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Krüppel-like factor 4 promotes the proliferation and osteogenic 
differentiation of BMSCs through SOX2/IGF2 pathway
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Objectives: Human bone marrow mesenchymal stem 
cells (BMSCs) have multi-lineage differentiation poten-
tial and have been widely researched in regenerative 
medicine. The purpose of this research was to explore 
whether Krüppel-like factor 4 (KLF4) can regulate the 
osteogenic differentiation of BMSCs. Methods: We trans-
fected human BMSCs with KLF4 overexpression plasmid 
and si-KLF4 to study the effects of KLF4. We performed 
cell proliferation assay, flow cytometry and Alizarin Red 
staining on BMSCs. Quantitative real-time PCR and west-
ern blot was performed to determined mRNA and pro-
tein expression of osteogenic differentiation markers, 
KLF4, SOX2 and IGF2. Bone defect animal model was cre-
ated and the adenovirus containing KLF4 overexpression 
or knockdown plasmid was injected. Finally, HE staining 
was performed on tibia to assess the new bone forma-
tion. Results: Our results showed that KLF4 promotes 
not only the growth of BMSCs, but also their osteogenic 
differentiation. Also, it mediated these effects through 
SOX2/IGF2 signaling pathway. In addition, KLF4 overex-
pression could increase the bone regeneration in in-vivo 
model, whereas KLF4 knockdown decreased the bone 
regeneration. Conclusions: KLF4 regulates BMSC’s osteo-
genic differentiation via SOX2/IGF2 pathway.
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INTRODUCTION

Mesenchymal stem cells in bone marrow have the po-
tential to differentiate into various kinds of cells, for ex-
ample endothelial cells, adipocytes, osteoblasts, myocytes 
and chondroblasts (Kolf et al., 2007). This characteristic 
of BMSCs has attracted much attention as they might be 
used for cell therapy or tissue engineering. They could 
be infused to treat graft-versus-host disease, liver cir-
rhosis and neurodegenerative diseases and even be en-
gineered into vessels (Rady et al., 2020; Sadatpoor et al., 
2020). Recent decades have seen the growing demand 
for bone grafting procedures mainly due to trauma and 
orthopedic surgery (Brydone et al., 2010). However, the 
complications of bone grafting remain, such as pain, in-
fection and even disability (Dimitriou et al., 2011). It is 

worth mentioning that mesenchymal stem cells serve to 
maintain osteogenesis and repair fracture (Griffin et al., 
2011). Thus, BMSCs have been explored for bone repair 
and regeneration (Griffin et al., 2011).

Many studies have revealed multiple mechanisms of 
directing BMSCs into osteocytes. For instance, shear 
stress, bone morphogenetic proteins (BMPs), calcium 
phosphate surfaces and collagen scaffolds can induce 
osteogenic differentiation (Donzelli et al., 2007; Majesky 
et al., 2017; Müller et al., 2008; Yourek et al., 2010). 
Krüppel-like factor 4 (KLF4) is a conserved zinc finger-
containing transcription factor and it could modulate 
differentiation of stem cells (Ghaleb & Yang, 2017). It 
regulates the differentiation of monocytes, smooth mus-
cle cells, mast cells and goblet cells (Feinberg et al., 2007; 
Nishimura et al., 2020; Zheng et al., 2009). Moreover, 
KLF4 has been proven to regulate the osteogenic dif-
ferentiation and bone regeneration (Akkouch et al., 2019; 
Xu et al., 2018). Therefore, we assumed that KLF4 might 
play a part in the osteogenic differentiation of BMSCs.

Research has revealed that there is a direct interaction 
between KLF4 and SOX2 (Wei et al., 2009). SOX2 is key 
to determining the osteogenic lineage of mesenchymal 
stem cells (Park et al., 2012). Also, SOX2 can regulate 
YAP1 to maintain stemness and to determine the dif-
ferential direction (Seo et al., 2013). Yet, the underlying 
mechanism of how SOX2 induces osteogenic differentia-
tion remains unclear. SOX2 has been reported to induce 
insulin-like growth factor-2 (IGF2) signaling pathway in 
bladder cancer (Chiu et al., 2020), and IGF2 signaling 
pathway can trigger human BMSCs to undergo osteo-
genic differentiation (Hamidouche et al., 2010). Thus, we 
guessed that SOX2 might regulate the osteogenic differ-
entiation in BMSCs via IGF2 signaling pathway.

The present research aimed to explore if KLF4 could 
play a role in the osteogenic differentiation of BMSCs. 
The following hypotheses were evaluated: (1) KLF4 
could promote the osteogenic differentiation in BMSCs; 
(2) KLF2 mediates its differentiation induction effects 
via SOX2/IGF2 axis; (3) KLF4 could stimulate osteo-
genesis in transgenic mice.

MATERIALS AND METHODS

Cells and cell culture

Human bone marrow mesenchymal stem cells (BM-
SCs) were bought from American Type Culture Collec-
tion, USA. These cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (Sigma-Aldrich, USA). The culture 
medium was added with 10% fetal bovine serum (Gibco, 
USA). Cells were incubated at 37ºC in a humid atmos-
phere with 5% CO2 and would be passaged or used for 
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further experiments when the confluence reached 70–
80%.

Transfecting cells with plasmids, siRNAs and adenovirus

The following products were bought from Geno-
meditch (Shanghai, China): empty vectors (pcDNA3), 
KLF4-overexpressing vector (pcDNA3-KLF4), SOX2-
overexpressing vector (pcDNA3-SOX2), KLF4 siRNA 
(si-KLF4), SOX2 siRNA (si-SOX2), IGF2 siRNA (si-
IGF2), scrambled siRNAs for KLF4, SOX2 and IGF2 
(si-NC). Recombinant plasmids containing human KLF4 
fragment (hKLF4) were devised by Genomeditch and 
recombinant adenoviruses containing hKLF4 were con-
structed. Ad-hKLF4 plaque forming units (PFUs) were 
1×1010 per milliliter. Lipofectamine 3000 (Genomeditch, 
Shanghai, China) was employed as the transfection rea-
gent.

Quantitative real-time PCR (qRT-PCR)

We used Trizol reagent (Sigma-Aldrich, USA) to ob-
tain total RNA, and miRNA was obtained by using Mol-
pure Cell/Tissue miRNA Kit (Yeasen, Shanghai, China). 
In addition, mRNA was transcribed by using Hifair III 
One Step RT-qPCR Probe Kit (Yeasen, Shanghai, Chi-
na), yet we used TaqMan MicroRNA Reverse Transcrip-
tion Kit (Invitrogen, USA) to transcribe miRNA. SYBR 
green was from Roche, Switzerland. qRT-PCR was per-
formed using the Applied Biosystems 7900HT Fast Real-
Time PCR System. The endogenous control for other 
primers was GAPDH. The primers in our experiments 
were listed in Table 1.

Cell proliferation assay

Cell Count Kit-8 (CCK-8) assay was purchased from 
Beyotechnology, Shanghai, China to assess the viability 
of cells. Cells (40 000–60 000 cells per well) were plat-
ed in 96-well plates, and 10 μl of CCK-8 solution was 
mixed with each sample. Next, these cells were cultured 
for 10 min. After that, cell viability was measured based 
on manufacturer’s instruction.

Cell cycle analysis and flow cytometry

For cell cycle analysis, transfected cells were harvest-
ed and fixed with 70% ethanol at 4°C overnight. Then 
10  μl RNase A solution and 5 μl PI (Solarbio, Beijing, 
China) were added to the cells in the dark. After 15 min, 
the cells were analyzed by flow cytometry.

Western blotting

Cell lysates were obtained via utilizing RIPA buffer 
(Beyotechnology, Shanghai, China) added with pro-
tease inhibitor cocktail (Beyotechnology, Shanghai, 
China). Proteins were loaded into SDS-PAGE gel. 
After electrophoresis, proteins were transferred onto 
polyvinylidene fluoride membrane (Thermo Fischer 
Scientific, USA). These membranes were blocked with 
4% bovine serum albumin for 1 h at room tempera-
ture after which they were incubated with primary 
antibodies at 4ºC for about 24 h. Next, these mem-
branes were incubated with the appropriate second-
ary antibodies at room temperature for around 1 h. 
Finally, protein bands would be visualized by ECL 
kits (Millipore, USA). The primary antibodies against 
KLF4 (dilution: 1:1000, Abcam, UK; ab215036), 
SOX2 (dilution: 1:1000, Abcam, UK; ab92494), IGF2 
(dilution: 1:1000, Abcam, UK; ab177467), phospho-

AKT (T308) (dilution: 1:1000, Abcam, UK; ab38449), 
AKT (dilution: 1:1000, Abcam, UK; ab8805), RUNX2 
(dilution: 1:1000, Abcam, UK; ab192256), osteocal-
cin (dilution: 1:1000, Abcam, UK; ab93876), IGFBP1 
(dilution: 1:1000, Abcam, UK; ab231254), collagen I 
(dilution: 1:1000, Abcam, UK; ab34710) and GAPDH 
(dilution: 1:1000, Beyotechnology, China; AF1186) 
were used in this research, and GAPDH was used as 
the internal control.

Alizarin Red staining

Cells were initially cultured in 12-well plates for 21 
days to undergo the induction of osteogenic differen-
tiation. After that, they were fixed in 90% ethanol for 
about 20 min, then they were stained with alizarin red 
staining for 5 min. Next, cells were washed gently, and 
they were observed. The cells that were stained with 
Alizarin Red staining were cultured with 10% cetylpyri-
dinium chloride for 30 min and then matrix mineraliza-

Table 1. The list of primers used

Gene Species Primer 5’-3’

KLF4 Human F: CAGCTTCACCTATCCGATCCG

R: GACTCCCTGCCATAGAGGAGG

KLF4 Mouse F: ATCCTTTCCAACTCGCTAACCC

R: CGGATCGGATAGCTGAAGCTG

SOX2 Human F: TGGACAGTTACGCGCACAT

R: CGAGTAGGACATGCTGTAGGT

SOX2 Mouse F: CGGCACAGATGCAACCGAT

R: CCGTTCATGTAGGTCTGCG

IGF2 Human F: GTGGCATCGTTGAGGAGTG

R: CACGTCCCTCTCGGACTTG

IGF2 Mouse F: CGTGGCATCGTGGAAGAGT

R: ACGTCCCTCTCGGACTTGG

RUNX2 Human F: TCAACGATCTGAGATTTGTGGG

R: GGGGAGGATTTGTGAAGACGG

RUNX2 Mouse F: TTCAACGATCTGAGATTTGTGGG

R: GGATGAGGAATGCGCCCTA

Osteocalcin Human F: GGCGCTACCTGTATCAATGG

R: GTGGTCAGCCAACTCGTCA

Osteocalcin Mouse F: CTGACCTCACAGATCCCAAGC

R: TGGTCTGATAGCTCGTCACAAG

Collagen 1 Human F: GAGGGCCAAGACGAAGACATC

R: CAGATCACGTCATCGCACAAC

Collagen 1 Mouse F: TAAGGGTCCCCAATGGTGAGA

R: GGGTCCCTCGACTCCTACAT

GAPDH Human F: ACAACTTTGGTATCGTGGAAGG

R: GCCATCACGCCACAGTTTC

GAPDH Mouse F: TGACCTCAACTACATGGTCTACA

R: CTTCCCATTCTCGGCCTTG



Vol. 69 						      351Krüppel-like factor 4 promotes the proliferation and osteogenic differentiation

tion was quantified. The absorbance of the supernatant 
was read at 562 nm.

Animal bone defect model

Our animal experiments were approved by the Ethical 
Committee of Funing People’s Hospital, and they were 
performed under the guidelines published by the com-
mittee.

Briefly, 9 BALB/c nude mice (4–6 weeks old, male, 
18–20 g) were purchased from our animal center 
and kept at animal rooms (10‑h light/14‑h dark cy-
cle, 22–27ºC, relative humidity: 40–60%) under sterile 
environment. In this model, we first made an inci-
sion in the skin and then gradually exposed the tibia. 
Near the medial side of tibia, a dental machine was 
employed to make a 2-mm bone defect that was 1 
mm away from the growth plate. We also exposed the 
bone marrow cavity. The defect was closed in layers. 
After the operation, each rat received 400 000 units of 
penicillin and then twice a day 3 days after the op-
eration. These animals were randomly divided into 4 
groups: (1) the blank control group (n=3); (2) bone 
defect surgery (Sham) control group (n=3); (3) the 
negative control group that received 5 μl of adenovi-
rus solution via injecting it into rat’s tibia during the 
operation and on the second postoperative day (n=3); 
(4) the ad-hKLF4 treatment group that received 5 μl 
of ad-hKLF4 solution via injecting it into rat’s tibia 
during the operation and on the second postoperative 
day (n=3). 21  Days after the operation, mice were 
sacrificed by cervical dislocation, and tibia was col-
lected for further research.

HE staining

In brief, tibia tissues were sectioned at the thickness 
of 5 μm, and then embedded in paraffin. After that, sec-
tions were stained with hematoxylin and eosin. Next, im-
ages were taken and the ratio of new bone area to the 
entire bone area was determined.

Statistical methods

Our data was analyzed by operating on Graph-
Pad Prism 8.0 and was displayed in the form of mean 
±  standard deviation (S.D.). Two-tailed P<0.05 was 
considered as carrying statistical significance. All our ex-
periments were performed five times independently. Stu-
dent’s t-test and one-way analysis of variance (ANOVA, 
Bonferroni post hoc test) were adopted in our analysis, 
depending on the experiment.

RESULTS

KLF4 promotes the proliferation and osteogenic 
differentiation of BMSCs

To confirm that cells we collected were BMSCs, 
flow cytometry was conducted, and the results indicat-
ed that these cells were CD29+, CD90+, CD34- and 
CD45- (Fig. 1A). These results suggested that these 
cells were BMSCs. BMSCs were then transfected with 
KLF4-overexpressing plasmid or si-KLF4, and the 
expression of KLF4 in BMSCs using qRT-PCR and 
Western blotting was determined. The results showed 
that overexpression of KLF4 significantly increased 
the expression of KLF4 at both mRNA and pro-

Figure 1. KLF4 promotes the proliferation and osteogenic differentiation of BMSCs. 
(A) The cell surface antigen markers CD29, CD34, CD45 and CD90 were detected in isolated BMSCs by flow cytometry. (B) KLF4 mRNA 
expression in BMSCs after transfection of KLF4 overexpression plasmid and si-KLF4. (C) KLF4 protein expression in BMSCs after transfec-
tion of KLF4 overexpression plasmid and si-KLF4. (D) Cell proliferation assay using CCK-8 to detect the growth rate of BMSCs at different 
time intervals. (E) Cell cycle activity was examined in BMSCs by flow cytometry. (F) Western blots for RUNX2, osteocalcin and collagen Ⅰ 
in BMSCs after transfection of KLF4 overexpression plasmid and si-KLF4. (H) Alizarin red staining in BMSCs after transfection of KLF4 over-
expression plasmid and si-KLF4. NS, non-significant, *P<0.05, ***P<0.001 by two-sided Student’s t-test, versus the control group.
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tein level, whereas si-KLF4 significantly reduced the 
expression of KLF4 as compared to their respective 
NCs (Fig. 1B and 1C). Meanwhile, we used CCK-8 
assay to determine the growth rate and proportion of 
viable cells of BMSCs. It was found that the prolifera-
tion of BMSCs was accelerated by the overexpression 
of KLF4, but their growth was inhibited with KLF4 
silencing at 24, 48 and 72 h (Fig. 1D). Furthermore, 
the cell cycle analysis exhibited that increased num-
ber of BMSCs were shifted from G1 phase to S and 
G2 phases following KLF4 overexpression (Fig.  1E). 
However, silencing of KLF4 increased the BMSCs 
transition into G1 phase (Fig. 1E). To further examine 
the role of KLF4 in the osteogenic differentiation, os-
teogenic markers were investigated in BMSCS. It was 
found that the protein expression levels of RUNX2, 
osteocalcin and collagen I were increased following 
the KLF4 overexpression, whereas downregulated fol-
lowing the silencing of KLF4 (Fig. 1F). Finally, BM-
SCs underwent Alizarin red staining after 28 days of 
incubation which could exhibit the mineralization 
features. The results indicated that KLF4 overexpres-
sion could promote the mineralization in BMSCs, but 
its knockdown could reduce this (Fig. 1G). This data 
indicated that KLF4 regulates the growth and osteo-
genic differentiation of BMSCs.

KLF4 upregulates SOX2 expression

SOX2 has been reported to regulate the osteogenic 
differentiation in stem cells and it could also interact 
with KLF4 [19]. Thus, we assumed KLF4 could me-
diate its effects through SOX2. It was discovered that 
KLF4 overexpression upregulated the activity of SOX2, 
whereas the silencing of KLF4 reduced SOX2 activity at 
mRNA and protein level (Fig. 2A and 2B). Protein-pro-
tein interaction analysis using inBio-Discover exhibited 
that KLF4 could interact with SOX2 directly (Fig. 2C). 
To further verify the interaction of KLF4 and SOX2 in-
vitro, we performed coimmunoprecipitation on BMSCs 
cell-lysate. Results showed that KLF4 immunoprecipita-
tion in BMSCs detected the SOX2 expression (Fig.  2D). 

From these results, we exhibited that KLF4 could inter-
act and upregulate the SOX2 expression directly.

SOX2/IGF2 signaling mediates the effects of KLF4 on 
BMSCs

Initially, BMSCs were transfected with si-SOX2 and 
si-NC, respectively, and qRT-PCR was used to de-
tect SOX2 expression (Fig. 3A). Also, Western blot-
ting results showed that SOX2 expression was down-
regulated following the transfection (Fig. 3B). After 
that, cell proliferation was assessed. It was found that 
the growth of BMSCs was reduced significantly after 
SOX2 expression in BMSCs was silenced (Fig. 3C). 
In addition, after SOX2 expression in BMSCs was 
downregulated, the protein expression of RUNX2, 
osteocalcin and collagen I was considerably reduced 
(Fig. 3D). Interestingly, the co-transfection of KLF4-
overexpressing vector and si-SOX2 into BMSCs also 
decreased the protein expression levels of RUNX2, 
osteocalcin and collagen I. These results implied that 
SOX2 is key to mediating the proliferation and os-
teogenesis in BMSCs. SOX2 has been demonstrated 
to activate IGF2 signaling, so we assumed that IGF2 
signaling pathway might be the downstream signal-
ing of KLF4 to regulate the proliferation and osteo-
genic differentiation of BMSCs. First, we found that 
SOX2 overexpression increased IGF2 mRNA ex-
pression, whereas SOX2 downregulation reduced its 
mRNA expression (Fig. 3E). Similarly, the knockdown 
of KLF4 remarkably downregulated IGF2 mRNA ex-
pression (Fig.  3F). In the meantime, we demonstrated 
that KLF4 could downregulate IGFBP1 expression 
and activate AKT signaling (Fig. 3G). Upon the ac-
tivation of IGF2 signaling pathway, AKT would be 
activated, but IGFBP1 expression would be reduced. 
Thus, there might be an association between KLF4 
and IGF2 signaling pathway.

Figure 2. KLF4 interacts with SOX2 and regulate its expression 
in BMSCs. 
(A) SOX2 mRNA expression in BMSCs after transfection of KLF4 
overexpression plasmid and si-KLF4. (B) SOX2 protein expression 
in BMSCs after transfection of KLF4 overexpression plasmid and 
si-KLF4. (C) SOX2 and KLF4 protein-protein interaction determined 
by inBio-Discover tool. (D) Co-immunoprecipitation to verify inter-
action of SOX2 and KLF4. ***P<0.001 by two-sided Student’s t-test, 
versus the control group.

Figure 3. SOX2/IGF2 signaling mediates the effects of KLF4 on 
BMSCs. 
(A) SOX2 mRNA expression in BMSCs after transfection of si-
SOX2. (B) Western blot for SOX2 protein expression in BMSCs af-
ter transfection of si-SOX2. (C) Cell cycle analysis in BMSCs after 
transfection of si-SOX2. (D) Western blots for RUNX2, osteocalcin 
and collagen I in BMSCs after co-transfection of si-SOX2 and KLF4 
overexpression plasmid. (E) IGF2 mRNA expression in BMSCs after 
transfection of si-SOX2. (F) IGF2 mRNA expression in BMSCs after 
transfection of si-KLF4. (G) Western blot for IGF2 signaling path-
way in BMSCs after transfection of KLF4 overexpression plasmid 
and si-KLF4. NS, non-significant, *P<0.05, **P<0.01, ***P<0.001 by 
two-sided Student’s t-test, versus the control group.
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IGF2 signaling pathway is important to the 
proliferation-stimulating and osteogenic induction 
effects of KLF4

To investigate the role of IGF2 in BMSCs, IGF2 
expression was knocked down in BMSCs by transfect-
ing these cells with si-IGF2. Results showed that the 
transfection of si-IGF2 significantly reduced the ex-
pression of IGF2 at mRNA and protein level (Fig. 4A 
and 4B). Following this transfection, it was discovered 
that the proliferative ability of BMSCs was significant-
ly decreased, suggesting that IGF2 might be the key 
to the regulation of BMSCs proliferation (Fig. 4C). 
Moreover, the protein expression of RUNX2, osteoc-
alcin and collagen I was reduced after IGF2 signaling 
was suppressed in BMSCs (Fig. 4D). It is noteworthy 
that the co-transfection of KLF4-overexpressing vec-
tor and si-IGF2 also reduced the expression of osteo-
genic markers RUNX2, collagen  I and osteocalcin at 
protein level (Fig. 4D). Hence, IGF2 signaling is key 
for KLF4 to stimulate the growth and osteogenic in-
duction in BMSCs.

KLF4 overexpression enhances osteogenesis in vivo

We performed a small cut on the knees of rats and 
then injected KLF4-containing adenovirus into their 
knees. On the 7th postoperative day, their knees were 
taken out for further analysis. HE staining showed 
that there was more new bone formation in the Ad-
hKLF4 overexpression group, when compared to 
the control group (Fig. 5A). Also, in the Ad-hKLF4 
knockdown group, there was less new bone forma-
tion. In addition, in the Ad-hKLF4 overexpression 
group, the mRNA expression levels of RUNX2, os-
teocalcin and collagen I was much higher, in compari-
son with the control group (Fig. 5B, 5C and 5D). In 
addition, KLF4 overexpression could result in higher 
protein levels of RUNX2, collagen  I and osteocalcin 
(Fig. 5E). Therefore, KLF4 could accelerate the re-
covery of bone defect.

DISCUSSION

To investigate the role of KLF4 in BMSCs, its expres-
sion was upregulated or downregulated and then the cell 
proliferation and osteogenic markers were examined. We 
found that KLF4 overexpression could not only pro-
mote the growth of BMSCs but also stimulate their oste-
ogenic differentiation. KLF4 has the ability to reprogram 
somatic cells into pluripotent stem cells with the coop-
eration of OCT4, SOX2 and MYC (Qi & Pei, 2007). 
Although KLF4 has not been reported to increase the 
proliferation of stem cells, it can promote the growth of 
cancer cells. It can interplay with HDAC1 to increase 
the proliferation of myeloid leukemic cells (Huang et 
al., 2014). In nasopharyngeal carcinoma, KLF4 can in-
crease the cell growth by activating PI3K/AKT signal-
ing pathway (Tang et al., 2018). Thus, these findings 
are consistent with our discovery. To examine if KLF4 
could induce the osteogenic differentiation we assessed 
key osteogenic markers such as RUNX2, osteocalcin and 
collagen I. RUNX2 is considered as a transcription fac-
tor regulating the differentiation towards osteoblasts (Fu-
jita et al., 2004). The secretion of osteocalcin is an early 
event of osteogenic differentiation of mesenchymal stem 
cells, and osteocalcin can promote the osteogenic matu-
ration of mesenchymal stem cells and biomineralization 
(Tsao et al., 2017). Collagen I is an osteogenic differen-
tiation marker and can direct human mesenchymal stem 
cells to differentiate into osteoblasts (Shi et al., 1996). 
KLF4 stimulates the mineralization of BMSCs and up-
regulates the activity of RUNX2, osteocalcin and Colla-
gen I in BMSCs. Also, our animal experiments showed 
that KLF4 could accelerate the osteogenesis during bone 
injury. These results demonstrate that KLF4 regulates 
the growth and osteogenic differentiation of BMSCs.

Furthermore, we found that SOX2 mediates the ef-
fects of KLF4 on BMSCs. Because upregulation in 
KLF4 expression leads to the upregulation of SOX2. 
Overexpressing SOX2 can activate cell proliferation and 
direct osteogenic differentiation. The knockdown of 
SOX2 mitigates the effects of KLF4 on BMSCs. In res-

Figure 4. IGF2 signaling pathway is involved in stimulating pro-
liferation and inducing osteogenic effects of KLF4. 
(A) IGF2 mRNA expression in BMSCs after transfection of si-IGF2. 
(B) Western blot to analyze protein expression of IGF2 in BMSCs 
after transfection of si-IGF2. (C) Cell cycle analyzed in BMSCs after 
transfection of si-IGF2 by flow cytometry. (D) Western blot analysis 
for RUNX2, osteocalcin and collagen I in BMSCs after transfection 
of si-IGF2. *P<0.05, **P<0.01, ***P<0.001 by two-sided Student’s t-
test, versus the control group.

Figure 6. KLF4 overexpression enhances osteogenesis in vivo. 
(A) HE staining of knee specimen in the mice model with Ad-
hKLF4 overexpression or Ad-hKLF4 knockdown. (B) RUNX2 mRNA 
expression. (C) Collagen I mRNA expression. (D) Osteocalcin mRNA 
expression. (E) Western blots for RUNX2, osteocalcin and colla-
gen  I in knee specimen in the mice model with Ad-hKLF4 over-
expression or Ad-hKLF4 knockdown. *P<0.05, **P<0.01, ***P<0.001 
by two-sided Student’s t-test, versus the control group.
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piratory epithelium, SOX2 is able to increase cell growth 
and induce differentiation (Tompkins et al., 2011). Thus, 
in BMSCs, the proliferation and osteogenic differentia-
tion can be enhanced by SOX2. There is interaction be-
tween SOX2 and IGF2 in bladder cancer cells, and our 
research proves that SOX2 can induce IGF2 signaling 
pathway (Chiu et al., 2020). Apart from that, the inactiva-
tion of IGF2 signaling can abrogate the effects of KLF4 
on BMSCs. In addition, IGF2 signaling can trigger the 
osteogenic proliferation and even the mineralization in 
BMSCs (Hamidouche et al., 2010). It is noteworthy that 
the cell proliferation can be increased by IGF2 signal-
ing (Kaneda et al., 2007). Hence, KLF4 activates the cell 
proliferation and osteogenic differentiation of BMSCs 
via SOX2/IGF2 signaling pathway.

However, there are several limitations in our research 
work. First, there might be other mechanisms involved 
in the KLF4-dependent regulation of the osteogenic dif-
ferentiation and growth in BMSCs. SOX2/IGF2 sign-
aling might be one of the signaling pathways. Second, 
we needed to use transgenic mice to test the bone re-
pair effects of KLF4 in vivo. At last, the BMSCs cells 
used in this study have not been studied for population. 
Therefore, it is unknown if the cells used in the present 
study were bone marrow stem cells or stromal cells. It 
has been widely accepted that the population of bone 
marrow stromal cells is not homogenous. As previously 
mentioned, mesenchymal stem/stromal cells are hetero-
geneous with respect to phenotype and function in cur-
rent isolation and cultivation regimes, which often lead 
to incomparable experimental results (Mo et al., 2016). 
The study of transcriptomes of cell populations derived 
from single MSC before and after adipogenic differentia-
tion and before and after thermogenic activation allowed 
the identification of a minimum of 4 distinct human adi-
pocyte subtypes that can differentiate from mesenchymal 
progenitor cells (Min et al., 2019). The new technologies 
and studies of single cells will be able to expand our 
knowledge about the different subpopulations of MSC 
(Robert et al., 2020). Therefore, we believe that the sub-
population of BMSCs needs to be investigated in further 
study using advanced techniques.

In summary, we discovered that KLF4 could activate 
the growth and osteogenic differentiation of BMSCs. 
Also, SOX2/IGF2 signaling is activated by KLF4 to me-
diate these effects. Our animal model showed that KLF4 
might promote osteogenesis in vivo. Our research work 
might provide a new direction of bone grafting.

REFERENCES

Akkouch A, Eliason S, Sweat ME, Romero-Bustillos M, Zhu M, Qian 
F, Amendt BA, Hong L (2019) Enhancement of MicroRNA-200c 
on osteogenic differentiation and bone regeneration by targeting 
Sox2-mediated Wnt signaling and Klf4. Hum Gene Ther 30: 1405–
1418. https://doi.org/10.1089/hum.2019.019

Brydone AS, Meek D, Maclaine S (2010) Bone grafting, orthopaedic bi-
omaterials, and the clinical need for bone engineering. Proc Inst Mech 
Eng H 224: 1329–1343. https://doi.org/10.1243/09544119jeim770

Chiu YF, Wu CC, Kuo MH, Miao CC, Zheng MY, Chen PY, Lin SC, 
Chang JL, Wang YH, Chou YT (2020) Critical role of SOX2-IGF2 
signaling in aggressiveness of bladder cancer. Sci Rep 10: 8261. htt-
ps://doi.org/10.1038/s41598-020-65006-z

Dimitriou R, Mataliotakis GI, Angoules AG, Kanakaris NK, Gian-
noudis PV (2011) Complications following autologous bone graft 
harvesting from the iliac crest and using the RIA: A systematic 
review. Injury 42 (Suppl 2): S3–S15. https://doi.org/10.1016/j.in-
jury.2011.06.015

Donzelli E, Salvadè A, Mimo P, Viganò M, Morrone M, Papagna R, 
Carini F, Zaopo A, Miloso M, Baldoni M, Tredici G (2007) Mesen-
chymal stem cells cultured on a collagen scaffold: In vitro osteogenic 
differentiation. Arch Oral Biol 52: 64–73. https://doi.org/10.1016/j.
archoralbio.2006.07.007

Feinberg MW, Wara AK, Cao Z, Lebedeva MA, Rosenbauer F, Iwa-
saki H, Hirai H, Katz JP, Haspel RL, Gray S, Akashi K, Segre J, 
Kaestner KH, Tenen DG, Jain MK (2007) The Kruppel-like factor 
KLF4 is a critical regulator of monocyte differentiation. Embo J 26: 
4138–4148. https://doi.org/10.1038/sj.emboj.7601824

Fujita T, Azuma Y, Fukuyama R, Hattori Y, Yoshida C, Koida M, 
Ogita K, Komori T (2004) Runx2 induces osteoblast and chondro-
cyte differentiation and enhances their migration by coupling with 
PI3K-Akt signaling. J Cell Biol 166: 85–95. https://doi.org/10.1083/
jcb.200401138

Ghaleb AM, Yang VW (2017) Krüppel-like factor 4 (KLF4): What 
we currently know. Gene 611: 27–37. https://doi.org/10.1016/j.
gene.2017.02.025

Griffin M, Iqbal SA, Bayat A (2011) Exploring the application of mes-
enchymal stem cells in bone repair and regeneration. J Bone Joint 
Surg Br 93: 427–434. https://doi.org/10.1302/0301-620x.93b4.25249

Hamidouche Z, Fromigué O, Ringe J, Häupl T, Marie PJ (2010) Cross-
talks between integrin alpha 5 and IGF2/IGFBP2 signalling trig-
ger human bone marrow-derived mesenchymal stromal osteogenic 
differentiation. BMC Cell Biol 11: 44. https://doi.org/10.1186/1471-
2121-11-44

Huang Y, Chen J, Lu C, Han J, Wang G, Song C, Zhu S, Wang C, 
Li G, Kang J, Wang J (2014) HDAC1 and Klf4 interplay critically 
regulates human myeloid leukemia cell proliferation. Cell Death Dis 
5: e1491. https://doi.org/10.1038/cddis.2014.433

Kaneda A, Wang CJ, Cheong R, Timp W, Onyango P, Wen B, Iaco-
buzio-Donahue CA, Ohlsson R, Andraos R, Pearson MA, Sharov 
AA, Longo DL, Ko MS, Levchenko A, Feinberg AP (2007) En-
hanced sensitivity to IGF-II signaling links loss of imprinting 
of IGF2 to increased cell proliferation and tumor risk. Proc Natl 
Acad Sci U S A 104: 20926–20931. https://doi.org/10.1073/
pnas.0710359105

Kolf CM, Cho E, Tuan RS (2007) Mesenchymal stromal cells. Biology 
of adult mesenchymal stem cells: regulation of niche, self-renewal 
and differentiation. Arthritis Res Therap 9: 204–204. https://doi.
org/10.1186/ar2116

Majesky MW, Horita H, Ostriker A, Lu S, Regan JN, Bagchi A, Dong 
XR, Poczobutt J, Nemenoff RA, Weiser-Evans MC (2017) Differ-
entiated smooth muscle cells generate a subpopulation of resident 
vascular progenitor cells in the adventitia regulated by Klf4. Circ Res 
120: 296–311. https://doi.org/10.1161/circresaha.116.309322

Min SY, Desai A, Yang Z, Sharma A, DeSouza T, Genga RMJ, 
Kucukural A, Lifshitz LM, Nielsen S, Scheele C, Maehr R, Garber 
M, Corvera S (2019) Diverse repertoire of human adipocyte sub-
types develops from transcriptionally distinct mesenchymal progeni-
tor cells. Proc Natl Acad Sci U S A 116: 17970–17979. https://doi.
org/10.1073/pnas.1906512116

Mo M, Wang S, Zhou Y, Li H, Wu Y (2016) Mesenchymal stem cell 
subpopulations: phenotype, property and therapeutic potential. Cell 
Mol Life Sci 73: 3311–3321. https://doi.org/10.1007/s00018-016-
2229-7

Müller P, Bulnheim U, Diener A, Lüthen F, Teller M, Klinkenberg 
ED, Neumann HG, Nebe B, Liebold A, Steinhoff G, Rychly J 
(2008) Calcium phosphate surfaces promote osteogenic differentia-
tion of mesenchymal stem cells. J Cell Mol Med 12: 281–291. htt-
ps://doi.org/10.1111/j.1582-4934.2007.00103.x

Nishimura K, Okamoto M, Shibue R, Mizuta T, Shibayama T, Yoshi-
no T, Murakami T, Yamaguchi M, Tanaka S, Toida T, Igarashi 
K (2020) KLF4 is required for suppression of histamine synthe-
sis by polyamines during bone marrow-derived mast cell differen-
tiation. PLoS One 15: e0229744. https://doi.org/10.1371/journal.
pone.0229744

Park SB, Seo KW, So AY, Seo MS, Yu KR, Kang SK, Kang KS (2012) 
SOX2 has a crucial role in the lineage determination and prolifera-
tion of mesenchymal stem cells through Dickkopf-1 and c-MYC. 
Cell Death Differ 19: 534–545. https://doi.org/10.1038/cdd.2011.137

Qi H, Pei D (2007) The magic of four: induction of pluripotent stem 
cells from somatic cells by Oct4, Sox2, Myc and Klf4. Cell Res 17: 
578–580. https://doi.org/10.1038/cr.2007.59

Rady D, Abbass MMS, El-Rashidy AA, El Moshy S, Radwan IA, Dör-
fer CE, Fawzy El-Sayed KM (2020) Mesenchymal stem/progenitor 
cells: the prospect of human clinical translation. Stem Cells Int 2020: 
8837654–8837654. https://doi.org/10.1155/2020/8837654

Robert AW, Marcon BH, Dallagiovanna B, Shigunov P (2020) Adipo-
genesis, osteogenesis, and chondrogenesis of human mesenchymal 
stem/stromal cells: A comparative transcriptome approach. Front 
Cell Dev Biol 8: 561. https://doi.org/10.3389/fcell.2020.00561

Sadatpoor SO, Salehi Z, Rahban D, Salimi A (2020) Manipulated mes-
enchymal stem cells applications in neurodegenerative diseases. Int J 
Stem Cells 13: 24–45. https://doi.org/10.15283/ijsc19031

Seo E, Basu-Roy U, Gunaratne PH, Coarfa C, Lim DS, Basilico C, 
Mansukhani A (2013) SOX2 regulates YAP1 to maintain stemness 
and determine cell fate in the osteo-adipo lineage. Cell Rep 3: 2075–
2087. https://doi.org/10.1016/j.celrep.2013.05.029

https://doi.org/10.1089/hum.2019.019
https://doi.org/10.1243/09544119jeim770
https://doi.org/10.1038/s41598-020-65006-z
https://doi.org/10.1038/s41598-020-65006-z
https://doi.org/10.1016/j.injury.2011.06.015
https://doi.org/10.1016/j.injury.2011.06.015
https://doi.org/10.1016/j.archoralbio.2006.07.007
https://doi.org/10.1016/j.archoralbio.2006.07.007
https://doi.org/10.1038/sj.emboj.7601824
https://doi.org/10.1083/jcb.200401138
https://doi.org/10.1083/jcb.200401138
https://doi.org/10.1016/j.gene.2017.02.025
https://doi.org/10.1016/j.gene.2017.02.025
https://doi.org/10.1302/0301-620x.93b4.25249
https://doi.org/10.1186/1471-2121-11-44
https://doi.org/10.1186/1471-2121-11-44
https://doi.org/10.1038/cddis.2014.433
https://doi.org/10.1073/pnas.0710359105
https://doi.org/10.1073/pnas.0710359105
https://doi.org/10.1186/ar2116
https://doi.org/10.1186/ar2116
https://doi.org/10.1161/circresaha.116.309322
https://doi.org/10.1073/pnas.1906512116
https://doi.org/10.1073/pnas.1906512116
https://doi.org/10.1007/s00018-016-2229-7
https://doi.org/10.1007/s00018-016-2229-7
https://doi.org/10.1111/j.1582-4934.2007.00103.x
https://doi.org/10.1111/j.1582-4934.2007.00103.x
https://doi.org/10.1371/journal.pone.0229744
https://doi.org/10.1371/journal.pone.0229744
https://doi.org/10.1038/cdd.2011.137
https://doi.org/10.1038/cr.2007.59
https://doi.org/10.1155/2020/8837654
https://doi.org/10.3389/fcell.2020.00561
https://doi.org/10.15283/ijsc19031
https://doi.org/10.1016/j.celrep.2013.05.029


Vol. 69 						      355Krüppel-like factor 4 promotes the proliferation and osteogenic differentiation

Shi S, Kirk M, Kahn AJ (1996) The role of type I collagen in the regu-
lation of the osteoblast phenotype. J Bone Miner Res 11: 1139–1145. 
https://doi.org/10.1002/jbmr.5650110813

Tang J, Zhong G, Wu J, Chen H, Jia Y (2018) SOX2 recruits KLF4 
to regulate nasopharyngeal carcinoma proliferation via PI3K/AKT 
signaling. Oncogenesis 7: 61. https://doi.org/10.1038/s41389-018-
0074-2

Tompkins DH, Besnard V, Lange AW, Keiser AR, Wert SE, Bruno 
MD, Whitsett JA (2011) Sox2 activates cell proliferation and differ-
entiation in the respiratory epithelium. Am J Respir Cell Mol Biol 45: 
101–110. https://doi.org/10.1165/rcmb.2010-0149OC

Tsao YT, Huang YJ, Wu HH, Liu YA, Liu YS, Lee OK (2017) Os-
teocalcin mediates biomineralization during osteogenic maturation 
in human mesenchymal stromal cells. Int J Mol Sci 18. https://doi.
org/10.3390/ijms18010159

Wei Z, Yang Y, Zhang P, Andrianakos R, Hasegawa K, Lyu J, Chen 
X, Bai G, Liu C, Pera M, Lu W (2009) Klf4 interacts directly with 

Oct4 and Sox2 to promote reprogramming. Stem Cells 27: 2969–
2978. https://doi.org/10.1002/stem.231

Xu L, Zheng L, Wang Z, Li C, Li S, Xia X, Zhang P, Li L, Zhang 
L (2018) TNF-α-induced SOX5 upregulation is involved in the os-
teogenic differentiation of human bone marrow mesenchymal stem 
cells through KLF4 signal pathway. Mol Cells 41: 575–581. https://
doi.org/10.14348/molcells.2018.2359

Yourek G, McCormick SM, Mao JJ, Reilly GC (2010) Shear stress in-
duces osteogenic differentiation of human mesenchymal stem cells. 
Regen Med 5: 713–724. https://doi.org/10.2217/rme.10.60

Zheng H, Pritchard DM, Yang X, Bennett E, Liu G, Liu C, Ai W 
(2009) KLF4 gene expression is inhibited by the notch signaling 
pathway that controls goblet cell differentiation in mouse gastroin-
testinal tract. Am J Physiol Gastrointest Liver Physiol 296: G490–G498. 
https://doi.org/10.1152/ajpgi.90393.2008

https://doi.org/10.1002/jbmr.5650110813
https://doi.org/10.1038/s41389-018-0074-2
https://doi.org/10.1038/s41389-018-0074-2
https://doi.org/10.1165/rcmb.2010-0149OC
https://doi.org/10.3390/ijms18010159
https://doi.org/10.3390/ijms18010159
https://doi.org/10.1002/stem.231
https://doi.org/10.14348/molcells.2018.2359
https://doi.org/10.14348/molcells.2018.2359
https://doi.org/10.2217/rme.10.60
https://doi.org/10.1152/ajpgi.90393.2008

