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Background: Proliferation and migration play crucial roles in various physiological processes, especially in injured endothe-
lial repair. Endothelial progenitor cells (EPCs), as the precursors of endothelial cell, are involved in the regener-
ation of the endothelial lining of blood vessels. Furthermore, EPCs were found to be a potential choice for ve-
nous thrombosis (VT) treatment.

Material/Methods: EPCs were isolated from human peripheral blood of healthy adults and VT patients. Differently expressed
micro(mi)RNAs were examined by quantitative real-time polymerase chain reaction, after which proliferative
capacity and migration effect were tested by Cell-Counting Kit 8, scratch wound assay, and transwell assays.
Bioinformatic analysis was applied to investigate the potential target messenger ribonucleic acid and a dual-
luciferase reporting system was utilized to confirm the binding of miR-22-3p to its target gene. Western blot
was carried out to detect candidate protein expression level. Finally, miR-22-3p expression was monitored in
VT patients during follow-up to assess its correlation with prognosis of VT.

Results: Our data revealed that miR-22-3p was upregulated in EPCs derived from deep VT (DVT) individuals and sup-
pression of miR-22-3p contributed to proliferation and migration of EPCs. In addition, miR-22-3p/onecut 1
(OC1)/vascular endothelial growth factor A (VEGFA) signaling pathway was involved in regulating EPC migra-
tion and proliferation. In addition, lower expression of miR-22-3p in DVT patients indicated decreased risk of
VT recurrence.

Conclusions: Our results suggest that miR-22-3p regulates OC1/VEGFA signaling and is involved in regulating EPC prolifera-
tion and migration. The expression level of miR-22-3p could be monitored to predict DVT patients’ prognosis.
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Background

Endothelial progenitor cells (EPCs) are likely important in wound
healing and tissue repair for their ability to develop into ma-
ture endothelial cells [1]. Circulating EPCs were confirmed in
the bloodstream of cardiovascular patients, which indicated
their potential role in cardiovascular diseases. Several stud-
ies have reported that larger amount of EPCs predicted bet-
ter outcome in patients with heart attack history on the basis
of the observation that EPCs were mobilized after a myocar-
dial infarction and participated in restoring the lining of blood
vessels that were impaired during a heart attack [2]. However,
few studies have focused on the function of EPCs in venous
thrombosis (VT). Deep VT (DVT) refers the formation of a blood
clot in a lower extremity. The traditional treatment regimen for
DVT includes anticoagulants and thrombolytics, both of which
have few benefits for injured endothelium or for the vessels.
On the basis of the knowledge of the biological characteris-
tics of EPCs, an emerging concept regarding the potential ap-
plication of EPCs for therapeutic use may offer a new strate-
gy for the treatment of VT. Herein, we aim to further elucidate
the role of EPCs in the setting of DVT.

Microribonucleic acids (miRNAs), with lengths of 20-24 nucle-
otides, have been proposed to have the capacity to function
in RNA splicing and posttranscriptional regulation of gene ex-
pression [3]. Accumulating evidence suggests that miRNAs are
widely involved in the normal functioning of cells, and dysreg-
ulation of miRNA is associated with disease [4,5]. Advanced
studies showed that miRNAs, including miR-126, let-7e-5p, and
miR-120, participated in biological functioning of EPCs [6-8].
MiR-22-3p has been identified as an inhibitor of arterial smooth
muscle cell proliferation and migration in arteriosclerosis ob-
literans [9]. In addition, previous studies identified miR-22-3p
in peripheral blood as a biomarker for certain diseases [10].
However, the expression level and specific role of miR-22-3p
in EPCs remains unclear.

In this study, we investigated the molecular function of miR-
22-3p as well as its regulatory mechanisms in EPCs. Our re-
sults revealed that EPCs are regulated by miR-22-3p via regu-
lation of onecut 1 (OC1)/vascular endothelial growth factor A
(VEGFA) signaling. Notably, we identified miR-22-3p as a bio-
marker for the prognosis of DVT.

Material and Methods

Cell culture and transfection

Fifty-milliliter peripheral blood samples were collected from
healthy adults and DVT patients. Informed consent was ob-
tained from all participants and the protocol was approved by
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the Institutional Review Board of our institution. Peripheral
blood mononuclear cells were isolated by density gradient
centrifugation, followed by culturing in EGM-2MV medium.
Nonadherent cells were removed 3 days after cell culture and
fresh medium was changed every 2 days. Adherent EPCs were
identified by their formation of a cobblestonelike morpholo-
gy and specific expression of surface markers (CD34, CD31,
VEGF recepter (R)-2, and von Willebrand factor [vVWF]) using
flow cytometry. EPCs from passages three to four were har-
vested for the following experiments. To alter the expression
of miR-22-3p, we applied miR-22-3p inhibitor to EPCs with li-
pofectamine 2000 (Invitrogen; Carlsbad, CA, USA) and tested
the transfection effect by quantitative real-time polymerase
chain reaction (qRT-PCR).

Cell proliferation assay

The proliferative capacity of EPCs was evaluated by Cell-
Counting Kit 8 (CCK-8) assay. A total of 2x10* cells was seeded
into each well of a 24-well plate and cultured in an incubator
for 72 h. After that, 10 uL of CCK-8 solution (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) was added to each well
and incubated for 1 h. The absorbance value of each well was
detected at a wavelength of 450 nm at 24, 48, and 72 h af-
ter incubation. All experiments were conducted in triplicate.

Transwell assay

For the transwell assay, 1x10° cells were suspended in basic
medium (EBM-2MV) and seeded into the upper chamber of a
24-well transwell plate. The EBM-2MV medium with 20% fe-
tal bovine serum was added into the lower chamber. After
24 h, the cells migrated into the lower chamber were stained
with 0.5% crystal violet and the number of migrated cells was
counted under a light microscope. All experiments were per-
formed in triplicate.

Scratch wound assay

First, 1x10° cells were plated onto a 6-well plate and grown to
80% confluence. The monolayer was scratched with a 20-pL
pipette tip and washed with phosphate-buffered saline to re-
move the detached cells. Then the adherent cells were incubat-
ed with EBM-2MV medium in a 5% CO, cell culture incubator.
The plates were photographed at 0 and 48 h after scratching,
respectively. Each experiment was done in triplicate.

qRT-PCR analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) and
reverse-transcribed using Moloney murine leukemia virus re-
verse transcription kit (Promega, Madison, WI, USA). qRT-
PCR was conducted by using SYBR® Green qPCR supermixes
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(Bio-Rad, Berkeley, CA, USA). Mature miRNA expression anal-
ysis was performed with miRNA real-time PCR quantitation
kit (Applied Biosystems, Foster City, CA, USA). Glyceraldehyde
3-phosphate (GAPDH) and U6 served as reference controls.
PCR primers were as follows:

hsa-miR-22-3p, 5’-AAGCTGCCAGTTGAAGAACTGTA-3’;

U6, forward: GCTTCGGCAGCACATATACTAAAAT and

reverse: CGCTTCACGAATTTGCGTGTCAT;

GAPDH, forward: CGCATCTTCTTGTGCAGTG and

reverse: GAGGGTGCAGCGAACTTTATT.

Western blot analysis

EPCs were collected with radioimmunoprecipitation assay ly-
sis buffer and phenylmethylsulfonyl fluoride, quantified by a
bicinchoninic acid protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Then the mixed buffer was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride (PVDF) membranes,
which were subsequently blocked in 10% nonfat milk-Tris-
buffered saline with Tween 20 (TBST) for 1 h and incubated in
primary antibody overnight. After that, the PVDF membranes
were incubated with horseradish peroxidase-conjugated sec-
ondary antibody. Quantification of band intensities was ana-
lyzed with Image J software.

Luciferase report assay

The sequence of 3’-untranslated region (UTR) of OC1 with pu-
tative binding sites was cloned and inserted into the Spel and
Hindlll sites of the pMIR-REPORT luciferase vector (Ambion,
Austin, TX). HEK293 T cells were cotransfected with miR-22-3p
mimics or negative control. Activity was confirmed by the mea-
surement of the ratio between firefly and renilla luciferases.
All experiments were performed in duplicate and repeated at
least three times.

Serum RNA extraction

Peripheral blood samples were collected in ethylenediamine-
tetraacetic acid-anticoagulant tubes and centrifuged at 3000
revolutions per min for 15 min at 4°C. Small RNAs were ex-
tracted from 500 pL of plasma supernatant using a miR-PAR-
IS kit according to the manufacturer’s instructions.

Treatment and follow-up

All the patients recruited in this study were treated with stan-
dard anticoagulation therapy in combination with thromboly-
sis treatment. Peripheral blood sample were collected and the
venous patency monitored on each follow-up by duplex so-
nography. The expression level of miR-22-3p was tested and
compared between patients with and without recurrent DVT.
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Figure 1. Expression of miR-22-3p in endothelial progenitor cells
(EPCs) from deep vein thrombosis (DVT) patients and
healthy volunteers. (** P<0.01).

Statistical analysis

Continuous variables are presented as mean and standard de-
viation and discrete outcomes are presented as percentages.
Student’s t test was applied when there were two groups.
Statistical analysis was performed using SPSS 21.0 (SPSS,
Inc., Chicago, IL).

Results

miR-22-3p is upregulated in EPCs derived from DVT

To identify the harvest cells, EPCs were confirmed by their
morphology and the expression of specific cell markers includ-
ing CD34, CD31, VEGFR-2, and VWF (Supplementary Figure 1).
Then we tested miR-22-3p expression level in EPCs both from
healthy volunteers and DVT patients. Gene expression analysis
showed that miR-22-3p was upregulated in EPCs from DVT pa-
tients compared with cells from healthy volunteers (Figure 1).

Suppression of miR-22-3p leads to proliferation and
migration of EPCs

To verify the effect of miR-22-3p on proliferation and migra-
tion of EPCs, the expression level of miR-22-3p was altered by
transfecting with miR-22-3p inhibitor or its negative control.
Next, transfected cells were examined using a series of in vi-
tro assays. Results from CCK-8 assay showed that inhibition
of miR-22-3p increased the proliferative capability of EPCs as
compared with the control group (Figure 2A). Furthermore,
we verified that reduced expression of miR-22-3p also pro-
moted migration capacity with transwell assay and scratch
wound assay (Figure 2B-2E). Taken together, these data sug-
gest the regulatory function of miR-22-3p on proliferation and
migration of EPCs.
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Figure 2. Effect of miR-22-3p on the biological function of endothelial progenitor cells (EPCs). (A) Proliferation assay showing
knockdown of miR-22-3p promoted cell proliferation. (B) Statistical analysis of transwell assay revealed that inhibition of
miR-22-3p increased migration of EPCs. (C) Representative microscopic images of cells that invaded through the transwell.

(D) EPCs transfected with miR-22-3p inhibitor showed more migrated distance. (E) Statistical results from wound-healing
assay. * P<0.05; ** P<0.01.
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Figure 3. Onecut 1 (OC1) is negatively regulated by miR-22-3p. (A) Bioinformatic analysis predicted the 3’-untranslated region (UTR)
of OC1 with the potential binding sites of miR-22-3p. (B) Luciferase report assay showed the activity in different groups.
(€) Western blot analysis revealed the protein expression of OC1. ** P<0.01.

OC1 is regulated by miR-22-3p

It is known that miRNAs participate in RNA splicing and post-
transcriptional regulation via binding 3’-UTR of target messen-
ger (m)RNA. To figure out the potential mechanism of miR-
22-3p in regulating EPCs, bioinformatic analysis was used for
searching for the target gene. Thus, we searched multiple data-
bases such as miRDB, Miranda, and TargetScan and our re-
sults revealed that OC1 was a candidate target gene for miR-
22-3p (Figure 3A). Next, we examined the direct interaction
between miR-22-3p and OC1 by using luciferase report assay.
Analysis showed a decrease of luciferase activity in the pres-
ence of miR-22-3p, indicating binding of miR-22-3p to OC1
3’-UTR (Figure 3B). Consistently, protein expression level of
OC1 was increased after inhibition of miR-22-3p (Figure 3C),
confirming the bioinformatics prediction.

miR-22-3p negatively regulates the expression of VEGFA
in EPCs

Previous studies have suggested that VEGFA played an impor-
tant role in regulation of endothelial cells. In addition, OC1 was
believed to be involved in VEGFA transcriptional expression.
Here, we hypothesized the contribution of VEGFA in regulating
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EPC biological function. Gene analysis revealed that inhibi-
tion of miR-22-3p induced upregulation of VEGFA (Figure 4A).
Moreover, western blot analysis also confirmed an increased
expression of VEGFA at the protein level (Figure 4B, 4C). We
also applied OC1 small interfering RNA into EPCs and found
the opposite effect (Figure 4D-4F). Taken together, these re-
sults demonstrated that miR-22-3p regulated EPC function
via targeting VEGFA.

miR-22-3p is associated with prognosis in VT

It was found that miRNAs could function as biomarkers for
prognosis of diseases. We therefore investigated the correla-
tion of miR-22-3p and prognosis of VT. Serum miR-22-3p was
collected from patients during follow-up. The venous patency
was detected by duplex sonography to monitor reoccurrence
of DVT. A total of 58 patients was included in this study from
January 2013 to August 2018. The baseline characteristics of
patients are listed in Table 1. Eighteen cases were diagnosed
with DVT recurrence during follow-up (Figure 5A, 5B). We also
compared the expression of miR-22-3p between patients with
and without recurrent DVT. Analysis showed a higher expres-
sion level of miR-22-3p in recurrent DVT compared with those
without reoccurrence (Figure 5C).
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Figure 4. MiR-22-3p negatively regulates the expression of vascular endothelial growth factor A (VEGFA). (A) VEGFA messenger
ribonucleic acid (mRNA) expression detected by quantitative real-time polymerase chain reaction (QRT-PCR) in different
groups. (B) VEGFA protein expression analyzed by Western blot in different groups. (C) Quantitative analysis of VEGFA
protein level in endothelial progenitor cells (EPCs) transfected with different duplexes. (D) Cell-Counting Kit 8 (CCK-8) assay
showed the proliferative ability of EPCs in different groups. (E) Transwell assay revealed migration of EPCs transfected with
either small interfering (si)RNA control or OC1 siRNA. (F) Wound-healing assay detected the migration ability of EPCs in

different groups. * P<0.05; ** P<0.01.

Discussion

In this study, we found that miR-22-3p contributed to the dys-
function of EPCs in the setting of VT and the inhibition of miR-
22-3p led to significant increase of OC1 and VEGFA expression
at the protein level. We also showed a new form of commu-
nication between miR-22-3p and OC1. Furthermore, the aber-
rant overexpression of miR-22-3p indicated a higher DVT re-
currence risk for patients.

DVT occurs when a blood clot forms in one or more of the
deep veins in the body, and can cause leg pain or swelling.
Epidemiological studies have demonstrated that over 10 mil-
lion DVT cases occur annually worldwide [11]. The standard
treatment regimens include systematic anticoagulation, throm-
bolysis, and physical therapy. However, standard treatment has
limited effect on repairing the injured intima and restoring the
function of venous valves, leading to frequent complication of
postthrombotic syndrome (PTS). It is estimated that 20-50%
of patients develop PTS within 2 years of onset [12]. Apart
from PTS, recurrence of DVT is another potential consequence.
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Table 1. Deep vein thrombosis patient characteristics.

Characteristic Value

Sex
Male 26
Female 32
Age (years, mean+SD) 47.3+17.5
Affected legs
Left 48
Right 10
Locations
Iliac 30
Femoral 18
Iliofemoral 10

Previous research showed that around 30% of patients experi-
ence a recurrence within 10 years after an initial DVT [13,14].
EPCs have been shown to participate in blood vessel forma-
tion, vascular intima repair, and re-endothelialization of de-
nuded vessels [15]. Furthermore, in many instances, circulat-
ing EPC concentrations have been enumerated and correlated
to a disease in an effort to serve as a biomarker for disease

CLINICAL RESEARCH

detection or staging [16,17]. Previous studies have revealed
that EPCs would migrate into a thrombus and participate in
the recanalization [7,18]. However, some researchers found
that EPCs were dysfunctional in DVT patients [19]. It is be-
lieved that the pathological circumstance of VT impairs nor-
mal biological function of EPCs. Thus, in the present study, we
focused on the mechanism behind the phenomenon.

MiRNAs are short noncoding nucleotides that can regulate the
expression of a large number of genes and have been there-
fore implicated in numerous physiological and pathological
processes, including migration, angiogenesis, and proliferation.
Recent papers have elucidated a critical role of miRNA in EPCs.
Some specific miRNAs have been correlated with a change in
the posttranscriptional editing of target mRNA that results in
subsequent effects on biological function. Kong et al. [18] re-
vealed that miR-483-3p contributed to EPC dysfunction via
serum response factor. In addition, downregulation of let-
7e-5p is associated with dysfunction of EPCs via targeting of
the Fas ligand gene [7]. The results published by Wang et al.
showed that miR-150 promoted angiogenesis and proliferation
of EPCs by targeting SRC kinase signaling inhibitor 1 [20]. In
line with previous studies, we also found the miRNA-induced
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Figure 5. MiR-22-3p is associated with prognosis of deep vein thrombosis (DVT). (A) Kaplan-Meier curve revealed recurrence-
free survival. (B) Representative digital subtraction angiography (DSA) images for patent vein (left) and recurrent venous
thrombosis (VT, right). (C) Comparison of miR-22-3p expression in both normal and recurrent deep (D)VT patients. ** P<0.01.
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mechanism in regulating EPCs. One of the most important ob-
servations in this research is the confirmation of a novel miR-
22-3p-dependent regulation of EPC function. First, we found
the aberrant expression of miR-22-3p in EPCs from DVT pa-
tients. Meanwhile, inhibition of miR-22-3p increased migration
and proliferation of EPCs via its target gene OC1. Interestingly,
the suppression of miR-22-3p also induced the upregulation
of VEGFA, which is believed to be the downstream target of
OC1. In addition, previous studies have confirmed the role of
specific miRNAs in screening and predicting prognosis of dis-
eases. Xue et al. [21] reported that circulating miR-17-5p, miR-
126-5p, and miR-145-3p were novel biomarkers for diagnosis
of acute myocardial infarction. Here, we also find that higher
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expression of miR-22-3p is associated with recurrent DVT dur-
ing follow-up, which is beneficial for clinical prognosis.

Conclusions

In summary, we demonstrated the role of miR-22-3p in reg-
ulating the biological function of EPCs via targeting OC1 and
therefore affecting the expression of VEGFA. Furthermore,
serum miR-22-3p had unfavorable trends of recurrent risk and
could be monitored for prognosis of DVT. Our study identifies
a mechanism-based biological repair strategy for DVT and pro-
vides clinically relevant data on prognosis after VT.
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Supplementary Figure 1. Characterization of endothelial progenitor cells (EPCs). (A) EPC colony exhibited a central cluster on day 4
(left) and formed a spindle-shaped endothelial cell-like morphology on day 14 (right). (B) Specific cell marker

expression of EPCs.
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