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Abstract: KLF14 belongs to the Krlppel-like factor (KLF) family of transcription factors. The KLF family activate
and/or repress transcription in a promoter- and cell-dependent manner by interacting with co-suppressors or co-
activators. However, the function and mechanism of KLF14 in osteogenic differentiation of human bone marrow
mesenchymal stem cells (hMSCs) is unknown. This study explores the impact and molecular mechanism of KLF14
in hMSC osteogenic differentiation in vitro. We found that KLF14 was highly expressed in hMSCs, and KLF14 ex-
pression gradually decreased after inducing osteogenic differentiation. Inhibiting KLF14 expression promoted os-
teogenic differentiation of hMSCs. We also found that KLF14 interacted with the WNT3A promoter. This interaction
decreased expression of WNT3A and downstream osteogenesis-related target genes in the WNT signaling pathway,
and resulted in cell cycle arrest. In conclusion, we describe a new mechanism for KLF14 in differentiation of h(MSCs
into osteoblasts and suggest a new target for clinical therapeutics related to human bone development.
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Introduction

Krippel-like factors (KLFs) are a family of DNA-
binding transcription factors. The evolutionarily
conserved KLF family of transcriptional regula-
tors includes 17 identified members in the
mammalian genome. These factors regulate
gene expression for key biological processes,
including proliferation, differentiation, apopto-
sis, and development. KLF regulators influence
gene expression in both normal and pathologi-
cal conditions, including cardiovascular dis-
ease, metabolic disease, and cancer [1-3]. Th-
ough many KLF genes are broadly express-
ed, some have tissue-specific expression pat-
terns. Several organs and cells express a dis-
tinct profile of KLF proteins, and some interact
in functional cooperation or antagonism de-
pending on context [1, 2, 4].

Structurally, KLF proteins are characterized by
a conserved DNA-binding domain with three
Cys2/His2 zinc fingers, similar to a specificity

protein (Sp)l, at the C terminus. This DNA-
binding domain identifies and attaches to the
GT/GC-rich regulatory sites within gene promot-
ers and enhancers. KLF family members also
have a nuclear localization signal sequence
and transcriptional regulatory domain in the
N-terminus. The N-terminal domain is highly
flexible and specifically interacts with distinct
nuclear proteins to repress and/or activate
genes. Therefore, KLF transcription factors par-
ticipate in a protein network that generates dis-
ease phenotypes in organisms ranging from
flies to humans [2].

KLF14 is a relatively newly discovered member
of the KLF family and is characterized by three
highly conserved C-terminal Cys2His2 zinc fin-
ger domains that regulate gene transcription
via DNA binding activity [5-7]. KLF14 is encod-
ed by an intronless gene and has monoallelic
maternal expression in all human and mouse
tissues that have been examined to date [4].
Recently, large-scale genome-wide association
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studies (GWAS) reported that KLF14 is closely
related to both high-density lipoprotein choles-
terol (HDL-C) and type 2 diabetes mellitus in dif-
ferent populations, as well as being implicated
in the etiology and susceptibility of atheroscle-
rosis phenotypes [8-10]. Interestingly, maternal
KLF14 expression is as a master trans-regula-
tor of adipose gene expression in humans [4].
KLF14 is also reportedly associated with regu-
lating T-regulatory cell differentiation [11] and
tumorigenesis [12].

Although KLF14 has been widely biochemically
characterized, the physiological roles of KLF14
remain largely unknown. To gain deep insight
into how KLF14 functions in human bone mar-
row mesenchymal stem cell (hMSC) osteogenic
differentiation, we investigated KLF14 expres-
sion of mRNA and protein in hMSCs. Addition-
ally, we used both gain-of-function and loss-of-
function studies to explore the role of KLF14 in
osteogenic differentiation of hMSCs. We found
that inhibiting KLF14 expression activated
WNT3A expression, which increased expres-
sion of osteogenesis-related target genes in
the WNT signaling pathway and promoted
osteogenic differentiation of hMSCs.

Materials and methods
Compounds and reagents

We purchased RNA kits from RiboBio Co., Ltd.
(Guangzhou, China), TRIzol reagents from
Invitrogen (Rockville, MD, USA), and Cell Lysis
Buffer from Cell Signaling Technology (Dan-
vers, MA, USA). The antibodies against KLF14,
GAPDH, cyclinD1, cyclin E, pRb, p-pRb, B-ca-
tenin, p84, and fluorochrome-conjugated [3-
catenin were purchased from Abcam (Cam-
bridge, MA, USA). Nuclear/Cytosol Fractiona-
tion Kits were purchased from BioVision, Inc.
(San Francisco, CA, USA) and Cell Cycle
Detection kits from KeyGEN Biotech (Nanjing,
China). OriCell Human Mesenchymal Stem Cell
Osteogenic Differentiation Medium was pur-
chased from Lonza (Alpharetta, GA, USA) and
the Alizarin Red S Staining Quantification Assay
(ARed-Q) from Sciencell Research Laboratories
(Carlsbad, CA, USA).

Ethical considerations

The experimental protocol was approved by the
Human Subjects Institutional Review Board
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and the Medical Ethics Committee of the
Shenzhen People’s Hospital, Second Clinical
Medical School of Jinan University.

Surgical procedures

We isolated hMSCs from 10 mL of bone mar-
row harvested from patients who underwent
iliac bone graft harvesting for spine fusion.
Bone marrow samples were aspirated and col-
lected in a heparin-rinsed syringe.

hMSCs isolation and culture

We rinsed each bone marrow sample with
Dulbecco’s phosphate buffered saline (DPBS)
and added up to 2x108 nucleated cells in 5
mL of DPBS to 25 mL of Percoll cushion
(Pharmacia Biotech). To remove unwanted cells
in the marrow aspirate, we applied a density
gradient and isolated a minor fraction of cells
from the density interface. The cells were
re-suspended and seeded in T-75 flask with
2x10% cells and maintained in DMEM-LG
with 20% fetal bovine serum (FBS) and antibiot-
ics in a 5% CO, humidified incubator at 37°C.
We removed non-adherent cells by changing
the medium after 7 days of primary culture.
Colonies of hMSCs were subcultured in fresh
flasks at 10 to 14 days after trypsin.

Osteogenic differentiation of hMSCs

We cultured hMSCs at 37°C in a humidified
atmosphere of 5% CO, to approximately 80-
90% confluency and then replated in 6-well
cell culture plates with 2 mL growth medium/
well at 3x102 cells/cm?. After 24 hours of incu-
bation, we carefully aspirated the growth medi-
um from each well and added 2 mL Human
Mesenchymal Stem Cell Osteogenic Differen-
tiation Medium. Cell media was refreshed every
3 days for 2-3 weeks by completely replacing
the medium with fresh Human Mesenchymal
Stem Cell Osteogenic Differentiation Medium.
After 2-4 weeks of differentiation, cells were
fixed and stained with Alizarin Red S (ARS).

ARS staining

As previously reported [13], we stained differ-
entiated hMSCs with 40 mM ARS for 10-15
minutes with gentle agitation. Cells were rinsed
for 15 minutes with 1x phosphate-buffered
saline with gentle agitation.

Am J Transl Res 2020;12(8):4445-4455



KLF14 inhibits hMSCs osteogenic differentiation via downregulation of WNT3A

RNA preparation and reverse transcription
quantitative-PCR assay

We extracted total RNA from cells using TRIzol
following manufacturer instructions. cDNA
was reverse transcribed using 2 ug of each
sample RNA. The primer sequences used
were: KLF14-forward, 5-ACAGCCCCCAGGAAC-
TGATA-3’; KLF14-reverse, 5-GGATGGGTGAGA-
CACCAGAG-3’; FASL-forward, 5-GCACACAGCA-
TCATCTTTGG-3’; FASL-reverse, 5-GGACCTTG-
AGTTGGACTTGC-3; P27-forward, 5-AAGAA-
GCCTGGCCTCAGAAG-3’; P27-reverse, b5'-TT-
CATCAAGCAGTGATGTATCTGA-3’; Bim-forward,
5’-CCTCCCTACAGACAGAGCCA-3’; Bim-reverse,
5-GATAGTGGTTGAAGGCCTGG-3’; P21-forward,
5-AGTCAGTTCCTTGTGGAGCC-3’; P21-reverse,
5-CATGGGTTCTGACGGACAT-3’; Caspase-9-for-
ward, 5-AGGCCCCATATGATCGAGGA-3’; Cas-
pase-9-reverse, 5-TCGACAACTTTGCTGCTTGC-
3’; ALP-forward, 5-CAGACGTTCCATACCCCCAC-
3’; ALP-reverse, 5-GGGACCTTTGGCTCTCGAC-
3’; OCN-forward, 5-CTCACACTCCTCGCCCTATT-
3’; OCN-reverse, 5-TTGGACACAAAGGCTGCAC-
3’; SOST-forward, 5-AATCACATCCGCCCCAAC-
TT-3’; SOST-reverse, 5-GGCCAGTGTCCTTGAA-
CCTT-3’; DMPZ1-forward, 5-TCTTTGTGAACTAC-
GGAGGGT-3’; DMP1-reverse, 5-GTTGGTGCC-
TGAGCCAAATG-3’; OPN-forward, 5-CTGAACG-
CGCCTTCTGATTG-3’; OPN-reverse, 5-GGGTTT-
CAGCACTCTGGTCA-3'. We normalized expres-
sion data to the geometric mean of house-
keeping gene GAPDH (forward, 5-GACTCATG-
ACCACAGTCCATGC-3’, and reverse, 5-AGAGG-
CAGGGATGATGTTCTG-3’) to control the variabil-
ity in expression levels. We calculated ex-
pression using the equation 2-[(Ctoftareet) - (Ctof
GAPDHY]where Ct represents the threshold cycle
for each transcript.

Western blotting analysis

We collected wild type, KLF14 overexpression,
or KLF14 silenced hMSCs and rinsed them
using cold PBS. After adding the Cell Lysis
Buffer, we incubated samples on ice for 30 min
to separate the total proteins. We measured
protein concentrations using the bicinchoninic
acid assay. Equal amounts of proteins were
separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene fluoride
(PVDF) membrane to determine protein expres-
sion levels after culturing with primary antibod-
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ies, and then further developed with enhanced
chemiluminescence (ECL) reagents.

Cytosolic/nuclear protein extraction

We followed the instructions from a Nuclear/
Cytosol Fractionation Kit to separate nuclear
and cytosolic proteins from wild type, prepared
KLF14 overexpression or U87 silenced hMSCs.
Protein expression in each fraction was evalu-
ated by western blotting using GAPDH and
nuclear protein p84 as cytosolic and nuclear
markers, respectively.

Cell cycle analysis

We incubated wild type, KLF14 overexpression,
or KLF14 silenced hMSCs in 12-well tissue cul-
ture plates for 24 h (1x10° cells/well). Cell cycle
phase was investigated using the Cell Cycle
Detection kit according manufacturer instruc-
tions. Briefly, we fixed cultured cells overnight in
70% cold ethanol and washed using cold PBS,
then treated cells with RNaseA (40 pl) at 37°C
for 30 min, followed by another 30 min incuba-
tion using 160 pl of propidium iodide at 4°C in
dark. We analyzed stained cells with a flow
cytometer (Accuri C6, BD Biosciences, USA).

Cell viability assay

We assessed cell viability by MTT assay. In
brief, we plated wild type, KLF14 overexpres-
sion, or KLF14 silenced hMSCs (1x10° cells/ml)
in 96-well plates and incubated overnight to
allow cells to attach. At the indicated time, we
measured optical density (0.D.) values at the
570 nm wavelength.

TOP/FOP flash reporter examination

We co-transfected the pRL-TK plasmid (10 ng/
well) together with the FOP flash plasmid (200
ng/well), or with the TOP flash plasmid, into
wild type, KLF14 overexpression, or KLF14
silenced hMSCs. After 36-48 h, we evaluated
luminescence intensity using a Dual-Lucif-
erase Reporter Assay System and calculated
ratios of TOP Flash and FOP Flash activity.

Chromatin immunoprecipitation (ChIP) assays

We performed ChIP assays as follows: briefly,
wild type, KLF14 overexpression, or KLF14
silenced hMSCs were cross linked in 1% for-
maldehyde for 10 min followed by quenching
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Figure 1. KLF14 expression was higher in human bone marrow mesenchymal stem cells (hnMSCs) than in osteogenic
differentiated hMSCs and human calvarial osteoblasts (HCOs). KLF14 protein expression in hMSCs, osteogenic dif-
ferentiated hMSCs, and HCOs was determined by western blot. A. Western blot analysis (left panel), Quantification
of fold changes (right panel); B. KLF14 mRNA expression in hMSCs, osteogenic differentiated hMSCs, and HCOs

determined by RT-qPCR assays.

with 125 mM glycine. We dissolved the nuclei
pellet in lysis buffer with 0.1% SDS to obtain
200-600 bp fragments by sonication. Protein G
magnetic beads and ChIP grade B-catenin anti-
body were used for analysis. We used IgG anti-
body as the negative control and conducted
gPCR to confirm enrichment.

Immunofluorescence assay

We fixed cells by covering with 2-3 mm 4% form-
aldehyde diluted in warm PBS for 15 min at RT,
rinsed 3 times in 1x PBS for 5 min. Cells were
blocked by incubating in blocking buffer for 60
min and then incubated in diluted fluoro-
chrome-conjugated B-catenin overnight at 4°C.
After, we rinsed cells three times in 1x PBS for
5 min each wash, and cured with mountant
overnight at RT. We observed treated samples
under fluorescence microscope.

Statistical analysis

We used SPSS statistical software (SPSS Inc.,
Chicago, IL, USA) to analyze all data and pre-
sented data as mean * standard deviation. To
determine statistical significance of data differ-
ences between two groups, we applied a two-
tailed Student’s t-test and considered P<0.05
to indicate statistical significance.

Results

KLF14 expression was downregulated in hM-
SCs after inducing osteogenic differentiation

To identify whether KLF14 contributes to hM-
SC osteogenic differentiation as a prospective
biomarker or therapeutic target, we isolated
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hMSCs from patients and induced osteogenic
differentiation. Then we compared KLF14 ex-
pression between hMSCs and hMSCs with in-
duced osteogenic differentiation, as well as
with human calvarial osteoblasts (HCOs), at
both the protein (Figure 1A) and mRNA (Figure
1B) levels. We found that gradual downregula-
tion of KLF14 expression in hMSCs at 15 and
25 days after inducing osteogenic differentia-
tion. This result was further confirmed in HCOs,
suggesting that KLF14 potentially contributes
to osteogenic differentiation of h(MSCs.

KLF14 overexpression constrained prolifera-
tion, arrested the cell cycle, and inhibited os-
teogenic differentiation of hMSCs

Many factors mediate osteogenic differentia-
tion of MSCs, which is vital for maintaining
healthy bone tissue. To gain further insight into
how KLF14 contributes to the osteogenic dif-
ferentiation process in hMSCs, we used both
gain-of-function and loss-of-function studies.
We found that KLF14 expression levels were
downregulated during osteogenic differentia-
tion of hMSCs (Figure 1A), leading to the
thought that KLF14 may be associated with
the osteogenic differentiation of hMSCs. We
performed lentivirus infection to overexpress or
knockdown KLF14 expression in hMSCs and
confirmed that KLF14 expression was either
successfully overexpressed or knocked down in
hMSCs using real-time gPCR (Figure 2A).

The percentage of cells in S phase decreased
from 32.62% to 20.92% and those in G1/GO
phase increased from 60.22% to 71.87% in a
flow cytometry assay for cell cycle distribution
in KLF14 overexpressed hMSCs (Figure 2B,
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Figure 2. KLF14 overexpression inhibited growth and osteogenic differentiation in hMSCs. A. RT-gPCR analysis to
confirm KLF14 overexpression or knock-down in hMSCs with KLF14 or KLF14-siRNA from lentivirus infection. B.
Flow cytometry analysis of the cell cycle distribution in KLF14 overexpression hMSCs. C. MTT assay showing the
effect of KLF14 manipulation on hMSC viability. D. Alizarin red staining (ARS) showing effect of KLF14 manipulation
on osteogenic differentiation of hMSCs. The images (left panel) and numbers (right panel) of the ARS positive cells
were obtained by fluorescence microscopy.

middle panel). However, KLF14 silencing in Snail, FGF4, Frizzled7, SOX2, and Twist by real-
hMSCs increased the percentage of cells in S time qPCR analysis.

phase from 32.62% to 55.23% and the cells

in G1/GO phase decreased from 60.22% to Our results showed that KLF14 overexpression
37.79% (Figure 2B, right panel). We used an in hMSCs decreased protein expression for
MTT assay to confirm that KLF14 upregula- cyclinD1, cyclin E, and p-pRb, whereas KLF14
tion inhibited cell viability, whereas KLF14 silencing promoted cyclinD1, cyclin E, and
silencing promoted the viability of hMSCs via- p-pRb protein expression (Figure 3A). KLF14
bility (Figure 2C). Similarly, ARS showed that overexpression in hMSCs decreased mRNA
KLF14 overexpression inhibited osteogenic dif- expression for CCND1, LGRS, Nanog, CD133,
ferentiation of hMSCs (approximately 50% Snail, FGF4, Frizzled7, SOX2, and Twist, where-
less), whereas KLF14 silencing promoted as KLF14 silencing promoted expression of
osteogenic differentiation of hMSCs (approxi- these genes (Figure 3B).

mately 5-fold more) (Figure 2D) of ARS positive
cells viewed by florescent microscopy. These
data suggest that KLF14 negatively regulates
hMSC proliferation and differentiation.

We also explored expression of key factors
regulated by KLF14 that promote the hMSC
osteogenesis. Our real-time qPCR analysis for
expression levels of ALP, OCN, SOST, DMP1,

KLF14 regulated key factors involved in cell and OPN showed KLF14 overexpression de-
proliferation, osteogenesis, and apoptosis in creased expression of these genes, whereas
hMSCs KLF14 silencing increased their expression

(Figure 3C). When we measured gene expres-
To explore if the main factors promoting cell sion for pro-apoptotic genes regulated by
proliferation were also regulated by KLF14, KLF14, we found that KLF14 overexpression
cyclinD1, cyclin E, pRb, and p-pRb, we deter- increased expression of multiple pro-apoptotic
mined protein expression levels in hMSCs by genes, including FASL, p27, Bim, p21, and cas-
western blot assay. We determined mRNA pase-9, whereas KLF14 silencing decreased
expression of CCND1, LGRS, Nanog, CD133, their expression (Figure 3D). These results fur-
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Figure 3. KLF14 regulated key factors involved in cell proliferation, osteogenesis, and apoptosis. A. Protein bands
in western blots (left panel) and fold changes after band quantification (right panel) for proliferation-associated
proteins in KLF14 overexpression or KLF14 silenced hMSCs. B. RT-gPCR analysis to determine effect of KLF14 ma-
nipulation on proliferation-related gene expression, including CCND1, LGR5, Nanog, CD133, Snail, FGF4, Frizzled7,
SOX2, and Twist. C. RT-gPCR analysis to determine effect of KLF14 manipulation on expression levels of osteogenic
related genes, including ALP, OCN, SOST, DMP1, and OPN. D. RT-qPCR analysis to determine effect of KLF14 ma-
nipulation on expression levels of different apoptosis-related genes, including FASL, p27, Bim, p21, and Caspase-9.

ther indicate that KLF14 negatively regulates
hMSC growth and differentiation.

KLF14 inhibited the Wnt/B-catenin signaling
pathway during hMSC osteogenic differentia-
tion

Canonical Wnt/B-catenin signaling is crucial
for MSC osteogenic differentiation [14-19].
B-catenin interacts with TCF/LEF transcription
factors and upregulates WNT3A target genes
in the nucleus. We investigated whether Wnt/
B-catenin signaling related to hMSC osteo-
genic differentiation by measuring Wnt signal-
ing pathway activity that was regulated by
KLF14. To further assess activation of the
B-catenin-TCF/LEF complex, we measured the
activity of both TOP flash (containing wild type
TCF binding sites) and FOP flash (mutant TOP
flash) in KLF14 overexpression or KLF14
silenced hMSCs. Our results showed that
KLF14 overexpression inhibited TOP/FOP activ-
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ity, whereas KLF14 silencing promoted TOP/
FOP activity in hMSCs (Figure 4A).

We used western blots to detect nuclear ex-
pression of B-catenin in nuclear proteins iso-
lated from KLF14 overexpression or KLF14 sil-
enced hMSCs. These nuclear expression sam-
ples represented activated [-catenin, which
has been translocated from the cytosol into
the nucleus. Our data show that KLF14 overex-
pression inhibited B-catenin nuclear transloca-
tion in hMSCs, whereas KLF14 silencing pro-
moted B-catenin nuclear translocation from the
cytosol (Figure 4B).

To investigate the functional significance of
KLF14 in Wnt/B-catenin signaling, we expres-
sed B-catenin-siRNA and TCF4-dn in hMSC
cells with silenced KLF14. As expected, KLF14
downregulation induced TOP/FOP luciferase
reporter activity (Figure 4C), suggesting that
KLF14 mediates Wnt/B-catenin signaling in

Am J Transl Res 2020;12(8):4445-4455
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Figure 4. KLF14 upregulation inactivated Wnt/B-catenin signaling. A. Wnt/B-catenin signaling pathway activity in
KLF14 or KLF14-siRNA transfected hMSCs determined by TOP/FOP ratio. B. Nuclear B-catenin protein expression
in KLF14 or KLF14-siRNA transfected hMSCs detected by western blot analysis. C. TOP/FOP ratio determining ac-
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TCF4-dn. D. Immunofluorescence assay to determine effect of KLF14 manipulation on nuclear B-catenin staining.
E. Chromatin immunoprecipitation (ChlP) assays in KLF14 over-expressed and KLF14 silenced hMSCs with anti-3-
catenin antibody to recognize B-catenin enroliment in the promoters of Nanog, RUNX2, and OCN. IgG was served

as a negative control.

hMSCs (Figure 4C). We further verified
B-catenin translocation from cytosol to the
nucleus by immunofluorescently staining
B-catenin, and found that KLF14 overexpres-
sion in hMSCs weakened nuclear [B-catenin
staining, whereas KLF14 silencing in hMSCs
increased the amount of nuclear B-catenin
staining (Figure 4D). We performed ChIP as-
says with an anti-B-catenin antibody in KLF14
overexpression and KLF14 silenced hMSCs to
identify [-catenin recruitment to promoters
for its downstream genes, Nanog, RUNX2, and
OCN, with IgG serving as a negative control. We
found that B-catenin recruitment to the pro-
moters of these genes was inhibited by KLF14
overexpression (Figure 4E). These results sug-
gest that KLF14 inhibited the Wnt/B-catenin
signaling pathway during hMSC osteogenic
differentiation.

KLF14 regulated Wnt/B-catenin signaling
pathway by targeting WNT3A

Our data above indicate that KLF14 inhibited
the Wnt/B-catenin signaling pathway in MSC
osteogenic differentiation. To further character-
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ize the specific mechanism of this activity, we
studied the target molecule. Based on predic-
tions by JASPAR software, we found that the
transcriptional factor KLF14 existed at two
binding sites (BTE1 and BTE2) in the BTE re-
gion of the WNT3A gene promoter, suggesting
that WNT3A is a KLF14 target (Figure 5A). We
detected the effect of KLF14 on WNT3A ac-
tivity using a dual-luciferase reporter assay
in hMSCs transfected with KLF14 or KLF14-
siRNA and wild type or mutant WNT3A report-
ers. Our results showed that KLF14 had a
regulatory effect on the BTE2 locus, but no reg-
ulatory effect on the BTE1 locus, indicated by
binding at the BTE2 locus in the BTE region of
WNT3A gene promoter. KLF14 inactivated the
Wnt/B-catenin signaling pathway during hMSC
osteogenic differentiation (Figure 5B). Our
ChlIP assay for both the BTE1 and BTE2 locus in
the BTE region of WNT3A gene promoter fur-
ther suggested that KLF14 specifically binds to
the BTE2 locus of the WNT3A gene promoter
(Figure 5C). Additionally, analysis of luciferase
activity showed that the TOP/FOP ratio was not
changed in hMSCs co-transfected with WNT3A
and KLF14 (Figure 5D, *P<0.05, vs. the con-
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tion showing two KLF14 binding sites (BTEland BTE2) in the BTE region of WNT3A gene promoter. B. Effect of
KLF14 on WNT3A activity detected by dual-luciferase reporter assay in hMSCs transfected with KLF14 or KLF14-
siRNA and the wild type or mutant WNT3A reporters. C. ChIP assay showing binding of KLF14 to the BTE2 locus.
D. TOP/FOP ratio determining activity of Wnt/B-catenin signaling pathway in hMSCs transfected by KLF14 together
with WNT3A. E. Correlation analysis of KLF14 and WNT3A expression. **P<0.01, vs. the control.

trol). This result suggests that KLF14 abolished
WNT3A mediated Wnt/[-catenin pathway activ-
ity. Correlation analysis showed that WNT3A
expression negatively correlated with KLF14
expression in hMSCs (Figure 5E), indicating a
close relationship between KLF14 and WNT3A
during osteogenic differentiation.

Discussion

MSCs are multipotent precursors with the
potential to differentiate into osteogenic, chon-
drogenic, and adipogenic lineages, depending
on both extracellular and intracellular signaling
[14, 15]. Wnt signaling, which leads to B-ca-
tenin stabilization and nuclear translocation,
where it forms a complex with TCF/LEF to regu-
late target gene transcription, plays an impor-
tant role in skeletal development [16-20].
Important for this study, Wnt signaling can regu-
late the self-renewal and proliferation of MSCs
[24, 22]. Furthermore, Wnt signaling also con-
tributes to osteogenic differentiation in hMSCs
[23]. To date, Wnt3a, Wntba, Wnt6, Wnt10a,
and Wnt10b are recognized to control the stem
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cell properties of MSCs via Wnt signaling [21,
24-26]. However, little is known about the inter-
action between KLF14 and Wnt signaling, or
how this relationship functions in regulating
MSC proliferation and differentiation.

Our results here show that KLF14 was down-
regulated during hMSC osteogenic differentia-
tion. We also found that that KLF14 overex-
pression suppressed cell viability and osteo-
genic differentiation of hMSCs, and also indu-
ced cell cycle arrest of hMSCs. Therefore, our
study shows that KLF14 negatively regulated
hMSC proliferation and osteogenic differen-
tiation. However, the specific regulatory me-
chanism of KLF14 in hMSC proliferation and
osteogenic differentiation remains unknown.
Here, we found that WNT3A expression ne-
gatively correlated with the expression of
KLF14. KLF14 regulated WNT3A by binding to
the BTE2 locus in the WNT3A gene promoter.
Moreover, KLF14 negatively regulated hMSC
proliferation and osteogenic differentiation and
abolished WNT3A mediated Wnt/B-catenin pa-
thway activity.
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It will be important for future studies to investi-
gate the specific mechanism of KLF14 regula-
tory activity in animal models and patients with
bone defects. Additionally, we only investigated
the relationship between KLF14 and Wnt/[3-
catenin signaling pathway in hMSCs in vitro.
Therefore, our work must be verified by in vivo
studies that support a role for KLF14 and
WNT3A in osteogenic differentiation of hMSCs.

Our study provides reasonable evidences that
KLF14 expression was downregulated in osteo-
genically differentiated hMSCs and HCO. We
found that cell viability and osteogenic differen-
tiation in hMSCs were inhibited, and the per-
centage of cells in the G1/GO phase of the cell
cycle increased KLF14 overexpression. More-
over, we found that WNT3A was a target of
KLF14. Therefore, we identified a role for KLF14
in regulating Wnt signaling in hMSCs, thus
impacting how these cells proliferate and dif-
ferentiate into osteoblasts of hMSCs. These
findings provide new information about the
function and molecular mechanisms of KLF14
in regulating the osteogenic differentiation of
hMSCs.
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