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Postmenopausal osteoporosis (PMOP) is a common systemic 

skeletal disease characterized by reduced bone mass and 

microarchitecture deterioration. Although differentially ex-

pressed SOX5 has been found in bone marrow from ovariec-

tomized mice, its role in osteogenic differentiation in human 

mesenchymal stem cells (hMSCs) from bone marrow in 

PMOP remains unknown. In this study, we investigated the 

biological function of SOX5 and explore its molecular mecha-

nism in hMSCs from patients with PMOP. Our findings 

showed that the mRNA and protein expression levels of SOX5 

were upregulated in hMSCs isolated from bone marrow 

samples of PMOP patients. We also found that SOX5 overex-

pression decreased the alkaline phosphatase (ALP) activity 

and the gene expression of osteoblast markers including Col-

lagen I, Runx2 and Osterix, which were increased by SOX5 

knockdown using RNA interference. Furthermore, TNF-α 

notably upregulated the SOX5 mRNA expression level, and 

SOX5 knockdown reversed the effect of TNF-α on osteogenic 

differentiation of hMSCs. In addition, SOX5 overexpression 

increased Kruppel-like factor 4 (KLF4) gene expression, which 

was decreased by SOX5 silencing. KLF4 knockdown abrogat-

ed the suppressive effect of SOX5 overexpression on osteo-

genic differentiation of hMSCs. Taken together, our results 

indicated that TNF-α-induced SOX5 upregulation in- 

hibited osteogenic differentiation of hMSCs through KLF4 

signal pathway, suggesting that SOX5 might be a novel ther-

apeutic target for PMOP treatment. 
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INTRODUCTION 
 

Postmenopausal osteoporosis (PMOP), which occurs in 

postmenopausal women, is a common systemic skeletal 

disease characterized by reduced bone mass and deteriora-

tion of microarchitecture (Black and Rosen, 2016). Its most 

prevalent complication is a fragility fracture, with the most 

severe often leading to permanent disability, recurrent hospi-

talizations, and significant mortality (Lotters et al., 2016; 

Silva and Branco, 2012). Although medications for PMOP 

such as bisphosphonates, calcitonin and selective estrogen 

receptor modulators are used to prevent bone loss and in-

crease bone mineral density, these medicines are inadequate 

and serious side effects (Xu et al., 2017). The optimal option 

still need to be investigated. In addition, it has been known 

that estrogen deficiency induces an imbalance in bone for- 
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mation and bone absorption, and it plays a central role in 

the etiology of PMOP (Sapir-Koren and Livshits, 2017). Re-

cent reports have indicated that estrogen deficiency upregu-

lated the production of inflammation factors such as IL-1, IL-

6 and TNF-α, which also affected bone resorption and bone 

formation (Kameda et al., 2015; Raehtz et al., 2017). How-

ever, the detailed mechanism of postmenopausal osteopo-

rosis is still unknown. 

Human mesenchymal stem cells (hMSCs) are non-

hematopoietic multipotent cells that self-renew and have 

diverse differentiation potential (Abdallah and Kassem, 

2008). These cells can be isolated from adult tissues (e.g., 

bone marrow, adipose tissue, and umbilical cord and placen-

ta) (Ding et al., 2011). Under certain conditions, hMSCs can 

differentiate into a plethora of different mature cell lineages 

including osteogenic, chondrogenic, adipogenic, myogenic 

and fibroblastic (Udalamaththa et al., 2016). Thus, hMSCs 

have served as ideal seed cells for regenerating various tis-

sues in treating incurable diseases. However, abnormal 

hMSCs are closely related to osteoporosis (Wang et al., 

2016). The osteogenic differentiation capability of hMSCs 

from postmenopausal women with osteoporosis is lower 

than that those from healthy volunteers (Rodriguez et al., 

2000). Therefore, improving osteogenic differentiation of 

hMSCs may be an important method for treating PMOP. 

Sex determining region Y⁃box protein 5 (SOX5) (Dy et al., 

2008; Wegner, 1999) is a member of the SoxD group of the 

SOX family, which comprises ten groups (A-J) and encods 

various transcription factors controlling cell fate and differen-

tiation in many lineages (Feng et al., 2016) including the 

spermatids, neurons, chondrocytes, and B cells. SOX5 also 

participates in the progression of various cancers (Wang et 

al., 2015) and Type 2 diabetes (Axelsson et al., 2017). Re-

cent studies indicated that SOX5 was closely related to elder-

ly onset rheumatoid arthritis (Wang and Zhao, 2017) and 

chondrogenesis (Wegner, 2010). Moreover, differentially 

expressed SOX5 has been found in bone marrow cells from 

ovariectomized (OVX) mice (Pineda et al., 2014). Whether 

SOX5 functions during the osteogenic differentiation of 

hMSCs in PMOP is still unknown. Therefore, the molecular 

function of SOX5 and its mechanism in PMOP must be in-

vestigated. 

In this study, we detected SOX5 gene expression in hMSCs 

of bone marrow samples from patients with PMOP and 

from healthy premenopausal women. We found that the 

mRNA and protein expression levels of SOX5 were notably 

upregulated in PMOP group compared with the healthy 

control. Moreover, SOX5 overexpression inhibited osteogen-

ic differentiation of hMSCs through the Kruppel-like factor 4 

(KLF4) signal pathway. Taken together, our fingdings indi-

cate that SOX5 is a promising molecular target for PMOP 

treatment. 

 

MATERIALS AND METHODS 
 

Cell culture 
As previously reported (Alm et al., 2012; Mariner et al., 

2012), hMSCs were isolated from bone marrow samples, 

and collected from patients with PMOP( mean age of 46.5 

years) and from healthy premenopausal women (healthy 

control, mean aged 45.8 years) in our hospital between 

November 2016 and March 2017. Informed consent was 

obtained from each participant as a donor of bone marrow. 

The diagnosis of osteoporosis complied with World Health 

Organization parameters. Subjects with a medical history of 

osteoporosis treatment, acute inflammation of the gastroin-

testinal tract, and illnesses that could affect bone metabo-

lism were excluded. Isolated hMSCs were cultured in MSC 

medium containing α-modified essential medium supple-

mented with 10% fetal bovine serum, 2 mM of L-glutamine, 

100 U/ml penicillin, and 100 mg/ml of streptomycin. Cells 

were maintained in humidified air with 5% CO2 at 37℃. 

 

Cell transfection 
The recombinant plasmid pcDNA3.1/SOX5 and negative 

control plasmid (pcontrol) were designed by Genepharma 

(China). siRNAs (SOX5 and KLF4), and their negative control 

(siNC) were purchased from RiboBio (China). The three pas-

sages hMSCs were transfected with the previously described 

plasmid or siRNAs using Lipofectamine 3000 (Invitrogen) 

according to the manufacturer's protocol. 

 

Osteoblast differentiation 
The hMSCs transfected with the previously described plas-

mid or siRNAs were cultured for 14 days in osteogenic me-

dium (OM) containing TNF-α. The OM contained the previ-

ously described MSC medium, 10 nM dexamethasone, 20 

mM β-glycerophosphate, and 50 μg/ml L-ascorbic acid. Cells 

maintained in OM without TNF-α served as a control group. 

 

Alkaline phosphatase (ALP) activity assay 
ALP is an early marker of osteoblast differentiation. ALP ac-

tivity was examined by QuantiChrom ALP Assay Kit (BioAs-

say Systems, USA) according to the manufacturer’s protocol. 

Briefly, the transfected hMSCs were cultured with OM for 14 

days. Then, the OM medium was removed, and cells were 

lysed using a cell lysis buffer followed by centrifugation at 

12,000 g force for 10 min. Besides, the protein concentra-

tion for each sample was determined with the Bradford 

method. Next, the resulting supernatants were incubated 

with p-nitrophenol phosphate at 37℃ for 30 min at room 

temperature. Absorbance at 405 nm for each well was 

measured with a microplate reader. 

 

Quantitative real-time polymerase chain reaction 
(qRT-PCR) 
Total RNA from cultured cells was extracted using Trizol rea-

gent (Invitrogen, USA) according to the manufacturer’s pro-

tocol. Then, 1 μg of RNA was used to synthesize cDNA using 

the Superscript II reverse transcriptase (Invitrogen-Life Tech-

nologies, UK). Next, RT-PCR was performed using the SYBR 

Premix Ex Taq II kit (TaKaRa) in the Bio-Rad IQ5 RT-PCR sys-

tem according to the manufacturer’s instructions. Relative 

fold changes in mRNA were analyzed by using the 2−
ΔΔCT

 

method. β-actin served as the internal control. 
 

Western blotting assay 
Total protein was extracted from cells by radioimmunopre-
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Fig. 1. SOX5 was up-regulated in hMSCs 

isolated from bone marrow samples of 

patients with postmenopausal osteoporosis 

(PMOP) and healthy premenopausal wom-

en (healthy control), the mRNA and protein 

expression levels of SOX5 were examined 

by qRT-PCR (A) and Western blotting (B). 

Data are expressed as the mean ± SD, n=3. 

**P < 0.01vs. healthy control. 

 

cipitation assay buffer containing protease inhibitors. The 

protein concentration was detected using a BCA protein 

assay (BioRad, USA). Then, equal amounts of protein were 

loaded and separated on sodium dodecyl sulfate-

polyacrylamide gel electrophoresis, and then transferred 

onto nitrocellulose membranes. After blocking with 5% 

non-fat milk, the membranes were incubated overnight at 

4℃ with the following specific primary antibodies: anti-

SOX5, anti-Collagen I, anti-Runx2, anti-Osterix, and anti-

KLF4 (Sigma-Aldrich, USA), and anti-β-actin antibody (Sigma, 

USA). After incubation with a peroxidase-conjugated sec-

ondary antibodies (Sigma) for 2 h at room temperature, the 

target proteins were visualized using enhanced chemilumi-

nescence reagents (Pierce, USA) on Image Reader LAS-3000 

Fujifilm. The density of the bands on the membrane were 

quantified with Image J software. β-actin was used as an 

internal control. 

 

Statistical analysis 
Each experiment was repeated three times. SPSS 16.0 soft-

ware was used for statistical analysis. All data in figures were 

provided as means ± SD. Statistical comparisons were made 

between two groups with a t-test. P <0.05 were considered 

significant. 

 

RESULTS 
 

SOX5 was up-regulated in patients with postmenopausal 
osteoporosis 
In order to investigate the biological function of SOX5 in 

postmenopausal osteoporosis, SOX5 gene expression was 

examined by qRT-PCR and Western blotting in hMSCs iso-

lated from bone marrow samples of patients with postmen-

opausal osteoporosis (PMOP) and healthy premenopausal 

women (healthy control). Results indicated that the mRNA 

expression of SOX5 was notably upregulated when com-

pared with healthy control (Fig. 1A). Additionally, SOX5 

protein expression level was higher in the PMOP group than 

in control group (Fig.1B). These findings indicated that SOX5 

was involved in the progression of postmenopausal osteopo-

rosis. 

 

SOX5 overexpression inhibited osteogenic differentiation 
of hMSCs 
To explore the effect of SOX5 on osteogenic differentiation 

of hMSCs, SOX5 gene expression was detected during oste-

ogenic differentiation of hMSCs isolated from healthy 

premenopausal women. As shown in Figs. 2A and 2B, after 

cells culturing in OM for 14 day (OM), the mRNA and pro-

tein expresion levels of SOX5 were remarkably decreased 

when compared with cells at 0 day (control). Moreover, 

hMSCs were transfected with the recombinant plasmid 

pcDNA3.1/SOX5 or SOX5 siRNA, and the efficiency of trans-

fection was evaluated by qRT-PCR and Western blotting 

(Figs. 2C and 2D). In addition, compared with siNC control, 

SOX5 overexpression remarkably diminished ALP activity (Fig. 

2E) and the gene expression of osteoblast markers including 

Collagen I, Runx2 and Osterix (Figs. 2F and 2G), which were 

notably increased by SOX5 knockdown. Taken together, our 

findings indicated that SOX5 overexpression inhibited oste-

ogenic differentiation of hMSCs. 

 

TNF-α induced SOX5 gene expression during osteogenic 
differentiation of hMSCs 
To investigate whether TNF-α regulates SOX5 gene expres-

sion during osteogenic differentiation of hMSCs, SOX5 

gene expression was examined by qRT-PCR and Western 

blotting. Our findings showed that TNF-α notably upregu-

lated the SOX5 mRNA expression level in hMSCs with OM 

treatment (Fig. 3A). In addition, compared with hMSCs 

with OM treatment alone, the protein expression level of 

SOX5 was remarkably increased in cells with OM and TNF-

α treatment (Fig. 3B). Moreover, in hMSCs with OM 

treatment, SOX5 knockdown reversed the effect of TNF-α 

on ALP activity (Fig. 3C) and the gene expression of osteo-

blast markers (Figs. 3D and 3E). These data suggested that 

TNF-α induced SOX5 gene expression during osteogenic 

differentiation of hMSCs.
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Fig. 2. SOX5 overexpression inhibited osteogenic differentiation of hMSCs. SOX5 mRNA and protein expression were examined by qRT-

PCR (A) and western blotting (B) in cells cultured with OM for 0 days (control) and 14 days (OM). Cells were transfected with recombi-

nant plasmid pcDNA3.1/SOX5 (pcSOX5) and its negative control plasmid (pcNC), or SOX5 siRNA (siSOX5) and its negative control 

(siNC) for 15 h, after which the medium was replaced with OM for 14 days. The efficiency of transfection was evaluated by qRT-PCR (C) 

and Western blotting (D). ALP activity was detected by a commercial Alkaline Phosphatase Detection Kit (E). The genes expression of 

osteogenic marker including Collagen I, Runx2 and Osterix were examined by Western blotting (F) and qRT-PCR (G). Data are expressed 

as the mean ± SD, n = 3. *P < 0.05. 
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Fig. 3. TNF-α induced SOX5 gene expression during osteogenic differentiation of hMSCs. The SOX5 mRNA and protein expression were 

examined by qRT-PCR (A) and western blotting (B). ALP activity was detected by a commercial Alkaline Phosphatase Detection Kit (C). 

The genes expression of osteogenic marker including Collagen I, Runx2 and Osterix were examined by Western blotting (D) and qRT-

PCR (E). TNF-α: cells were cultured with OM containing TNF-α; TNF-α+siSOX5: cells were transfected with SOX5 siRNA and then cul-

tured with OM containing TNF-α. Data are expressed as the mean ± SD, n = 3. *P < 0.05. 
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Fig. 4. SOX5 mediated osteogenic differentiation of hMSCs through KLF4 signal pathway. The KLF4 mRNA and protein expression were 

examined by qRT-PCR (A, C, and I) and western blotting (B, D, and H). ALP activity was detected by a commercial Alkaline Phosphatase 

Detection Kit (E, J). The genes expression of osteogenic marker including Collagen I, Runx2 and Osterix were examined by Western 

blotting (F, K) and qRT-PCR (G, L). pcSOX5+siKLF4: cells were transfected with recombinant plasmid pcDNA3.1/SOX5 (pcSOX5) and 

KLF4 siRNA, and then cultured with OM. TNF-α+siKLF4: cells were transfected with KLF4 siRNA and then cultured with OM containing 

TNF-α. Data are expressed as the mean ± SD, n = 3. *P < 0.05. 

 

 

 

SOX5 mediated osteogenic differentiation of hMSCs 
through KLF4 signal pathway 
To further investigate the molecular mechanism of SOX5 

mediating osteogenic differentiation of hMSCs, the gene 

expression of KLF4 was detected. The data of qRT-PCR and 

Western blotting showed that the mRNA and protein ex-

pression levels of KLF4 were notably upregulated during 

osteogenic differentiation of hMSCs (Figs. 4A and 4B). SOX5 

overexpression remarkably increased KLF4 gene expression, 

which was significantly decreased by SOX5 silencing (Figs. 

4C and 4D). Moreover, KLF4 knockdown abrogated the 

suppressive effect of SOX5 overexpression on ALP activity 

(Fig. 4E) and the gene expression of Collagen I, Runx2 and 

Osterix (Figs. 4F and 4G). In addition, we found that SOX5 

knockdown also significantly decreased the KLF4 gene ex-

pression compared with that of the TNF-α group (Figs. 4H 

and 4I). SOX5 knockdown also abrogated the suppressive 

effect of TNF-α on ALP activity (Fig. 4J) and the gene expres-

sion of Collagen I, Runx2 and Osterix (Figs. 4K and 4L). The-

se findings indicated that SOX5 mediated osteogenic differ-

entiation of hMSCs through KLF4 signal pathway. 

 

DISCUSSION 
 

In the present study, we found that the mRNA and protein 

expression levels of SOX5 were notably upregulated in 

hMSCs isolated from bone marrow samples of patients with 

PMOP. Moreover, SOX5 overexpression remarkably dimin-

ished the ALP activity and gene expression of osteoblast 

markers including Collagen I, Runx2 and Osterix, which were 

notably increased by SOX5 knockdown. Furthermore, during 

osteogenic differentiation of hMSCs, TNF-α induced SOX5 

gene expression. In addition, the mRNA and protein expres-

sion levels of KLF4 were notably upregulated during osteo-

genic differentiation of hMSCs. SOX5 overexpression re-

markably increased the KLF4 gene expression, which was 

significantly decreased by SOX5 silencing. KLF4 knockdown 

abrogated the suppressive effect of SOX5 overexpression on 

ALP activity and gene expression of Collagen I, Runx2 and 

Osterix. Taken together, our results indicated that TNFα-
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induced SOX5 upregulation inhibited osteogenic differentia-

tion of hMSCs through the KLF4 signaling pathway. These 

findings suggested that SOX5 is involved in the occurrence 

and development of PMOP. 

Previous studies showed that hMSCs played an important 

role in bone metabolism, and their differentiation also 

played a central role in the development of PMOP (Lv et al., 

2015; Yao et al., 2013; Zhao et al., 2011). Many differential-

ly expressed genes have been reported in bone marrow 

hMSCs in OVX animal model or patient with PMOP (Pineda 

et al., 2014; Song et al., 2017). However, the detailed mo-

lecular mechanism of these genes regulating osteogenic 

differentiation of hMSCs in PMOP is still not well understood. 

In our study, the upregulation of SOX5 gene expression was 

found in hMSCs isolated from bone marrow samples of pa-

tients with PMOP, which was in line with a previous report in 

an OVX rat model (Pineda et al., 2014). We further found 

that SOX5 overexpression inhibited osteogenic differentia-

tion of hMSCs. These findings provide an evidence for the 

potential role of SOX5 in regulating osteogenic differentia-

tion of hMSCs in PMOP. 

Inflammatory cytokines, especially TNF-α, affect the osteo-

genic differentiation of hMSCs and impair bone formation in 

osteoporosis (Pacifici, 1996; Sang et al., 2016). It has been 

reported that TNF-α levels are increased in patients with 

PMOP and OVX mice (Yang et al., 2013). Feng X et al found 

that SOX5 level was higher in synovium and synovial fluid 

from rheumatoid arthritis compared to osteoarthritis pa-

tients (Feng et al., 2016). Thus, we predicted that TNF-α may 

regulate the SOX5 gene expression and further affect the 

osteoblast differentiation of hMSCs in PMOP. Results com-

firmed that TNF-α notably upregulates the SOX5 mRNA and 

protein expression levels in hMSCs with OM treatment. 

SOX5 knockdown reverses the effect of TNF-α on ALP activi-

ty and the gene expression of osteoblast markers. Our re-

sults might provide a novel mechanism in which TNF-α in-

hibits osteoblast differentiation of hMSCs by upregulating 

SOX5 expression in estrogen deficiency-induced osteoporo-

sis. 

KLF4, also known as gut-enriched KLF or epithelial zinc 

finger protein, is expressed in various tissues including the 

epithelia of the intestine, thymus, and skin. KLF4 plays an 

important role in cell differentiation and homeostasis in di-

verse diseases. Tiwari A et al indicated that KLF4 promoted 

corneal epithelial cell fate by inhibiting epithelial-

mesenchymal transitio, and played an essential role in cor-

neal epithelial homeostasis (Tiwari et al., 2017). Moreover, 

KLF4 functions as a tumor suppressor or oncogene to medi-

ate cell growth and metastasis in different tumor type (Li et 

al., 2015; Nosho et al., 2007; Ohnishi et al., 2003; Tai et al., 

2011). In addition, Kim et al. (2014) reported that KLF4 me-

diated bone homeostasis by inhibiting osteoclast formation 

and osteoblast differentiation. SOX5 promotes EMT and cell 

invasion of liver cancer via regulation of Twist1 (Wang et al., 

2015), which induces endothelial differentiation of tumour 

cells through the Jagged1-KLF4 axis (Chen et al., 2014). 

However, in osteogenic differentiation of hMSCs, whether 

SOX5 mediates the KLF4 signaling pathway is still unknown. 

Therefore, in our study, we examined the KLF4 gene expres-

sion using qRT-PCR and Western blotting. Results showed 

that KLF4 gene expression was notably upregulated during 

osteogenic differentiation of hMSCs. SOX5 overexpression 

remarkably increased KLF4 gene expression. We also found 

that KLF4 knockdown abrogates the suppressive effect of 

SOX5 overexpression on osteogenic differentiation of 

hMSCs. These findings indicated that SOX5 mediated oste-

ogenic differentiation of hMSCs through the KLF4 signaling 

pathway. 

Moreover, whether SOX5 regulates KLF4 expression 

through direct binding the promoter region of KLF4 or indi-

rect connection with other transcription factors is still not 

clear and would be required for further research. Interesting-

ly, in PMOP, estrogen deficiency upregulates production of 

TNF-α, we found that TNF-α induced SOX5 gene expression 

during osteogenic differentiation of hMSCs in vitro. Whether 

estrogen deficiency could directly affect the SOX5 gene ex-

pression? This question is still further investigated. In addi-

tion, to further confirm the biological function of SOX5 in 

estrogen deficiency-induced osteoporosis, the effect of 

SOX5 on osteogenic differentiation and bone formation in 

the OVX rat model would be also required for research. 

In conclusion, this study indicated for the first time that 

SOX5 gene expression was upregulated in hMSCs isolated 

from bone marrow samples from patients with PMOP. SOX5 

overexpression inhibited osteogenic differentiation of 

hMSCs through the KLF4 signaling pathway. Furthermore, 

TNF-α induced SOX5 gene expression during osteogenic 

differentiation of hMSCs. These results suggest that SOX5 

may be a novel potential diagnostic and therapeutic target 

for PMOP treatment. 
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