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Overexpressed RAD51 promoted osteogenic differentiation by 
activating IGF1R/PI3K/AKT pathway in osteoblasts
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Background: Osteoporosis (OP) is a skeleton disease in-
duced by imbalance between osteoblast and osteoclast. 
Osteogenic differentiation of osteoblasts is of great im-
portance, and the regulatory mechanisms are urgent 
to be studied. Methods: Differentially expressed genes 
were screened from microarray profile related to OP 
patients. The dexamethasone (Dex) was used to induce 
osteogenic differentiation of MC3T3-E1 cells. MC3T3-
E1 cells were exposed to microgravity environment to 
mimic OP model cells. Alizarin Red staining and alkaline 
phosphatase (ALP) staining were used to evaluate the 
role of RAD51 in osteogenic differentiation of OP model 
cells. Furthermore, qRT-PCR and western blot were ap-
plied to determine expression levels of genes and pro-
teins. Results: RAD51 expression was suppressed in OP 
patients and model cells. Alizarin Red staining and ALP 
staining intensity, the expression of osteogenesis-relat-
ed proteins including runt-related transcription factor 2 
(Runx2), osteocalcin (OCN), and collagen type I alpha1 
(COL1A1) were increased by over-expressed RAD51. Fur-
thermore, RAD51 related genes were enriched in IGF1 
pathway, and up-regulated RAD51 activated IGF1 path-
way. The effects of oe-RAD51 on osteogenic differen-
tiation and IGF1 pathway were attenuated by IGF1R in-
hibitor BMS754807. Conclusions: Overexpressed RAD51 
promoted osteogenic differentiation by activating IGF1R/
PI3K/AKT signaling pathway in OP. RAD51 could be a po-
tential therapeutic marker for OP.
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INTRODUCTION

Osteoporosis (OP) has become one of the epidemic 
diseases affecting people’s quality of life due to its di-
verse etiology and complex molecular mechanism. OP 
is characterized by decreased bone mass, destroyed mi-
crostructure of bone tissue, increased bone brittleness, as 
well as high rate of fracture(Lupsa & Insogna, 2015).

Currently, bone mineral density (BMD) is the accept-
ed gold standard for the diagnosis of OP, but due to 
its low sensitivity, many patients with potential fracture 
risk will be missed (Lupsa & Insogna, 2015; Black & 
Rosen, 2016). At present, systemic drug therapy is the 

main treatment for OP. However, the emerging side ef-
fects neutralized the clinical outcome. For instance, bi-
sphosphonates may lead to mandibular osteonecrosis; 
hormones are associated with an increased risk of cardi-
ovascular disease; the composition of traditional Chinese 
medicine is complex and its efficacy is not exact. There-
fore, it is of great significance to find safer and more 
effective treatments (Miller, 2016; Liu et al., 2018).

The basic process of bone formation is divided into 
bone formation and bone resorption, which are reflect-
ed as the dynamic balance between osteoblasts and os-
teoclasts at the cellular level (Chen et al., 2018; Li et al., 
2019). The processes of osteogenic and osteoclastic dif-
ferentiation are influenced by a variety of cytokines, cel-
lular signaling pathways, and intercellular communication 
(Muruganandan et al., 2020; Yang et al., 2020). In recent 
years, the researches have attached great attention to on 
its complex molecular biological mechanism

Gene therapy, as a rising therapeutic method in recent 
years, can be targeted for gene defects and diseased tis-
sues of diseases, direct to the lesions, with little side ef-
fects (Shan et al., 2019; Fei et al., 2020; Gu et al., 2020; 
Bonnet et al., 2019). The human RAD51 gene located at 
15q15.1 has been found to be aberrant expressed in OP 
through microarray analyses. The RAD51 protein inter-
acts with the ssDNA-binding protein replication protein 
A (RPA) and RAD52, and is involved in DNA homolo-
gous pairing and chain transfer (Bonilla et al., 2020; Was-
sing & Esashi, 2021). Studies have shown that RAD51 
is abnormally expressed in breast cancer (Cruz et al., 
2018), cervical cancer (Sun et al., 2020), pancreatic can-
cer (Zhang et al., 2019), prostate cancer (Maranto et al., 
2018), esophageal cancer (Wang et al., 2019), and is as-
sociated with poor prognosis (Zhang et al., 2019; Zhang 
et al., 2019; Xue, et al., 2019). What’s more, bone mar-
row mesenchymal stem cell (BMMSC)-derived exosomes 
restore radiation-induced bone loss by alleviating DNA 
and oxidative stress damage (Zuo et al., 2019). Hence, 
we suspected that RAD51 may be a novel target for OP.

Thereby, this study aimed to elucidate the regulatory 
mechanisms of RAD51 in osteogenic differentiation. 
These findings may help to uncover newfound diagnos-
tic biomarkers for OP.

MATERIALS AND METHODS

Bioinformatics

A microarray profile GSE100609 associated with 
genes of Indian post menopausal female and non-OP 
post menopausal female was downloaded from the Gene 
Expression Omnibus (GEO) database (http://www.

Vol. 70, No 1/2023
31–36

https://doi.org/10.18388/abp.2020_5971

mailto:gujieruo@163.com
http://www.ncbi.nlm.nih.gov/geo
https://doi.org/10.18388/abp.2017_


32           2023M. Qiu and others

ncbi.nlm.nih.gov/geo). R language was used to analyse 
the dataset, then limma package was applied to identify 
all differentially expressed genes (DGEs) of OP group 
(n=4) and non-osteoporotic group (n=4). Finally DGEs 
in this study were screened under the standard of P<0.05 
and |log2FC|≥1.5, and the heatmap was drawn by heat-
map package. Pearson correlation and KEGG analysis 
were also carried out to analyse DGEs.

Subjects

Total number of 80 volunteers (healthy controls, 
n=40; OP patients, n=40) in this study were from The 
Third Affiliated Hospital of Sun Yat-Sen University. All 
the volunteers have signed the informed consent. This 
study was approved by Ethics Committee of The Third 
Affiliated Hospital of Sun Yat-Sen University. Fasting 
blood was collected for the follow-up experimental stud-
ies.

Isolation of human monocytes

Peripheral blood samples were collected from patients 
with osteoporotic fractures in the case group and healthy 
controls, and monocytes were obtained by density gra-
dient centrifugation using sodium citrate anticoagulation 
tube (Histopaque-1077; Sigma, New Jersey, USA). Then 
monocytes were incubated at 37°C under 5% CO2 in a 
humidified atmosphere with DMEM (pH 7.2).

Cell culture

Osteoblastic MC3T3-E1 cells were purchased from 
the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). MC3T3-E1 cells were incubated in 
α-MEM medium (Gibco, Grand Island, USA) contain-
ing 10% fetal bovine serum (FBS, Gibco, Grand Island, 
USA) in 5% CO2 at 37°C.

OP model cell establishment

2D Rotating Wall Vessel Bioreactor (RWVB) clinostat 
was used to simulate microgravity. 1 × 105 of MC3T3-E1 
cells were seededon cell climbing pieces. 1×105 MC3T3-
E1 cells were seeded on coverslips. After culture for 24 
h, the climbing pieces were placed in a box 12.5 mm 
away from therotational axis. After the air bubbles were 
removed, the chambers were fixed in the clinostat and 
rotated around a horizontal axis at 28 rpm for 15 min. 
The vertical rotation groups were used as controls. The 
rotation process was taken at 37°C under 5% CO2.

Induction of osteogenic differentiation

Osteoblastic MC3T3-E1 cells were seeded into 6-well 
plates at a density of 5×104 cells per well, and cultured 
with 100 nM dexamethasone (Dex; Sigma, Merck, USA), 
10 nM beta-glycerophosphate (Sigma, Merck, USA) along 
with 50 mg/mL ascorbic acid (Sigma, Merck, USA). The 
mixed medium were replenished every 3 days. Cells 
treated with Dex was deemed as negative control (NC), 
and microgravity stimulated cells treated with Dex were 
named as OP group.

Cell transfection

To detect the role of RAD51 in osteogenic differen-
tiation, over-expressed RAD51 (oe-RAD51) vector (Ge-
nePharma, Shanghai, China) was transfected into OP 
model cells using Lipofectamine3000 (Invitrogen, Carls-
bad, USA) according to instruction manuals. The trans-
fection efficiency was verified by qRT-PCR.

qRT-PCR

Total RNA was isolated from blood sample, mono-
cytes, and MC3T3-E1 cells by Trizol method (Takara, 
Kyoto, Japan) and measured at the absorbance of 260 
nm (NanoDrop 2000; Thermo Fisher, MA, USA). Then, 
quantified RNA were conversed into complementary 
DNA by the reverse transcription kit (TaKaRa, Kyoto, 
Japan) according to manufacturer’s protocols. RT-PCR 
was then performed using Power SYBR® Green PCR 
Master Mix (Takara) on the ABI StepOnePlus System 
(Applied Biosystems, Warrington, UK). GAPDH was 
used as a housekeeping gene. The relative mRNA ex-
pressions were calculated using the 2-ΔΔCt method. Primer 
sequences were listed in Table 1.

Alizarin red staining and alkaline phosphatase (ALP) 
staining

OP model cells were seeded into 12-well plates, and 
fixed with 4% paraformaldehyde (Sigma, New Jersey, 
USA) for 15 min, then washed with PBS for three 
times. For alizarin red staining, cells were washed with 
distilled water, and incubated with 0.5% solution of 
alizarin red solutions for 30 min at room temperature. 
Afterwards, the relative values of alizarin red staining 
were measured at 560 nm using a microplate reader 
(ELX808; BioTek). The readings of all samples were 
normalized to the alizarin red staining intensity. For 
ALP staining, an ALP Staining Kit (Beyotime, Nan-
tong, China) was used after the cells were washed with 
distilled water for three times. The stained cells were 
photographed by a microscope (Zeiss, Oberkochen, 
Germany), and calculated at the absorbance of 562 
nm using microplate reader (BioTek, Winooski, USA).

Western blot assay

OP model cells were lysed in a RIPA lysis buffer 
(Beyotime, Nantong, China) for 30 min at 4°C. The 
supernate was harvested by centrifuging at 12 000×g 
for 5 min at 4°C. The proteins were separated by 
10% SDS-PAGE and transferred to polyvinylidene 
fluoride membranes (Millipore, MA, USA). Then the 
membranes were blocked with 5% skimmed milk for 
1 h, and then incubated with primary antibodies, such 
as anti-Runx2 (1/1000, ab236639), anti-OCN (1/1000, 
ab133612), anti-COL1A1 (1/1000, ab34710), anti-IG-
F1R (1/1000, ab182408), and anti-p-IGF1R (1/1000, 
ab39398), anti-PI3K (1/1000, ab32089), anti-p-PI3K 
(1/1000, ab182651), anti-AKT (1/10000, ab179463), 

Table 1. Primer sequences

Primer Sequence

RAD51
forward 5’-TGGGTTTCACCACTGCAACT-3’

reverse 5’-AAACATCGCTGCTCCATCCA-3’

Runx2
forward 5’-TAAGATGGGAGGGCGTGAGA-3’

reverse 5’-GTCGAGAGGATGAAGGAGCG-3’

OCN
forward 5’-CACTCCTCGCCCTATTGGC-3’

reverse 5’-CCCTCCTGCTTGGACACAAAG-3’

COL1A1
forward 5’-TGGATACTGGGAGGGTGAGG-3’

reverse 5’-CCCTTACCTGAGATGGGGGA-3’

GAPDH
forward 5’-CGAGCCACATCGCTCAGACA-3’

reverse 5’-GTGGTGAAGACGCCAGTGGA-3’
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anti-p-AKT (1/1000, ab38449), and GADPH (1/1000, 
ab8245) at 4°C overnight, and then with secondary 
antibody (1/5000, ab6721) for 1 h at room tempera-
ture. The Infrared Imaging System (LI-COR, Lincoln, 
USA) was used to scan and analyze the images. All 
antibodies were purchased from Abcam company 
(Cambridge, England).

Statistical analysis

Statistical analysis was performed with GraphPad 
Prism 8.3 (GraphPad, San Diego, USA). All data were 
expressed as mean ± S.D. Statistical comparisons were 
performed by using the student’s t-test between two 
groups and one-way ANOVA followed by Tukey’s test 
for multiple groups. P values less than 0.05 were consid-
ered as statistically significant.

RESULTS

RAD51 expression was decreased in OP

Firstly, we identified prominently expressed DEGs 
through the bioinformatic analysis, and the results 
showed that total number of 107 genes were abnor-
mally down-regulated genes and 42 up-regulated, com-
pared with healthy controls, among which RAD51 
expression was most significantly suppressed (Fig. 
1A). To further verify the roles of RAD51 in OP, we 
determined the expression of RAD51 in blood sam-
ples of OP patients. As shown in Fig. 1B, the mRNA 
expression of RAD51 was significantly decreased in 
blood samples of OP patients compared with healthy 
controls (Fig. 1B). Furthermore, RAD51 expression 
levels were also downregulated in isolated monocytes 
of patients with OP (Fig. 1C).

Osteogenic differentiation of OP model cells was 
weakened

Then, Dex was used to induce osteogenic differ-
entiation of MC3T3-E1 cells, and osteogenic differ-
entiation ability of OP model cells were measured. 
After microgravity stimulation, both alizarin red and 
ALP intensity of MC3T3-E1 cells were dramatical-
ly decreased, indicating that mineralization levels of 
OP model cells were declined (Fig. 2A–B). Mean-
while, both protein and mRNA expression levels of 
osteogenesis-related proteins including Runx2, OCN, 
and COL1A1 were markedly suppressed in OP model 
cells (Fig. 2C–E). Furthermore, RAD51 was also sup-
pressed in OP model cells (Fig. 2F). Hence, osteogen-
ic differentiation of OP model cells was significantly 
weakened.

Up-regulated RAD51 promoted osteogenic 
differentiation of OP model cells

Next, whether RAD51 could modulate osteo-
genic differentiation of MC3T3-E1 cells was inves-
tigated. After RAD51 was prominently up-regulated 
in MC3T3-E1 cells transfected with overexpressed 
RAD51 vectors (Fig. 3A), alizarin red staining and 
ALP staining intensity of OP model cells were dra-
matically increased (Fig. 3B), so did the mRNA and 
protein expression levels of Runx2, OCN, and CO-
L1A1 (Fig. 3C–D).

Figure 1. RAD51 was suppressed in OP.
(A) heatmap consisting of post menopausal female and non-
OP post menopausal female genes. The red represents the up-
regulated genes and the green represents the down-regulated 
genes. RAD51 expression detected by qRT-PCR of (B) blood and 
(C) monocytes of OP patients compared with healthy controls. 
**P<0.01. OP: osteoporosis.

Figure 2. Osteoblast differentiation of OP model cells.
(A) Alizarin red staining images and intensity of MC3T3-E1 cells 
before and after microgravity stimulation. (B) ALP staining imag-
es and intensity of MC3T3-E1 cells before and after microgravity 
stimulation. (C) mRNA expression levels of Runx2, OCN, and CO-
L1A1 in OP model cells measured by qRT-PCR. (D) Protein bands 
of Runx2, OCN, and COL1A1 in OP model cells measured by west-
ern blot. (E) Protein quantitative analysis of Runx2, OCN, and CO-
L1A1. F. RAD51 expression detected by qRT-PCR of OP model cells 
compared with control cells. **P<0.01.
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Over-expressed RAD51 promoted osteogenic 
differentiation of OP model cells by activating IGF1R/
PI3K/AKT signaling pathway

Subsequently, molecular mechanism of RAD51 regu-
lating osteoporosis was then studied. Pearson correlation 
analysis between RAD51 expression levels and other genes 
expression levels suggested that most aberrant expressed 
genes identified were positively related to RAD51 (Fig. 
4A). Subsequently, KEGG analysis demonstrated that 
genes related to RAD51 were enriched in ten pathways, 
including IGF1 pathway, EGF receptor signaling path-
way, C-MYB transcription factor network and so on. (Fig. 
4B). Interestingly, downstream proteins in IGF1 pathway 
including phosphorylated IGF1R, PI3K, and AKT were 
up-regulated induced by oe-RAD51, suggesting the activa-
tion of IGF1R/PI3K/AKT signaling pathway (Fig. 5A). 
Meanwhile, alizarin red and ALP stained cells as well as 
expression of Runx2, OCN, and COL1A1 were markedly 
increased after RAD51 was overexpressed in OP model 
cells (Fig. 5B–D). Furthermore, BMS754807, an IGF1R 
inhibitor, attenuated the effects of oe-RAD51 on mineral 
intensity and ALP activity number and the expression of 
Runx2, OCN, and COL1A1 (Fig. 5B–D).

DISCUSSION

OP has become one of the epidemic diseases affect-
ing people’s quality of life due to its diverse etiology and 
complex molecular mechanisms (Black & Rosen, 2016). 
In our study, RAD51 was down-regulated in OP patients 
as well as OP model cells. Over-expressed RAD51 pro-
moted osteoblast differentiation by activating IGF1R/
PI3K/AKT signaling pathway.

Recently evidence suggested that various aberrant ex-
pressed genes are involved in osteogenesis. For instance, 
osteogenic differentiation can be inhibited by blocking 
the correlation between RANKL and its only known re-
ceptor RANK (Bonnet et al., 2019). Likewise, SOST se-
creted sclerostin to promote bone formation, thus allevi-
ating the progression of OP (Shan et al., 2019; Weivoda 
et al., 2017). Our data suggested that RAD51 was down-
regulated in both OP patients and OP model cells.

Over the past decade, specific biochemical markers as-
sociated with metabolic bone disease have been identified 
and described to determine whether there is an imbalance 
in bone metabolism by measuring biochemical markers of 
bone turnover (Greenblatt et al., 2017; Szulc, 2018). Our 

Figure 3. Up-regulated RAD51 promoted osteogenic differentiation of OP model cells.
(A) Transfection efficiency of RAD51 detected by qRT-PCR. B. Alizarin red staining and ALP images and intensity of OP model cells trans-
fected with oe-RAD51 vectors. (C–D) Expression levels of Runx2, OCN, and COL1A1 measured by qRT-PCR and western blot of OP model 
cells. **P<0.01, compared with oe-nc and NC group. ##P<0.01, compared with OP+ oe-nc group. oe: overexpressed.

Figure 4. RAD51 related genes were enriched in several pathways.
(A) Pearson correlation analysis between RAD51 gene and other genes related with OP. (B) KEGG analysis of enriched genes associated 
with RAD51 gene.
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study showed that osteogenic differentiation was promoted 
as represented by higher Runx2, OCN and COL1A1 secre-
tion. Runx2, OCN and COL1A1 were biochemical mark-
ers of OP widely studied in various studies. Runx2 is an 
osteoblast differentiation specific transcription factor which 
can regulate the transcription of many genes, and is signifi-
cant for the differentiation of stromal cells into osteoblast 
lineage (Komori, 2018). Besides, Runx2 is reported to pro-
mote secretion of proteins including OPN, OCN, and col-
lagen type I alpha1 (Yin et al., 2019; Lu et al., 2019; Komori, 
2020). Furthermore, bone matrix mineralization is recog-
nized as an indicator of osteogenic differentiation (Li et al., 
2018). In present study, the osteogenic differentiation, and 
the expression of RAD51 of MC3T3-E1 cells was signifi-
cantly suppressed by microgravity treatment. What’s more, 
up-regulated RAD51 promoted osteogenic differentiation 
of OP model cells, which was in line with previous studies 
(Shan et al., 2019; Bonnet et al., 2019; Weivoda et al., 2017).

IGF-1 is known to play an anabolic role in bone (Frater 
et al., 2018). Decreased IGF-1 levels are associated with 
an increased risk of bone fragility and fracture (Yan et al., 
2016). IGF1R is a homodimer of two protein subunits 
consisting of α and β chains, and is associated with bone 
and glucose metabolism and is a key mediator of glucose 
and bone metabolism disorders (Xian et al., 2012). The 
conformation of IGF1R is altered by binding to the ligand 
IGF-1, which is then fully activated by ligand-independent 
autophosphorylation. This induces phosphorylation of 
various substrates, such as insulin receptor substrates and 
Shc proteins, and triggers specific signaling cascades, such 

as the PI3K/AKT and Ras/MAPK pathways (Yoshida & 
Delafontaine, 2020; Vitiello et al., 2019).

In recent years, many studies have explored the influ-
ence of some factors on BMMSC through PI3K/AKT 
signaling pathway (Shen et al., 2019). For instance, mac-
rophage MSR1 contributed to osteogenic differentiation 
of BMMSC through PI3K/AKT pathway (Zhao et al., 
2020). Fang et al found that calycosin stimulates the os-
teogenic differentiation of rat calvarial osteoblasts by ac-
tivating the IGF1R/PI3K/Akt signaling pathway (Fang 
et al., 2019). Furthermore, our data demonstrated that 
the activation of IGF1R/PI3K/AKT signaling pathway 
induced by over-expressed RAD51 was suppressed by 
IGF1R inhibitor, so did the osteogenic differentiation. 
These results indicated that up-regulated RAD51 pro-
moted osteogenic differentiation via activating IGF1R/
PI3K/AKT signaling pathway.

CONCLUSION

In a word, overexpressed RAD51 promoted osteo-
genic differentiation of osteoblasts via activating IGF1R/
PI3K/AKT signaling pathway.
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Figure 5. Over-expressed RAD51 promoted osteogenic differentiation of OP model cells by activating IGF1R/PI3K/AKT signaling path-
way.
(A) Protein expression of IGF1R, PI3K, AKT and their phosphorylated types measured by western blot assay. (B) Alizarin red staining and 
ALP staining images and intensity of OP model cells. (C) mRNA expression levels of Runx2, OCN, and COL1A1 measured by qRT-PCR. (D) 
Protein brands and quantitative analysis of Runx2, OCN, and COL1A1 measured by western blot. **P<0.01, compared with oe-nc and NC 
group. ##P<0.01, compared with OP+ oe-nc group. &P<0.05, &&P<0.01, compared with OP+ oe-RAD51 group.
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