data are presented as the mean ± SD 
(*p < 0.05, **p < 0.01, ***p < 0.001). Full-length blots are presented 
in Supplementary material 1: Figures 25–34. The cropping position 
of the original image is marked in Supplementary material 1: 
documents 1

◂



Page 13 of 17Ning et al. Stem Cell Research & Therapy          (2025) 16:200 	

lncRNA were initially considered to be transcriptional 
remnants without biological significance. However, 
extensive research has gradually uncovered their cru-
cial roles in various cellular processes [13]. Recent stud-
ies have confirmed that lncRNA play a significant role in 
the differentiation of BMSCs [14], with specific lncRNA 
identified as regulators of BMSCs’ osteogenesis. BMSCs 
play a key role in differentiating into osteoblasts and 
adipocytes [4], while also exhibiting immunomodula-
tory functions. MSCs have strong immune regulatory 
ability and are widely used in clinical treatment. They 
exhibit bidirectional immune regulatory ability under 
different immune states, which can mobilize immune 
cells by secreting various cytokines and exhibit pro-
inflammatory effects [15]. Additionally, MSCs can also 
inhibit the proliferation of pro-inflammatory cells and 
increase the number of anti-inflammatory cells such 
as anti-inflammatory macrophages. This is achieved 
through the chemokine-iNOS-IDO axis or the produc-
tion of metabolites such as cytokines (TGF-β, IL-6) and 
prostaglandin E2 (PGE) [16]. The osteogenic differentia-
tion process of MSCs involves multiple pathways, includ-
ing the Wnt/β-catenin pathway, Bmp-Smad pathway, 
Hedgehog signaling, and the cAMP signaling pathway 
[17]. Understanding how MSCs regulate both immune 
responses and osteogenic differentiation is crucial for 
enhancing MSC-based therapies. However, the specific 

molecules that act as key regulators or switches in these 
processes are still unknown. Our research indicates that 
lncRNA MRF not only influences immune responses but 
also controls osteogenic differentiation. The knockdown 
of lncRNA MRF may suppress M1 macrophage polariza-
tion, enhance M2 macrophage polarization, and promote 
osteogenesis in MSCs. Therefore, lncRNA MRF is identi-
fied as a critical molecule that coordinates the immune 
and osteogenic processes in MSCs, serving as a central 
regulator in driving functional changes and biological 
behavior modifications in these cells.

lncRNA play a crucial role in modulating cellular 
activities through various mechanisms, such as acting as 
sponges, signals, and guides, as well as interacting with 
DNA, RNA, and proteins. In the context of bone differ-
entiation, lncRNA function as competing endogenous 
RNAs (ceRNAs) and also interact with RNA-binding pro-
teins (RBP), RNA duplexes, and activate signaling path-
ways like BMP4. For instance, Liu et al. [18] studied the 
lncRNA GATA2AS, which is expressed in human eryth-
rocytes. They discovered that it is transcribed in oppo-
sition to the erythroid transcription regulator GATA2, 
modulating erythroid differentiation through influenc-
ing the binding of transcription factor GATA2. Similarly, 
Zhang et al. [19] observed high expression of the lncRNA 
Snhg7 in cardiomyocytes with myocardial hypertrophy. 
Their research revealed that Snhg7 induced ferroptosis 

Fig. 6  Pattern diagram of the mechanism of action of LncRNA MRF in BMSCs. MRF modulates the cAMP/PKA/CREB signaling axis through FSHR, 
thereby adjusting the ossification differentiation of BMSCs. Our research suggests that MRF may a potential target for bone related disorders.
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by interacting with the T-box transcription factor 5 and 
glutaminase 2, inhibiting Snhg7 led to a decrease in Tbx5 
and GLS2 expression, thereby reducing iron-dependent 
cell death and impacting the progression of myocardial 
hypertrophy. Furthermore, Liu et  al. [20] examined the 
function of the LINC01594 lncRNA in colon cancer cells 
and found that it acted as a scaffold for DNMT1, result-
ing in increased methylation levels of the CELF6 pro-
moter. Additionally, LINC01594 competitively bound the 
transcription factor P53, reducing CELF6 expression and 
facilitating colon cancer metastasis. In our findings, Fol-
lowing the downregulation of lncRNA MRF, an increase 
was observed in both mRNA and protein levels of FSHR. 
It is postulated that lncRNA MRF may function through 
RNA-RNA interactions, potentially transcriptionally 
mediated. Based on this, we conducted dual-luciferase 
assays, which showed that knocking down lncRNA-
MRF significantly increased the transcriptional activ-
ity of FSHR. This finding suggests that MRF may inhibit 
the transcription of FSHR. To gain more conclusive 
insights into how lncRNA MRF influences downstream 
molecules, further investigations such as bioinformatics 
predictive analyses and RNA pull-down experiments are 
necessary to explore RNA-RNA interactions in depth. 
Additionally, the use of activators and inhibitors in the 
cAMP-PKA-CREB pathway is essential for refining 
recovery experiments and elucidating the specific mech-
anisms by which MRF modulates the FSHR-cAMP-PKA-
CREB pathway. In our recovery experiment, we used 
H-89, an effective PKA inhibitor, to block the activation 
of the cAMP signaling pathway. This inhibition mitigated 
the osteogenic enhancement effect in BMSCs caused by 
the knockdown of lncRNA MRF, indicating that lncRNA 
MRF/FSHR can influence the cAMP/PKA/CREB sign-
aling pathway, thereby regulating bone differentiation. 
Moving forward, we plan to use an activator of the cAMP 
signaling pathway for further verification.

Cyclic Adenosine Monophosphate (cAMP) is a 
widely distributed molecule in cells, serving as a criti-
cal secondary messenger for various hormones and 
neurotransmitters. It regulates key biological pro-
cesses, including cellular metabolism, gene expression, 
growth, differentiation, and apoptosis [21]. cAMP can 
be produced through G-protein activation of Adeny-
lyl Cyclase (ACs) or by G-protein independent soluble 
Adenylate Cyclase (sAC) [22]. As a G protein-coupled 
receptor, the Follicle Stimulating Hormone Recep-
tor (FSHR) is reported to regulate cellular activities 
by influencing downstream cAMP signaling pathways. 
Our RNA-seq samples involve three age groups, which 
helps us understand the universality of gene expres-
sion changes in BMSCs caused by MRF knockout in 
individuals of different ages [23], while showing that 

the knockdown of lncRNA MRF leads to a signifi-
cant increase in FSHR expression. Therefore, we pro-
pose the hypothesis that lncRNA MRF regulates the 
cAMP signaling pathway via FSHR and have conducted 
experiments to validate this hypothesis. In our follow-
up experiments, simultaneously knocking down both 
lncRNA-MRF and FSHR in BMSCs led to a decrease 
in the phosphorylation levels of PKA and CREB, com-
pared to knocking down lncRNA-MRF alone. Knock-
down of FSHR inhibited activation of the cAMP 
signaling pathway, further supporting our hypothesis. 
The effects of cAMP are primarily mediated through 
the activation of Protein Kinase A (PKA), leading to the 
phosphorylation of cAMP-responsive element binding 
protein (CREB) for regulatory purposes. Downstream 
molecules like Raf, Bad, and GSK3 can also be influ-
enced. Previous research has indicated that lncRNA 
have the ability to modulate the cAMP-PKA-CREB 
signaling pathway [24]. For example, Chen et  al. [25] 
demonstrated that lncRNA-M2 can interact with PKA 
in M2 macrophages, facilitating M2 macrophage dif-
ferentiation through the PKA/CREB pathway. In our 
study on BMSCs, we have uncovered for the first time 
the involvement of lncRNA in the regulation of the 
FSHR-cAMP-PKA-CREB pathway. The cAMP signaling 
pathway is crucial for regulating osteogenic differentia-
tion and bone formation. Parathyroid hormone (PTH) 
is the only FDA-approved anabolic medication for 
osteoporosis in the USA [26]. Numerous studies have 
shown a link between PTH-stimulated G-protein-cou-
pled receptor PTH1R-specific induction of cAMP/PKA 
pathway activation and PTH-induced osteogenic dif-
ferentiation. Further research confirms the significance 
of the cAMP/PKA pathway in osteogenesis. Kim et al. 
[27] utilized cAMP/PKA/CREB pathway activators to 
stimulate BMSCs, demonstrating its ability to promote 
human BMSCs osteoblast differentiation and enhance 
bone formation in ovariectomized mice. Activation of 
cAMP pathways in primary aortic medial cells has been 
shown to promote mineralization and vascular calci-
fication by enhancing osteoblast-like differentiation, 
which aligns with the findings of our own research [28].

Numerous recent studies have focused on the use of 
lncRNA in treating human skeletal diseases, with BMSCs 
emerging as the preferred gene therapy vehicle due to 
their low immunogenicity [29]. These BMSCs are geneti-
cally modified and then administered either systemi-
cally or locally to address conditions like osteoporosis, 
osteoarthritis, and degenerative disc diseases. Natália 
de Melo Ocarino et  al. [30] conducted a study where 
they injected 750,000 BMMSCs from healthy rats into 
the femurs of osteoporotic rats, resulting in increased 
bone differentiation and mass. This demonstrated the 
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effectiveness of BMSCs injections for osteoporosis. 
Another study by Li [31] explored the overexpression of 
BMMSCs-related lncRNA Bmncr in BMSCs and found 
it could help mitigate age-related bone loss in mouse 
models. Using an adeno-associated virus vector (rAAV9-
Sp7-Taz-GFP) coding for Taz, the study delivered it into 
the osteoprogenitor cells of Bmncr-KO mice through 
intra-osseous injections, showing that the overexpres-
sion of Taz partially reversed the premature aging of 
bones in these mice. Similarly, Mahasen Al-Najar’s [32] 
research involving the injection of BMSCs into knee 
osteoarthritic patients demonstrated safety and signifi-
cant improvement during the two-year follow-up. Our 
studies have demonstrated that the direct injection of si-
lncRNA into the perforated sections of mice bones effec-
tively enhances bone formation at the site of injury. This 
method is comparatively easier to implement than inject-
ing BMSCs, and the enhanced bone formation at the site 
of drilled bone is strikingly evident. Previous research has 
also reported success via direct in vivo siRNA injections 
to mitigate disease progression in mice; for instance, a 
study by Gong [33] found that knee arthroscopic injec-
tions of YAP siRNA resulted in an alleviation of the mice’s 
osteoarthritis symptoms by reducing abnormal subchon-
dral bone formation and inhibiting the progress of osteo-
arthritis. However, directly injecting si-lncRNA into bone 
tissue may pose potential risks, including local immune 
responses, direct toxicity to surrounding cells, unin-
tended targeting of other mRNAs with similar sequences, 
and local irritation symptoms such as pain, swelling, 
and redness. Additionally, the effects of siRNA are typi-
cally transient, necessitating repeated injections over 
an extended period to maintain efficacy, which further 
amplifies these risks. Therefore, it is crucial to thoroughly 
assess these risks before designing and implementing 
experiments. This includes optimizing the dosage and 
frequency of administration and focusing on developing 
delivery systems that specifically target BMSCs. Exist-
ing delivery strategies include nanospheres, liposomes, 
adenoviruses/lentiviruses, hydrogel scaffolds, and mono-
clonal antibody/antigen-binding systems. Huang et  al. 
[34] developed bone-targeting liposomes that effectively 
encapsulate compounds, demonstrating specific target-
ing of bone tissue. In in  vivo experiments, this delivery 
system enhanced bone formation in ovariectomized 
mice, indicating that the Asp8-liposome effectively car-
ries osteogenic compounds, thereby enhancing thera-
peutic outcomes against osteoporosis caused by estrogen 
depletion. In future clinical translation processes, empha-
sis should be placed on designing material systems for 
the targeted delivery of MRF to BMSCs. This approach 
aims to minimize injection-related damage and improve 
the specificity and efficacy of MRF silencing. This body of 

research supports our findings. As an in-depth investiga-
tion into the role of lncRNA in tissue engineering con-
tinues, lncRNA and their target genes hold potential as 
therapeutic targets for bone-related ailments.

The study enhances our comprehension of the inhibi-
tory function of lncRNA MRF in osteogenesis, providing 
a molecular basis for potential therapies targeting oste-
oporosis. From a clinical perspective, the investigated 
lncRNA MRF could serve as a promising therapeutic tar-
get for promoting bone differentiation. Knocking down 
lncRNA MRF with siRNA significantly enhances osteo-
genesis both in vitro and in vivo, as well as bone forma-
tion at tibial defect sites. However, this study has certain 
limitations. Firstly, the current in vivo experiments could 
be further optimized by using a targeted delivery system 
for BMSCs, which would help clarify the role of MRF 
in  vivo while minimizing interference from its effects 
on other cell types. Secondly, developing an osteoporo-
sis mouse model is necessary for more in-depth in vivo 
studies, to better understand the mechanisms by which 
lncRNA MRF functions in the context of osteoporo-
sis. Thirdly, while osteoblasts and osteoclasts are indeed 
critical effector cells in bone metabolism, osteocytes play 
a fundamental role in maintaining bone homeostasis by 
integrating mechanical, biochemical, and hormonal sig-
nals. Investigating the effects of MRF on osteocytes and 
osteoclasts, as well as its potential specific mechanisms, 
will be a key focus of our future experimental direction.

Conclusion
Our research explored the impact of lncRNA MRF on 
osteogenic differentiation of BMSCs both in  vitro and 
in  vivo. We introduced the novel concept that lncRNA 
MRF modulates BMSCs osteogenesis via the FSHR-
cAMP-PKA-CREB signaling pathway. These findings 
enhance our comprehension of the regulatory mecha-
nisms involved in BMSCs osteogenesis and present 
potential therapeutic targets for clinical interventions. 
However, our study is not without limitations. Specifi-
cally, the exact mechanisms by which lncRNA MRF influ-
ences osteoporosis progression remain elusive, and the 
efficacy of lncRNA MRF inhibitors in clinical settings has 
yet to be established. These are areas that warrant further 
investigation.
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