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Abstract
The decreased osteogenesis of bone marrow mesenchymal stem cells (BMSCs) is an important factor causing bone loss. 
Nevertheless, its deep molecular mechanism has still not been fully clarified. To elucidate the regulatory mechanisms 
underlying BMSC osteogenesis, we conducted a bioinformatics screen using public datasets from the Gene Expression 
Omnibus (GEO) database to identify genes displaying significant expression dynamics during the osteogenic differentiation 
of BMSCs. We observed a significant upregulation of FK506 Binding Protein 5 (FKBP5) expression during the osteogenic 
differentiation of BMSCs. Besides, knockdown and overexpression of FKBP5 could reduce and increase osteogenic mark-
ers and Alizarin Red S (ARS) staining, respectively. Enrichment analysis of RNA sequencing (RNA-seq) demonstrated 
that downregulation of FKBP5 activated IFNα/β signaling pathway. FKBP5 overexpression relieved the inhibitory effect 
of IFNβ on osteogenesis. In addition, one of the upregulated interferon-stimulated genes (ISG), interferon-induced protein 
with tetratricopeptide repeats 2 (IFIT2), negatively regulated osteogenesis of BMSCs. IFIT2 knockdown rescued negative 
effect on osteogenesis caused by downregulation of FKBP5. Hydroxyapatite scaffold implanted in nude mice and drilled 
tibiae model in C57BL/6 mice confirmed positive role of FKBP5 in osteogenesis in vivo. Therefore, we determined the 
beneficial effect of FKBP5 on osteogenesis of BMSCs and validated the critical role of FKBP5/IFIT2 axis in this process. 
These findings might contribute to comprehension and treatment of bone diseases, like osteoporosis and bone fracture.
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Introduction

Osteoporosis is a kind of chronic systemic bone disease 
which is characterized with low bone mass, bone micro-
structure destruction, fragility of bone, and susceptibility to 
fracture [1]. Low bone mass may cause functions on support-
ing, protection and resistance damaged. The change of bone 
mass is primarily influenced by bone metabolism, whose 
steady state is maintained through the balance between 
bone formation and resorption [2]. Normally, skeletons are 
ceaselessly formed, absorbed and shaped. Bone formation 
is mainly accomplished by osteoblasts that are differenti-
ated from bone marrow mesenchymal stem cells (BMSCs) 
and secrete a large amount of collagen and extracellular 
matrix that gradually transform into bone tissue as calcium 
deposits [3]. Before adulthood, there existing a positive bal-
ance between bone formation and resorption that leads to 
growth of bone mass, which ultimately climbing to the sum-
mit. After reaching adulthood, bone metabolism keeps bal-
ance, maintaining bone mass steady. However, under aging 
or pathological conditions, such as autoimmune diseases, 

bone resorption by osteoclasts exceeds bone formation by 
osteoblasts, which causes chronic loss of bone mass, giv-
ing rise to osteopenia and osteoporosis [4, 5]. Previous 
published papers demonstrates the reason why this phenom-
enon occurres is that osteogenic differentiation potential of 
BMSCs decreases. As one grows older, proliferation and 
differentiation ability of BMSCs towards osteoblasts con-
stantly declines, and the signal promoting osteogenesis of 
osteogenic precursor cells decreases as well, which leads to 
reduction of osteoblasts [6, 7]. However, the specific mech-
anism underlying the decay in osteogenic differentiation 
potential of BMSCs has not been elucidated yet.

Transcriptome sequencing, namely RNA sequencing 
(RNA-seq), is a revolutionary biological technology that 
emerged in the 2010 s. Because of the capability to pro-
vide a precise measurement of level of transcripts, RNA-seq 
has been widely utilized to explore molecular mechanism 
of osteogenesis [8–10]. In this study, we analyzed bulk 
transcriptome and single-cell sequencing data downloaded 
from public databases and found that FKBP5 was upregu-
lated during osteogenesis of MSCs. FK506-Binding Protein 
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5 (FKBP5) is a protein-coding gene, whose coded protein 
primarily exists in the nucleus, cytoplasm, and extracellular 
space. This gene is involved in the trigger and development 
of inflammation-related diseases. For example, under the 
condition of aging and stress, the epigenetic upregulation 
of FKBP5 can promote the occurrence of NF-κB-driven 
inflammation and increase the risk of cardiovascular dis-
ease [11]. Our function tests confirmed that FKBP5 exerted 
an important impact on osteogenic process. RNA-seq sug-
gested that FKBP5 inhibited the expression of genes in the 
type-I interferon (IFN)-related pathway. In recent years, this 
pathway has been shown to inhibit osteogenic differentia-
tion in mice [12]. We successfully verified through a series 
of experiments that the type-I IFN pathway affects osteo-
genic differentiation of BMSCs and that FKBP5 regulates 
osteogenic differentiation of BMSCs through this pathway. 
We systematically analyzed the core molecule involved in 
the differentiation of BMSCs into osteoblasts and elucidated 
the mechanism by which FKBP5 regulated the osteogenesis 
of BMSCs. We believe that our research provides a potential 
gene target and theoretical basis for diseases where bone 
formation serves as a therapeutic approach.

Materials and methods

Bioinformatics analysis

For bulk RNA-seq analysis, public datasets (GSE178679, 
GSE183931, and GSE80614) were acquired from the Gene 
Expression Omnibus (GEO) database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​
.​n​l​m​​.​n​i​​h​.​g​​o​v​/​g​e​o​/), which included RNA-seq or ​m​i​c​r​o​a​
r​r​a​y data before and after osteogenic induction of human 
BMSCs. Rtool and R studio software (version 4.4.1) were 
used to analyze the differentially expressed genes before 
and after osteogenic induction with filter criteria of|logFC| > 
2 and adj.P.Value < 0.05 using the R package “limma”. The 
R language used in this study is adapted based on the code 
provided by the GEO database. For single cell sequencing 
(scRNA-seq) analysis, we downloaded data of GSE147390 
from GEO database as well. This dataset includes samples 
of preosteoblast (preOB) and mature osteoblast (matOB). 
We filtered the individual cells, requiring that the number 
of genes detected in each cell be greater than 800, the frac-
tion of mitochondrial transcripts be less than 20% and UMI 
> 100. The remaining 7615 cells were used for subsequent 
cluster annotation and analysis. Due to their high expression 
in BMSCs, in this article, we considered ITGB1 and ENG 
as marker genes for preOBs, while IBSP, BGLAP, and SPP1 
were regarded as marker genes for matOB.

Cell isolation and culture

BMSCs were purified and isolated by employing the meth-
ods we had previously reported [13, 14]. Bone marrow was 
extracted from the lumbar vertebrae and mixed with sepa-
ration solution (6% hydroxyethyl starch plus 0.9% sodium 
chloride). The mixture was allowed to stand for approxi-
mately 20 min, and then the supernatant was collected and 
centrifuged at 2000 × g for 20 min. Subsequently, BMSCs 
were collected and cultured in complete medium composed 
of low-glucose medium (DMEM, Gibco, USA) and 10% 
fetal bovine serum (FBS, Zhejiang Tianhang Biotechnology, 
China). Three days later, the detached cells were removed by 
replacing half of the medium. After that, the culture medium 
was completely replaced every 3 days. When the BMSCs 
reached 80–90% confluence, they were digested with tryp-
sin and divided into two new culture flasks. After 1 to 2 pas-
sages, under the microscope, it could be observed that there 
were no residual contaminating cells (such as monocytes 
and dendritic cells), and only long spindle-shaped mesen-
chymal stem cells remained. The BMSCs used in this study 
were at passage 2–4. BMSCs at a density of 1 × 10^5 or 15 
× 10^5 cells per well were seeded in 24 or 6-well plates for 
osteogenic induction and further experiments.

Multipotent differentiation potential of BMSCs

The stemness of BMSCs can be assessed by testing their 
trilineage differentiation potential (osteogenic, adipogenic, 
and chondrogenic). For osteogenic induction, the osteo-
genic differentiation medium (OM) was composed of 10% 
fetal bovine serum (FBS) in low-glucose DMEM, 100 IU/
ml penicillin-streptomycin (Beyotime, China), 0.1 µM 
dexamethasone (APExBIO Technology, USA), 10 mM 
β-glycerophosphate (APExBIO Technology, USA), and 50 
µM ascorbic acid (APExBIO Technology, USA). For six-
well plates, 2 ml of OM was added to each well, while for 
24-well plates, 0.5 ml of OM was used per well. The OM 
was replaced every 3 days until BMSCs were ready for sub-
sequent assays.

For adipogenic induction, BMSCs were seeded into 
24-well plates at the aforementioned density. The adipo-
genic induction medium consisted of DMEM supple-
mented with 10% FBS, 100 IU/ml penicillin-streptomycin 
(Beyotime, China), 0.5 mM 3-isobutyl-1-methylxanthine 
(Sigma-Aldrich, USA), 1 mM dexamethasone (APExBIO 
Technology, USA), 10 mg/ml insulin (Sigma-Aldrich, 
USA) and 0.2 mM indomethacin (Sigma-Aldrich, USA). 
The medium was replaced every three days, and Oil Red O 
(ORO) staining was performed on the 14 th day of induction.

When conducting chondrogenic induction, the serum-
free chondrogenic medium was composed of high-glucose 
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completely. Each well was then replenished with 90 µl 
of fresh medium and 10 µl of CCK-8 solution. The plate 
was incubated in a humidified environment of 95% air and 
5% CO2 for 1.5 h at 37 °C. Subsequently, the absorbance 
of each well at 450 nm was measured using a microplate 
reader. The cell viability was presented as a percentage rela-
tive to the control.

Total RNA extraction and qPCR

The EZ-press RNA Purification Kit (EZBioscience, USA) 
was utilized for extraction of total RNA. Subsequently, 
reverse transcription was performed using the Evo M-MLV 
III Reverse Transcriptase Kit (Accurate Biology, China), 
where the resulting cDNA from mRNA served as the tem-
plate for amplification with the Evo M-MLV One-Step 
RT-qPCR Kit (Accurate Biology, China). Following the 
manufacturer’s instruction, RT-qPCR were conducted 
employing commercially available forward primers and 
reverse primers (Gene Create, China). Relative expression 
was evaluated by normalizing against the expression of 
GAPDH. The primer sequences used are presented in Table 
S1.

Western blot

Culture medium in six-well plate was discarded and BMSCs 
were washed with PBS. RIPA buffer mixed with phospha-
tase inhibitor and protease inhibitor (1:100) was added to 
the plate. The plate was then left to stand on ice for 25–30 
min. The cell lysate was aspirated and centrifuged at 14,000 
g for 15 min to precipitate the organelles. Then the superna-
tant was collected and mixed with loading buffer at a ratio 
of 4:1. 10 µl of protein was added to each lane of the gel 
in equal amounts. After electrophoresis completed, the pro-
tein was transferred from gel to a 0.45 μm polyvinylidene 
difluoride (PVDF) membrane. The membrane was blocked 
with 5% non-fat milk for 1 h and then incubated with the 
specified primary antibody overnight at 4℃. Subsequently, 
the membrane was washed employing Tris Buffered Saline 
Tween (TBST) for 5 min each time for three times. Second-
ary rabbit or mouse antibody was utilized to incubated the 
membrane.

The antibodies used for western blot to detect protein were 
as follows: anti-FKBP5 (Proteintech, 14155-1-AP, 1:1000); 
anti-IFIT2 (Proteintech, 12604-1-AP, 1:1000); anti-RUNX2 
(Proteintech, 20700-1-AP, 1:1000); anti-Collagen I (ColI; 
Proteintech, 67288-1-Ig, 1:1000); anti-GAPDH (Protein-
tech, 60004-1-Ig, 1:5000); and HRP-conjugated secondary 
antibodies (ABclonal, 1:5000).

DMEM, 1% ITS Premix (Corning Life Sciences, USA), 50 
mg/l ascorbic acid (APExBIO Technology, USA), 1 mM 
sodium pyruvate (Sigma-Aldrich, USA), 100 nM dexa-
methasone (APExBIO Technology, USA), and 10 ng/ml 
recombinant human TGF-β3 (R&D Systems, USA). Tolu-
idine blue staining could be performed on the 21 st day of 
induction.

ALP and ARS staining assay

BMSCs were fixed with 4% paraformaldehyde for 20 min 
and then washed with phosphate-buffered saline (PBS) solu-
tion. Staining solution was prepared according to instruction 
of BCIP/NBT ALP kit (Beyotime, China) and was added 
to wells. Subsequently, the plate was incubated in dark for 
20 to 30 min before being photographed under microscope. 
For alkaline phosphate (ALP) activity assessment, BMSCs 
after osteogenic induction were lysed with RIPA buffer. The 
protein concentration was measured by using BCA Protein 
Assay Kit (Beyotime, China), and absorbance was deter-
mined with ALP activity detection kit (Beyotime, China) 
using spectrophotometer. These two values were used 
together to calculate ALP activity.

BMSCs were fixed as forementioned methods and dyed 
with 1% Alizarin Red S (ARS) for 20 min. After discard-
ing the solution, the cells were washed with PBS solu-
tion three times. After mineralized nodules were observed 
and captured under microscope, cetylpyridinium chloride 
monohydrate solution (Sigma-Aldrich) was added to plate 
wells to dissolved mineralized nodules, and then absorbance 
was measured at a wavelength of 562 nanometers using 
spectrophotometer.

RNA interference

The small interfering RNAs (siRNAs) targeting FKBP5 and 
IFIT2 were purchased from GenePharma (Suzhou, China). 
When the seeded BMSCs reached 70–90% confluence, 
transfection was performed using the jetPRIME kit (Niuqi 
Health, China) according to instruction.

Cell viability assay

A CKK8 assay was utilized to assess cell viability of BMSCs 
after transfection. According to the instruction of manufac-
turer (APExBIO Technology, USA), BMSCs were seeded 
into 96-well plates containing complete culture medium 
for 24 h with density of 5 × 10^3 cells per well. Follow-
ing this, BMSCs were transfected with siRNA or lentivirus, 
with the detailed transfection protocol described elsewhere 
in the methods section. 24 h after the transfection experi-
ment, the culture medium in the 96-well plate was aspirated 
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Results

FKBP5 expression is up-regulated during osteogenic 
differentiation of BMSCs and down-regulated in 
osteoporotic bone

We carried out differential gene analysis using three pub-
lic datasets (GSE178679, GSE183931, and GSE80614), 
whose results revealed significant alteration in gene expres-
sion profile of BMSCs after osteogenic induction compared 
to pre-induction (Fig.  1A). By screening genes with sig-
nificant expression changes, we identified 18 consistently 
upregulated key genes across all three independent data-
sets (Fig.  1B and Table  S2), including CIDEC, FKBP5, 
CFD, SAA1, LEP, TSC22D3, IGFBP2, ZBTB16, SORT1, 
SUSD2, IGF2, FMO3, TIMP4, APOD, AOX1, FOXO1, 
NPR3, and PPARG. Notably, FKBP5 exhibited relatively 
higher expression level and statistical significance than 
most others. For this reason, we attempted to conduct theo-
retical and experimental verification. First in the place, bio-
informatic analysis of scRNA-seq dataset, GSE147390, was 
performed. When running cluster annotation, ITGB1 and 
ENG that generally were deemed to be markers for BMSCs 
were regarded as signs of incomplete differentiation into 
matOB in the present study. IBSP, BGLAP, and SPP1 
were utilized as markers of matOB. We found that FKBP5 
exhibited higher expression level among matOB than that 
of preOB (Fig. 1C). Now that relatively high expression of 
FKBP5 during osteogenesis was hinted in theoretical analy-
sis, experimental confirmation was naturally arranged. Bone 
samples were obtained from patients with osteoporosis and 
intervertebral disc herniation during diskectomy and from 
ones with spine fracture during vertebral fixation. H&E 
staining showed denser and thicker bone trabeculae of nor-
mal bone (NB) compared to that of osteoporotic bone (OB). 
IHC showed that range and intensity of both RUNX2 and 
FKBP5 staining were at higher level in NB, indicating supe-
rior expression of RUNX2 and FKBP5 in healthy persons 
(Fig. 1D). To further elucidate the expression dynamics of 
FKBP5 during osteogenic differentiation in human BMSCs, 
we subjected BMSCs to time-course osteogenic induction. 
RT-qPCR results showed that the expression of FKBP5 
increased with prolonged induction time and peaked on 
the 7 th day. In addition, there was a positive correlation 
between FKBP5 and RUNX2 mRNA (Fig.  1E). Western 
blot also presented expression trend of FKBP5 protein 
similar to RT-qPCR (Fig. 1F). These results suggested that 
FKBP5 might play a critical role in osteogenic differentia-
tion of BMSCs, and for this reason, FKBP5 was selected for 
further research.

Bone formation assay in vivo

Full-length overexpression and knockout lentivirus of 
FKBP5 for human, and full-length overexpression lentivirus 
of FKBP5 for mouse were purchased from Hanyi Biotech-
nology in Wuhan, China. These viruses were constructed on 
GFP-loaded lentiviral vectors. When transfecting BMSCs, 
the lentivirus dosage was calculated at a multiplicity of 
infection (MOI) of 10, and transfection-enhancing reagent 
(1:1000) was mixed into culture medium simultaneously. 
24 h later, the medium was replaced with fresh medium. A 
part of cells was applied to perform western blot to verify 
overexpression and knockdown efficiency. The remaining 
cells were absorbed onto hydroxyapatite scaffold that was 
implanted into subcutaneous tissue of nude mice.

Tibial defect repair experiment

8-week-old C57 mice were anesthetized with 1% pento-
barbital sodium. A small incision was made on tibial skin. 
Muscle tissue was separated, and bone surface was exposed. 
A hole was perforated using drilling machine with a 0.6-mm 
sterilized head. Later, FKBP5 overexpression lentivirus was 
injected into the hole with Hamilton syringe. The wound 
was sutured afterwards, and mouse tibiae were acquired for 
micro-CT scan and section after one week.

Section staining

Before staining, sections were initially dewaxed with xylene 
and then hydrated with ethanol. For hematoxylin&eosin 
(H&E) staining, the kit was from Solarbio (China). Accord-
ing to the direction, the sections were dyed in hematoxylin 
for 1  min, washed with 70% alcohol containing 1% HCl 
for 5 s and stained with eosin for 1 min. Masson staining 
was performed in the light of Masson’s trichrome staining 
kit (Solarbio, China). Following the instruction provided in 
the immunohistochemistry (IHC) kit (CWBIO, China), IHC 
stain was conducted adopting FKBP5 (Proteintech, 14155-
1-AP, 1:100) and RUNX2 (Proteintech, 20700-1-AP, 1:100) 
antibodies.

Statistical analyses

The experiments were performed independently three 
times. Results of this study were analyzed by using Graph-
Pad Prism 9.0. Correlation analysis was conducted employ-
ing Pearson correlation and linear regression. Difference 
between diverse groups was evaluated using student t-tests 
or one-way ANOVA. P < 0.05 was regarded as significant. 
The result value was presented in form of mean ± SEM 
(standard error of the mean).
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Fig. 1  FKBP5 is up-regulated during the osteogenic differentiation of 
BMSCs and down-regulated in osteoporotic bone. A The volcano plots 
of the RNA-seq datasets (GSE178679, GSE183931 and GSE80614) 
from the GEO database displayed the differentially expressed genes 
in BMSCs after osteogenic induction. B The Venn diagram showed 
the commonly upregulated genes across three public datasets. C The 
analysis result of the single-cell dataset (GSE147390) indicated that 
FKBP5 was expressed at a higher level in matOB. D The bone trabecu-
lae of NB were significantly denser and thicker than those of cancel-

lous bone. IHC staining showed both RUNX2 and FKBP5 were highly 
expressed in normal bone (left scale bar: 200 μm, right scale bar: 50 
μm). E RT-qPCR showed mRNA of both FKBP5 and RUNX2 were 
significantly up-regulated during osteogenic induction of BMSCs, and 
the expression level of these two genes were positively correlated. 
F Western blot demonstrated FKBP5 protein in BMSCs significantly 
increased after osteogenic induction. All experiments were performed 
three independent times
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and shNC group showed an opposite trend (Fig. 3E). The 
difference in positive area of IHC staining was statistically 
significant (Fig. 3F). In conclusion, these results displayed 
obvious osteogenic-promoting effect of FKBP5 on BMSCs 
in vivo.

RNA-seq indicates type-I IFN pathway is up-
regulated after silencing FKBP5

In order to explore the mechanism that FKBP5 regu-
lated osteogenic differentiation, we transfected BMSCs 
with siRNA targeting FKBP5 and collected the cells for 
RNA-seq. The result showed that gene expression pro-
file of siFKBP5 group significantly changed compared to 
siNC group (Fig. 4A). We extracted up-regulated genes in 
siFKBP5 group and performed a series of enrichment analy-
sis. Reactome pathway analysis suggested elevated genes 
markedly enriched in the interferon (IFN) alpha/beta signal-
ing pathway, also known as type-I IFN pathway (Fig. 4B). 
Furthermore, biological processes of gene ontology (GO) 
enrichment analysis showed expression of genes in type-I 
interferon signaling pathway increased (Fig. 4C). Gene Set 
Enrichment Analysis (GSEA) enrichment analysis revealed 
similar result (Fig. 4D, E). The specific up-regulated genes 
in this pathway consisted of IFIT2, ISG15, ISG20, RSAD2, 
IRF4, IRF5, IRF7, and IFITM1 (Fig. 4F). Given there exist-
ing published articles suggesting type-I IFN pathway played 
a vital role in regulating osteogenic differentiation [12, 15], 
we hypothesized that it serves as a downstream pathway for 
FKBP5 to modulate osteogenic differentiation of BMSCs.

FKBP5 mitigates the osteogenic inhibitory effect of 
IFNβ

Previous RNA-seq analysis showed genes, including mul-
tiple interferon-stimulated genes (ISG), namely IFIT2 
(ISG54), ISG15, ISG20, and IRF7, in type-I IFN signal-
ing pathway were significantly up-regulated as a result 
of FKBP5 knockdown, which implied that FKBP5 might 
influence osteogenesis of BMSCs through regulating this 
pathway. We validated the changed ISG identified by the 
RNA-seq via using RT-qPCR. Consistent with theoretical 
alteration, IFIT2, ISG15, ISG20 and IRF7 were significantly 
up- or down-regulated when FKBP5 was knocked down or 
overexpressed (Fig.  5A). Furthermore, RT-qPCR showed 
that exogenous IFNβ induced up-regulation of ISG in 
BMSCs (Fig. 5B). IFNβ exerted obviously repression effect 
on osteogenesis of BMSCs in a dose-depended way, which 
manifested as lighter ALP staining and reduced mineralized 
nodule formation (Fig.  5C). The quantitative analysis of 
mineralized nodules and ALP activity showed the trend was 
statistically significant (Fig.  5D). Downregulation of ISG 

FKBP5 promotes osteogenic differentiation of 
BMSCs in vitro

In order to investigate osteogenesis regulation function 
of FKBP5, we firstly silenced FKBP5 using siRNA. The 
CKK8 assay revealed that the two FKBP5 siRNAs did not 
reduce the viability of BMSCs (Fig. 2A). Downregulation of 
FKBP5 resulted in decreased mineralized nodule formation 
and ALP staining intensity (Fig. 2B), accompanied by cor-
responding decline in ARS quantification and ALP activity 
(Fig. 2C). Besides, western blot images also showed lower 
protein level of osteogenic markers (RUNX2 and COL1 A1) 
after addressing with siRNA targeting FKBP5 (Fig.  2D). 
Further overexpression of FKBP5 through transfecting len-
tivirus did not obviously affect BMSC viability and made 
the opposite staining and protein tendency (Fig.  2E and 
H). All in all, these results indicated that FKBP5 positively 
regulated the osteogenic differentiation of BMSCs in vitro.

FKBP5 promotes osteogenesis of BMSCs in vivo

Previous experiments have shown that FKBP5 could pro-
mote osteogenic differentiation of BMSCs under in vitro 
condition, but it was still unknown whether this effect held 
true under in vivo condition. For the sake of elucidate this 
question, experiment of porous hydroxyapatite scaffold 
implantation into subcutaneous tissue of nude mice was 
carried out. We supplemented the cell viability experiment 
using knockdown lentivirus of human FKBP5. Statistically, 
the results indicated that transfecting BMSCs with FKBP5 
knockdown lentivirus did not significantly reduce cell 
viability (Fig. 3A). The results of the cell viability experi-
ment using overexpression lentivirus of human FKBP5 are 
shown in Fig. 2E. As illustrated in Fig. 3B, we firstly trans-
fected BMSCs with negative control lentivirus for knock-
down (shNC), FKBP5 knockdown lentivirus (shFKBP5), 
negative control lentivirus for overexpression (ovNC), and 
FKBP5 overexpression lentivirus (ovFKBP5). These cells 
were cultured in osteogenesis induction medium for 7 days. 
Following this, they were transferred and adsorbed onto 
hydroxyapatite scaffold that was then implanted into sub-
cutaneous tissue of nude mice. 8 weeks later, the nude mice 
were sacrificed, and granulation tissue containing hydroxy-
apatite scaffold was acquired and sectioned for staining. 
H&E staining revealed that in contrast to ovNC group, over-
expression group showed more new bone formation, while 
shFKBP5 group showed less formation compared to shNC 
group (Fig. 3C). Similar to the result of H&E, Masson stain-
ing showed more collagen formation in ovFKBP5 group and 
less in shFKBP5 group (Fig. 3D). IHC staining for detect-
ing RUNX2 demonstrated more extensive positive area in 
ovFKBP5 group compared to ovNC group, while shFKBP5 
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Quantification indicated a statistically significant differ-
ence among the three groups (Fig. 5F). Western blot experi-
ment also confirmed that protein expression of RUNX2 and 
COL1 A1 of FKBP5 overexpression plus IFNβ group was 
effectively up-regulated in contrast to IFNβ-treated group 

when FKBP5 was overexpressed demonstrated that FKBP5 
might be able to suppress the effect of IFNβ on BMSCs. As 
expected, compared to IFNβ-treated group, the group over-
expressing FKBP5 and treated with IFNβ has deeper ALP 
staining and more mineralized nodule formation (Fig. 5E). 
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(Fig. 6F). Western blot showed corresponding higher pro-
tein level of RUNX2 and COL1 A1 (Fig. 6G).

To confirm that FKBP5 affected the osteogenic differen-
tiation of BMSCs by regulating the expression of IFIT2, we 
established three cell experimental groups: siNC, siFKBP5, 
and siFKBP5 + siIFIT2. The results indicated that IFIT2 
silence could relieve reduced ALP and ARS staining caused 
by FKBP5 down-regulation, whose significance was deter-
mined by quantitative assessment (Fig.  6H and I). Corre-
spondingly, western blot showed that when FKBP5 was 
knocked down, IFIT2 expression was upregulated, and pro-
tein level of RUNX2 and COL1 A1 was correspondingly 
downregulated. However, when IFIT2 was further knocked 
down simultaneously, the protein expression of these two 
osteogenic markers did not significantly decrease (Fig. 6J). 
In summary, these results suggested that IFIT2 had an inhib-
itory effect on osteogenesis of BMSCs, and FKBP5 exerted 
influence on osteogenic differentiation of BMSCs through 
regulating this gene.

FKBP5 overexpression accelerates bone defect 
repair in vivo

In previous experiment of porous hydroxyapatite scaffold 
implantation, we confirmed FKBP5 promoted osteogenesis 
of BMSCs in vivo. However, it has not been known whether 
FKBP5 was be able to accelerate bone healing. We decided 
to clear this question by establishing mouse tibial drilling 
model.

The anesthesia and surgical process of C57 mice were 
performed as described in METHODS section and was 
illustrated in Fig. 7A, B. The C57 mice were sacrificed one 
week after surgery, and tibiae were acquired to perform 
micro-CT scan and decalcification. Images of micro-CT 
showed more amount of visible callus formation in drilling 
site of tibia of ovFKBP5 group than ovNC group at the same 
window width and window level (Fig.  7C). Quantitative 
analysis suggested the same result (Fig. 7D). As shown via 
H&E staining and SO/FG staining in Fig. 7E and F, more 
portion of bony callus formed in ovFKBP5 group, while 
ovNC group showed less, indicating that tibia trauma of 
ovFKBP5 group were in formation stage of bony callus and 
that bone remodeling of ovNC group lagged behind that of 
ovFKBP5 group. IHC analysis also illustrated up-regulation 
of RUNX2 expression in healing sites of tibia in ovFKBP5 
group (Fig.  7G). In conclusion, this experiment demon-
strated that FKBP5 overexpression significantly accelerated 
the process of bone healing.

(Fig. 5G). In summary, previous literatures have shown that 
activation of the type-I interferon signaling pathway could 
result in osteogenic impairment, and FKBP5 was be able to 
inhibit this effect.

FKBP5 promotes osteogenic differentiation by 
inhibiting IFIT2 expression

Since IFIT2 was a well-documented member of ISG fam-
ily and was proved to inhibit osteogenic differentiation of 
human stem cells from apical papilla (hSCAPs) [15], we 
thought IFIT2 might be able to exhibit analogous effect on 
osteogenesis of human BMSCs. Therefore, we chose this 
gene as a crucial downstream molecule for further mecha-
nism research.

Inconsistent with expectation, RT-qPCR suggested that 
expression level of IFIT2 increased with the time progress 
of osteogenic induction, which reached peak on the 7 th day 
(Fig.  6A). The result of western blot was consistent with 
RT-qPCR (Fig. 6B). Then, we verified protein expression of 
IFIT2 when FKBP5 was knocked down and overexpressed. 
In accord with previous result of RT-qPCR, IFIT2 protein 
increased when FKBP5 was inhibited and decreased when 
FKBP5 was overexpressed (Fig. 6C). In order to evaluate the 
impact of the IFIT2 gene on the osteogenic differentiation of 
BMSCs, we transfected BMSCs with siRNA to reduce the 
intracellular expression of IFIT2 and subsequently assessed 
the effect of siIFIT2 on cell viability. The results demon-
strated that, compared to the control group, there was no sta-
tistically significant decrease in the cell viability of BMSCs 
transfected with siIFIT2 (Fig.  6D). ARS and ALP stain-
ing results suggested that silencing IFIT2 through siRNA 
resulted in enhanced osteogenesis of BMSCs (Fig. 6E). The 
difference of mineralized nodules and ALP activity between 
siNC and siIFIT2 groups was statistically significant 

Fig. 2  FKBP5 positively regulates the osteogenesis of BMSCs. The 
expression of FKBP5 can be downregulated using siRNAs, while 
overexpression can be achieved through lentiviral transduction. A Cell 
viability assessment of BMSCs transfected with siFKBP5. B  siR-
NAs targeting FKBP5 significantly reduced the intensity of ALP and 
ARS staining of BMSCs (scale bar: 200 μm). C Quantitative analysis 
indicated that downregulation of ARS staining and ALP activity by 
employing FKBP5 siRNA was statistically significant. D siRNAs tar-
geting FKBP5 successfully reduced the protein expression of FKBP5, 
RUNX2, and Col1 A1 in BMSCs. E  Cell viability assessment of 
BMSCs transfected with FKBP5 overexpression lentivirus. F FKBP5 
overexpression significantly increased ALP and ARS staining of 
BMSCs (scale bar: 200 μm). G Quantitative analysis indicated that the 
upregulation of ARS and ALP activity by transfecting lentivirus was 
statistically significant. H FKBP5 overexpression successfully up-reg-
ulated the protein level of FKBP5, RUNX2, and Col1 A1 in BMSCs. 
All experiments were performed three independent times
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bone formation and resorption [21–24]. The incidence that 
patients with systemic lupus erythematosus (SLE) suffer 
from osteoporosis is as high as 5–20% which exceeds that 
of healthy individuals in the same age group (15–44 years 
old), implying there is a certain immune factor contribut-
ing to bone loss [25]. Nevertheless, despite the significance 
of type-I IFNs in promoting pathogenesis and treatment 
of auto-immune diseases such as SLE [26], their role in 
osteoimmunology has not received sufficient attention and 
research. Type-I IFNs, including IFNα, IFNβ, IFNω, IFNε 
and IFNκ, are well-known key drivers of chronic inflamma-
tion of SLE [27, 28]. Among these factors, IFNβ plays roles 
in amplifying DNA damage, promoting senescence and 
inhibiting function of stem cells. It is definitely confirmed 
to be produced by BMSCs, and the quantity increased in 
BMSCs derived from patients with SLE [27, 29]. In our 
study and previous published papers, IFNβ significantly 
weakens osteogenesis, matrix formation and mineralization 
[27, 30, 31]. Because of this effect, BMSCs produce IFN 
β through autocrine during osteogenic induction, which in 
turn inhibits osteogenesis and enhanced the ISG expression 
[12]. This phenomenon partially explains why IFIT2, as an 
inhibitory gene of osteogenesis, shows increased expression 
during osteogenic induction of BMSCs. It also reflects the 
potential existence of negative feedback in the osteogenesis 
process of human BMSCs, where auto-secreted IFNβ acti-
vates type-I IFN pathway and inhibits osteogenesis. Knock-
down of FKBP5 may result in excessive activation of this 
negative feedback, causing tardiness of osteogenic process. 
Combining these clues, blocking IFNβ pathway might be 
a research direction of potential application value. FKBP5 
inhibits ISG expression and rescues IFNβ-induced delayed 
osteogenesis, indicating that FKBP5 plays a blocking role in 
the feedback to some extent.

IFIT gene family is clustered on human chromosome 
10 and composed of four members: IFIT1, IFIT2, IFIT3, 
and IFIT5, among which IFIT2 is also known as ISG54 
because of its molecular weight of 54 kDa [32]. This mol-
ecule is linked to diverse immune system diseases. The 
expression level of IFIT2 in peripheral white blood cells of 
SLE patients is significantly higher than that of non-SLE 
patients and normal control group. Furthermore, the real-
time expression level of the IFIT2 gene is correlated with 
the disease activity of SLE [33]. This characteristic makes 
IFIT2 a potential new target for SLE treatment. Since type-
I IFN is a key driver of chronic inflammation in SLE, and 
IFIT2 has inhibitory function to osteogenic differentiation, 
it is possible that bone loss of SLE patients may also be 
partially caused by up-regulation of this gene. However, this 
assumption needs to be authenticated in the future research.

It is worth noting that IFIT2 is not the only ISG reported 
to have inhibitory effects on osteogenic differentiation. 

Discussion

In the present research, we identified a key protein, FKBP5, 
whose expression level increased during osteogenic induc-
tion and accelerated the osteogenesis of BMSCs. Mecha-
nistically, FKBP5 suppressed type-I IFN signaling and 
relieved negative osteogenic effect of IFNβ. Moreover, the 
enhanced level of FKBP5 reduced the transcription of IFIT2 
which was considered as an inhibitory gene for osteogenic 
differentiation. Furthermore, we found that FKBP5 over-
expression improved tibial defect repair in vivo. A recent 
study revealed that FKBP5 enhances the osteogenic differ-
entiation of human adipose-derived stem cells (ASCs) [16]. 
Although this study did not include in vivo experiments for 
verification and ASCs differ from BMSCs in tissue origin, 
their findings still support our experimental conclusions to 
a certain extent.

Normal osteogenic activity that is mainly executed by 
osteoblasts is a necessary premise for maintaining bone 
homeostasis [17]. Deviant osteogenesis may cause diverse 
bone diseases, such as osteoporosis or delayed bone healing 
[18, 19]. In other words, when bone loss caused by aging 
process or auto-immune disease occurs, MSCs’ commit-
ment towards the osteogenic lineage is always impaired 
[20]. As BMSCs are the main source of osteoblasts, effective 
correction of the differentiation of BMSCs into osteoblasts 
can alleviate or even reverse bone loss. Hence, exploration 
of the regulatory network of osteogenic differentiation of 
BMSCs from different perspectives appears to be crucial.

Osteoimmunology that focuses on the interaction between 
the immune system and bone metabolism has received 
increasing attention. With the deepening of the research 
on the bone homeostasis, it has been confirmed that low-
grade inflammation is involved in bone loss during aging 
process and auto-immune diseases. Multiple cytokines pro-
duced by immune cells, commonly including TNF, IL-1, 
IL-6, IL-17, IL-22, IFNγ are reported to play crucial roles in 

Fig. 3  FKBP5 promotes osteogenic differentiation of BMSCs in vivo. 
A Cell viability assessment of BMSCs transfected with FKBP5 knock-
down lentivirus. B  Following transfecting BMSCs with lentivirus, 
osteogenic induction was performed for 7 days in vitro. Then these 
cells were transferred onto porous hydroxyapatite scaffold, which 
was implanted into subcutaneous tissue of nude mice. 8 weeks later, 
the scaffold was taken out, sectioned, and stained. C  H&E staining 
showed more new bone formation in the ovFKBP5 group, while there 
was less in the shFKBP5 group (upper scale bar: 200 μm, lower scale 
bar: 50 μm). D Masson staining revealed increased collagen formation 
in the ovFKBP5 group, whereas collagen decreased in the FKBP5-
knockdown group (upper scale bar: 200 μm, lower scale bar: 50 μm). 
E  IHC staining demonstrated wider positive range of RUNX2 in 
the ovFKBP5 group compared to shFKBP5 group (upper scale bar: 
200 μm, lower scale bar: 50 μm). F The differences of positive area 
of RUNX2 between ovNC and ovFKBP5 and between shNC and 
shFKBP5 were statistically significant. All experiments were per-
formed independently and repeated three times, n = 5
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immune system. For example, deletion of FKBP5 results 
in increase in the number of CD8 + T, CD4 + T, NKT, and 
CD4 + NKT cells of mouse model of liver cancer, for which 
inhibiting tumor progress [37]. Furthermore, knockout of 
FKBP5 increases the risk of influenza A virus (IAV) infec-
tion. combination of FKBP5 and IκBα kinase (IKK) is an 
essential step for retinoic acid-inducible gene I (RIG-I) 
induced innate immune response and ISG expression [38]. 
However, in our experiment, knockdown of FKBP5 results 
in an increase in ISG expression, including IFIT2, which 
expands the regulation relationship of ISG expression by 
FKBP5. The reason for this contradiction might be that 
we applied different cell types and stimulatory factors. Of 
course, the specific regulatory mechanism still needs further 
exploration.

STAT1 and GBP1 are another two kinds of ISG and show 
inhibitory function in osteogenesis [34]. Fracture callus 
remodeling and membranous ossification of STAT1-defi-
cient mice is much more faster than wild mice [35]. Simi-
larly, in our study, overexpression of FKBP5 also promoted 
callus remodeling in mice of bone defect models. Mechanis-
tically, STAT1 suppresses promoter activity of Osterix and 
inactivates RUNX2 via binding to it [36]. These data indi-
cates that ISG, including but not limited to STAT1, GBP1, 
and IFIT2, are not only markers of IFN signaling, but also 
participate in the inhibition of osteogenesis. Therefore, reg-
ulating the expression of ISG may an effective approach to 
promote osteogenic differentiation.

Previous articles report that FKBP5, as a key factor in 
immune-related pathway, is involved in the regulation of 

Fig. 4  Knockdown of FKBP5 up-regulates type-I interferon signal-
ing pathway and ISG expression. A The heatmap of RNA-seq showed 
differentially expressed genes of BMSCs after FKBP5 knockdown. 
B Reactome enrichment revealed that some of the up-regulated genes 
identified through RNA-seq analysis were enriched in the interferon 
alpha/beta signaling pathway, also known as type-I IFN signaling 

pathway. C  GO enrichment showed that some of the up-regulated 
genes were enriched in the type-I IFN signaling pathway. D  GSEA 
indicated that a portion of the up-regulated genes were enriched in the 
type-I IFN signaling pathway. E ssGSEA showed significant upregula-
tion of genes related to type-I IFN response pathway. F Up-regulated 
genes that were enriched in the type-I IFN response pathway
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Fig. 5  FKBP5 mitigates the effect of IFNβ on reducing osteogenesis 
of BMSCs. A  FKBP5 knockdown resulted in amplification of ISG 
transcription, while overexpression of FKBP5 down-regulated these 
ISG. B IFNβ up-regulated the expression of ISG of BMSCs. C IFNβ 
impaired osteogenic potential of BMSCs, as evidenced by reduced 
ALP staining and ARS (scale bar: 200 μm). D Quantitative comparison 
of ALP activity and ARS. E  IFNβ weakened ALP staining and ARS 

of BMSCs, but this effect could be alleviated by FKBP5 overpression 
(scale bar: 200 μm). F Quantitative analysis of Fig. E. G IFNβ down-
regulated protein expression of COL1 A1 and RUNX2 of BMSCs, 
whereas overexpression of FKBP5 relatively upregulated the protein 
of these two markers. All experiments were performed independently 
and repeated three times
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Fig. 6  FKBP5 modulates the osteogensis of BMSCs through IFIT2. 
A The mRNA of IFIT2 raised during osteogenic induction of BMSCs, 
and peaked on day 7. B The protein of IFIT2 increased during osteo-
genic induction of BMSCs, which displayed a rising trend analogous to 
mRNA. C Knockdown of FKBP5 up-regulated IFIT2 protein, whereas 
overexpression of FKBP5 down-regulated it. D Evaluation of viability 
of BMSCs transfected with siIFIT2. E Knockdown of IFIT2 resulted 
in elevated ALP staining and ARS intensity of BMSCs (scale bar: 200 
μm). F Quantitative analysis of Fig. E. G siRNA targeting IFIT2 suc-

cessfully knocked down IFIT2 protein and up-regulated the protein 
level of RUNX2 and COL1 A1. H siRNA against FKBP5 weakened 
ALP and ARS of BMSCs, while this effect could be rescued by knock-
down of IFIT2 (scale bar: 200 μm). I Quantitative analysis of Fig. H. 
J  siRNA against FKBP5 down-regulated the protein expression of 
COL1 A1 and RUNX2, while knockdown of IFIT2 up-regulated the 
expression of these two proteins. All experiments were performed 
independently and repeated three times
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Fig. 7  Overexpression of FKBP5 promotes bone healing in vivo. 
A After successfully anesthetizing C57 mice, the skin that covered 
tibia was incised. The muscle was separated to expose tibia, and a hole 
was made using drilling machine. Subsequently, lentivirus overex-
pressing FKBP5 was injected into the bone hole, and the incision was 
sutured. One week later, the tibia was harvested for micro-CT scan and 
histological sectioning. B  Illustration of tibial drilling and lentivirus 
injection. C Micro-CT images showed that under the same window 

width and window level, ovFKBP5 group exhibited more amount of 
visible callus. D  Quantitative analysis based on micro-CT images. 
E H&E (scale bar: 200 μm), SO/FG (scale bar: 200 μm), and RUNX2 
staining (left scale bar: 200 μm, right scale bar: 50 μm) of the parafn 
sections. F Quantifcation of Cartilaginous callus volume per total cal-
lus volume. G Quantifcation of positive area of RUNX2. All experi-
ments were performed independently and repeated three times, n = 5
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Conclusions

In summary, we discovered that FKBP5 promoted osteogen-
esis of BMSCs both in vitro and in vivo and confirmed that 
its function was achieved by blocking type-I IFN response 
and inhibiting IFIT2 expression. These results indicated that 
FKBP5 had the potential to serve as a target for inhibiting 
immune-related bone loss and promoting bone healing.
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