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Abstract. The present study aimed to evaluate the effects 
of Krüppel‑like factor 2 (KLF2) on the differentiation of 
endothelial progenitor cells (EPCs) to endothelial cells (ECs) 
induced by shear stress, and to investigate the corresponding 
mechanisms. Cultured rat late EPCs were exposed to shear 
stress (12 dyn/cm2) for different lengths of time. Reverse tran-
scription‑quantitative polymerase chain reaction (RT‑qPCR) 
was used to measure the initial KLF2 mRNA levels in each 
group. Subsequently, the EPCs were treated with anti‑integrin 
β1 or β3 antibodies to block integrin β1 and β3, respectively, 
or cytochalasin D to destroy F‑actin, and the subsequent 
expression levels of KLF2 in EPCs were measured. Then, 
KLF2 small interfering RNAs (siRNAs) were transfected 
into EPCs, and RT‑qPCR was used to measure the mRNA 
expression level of KLF2. Additionally, flow cytometry was 
applied to evaluate the protein levels of cluster of differentia-
tion 31 (CD31) and the von Willebrand factor (vWF), and the 
regulatory effects of KLF2 in the promoter region of vWF 
were determined via a luciferase assay. High shear stress 
upregulated KLF2 expression, while blocking integrin β1/β3 
or destroying F‑actin resulted in a corresponding decrease in 
KLF2 expression. Downregulation of KLF2 expression by 
siKLF2 inhibited the differentiation of EPCs to ECs under 
shear stress conditions, while the expression of EC‑specific 
markers decreased, including CD31 and vWF. Various lengths 
of the vWF promoter region induced vWF expression, and 
EPCs co‑transfected with KLF2 significantly increased 
the vWF expression levels compared with the group treated 

with vWF alone (P<0.01). In conclusion, shear stress may 
upregulate KLF2 expression, which may be associated with 
the integrin‑actin cytoskeleton system. Most importantly, the 
shear stress‑induced differentiation of EPCs may be mediated 
by KLF2.

Introduction

Endothelial injury is the first step in the development of 
atherosclerosis  (1). Numerous factors are involved in this 
endothelial injury process; for example, endothelial progenitor 
cells (EPCs) serve an important function in the maintenance 
of endothelium structural integrity and function (2,3). Previous 
studies have revealed that shear stress promotes the differen-
tiation of EPCs to endothelial cells (ECs), and participates in 
vascular re‑endothelialization (4‑6). However, the transcrip-
tional regulatory mechanisms involved in the control of the 
differentiation of EPCs remain unclear.

Krüppel‑like factor 2 (KLF2), a member of the zinc finger 
transcription factor family, regulates cellular growth during 
tissue development (7). Previously, KLF2 has emerged as a 
primary regulator of endothelial quiescence, anti‑inflamma-
tory responses, antithrombotic functions and vascular tone by 
activating atheroprotective transcription and inhibiting athero-
genic transcription (8,9). In addition, KLF2 is involved in the 
regulation of various immune cells by inhibiting the proinflam-
matory activation of monocytes (10). Das et al (11) revealed 
that KLF2 mediates the transcriptional regulation of arthritis 
via the modulation of monocyte differentiation and function. 
KLF2 expression is elevated in the vascular endothelium and 
required for normal vessel development (12,13). In addition, 
it is a prominent anti‑angiogenic factor, and modulates the 
expression of multiple endothelial vasoprotective genes (14). In 
previous years, numerous studies have revealed that KLF2 is 
also an important regulator for cardiovascular cells, particularly 
cardiac ECs. For example, Stroncek et al (15) demonstrated 
that KLF2 expression was substantially higher in the EPCs 
of patients with coronary artery disease compared with those 
of healthy individuals. KLF2 also controls the phenotype and 
metabolism of ECs (16). However, the function of KLF2 in the 
differentiation from EPCs to ECs remains unknown.

In the present study, the effects of KLF2 on the differentia-
tion of EPCs to ECs under shear stress were investigated, in 
addition to the underlying mechanisms. One previous study 
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demonstrated that shear stress may induce differentiation of 
EPCs to ECs in a magnitude‑dependent manner through its 
effects on the integrin‑actin cytoskeleton system, and may 
result in the increased expression of von Willebrand factor 
(vWF) and cluster of differentiation 31 (CD31) under a shear 
stress of 12 dyn/cm2 (5). However, the underlying transcrip-
tional mechanism remains unclear. Therefore, the effects of 
KLF2 on the differentiation of EPCs to ECs were investigated 
through the expression of two EC‑specific markers, including 
CD31 and vWF. These results may provide novel evidence 
for the function of KLF2 in EPC differentiation, and may 
illustrate the potential association between KLF2 and athero-
sclerosis‑associated diseases.

Materials and methods

EPC culture and identification. The present study was 
conducted in accordance with the Guide for the Care and Use 
of Laboratory Animals published by the National Institutes 
of Health (17), and the protocol was ethically approved by 
the Local Animal Ethics Committee of Weifang Medical 
College (Weifang, China). Late EPCs were isolated and 
cultured as described previously (6). Briefly, bone marrow 
mononuclear cells (MNCs) were fractionated at 4˚C with 
700 x g for 20 min by density gradient centrifugation with 
Histopaque®‑1083 (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) from the whole bone marrow of Sprague‑Dawley 
rats (n=10; weight, 150‑175 g; age 8 weeks; Weifang Medical 
College, Weifang, China); rats were housed in controlled 
conditions:12‑h light/dark cycle, 22˚C, 60% humidity with ad 
libitum access to food. MNCs were plated on dishes precoated 
with 50 µg/ml fibronectin (Sigma‑Aldrich; Merck KGaA), and 
were maintained at 37˚C in complete EC growth medium‑2 
supplemented with 10% fetal calf serum (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Unattached cells 
were removed with sterile phosphate buffered saline (PBS) 
after 4 days, and endothelial colonies appeared subsequently. 
Late EPCs were used in the following experiments subsequent 
to 3‑5 passages.

Cell treatments. To verify whether integrin β1/β3 or F‑actin 
influences the expression of KLF2 under shear stress, 
late EPCs in the experimental group were first pretreated 
with 50 µg/ml anti‑integrin β1 (clone MEM‑101A; catalog 
no.  CSB‑PA011880LA01MO‑100; Dianova GmbH, 
Hamburg, Germany) and 10 µg/ml anti‑integrin β3 (catalog 
no. MAB2023Z; Gibco; Merck KGaA) antibodies for 30 min 
at 37˚C, or incubated with 1 µmol/l cytochalasin D (cytoD; 
catalog no. PHZ1063; Thermo Fisher Scientific, Inc.) for 1 h at 
37˚C to disrupt actin filaments (6), as described previously (5). 
EPCs treated with dimethyl sulfoxide (DMSO) were used as 
the control group. Then, the two groups of EPCs were exposed 
to 12 dyn/cm2 shear stress for 1 h. The KLF2 mRNA levels 
in the two groups were measured using reverse transcrip-
tion‑quantitative polymerase chain reaction (RT‑qPCR) as 
described below.

Small interfering RNA (siRNA) was used to demonstrate 
the function of KLF2 under shear stress. KLF2 siRNAs 
(20  µmol/l) were transfected into EPCs (105  cells) using 
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, 

Inc.) at room temperature, according to the manufacturer's 
protocol; the medium contained was changed after 6  h 
incubation. The cells were collected 72  h later, and the 
KLF2 mRNA expression levels were assessed to verify the 
efficiency of interference, while the expression levels of 
CD31 and vWF were determined using flow cytometry. The 
sequences for KLF2 siRNA were as follows: Sense, 5'‑CAG​
GUG​AGA​AGC​CUU​AUC​ATT‑3'; antisense, 5'‑UGA​UAA​
GGC​UUC​UCA​CCU​GTT‑3' (Shanghai GenePharma Co., 
Ltd., Shanghai, China). In addition, a non‑targeting control 
was used as a negative control in the present study. The 
sequences of the negative control were as follows: Sense, 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; antisense, 3'‑ACG​
UGA​CAC​GUU​CGG​AGA​ATT‑5' (Shanghai GenePharma 
Co., Ltd.). Additionally, another group of EPCs transfected 
with si‑KLF2 for 60 h were exposed to 12 dyn/cm2 shear 
stress for an additional 12 h, and the expression levels of 
CD31 and vWF were analyzed using flow cytometry. The 
regulatory effects of KLF2 in the promoter region of vWF 
were determined via a luciferase assay.

Shear stress experiments. EPCs were subjected to shear stress 
using a flow chamber system as previously described (6). The 
following formula was used to calculate the stress intensity: 

 Q, where τω is the shear stress, µ the medium viscosity 
(0.0077 g/cmNs), Q the volumetric flow rate (2.05 cm3/s), h the 
chamber height (0.03 cm) and b the chamber width (2.5 cm).

RT‑qPCR. Total RNA was isolated from the aforementioned 
treated cells with TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), and the RNA was reverse‑transcribed 
using a SYBR PrimeScript RT‑PCR kit (Takara Bio, Inc., 
Otsu, Japan) at 37˚C for 15 min, according to the manu-
facture's protocol. RT‑qPCR was performed using SYBR 
Premix Ex Taq (Takara Bio, Inc.) to determine gene expres-
sion levels. GAPDH was used as the internal control. The 
primer sequences were as follows: GAPDH, forward 5'‑GGC​
ACA​GTC​AAG​GCT​GAG​AAT​G‑3', reverse 5'‑ATG​GTG​
GTG​AAG​ACG​CCA​GTA‑3'; KLF2, forward 5'‑TCG​CAC​
CTA​AAG​GCG​CAT​C‑3', reverse 5'‑TAG​TGG​CGG​GTA​
AGC​TCG​TC‑3'; CD31, forward 5'‑GAC​AGC​CAA​GGC​AGA​
TGC​AC‑3', reverse 5'‑ATT​GGA​TGG​CTT​GGC​CTG​AA‑3'; 
vWF, forward 5'‑GCG​TGG​CAG​TGG​TAG​AGT A‑3', reverse 
5'‑GGA​GAT​AGC​GGG​TGA​AAT​A‑3'. qPCR reactions 
were performed on a LightCycler 480II instrument (Roche 
Diagnostics, Indianapolis, IN, USA) with a final primer 
concentration of 0.4 µmol/l according to the manufacturer's 
protocol. Thermocycling conditions were as follows: 95˚C 
for 30 sec; followed by 40 cycles at 95˚C for 15 sec; 59˚C 
for 1 min; and 72˚C for 10 sec. The fold changes in gene 
expression were calculated using the following formula: Fold 
change=2‑ΔΔCq (18).

Western blot analysis. EPCs were lysed at 4˚C for 30 min 
in Radioimmunoprecipitation Assay lysis buffer (catalog 
no.  C1053; Applygen Technologies Inc., Beijing, China), 
and protein concentrations were determined with the Pierce 
Bicinchoninic Acid Assay kit (Thermo Fisher Scientific, Inc.). 
An equal amount of proteins (40 µg/lane) were separated by 
12% (wt/vol) SDS‑PAGE, and the proteins were subsequently 
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transferred to polyvinylidene fluoride membranes and blocked 
with 5% bovine serum albumin (catalog no. ST‑023; Beyotime 
Institute of Biotechnology, Jiangsu, China ) in TBS with 0.05% 
Tween 20 (TBST) for 60 min at room temperature, followed by 
a 4˚C overnight incubation with the primary antibodies against 
KLF2 (1:500; catalog no. SAB2108684; Sigma‑Aldrich; Merck 
KGaA). β‑actin (1:1,000; catalog no.  AF0003; Beyotime 
Institute of Biotechnology) was used as a loading control and 
for normalization. Membranes were then washed with TBST 
and incubated with horseradish peroxidase (HRP)‑conjugated 
mouse anti‑rabbit immunoglobulin (Ig)G (1:1,000; SC‑2357; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or 
HRP‑conjugated goat anti‑mouse IgG(H+L) (1:2,000; catalog 
no.  A0216; Beyotime Institute of Biotechnology) at room 
temperature for 60 min. Immunoreactive bands were visual-
ized using enhanced chemiluminescence (GE Healthcare, 

Chicago, IL, USA) and densitometric analysis was conducted 
using ImageJ v1.8.0 software (National Institutes of Health, 
Bethesda, MD, USA).

Flow cytometry. Flow cytometry was used to determine the 
expression levels of CD31 and vWF. EPCs were trypsinized 
into a single cell suspension (1x105 cells), fixed with 4% para-
formaldehyde for 15 min and washed three times with PBS 
for 5 min. Cells were permeabilized with 0.1% TritonX‑100 
for 5 min, washed with PBS and incubated with phycoery-
thrin‑conjugated anti‑CD31 (1:50; catalog no. 25‑0319‑41; 
eBioscience; Thermo Fisher Scientific, Inc. ) or fluorescein 
isothiocyanate‑conjugated anti‑vWF (1:50; catalog no. ab8822; 
Abcam) for 1 h at 4˚C. Subsequent to washing with PBS to 
remove unbound antibodies, cells were analyzed using a 
FACSCanto II f﻿﻿low cytometer (BD Biosciences, San Jose, CA, 

Figure 1. mRNA and protein expression levels of KLF2 in EPCs are affected by shear stress. (A and B) EPCs were maintained in static conditions or exposed 
to 12 dyn/cm2 laminar shear stress for varying lengths of time; (A) RT‑qPCR analysis at static, 0.5, 1, 2, 3 and 6 h, and (B) western blot analysis at static, 1, 3, 6, 
12 and 24 h revealed that KLF2 mRNA and protein expression levels, respectively, increased in EPCs following exposure to 12 dyn/cm2 shear stress for various 
time durations. (C and D) EPCs were also maintained in static conditions or exposed to 5 dyn/cm2 laminar shear stress for varying lengths of time; (C) RT‑qPCR 
analysis at static, 0.5, 1, 3 and 6 h and (D) western blot analysis static, 1, 3, 6, 12 and 24 h revealed that KLF2 mRNA and protein expression levels, respectively, 
were reduced in EPCs subsequent to exposure to 5 dyn/cm2 shear stress for various time durations. Data were expressed as means ± standard deviation from 
4 independent experiments; n=4; *P<0.05 and **P<0.01 vs. Static group. EPCs, endothelial progenitor cells; KLF2, Krüppel‑like factor 2; RT‑qPCR, reverse 
transcription‑quantitative polymerase chain reaction.

https://www.spandidos-publications.com/10.3892/mmr.2019.9819
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USA) and the data were analyzed utilizing a software FlowJo 
10 (Tree Star, Inc., Ashland, OR, USA).

Luciferase assay. For the luciferase assay, various lengths (1/4, 
2/4, 3/4 and full length) of the 5'untranslated (5'UTR) region 
of vWF, including nucleotide regions 4851‑5341 (490 bp), 
4241‑5341 (1,100 bp), 3848‑5341 (1,493 bp) and 3341‑5341 
(2,000 bp), and KLF2 gene were inserted into a psiCheck2 
vector, respectively (Promega Corporation, Madison, WI, USA). 
293 cells (Type Culture Collection of the Chinese Academy of 
Sciences, Shanghai, China) were maintained in DMEM with 
10% fetal bovine serum at 37˚C. 293 cells, which express vWF, 
but not KLF2, were co‑transfected with the KLF2‑containing 
psiCheck2 plasmid using GeneJuice Transfection Reagent 
(Merck KGaA) at 37˚C for 48 h. Cells transfected with the 
unmodified psiCheck2 empty vector were used as controls. 
Luciferase reporter gene activity was measured 48 h following 
transfection using the Promega Dual‑luciferase reporter assay 
system (Promega Corporation) an OPtocomp I luminometer 
(MGM Instruments, Inc., Hamden, CT, USA).

Statistical analysis. SPSS software version 16.0 (SPSS, Inc., 
Chicago, IL, USA) was used to analyze all data. Unless other-
wise indicated, the data were expressed as the mean ± standard 
deviation. Statistical analyses were performed using one‑way 
analysis of variance, followed by Tukey‑Kramer multiple 
comparisons post‑hoc tests. P<0.05 was considered to indicate 
a statistically significant difference.

Results

KLF2 expression increases in response to shear stress. The 
KLF2 mRNA levels significantly increased in response to 
12 dyn/cm2 laminar shear stress compared with the static 
group, peaking after 1 h (P<0.01), and subsequently dropped, 
despite remaining significantly high compared with the static 
group at 3 and 6 h (P<0.01; Fig. 1A). The KLF2 protein expres-
sion level also demonstrated a significant increase in response 
to 3 h or more of 12 dyn/cm2 laminar shear stress compared 
with the static group (P<0.01), reaching a peak after 12 h, and 
remaining comparatively high at 24 h (Fig. 1B). However, no 
significant differences were observed between the 1 h group 
and the static group. Furthermore, 5 dyn/cm2 shear stress 
inhibited KLF2 mRNA expression in a time‑dependent 
manner when treated for 1 h or more (Fig. 1C), with signifi-
cant differences identified between each group and the static 
group (P<0.05, P<0.05 and P<0.01 for the 1, 3 and 6 h groups, 
respectively); however, the 0.5 h group exhibited a significant 
increase in mRNA compared with the static group (P<0.05). 
It was speculated that the short duration (<1 h) of 5 dyn/cm2 
shear stress treatment may have promoted KLF2 mRNA 
expression, and only longer durations (>1 h) of 5 dyn/cm2 
shear stress treatment inhibited KLF2 mRNA expression in 
a time‑dependent manner. Additionally, the KLF2 protein 
expression levels were significantly decreased at 12 h and 24 h 
of treatment, compared with the static group (P<0.01; Fig. 1D).

Expression of KLF2 decreases in response to treatment with 
anti‑integrin β1, β3 and cytoD antibodies. KLF2 mRNA 
expression levels in the cytoD group were significantly 

inhibited compared with the DMSO control group (P<0.05; 
Fig. 2A). Similarly, the KLF2 gene expression levels in the 
anti‑integrin β1 (P<0.01) and anti‑integrin β3 (P<0.05) groups 
decreased significantly compared with the DMSO control 
group (Fig. 2B).

Expression levels of CD31 and vWF. In cells transfected with 
siKLF2, KLF2 mRNA expression levels decreased signifi-
cantly compared with the control group (P<0.01; Fig. 3A). The 
mRNA levels of CD31 and vWF also decreased significantly 
compared with the control group (mRNA levels of CD31 
vs. the control group P<0.05; mRNA levels of vWF vs. the 
control group, P<0.01; Fig. 3B). Additionally, results from flow 
cytometry revealed that the protein levels of CD31 and vWF 
increased significantly in response to shear stress, compared 
with the static group (P<0.01; Fig.  3C and  D); however, 
siKLF2 pretreatment appeared to reverse this effect (P<0.05; 
Fig. 3C and D).

KLF2 binds to the promoter region of vWF. Luciferase assay 
results revealed that various lengths of the vWF 5'UTR may 
serve a function in inducing gene expression; however, there 
were no statistical differences in the activity in the different 
lengths of the vWF 5'UTR. The result demonstrated that the 
length of the vWF 5'UTR was not related to the gene expres-
sion. In 293 cells co‑transfected with KLF2, the expression 
level of vWF significantly increased compared with the vWF 

Figure 2. KLF2 expression decreases in EPCs treated with cytoD, 
anti‑integrin β1 or anti‑integrin β3 antibodies under shear stress conditions. 
(A and B) EPCs were pretreated with cytoD, anti‑integrin β1 or anti‑integrin 
β3 antibodies for 1 h, then exposed to laminar shear stress (12 dyn/cm2) for 
40 min. Following pretreatment with (A) cytoD and (B) anti‑integrin β1/β3 
antibodies, the mRNA expression levels of KLF2 decreased. GAPDH was 
used as an internal control; n=3; *P<0.05 and **P<0.01 vs. DMSO. cytoD, 
cytochalasin D; DMSO, dimethylsulfoxide; EPCs, endothelial progenitor 
cells; KLF2, Krüppel‑like factor 2.
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Figure 3. Effects of siKLF2 on the expression of EC markers in EPCs. (A‑D) EPCs were treated with siKLF2 (20 µM/l) for 72 h under static conditions, 
and the expression levels of KLF2 and EC markers were determined using reverse transcription‑quantitative polymerase chain reaction and flow cytometry, 
respectively. (A) siKLF2 transfection successfully decreased KLF2 mRNA expression levels; GAPDH was used to normalize gene expression; n=4; **P<0.01 
vs. (B) siKLF2 transfection significantly decreased the mRNA expression levels of CD31 and vWF; *P<0.05, **P<0.01. (C) Luciferase assay results revealed 
that siKLF2 transfection decreased protein expression levels of the EC makers vWF and CD31, under static and shear stress conditions. Black and green 
lines represent the static and the siKLF2‑transfected groups, respectively; blue and red lines represent the shear stress and the siKLF2 + shear stress groups, 
respectively. (D) Quantification of luciferase assay results from Part C. siKLF2 + shear stress decreased protein expression level of EC marker. Values are 
expressed as the relative mean fluorescence intensity ± standard deviation; n=3; **P<0.01 vs. Static group, *P<0.05 vs. siKLF2 alone. EC, endothelial cells; 
EPCs, endothelial progenitor cells; FITC, fluorescein isothiocyanate; KLF2, Krüppel‑like factor 2; PE, phycoerythrin; siRNA, small interfering RNA; vWF, 
von Willebrand factor.
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alone group (P<0.01; Fig. 4). KLF2 effectively bound to the 
vWF promoter, thus increasing the expression of vWF (as 
demonstrated by the increased fluorescence intensity) (Fig. 4).

Discussion

Shear stress serves an important function in the proliferation 
and differentiation of numerous types of cells, including ECs, 
stem cells and EPCs (19,20). Mechanotransduction, which 
induces changes in endothelial metabolism, is a response to 
the extracellular stimuli of ECs and EPCs (21). The results of 
the present study revealed that shear stress upregulated the 
expression of KLF2. Downregulation of KLF2 expression 
by siKLF2 significantly inhibited the differentiation of EPCs 
to ECs under shear stress conditions. Additionally, KLF2 
was involved in the regulation of vWF through binding to its 
promoter region.

Previous studies have demonstrated that KLF2, which 
may be induced by shear stress, contributes to maintaining a 
healthier endothelium by inducing a quiescent state, in addition 
to having antithrombotic, vasorelaxing and anti‑inflammatory 
effects (8,9). The results of these previous studies consistently 
revealed that shear stress increased KLF2 expression in late 
EPCs, particularly when treated with 12 dyn/cm2 shear stress 
for 1 h, as applied in the present study. Results from a previous 
study revealed that KLF2 is a central transcriptional switch 
point, and is involved in the functional quiescent differen-
tiation of the endothelium (9). Thus, it was hypothesized that 
KLF2 may regulate the differentiation of EPCs to ECs. To the 
best of our knowledge, there is no direct evidence regarding 
the effects of KLF2 on EPCs. Therefore, the present study 
investigated the potential mechanism underlying the effects 
of shear stress on KLF2 in EPCs. In the present study, KLF2 
expression increased in response to relatively high shear stress 
(12 dyn/cm2), and decreased under relatively low shear stress 
(5 dyn/cm2), indicating that high shear stress may increase 
KLF2 expression. One previous study has revealed that 
shear stress of 6, 12 and 20 dyn/cm2 substantially increased 
the expression of EC differentiation markers including vWF 
and CD31 in late EPCs, while no effect was observed at 
a stress level of 2 dyn/cm2. These results suggest that shear 
stress‑induced EPC differentiation is associated with the 

intensity of shear stress (22). This is may be an explanation as 
to why atherosclerotic lesions occur predominantly in regions 
of the vasculature exposed to low shear stress  (23). KLF2 
transcription factor was revealed to be a protective mechanism 
for the endothelium against inflammatory and thrombotic 
events (9,24). Additionally, a 12 dyn/cm2 laminar shear stress 
was also demonstrated to be a protective factor for the endo-
thelium, while a 5 dyn/cm2 laminar shear stress may result in 
the formation of atherosclerosis (25,26). These results suggest 
that KLF2 function in EPCs differentiation may be associated 
with the intensity of shear stress.

Boon et al (27) demonstrated that KLF2 was crucial to 
shear stress‑mediated actin cytoskeleton remodeling and shear 
fiber assembly in the vascular endothelium. Furthermore, 
these fibers and forces may be essential for the firm attachment 
of ECs to withstand vascular mechanical forces. Additionally, 
microtubules may contribute to the cytoskeletal‑dependent 
regulation of KLF2 expression (28). A similar trend in ECs, 
whose alignment was induced by fluid shear stress, further 
suggests a potential cytoskeletal‑dependent regulation of 
KLF2 (28). Furthermore, previous studies have uncovered that 
shear stress may promote the differentiation of EPCs to ECs 
via the integrin‑actin cytoskeleton system (5,6). Accordingly, it 
was hypothesized that integrin β1/β3 or F‑actin may influence 
the expression of KLF2 under shear stress conditions. The 
results of the present study suggested that blocking integrin 
β1/β3 or destroying actin fibers inhibited the expression of 
KLF2, suggesting that high shear stress may increase KLF2 
expression through the integrin‑actin cytoskeleton system. 
However, the inhibiting effects of low shear stress on KLF2 
expression should be given greater attention, and further 
studies should be conducted on this topic.

EPCs participate in the process of endothelium repair 
through differentiation to ECS (29). To date, numerous studies 
have focused on the transcription factors active during EPC 
differentiation under static conditions (30‑32). EPCs, which 
are located primarily in the bone marrow and peripheral 
blood, are transported to the injury area through blood circu-
lation (33). Therefore, the effect of fluid shear stress may also 
be important for EPC differentiation. The regulatory effect 
of KLF2 on EC‑specific markers, including CD31 and vWF, 
was noted in the static state and in the shear stress state in the 
present study. This suggests that KLF2 may serve an important 
function in the differentiation of EPCs to ECs under static and 
shear stress conditions, but particularly the latter. The present 
research revealed that KLF2 influenced EPC differentiation 
through binding to the promoter region of vWF. This result 
is consistent with that of Hough et al (34) who argued that 
vWF promoter activity was enhanced 3.4‑fold when ECs were 
exposed to shear stress. Furthermore, KLF2 bound to the 
vWF promoter effectively, thus increasing the fluorescence 
value during a luciferase assay, and no substantial differences 
were observed in vWF expression between the one‑quarter 
length shortened promoter and the full‑length promoter. This 
illustrated that there may be binding sites in this shortened 
promoter, but the specific loci remain unknown. However, 
there was a limitation in the present study, in that func-
tional analysis of the EPCs with KLF2 knockdown was not 
performed, and that further studies are required to investigate 
the functional effects.

Figure 4. Luciferase assay of vWF expression in endothelial progenitor cells 
transfected with various lengths (1/4, 2/4, 3/4 and full length) of the vWF 
promoter, or co‑transfected with KLF2 expression plasmid. The fluorescence 
values were significantly increased in the vWF+KLP2 groups compared 
with the respective vWF‑only groups; **P<0.01 vs. vWF alone. KLF2, 
Krüppel‑like factor 2; vWF, von Willebrand factor.
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In conclusion, the present study provides potential mecha-
nistic insights into the promoting effects of KLF2 on EPC 
differentiation under shear stress conditions.
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