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Abstract

Background: Deep venous thrombosis (DVT) constitutes a major global disease burden. Endothelial progenitor
cells (EPCs) have been described in association with recanalization of venous thrombus. Furthermore, emerging
evidence suggests microRNAs are involved in this progression. The goal of this study was to investigate the
influence of miR-150 on the behavior of EPCs and its potential contribution in venous thrombosis resolution.

Methods: We isolated and cultured EPCs from healthy adults. Next, early EPCs or endothelial colony-forming cells
(ECFCs or late EPCs) were transfected with miR-150 agomir and antagomir. Gene expression profiles, proliferation,
cytokine secretion, and angiogenic capacity of early EPCs and ECFCs were examined. The effects of miR-150 on c-
Myb expression and Akt/FOXO1 signaling were also evaluated. Furthermore, a rat model of venous thrombosis was
constructed to determine the in vivo function of EPCs.

Results: Our results showed that miR-150 overexpression in early EPCs significantly promoted differentiation to
ECFCs and contributed to proliferation and tube formation. However, suppression of miR-150 in late EPCs inhibited
proliferation and tube formation. Moreover, we identified that this progression is regulated by inhibition of c-Myb
and activation of the Akt/FOXO1 pathway. Our findings also showed that miR-150 led to the enhanced resolution
ability of EPCs in a rat venous thrombosis model.

Conclusions: In this study, we present a novel mechanism of miRNA-mediated regulation of EPCs and Akt
activation in thrombus resolution.
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Background

Deep venous thrombosis (DVT) is a major global burden
with about 10 million cases occurring every year [1]. DVT
is associated with substantial morbidity and mortality with
40% of patients diagnosed with proximal DVT demon-
strating associated pulmonary embolism (PE) [2]. Ap-
proximately 20-50% of patients with symptomatic DVT
will develop post-thrombotic syndrome (PTS), which is
characterized by chronic pain, intractable edema, skin al-
terations, and leg ulcer [3]. Anticoagulation remains the
primary treatment for DVT; however, up to 50% of prox-
imal DVT patients will develop PTS despite optimal anti-
coagulant therapy [4]. Therefore, it is critical to develop
additional safe and effective therapies for DVT.

Endothelial progenitor cells (EPCs) are precursors of
mature endothelial cells and heavily participate in post-
natal neovascularization [5]. Evidence suggests that the
number and function of EPCs contribute to endothelial
repair and angiogenesis of damaged blood vessels [6].
Many studies indicate that EPCs are not a single cell
type, but rather two types called early EPCs (eEPCs) and
endothelial colony-forming cells (ECFCs or late EPCs)
[7, 8]. EPCs are defined primarily by phenotype and bio-
logical properties. Early EPCs have a short lifespan (3—4
weeks) and express CD133+CD45+, while ECFCs live
longer, proliferate rapidly, and are CD31+KDR+. In
addition, different angiogenic properties between these
two EPC subpopulations have been documented. eEPCs
showed limited proliferation capacity while ECFCs are
highly incorporated into vascular networks [9]. By way
of contrast, eEPCs, but not ECFCs, indirectly augment
tubulogenesis even when physically separated by a trans-
well membrane, which implies that the effect is via a
paracrine mechanism [9-11]. Given their different roles
and functions in angiogenesis and paracrine, interest in
understanding and manipulating EPCs for therapeutic
purposes has increased.

MicroRNAs (miR), a class of ~22-nt non-coding
RNAs, participate in various biological processes includ-
ing cell proliferation, differentiation, and apoptosis [12—
14]. These single-strand RNA base pairs with perfect or
imperfect complementary sequences located in 3° un-
translated regions (3'UTRs) of target genes, leading to
target mRNA degradation or reduction in protein trans-
lation [15, 16]. Furthermore, miRNAs are likely import-
ant in multiple biological processes of EPCs [17]. miR-
130a has been shown to be involved in autophagy regu-
lation in EPCs through Runx3 [18]. miR-34a appears to
participate in modulating differentiation in EPCs via tar-
geting Forkhead box j2 [19]. In addition, our previous
research showed that miR-483-3p upregulation and let-
7e-5p downregulation contributed to EPC (most of
which are ECFCs) function in vitro and improved
thrombus resolution in vivo [6, 20].
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miR-150 has been shown to be selectively expressed in
mature B and T cells and is important for immune cell
differentiation and activation [21]. Evidence suggests
miR-150 and miR-99a cooperatively repressed the ex-
pression of the Th17-promoting factor mTOR to stimu-
late regulatory T cell differentiation [22]. Sun and
colleagues [23] established that miR-150 regulated pro-
liferation and differentiation in terminal erythropoiesis.
They found that forced expression of miR-150 sup-
pressed erythroid proliferation by apoptotic induction
and cell cycle blockade while miR-150 inhibition pro-
moted terminal erythropoiesis. We recently identified
miR-150’s ability to regulate EPC motility via targeting
¢-Myb and enhancing EPC homing and thrombus reso-
lution in vivo [24]. However, the underlying mechanism
of miR-150 regulation of EPC biological processes re-
mains unclear.

In the present study, we discovered that miR-150 was
significantly associated with EPC differentiation. More-
over, miR-150 activated Akt/FOXO1 signaling and pro-
moted c¢c-Myb suppression via direct targeting of 3’
UTRs. In summary, our results suggest that miR-150 is
important in EPC differentiation and may represent a
novel therapeutic strategy in DVT.

Methods

Isolation and culture of EPCs

Peripheral blood (80ml) was collected from healthy
adult volunteers under informed consent. All protocols
were approved by the Institutional Review Board of
Nanjing Drum Tower Hospital, the Affiliated Hospital of
Nanjing University Medical School. EPCs were isolated
and characterized according to previous methods [25].
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from the blood by density gradient centrifugation
using Histopaque-1077 (Sigma-Aldrich, MO, USA), and
2 x 107 cells/cm® were seeded on fibronectin-coated 6-
multiwell dishes (5 ug/cm? Millipore, MO, USA) with
20% FBS EGM-2 medium (Lonza, MD, USA). The
medium was changed after 4 days, and early EPCs devel-
oped an elongated spindle-shaped morphology after 7
days of culture. Then, the medium was changed every
2 days. After 2—3 weeks, ECFCs were identified by their
cobblestone-like morphology and expression of surface
markers including CD31, KDR, and vWE. Thereafter,
ECFC colonies were trypsinized and cultured on fibro-
nectin pre-coated wells or plates (2 x 10*/cm?) for fur-
ther experiments.

Characterization of early EPCs and ECFCs

Fluorescence-activated cell sorter (FACS) was used to
characterize the adherent cell population via antibodies
against CD34 (BD Biosciences, NJ, USA), kinase insert
domain receptor (KDR)/VEGF receptor 2 (BD
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Biosciences, NJ, USA), VE-cadherin (BD Biosciences, NJ,
USA), AC133 (CD133; BD Biosciences, NJ, USA),
platelet-endothelial cell adhesion molecule-1 (CD31; BD
Biosciences, NJ, USA) and CD45 (Biolegend, CA, USA).
Flow cytometry was performed using a FACS Canto flow
cytometer (BD Biosciences, NJ, USA).

miRNA quantitative real-time RT-PCR analysis

Total RNA was isolated from early EPCs and ECFCs using
TRIzol Reagent (Thermo Scientific, MA, USA), and RNA
was converted to cDNA using a Synthesis Kit (Thermo Sci-
entific, MA, USA). qRT-PCR was performed using a Roche
Light Cycler 480 (Roche, Switzerland) and miRNA qPCR
Quantitation Kit (GenePharma, Shanghai, China) according
to the manufacturer’s instructions. U6 level was used for
normalization. PCR primers (forward and reverse, respect-
ively) were as follows: has-miR-150, 5'-GTCGGGGGAG
TGTTGCCTCCTCCCCACC-3" and 5'-GGTGGGGAGG
AGGCAACACTCCCCCGAC-3’; U6, 5'-GCTTCGGCAG
CACATATACTAAAAT-3" and 5'-CGCTTCACGA
ATTTGCGTGTCAT-3; P-actin, 5 -ACATCCGCAA
AGACCTGTAC-3" and 5'-GCCATGCCAATCTCATCT
TG-3'; and ¢-Myb, 5'-TGCCTCAAATTGGACTTTGG-3’
and 5'-GATTGAAATTCTGTGTAACTGC-3'.

Agomir and antagomir transfection

To overexpress miR-150 in early EPCs, miR-150 agomir
(GenePharma, Shanghai, China) was transfected using
Lipofectamine 3000 (Invitrogen, CA, USA). Meanwhile,
to knockdown miR-150 expression in ECFCs, miR-150
antagomir was transfected according to the manufac-
turer’s instructions. Transfection efficacy was >90%,
based on the expression of a co-transgene, green fluores-
cent protein (GFP). The sequence of miR-150 agomir
was as follows: 5'-UCUCCCAACCCUUGUACCAGUG-
3’ (sense) and 5'-CUGGUACAAGGGUUGGGAGAUU-
3’ (antisense); antagomir (sense) 5'-CACUGGUACAAG
GGUUGGGAGA-3'. The target sequence of siRNA
against c-Myb (sense + loop + antisense) was 5'-
GGTGGAACAGAATGGAACATTGAAGAAG TGTT
CCATTCTGTTCCACC TT-3".

Fluorescence-activated cell sorter analysis

Using antibodies against CD34, VEGFR2, VE-cadherin,
AC133, CD31, and CD45, stained cells were analyzed by
FACS. Briefly, cells were resuspended at 1 x 10° cells/ml
in PBS and incubated 30 min with 5 pg/ml antibody on
ice in the dark. Cells were washed twice with PBS and
fixed with 1% paraformaldehyde for 10 min at 4 °C. Cells
were washed and resuspended at 1 x 10° cells/ml in PBS
for FACS.
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Tube formation assay

Matrigel (BD Biosciences, NJ, USA) basement mem-
brane matrix was added to a 24-well plate. After 1h of
incubation at 37 °C, 5 x 10* early or ECFCs were seeded
into the plate with EGM-2MV media. Twenty-four
hours later, six representative fields were imaged, and
the average of the total area of complete tube formation
measured by cells/unit area was accomplished with the
Image] software (MediaCybernetics, MD, USA). The
tube length obtained from miR-150 agomir-transfected
ECEFCs was set as 100.

In vivo Matrigel plug assay

Experiments were conducted in accordance with the in-
stitutional guidelines and approved by the Nanjing
Drum Tower Hospital Institutional Animal Care and
Use Committee. Specific pathogen-free 6-week-old nude
mice were injected subcutaneously on the abdominal
midline with 0.6 ml of Matrigel containing EPCs (5 x 10°
cells). After 1 week, the solid gel plug was removed and
fixed in methanol overnight (4°C) then embedded in
paraffin, and 5-pum-thick sections were cut and stained
with hematoxylin-eosin (HE). The vessels were counted
using the Image] software.

ELISA assay

Culture supernatant cytokines were quantified using the
Quantikine human VEGF and IL-8 ELISA kit (R&D,
MN, USA) according to the manufacturer’s instructions.
To assess the secretion of VEGF and IL-8 after culturing
EPCs, transfected EPCs and early or ECFCs were added
to the ELISA to maximize low signals. Optical densities
were measured at 450 nm, and 595 nm was used as the
reference wavelength.

Proliferation assay

Early EPCs, ECFCs, and transfected EPCs (1 x 10% cells)
were respectively seeded to each well of a 96-well plate
in a final volume of 200 ul/well EGM-2 medium for pro-
liferation assessment. After 48 h of incubation, cell pro-
liferation was evaluated using the Cell Counting Kit-8
(Dojindo, Kumamoto, Japan). All experiments were per-
formed in triplicate.

Luciferase assays

The pMIR-c-Myb-3'UTR plasmid containing the puta-
tive binding site of c-Myb 3'UTR downstream of the
firefly luciferase gene was generated by cloning and
inserting of a mutated sequence located at 3'UTR into
the Spel and HindIII sites of the pMIR-REPORT Lucif-
erase vector (Ambion, TX, USA). For the 3'UTR re-
porter assays, miRNA agomir and reporter plasmids
were co-transfected by using Lipofectamine 3000 reagent
(Invitrogen, CA, USA) into 293T cells and analyzed by
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the measurement of the ratio between firefly and Renilla
luciferase activities.

Western blot analysis

Total proteins were extracted from EPCs using RIPA
buffer and high-speed centrifugation (12,000 rpm, 15
min) and quantified by the bicinchoninic acid method.
Equal amounts of proteins were separated by SDS-PAGE
electrophoresis and transferred to the PVDF membranes,
which were blocked with 5% non-fat milk TBST and in-
cubated with antibodies for c-Myb, total Akt, p-Akt,
FOXO1, p-FOXO1 (Abcam, MA, USA), and p-actin
(Sigma, MO, USA). After reaction with appropriate
horseradish peroxidase-conjugated secondary antibodies,
the protein bands were examined using Super Signal
West Pico Chemiluminescent Substrate (Pierce, Rock-
ford, IL) on X-ray film (Kodak, Tokyo, Japan).

Vector construction, lentivirus production, and cells
transduction

The lentiviral expression vector pGLV3-H1-GFP-Puro-
hsa-miR-150 was constructed to stably express miR-150
in EPCs. 293T cells were co-transfected with pGLV3-
H1-GFP-Puro vector or pGLV3-H1-GFP-Purolet-hsa-
miR-150 plasmid using Lipofectamine 3000 (Invitrogen,
CA, USA). Cells positive for GFP expression were de-
tected via microscopy.

Rat model of venous thrombosis

All procedures were approved by the Institutional Ani-
mal Care and Use Committee of Nanjing Drum Tower
Hospital. Athymic nude rats (8—12 weeks; Charles River
Laboratories, Beijing, China) were anesthetized by intra-
peritoneal injection of 7% pentobarbital and underwent
midline laparotomy to dissect the inferior vena cava
(IVC) from the aorta. IVC occlusion was achieved with
7-0 Prolene suture just below the renal vein. For
complete blood flow obstruction, all side branches were
ligated. Neurosurgical vascular clips were attached to the
iliolumbar tributary veins for 15 min. The incision was
closed, and the rats were allowed to recover after sur-
gery. All rats were divided into five groups and received
vehicle or cell transplantation (n = 10/group): (A) blank
control group received 1ml cell culture medium, (B)
eEPC group (eEPC) received 1.0 x 10° eEPCs, (C) eEPC/
miR-150+ ECFCs group received 5.0 x 10° eEPCs trans-
fected with lentivirus particle of pGLV3-H1-GFP-Puro-
hsa-miR-150 and 5.0x10° ECFCs, (D) eEPC/NC+
ECECs group received the same amount of EPCs trans-
fected with lentivirus particle of pGLV3-H1-GFP-Puro
vector, and (E) ECECs group received 1.0 x 10° ECFCs.
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Tissue harvest and histology

Seven days post-EPC or control medium injection, ani-
mals were sacrificed and IVC segments with thrombus
were carefully harvested. Before weighing the thrombi,
excess blood on the thrombi was removed by a filter
paper. The thrombi were then treated with 4% parafor-
maldehyde overnight, and the samples were dehydrated
using a graded ethanol series, treated by dimethylben-
zene and paraffin-embedded. The 5-um sections at
200 um intervals were collected throughout the length of
the thrombus samples. The sections underwent HE
staining or immunohistochemistry.

Digital subtraction angiography

Venography was performed via digital subtraction angi-
ography (DSA) (GE Innova 3100; GE, MA, USA). Under
general anesthesia, the tail vein was injected with a con-
trast medium using a custom-built, power micro-
injector. A contrast medium was also injected into IVC
to evaluate the recanalization and resolution of
thrombus. DSA projections were acquired at 30 frames/s
using a detector (944 x 704 px), 80 kV tube voltage, and
75 pA current. DSA sequences were recorded digitally in
an Audio Video Interleave (AVI) movie file format, and
files were imported using Image] and decomposed to
single projections.

Statistical analysis

All values are expressed as mean + SD. Student’s ¢ test
was applied for two-group comparisons, while one-way
ANOVA was used for comparing more than two groups.
All statistical analyses were performed using SPSS ver-
sion 21 (IBM, IL, USA). A two-tailed value of P < 0.05
was considered a significant difference.

Results

miR-150 promoted EPC differentiation

miR-150 expression was first evaluated in eEPCs and
ECFCs by qRT-PCR. We observed increased expression
of miR-150 in ECFCs compared with eEPCs (Fig. 1A).
The initially seeded cells showed multiple types of
morphology (Fig. 1B (a)). During differentiation, PBMCs
formed a central cluster on day 5 (Fig. 1B (b)) and exhib-
ited a spindle-shape, endothelial cell-like morphology for
12 days (Fig. 1B (c)). After 14 days of culture, a cobble-
stone appearance similar to HUVEC was observed
(Fig. 1B (d)). Further, EPCs were characterized as adher-
ent cells positive for Dil-labeled acetylated low-density
lipoprotein (Di-ac-LDL) uptake and lectin binding
(Fig. 1C).

To define how miR-150 influences EPC differentiation,
we overexpressed or downregulated miR-150 using an
agomir or antagomir, respectively. Flow cytometry
showed that eEPCs expressed CD45, CD14, CD34,
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Fig. 1 Characterization of eEPCs and ECFCs. A Endogenous expression of miR-150 measured by real-time RT-PCR in eEPCs, ECFCs, and HUVECs. B
Morphological changes of EPCs. (a) Peripheral blood mononuclear cells showed multiple morphologies immediately after plating. (b) Five days
after seeding, PBMCs formed a central cluster. (c) On day 12, EPCs exhibited a spindle shape, endothelial cell-like morphology. (d) Two weeks
after plating, ECFCs grown to confluence exhibited a cobblestone appearance similar to HUVEC. C ECFCs were stained with Dil-ac-LDL (red) and
lectin (green) and the merged image showed double staining of Dil-ac-LDL and FITC-UEA-1 (yellow)

CD31, and CD133 but weakly expressed VEGFR2 and
vWE. ECFCs, however, showed increased expression of
all endothelial markers such as VEGFR2, VE-Cad, vWF,
and CD31, whose expression is shared by monocytes.
Interestingly, miR-150 upregulation in eEPCs promoted
strong expression of VEGFR2, VE-Cad, and vWF,
whereas the expression of pan-leukocyte marker CD45
and monocytes/macrophages marker CD14 decreased.
Meanwhile, the downregulation of miR-150 in eEPCs
did not change the expression level in most surface
markers. Furthermore, transient inhibition of miR-150
with an antagomir induced decreased ECFC expression
of CD34, CD31, and VE-Cad compared with that of
non-transfected ECFCs, while increased miR-150 expres-
sion maintained the high expression of endothelial
markers such as VEGFR2, CD31, and vWF (Fig. 2).

miR-150 regulated early and ECFC function
As miR-150 levels were significantly different between
eEPCs and ECFCs, we hypothesized that differences in gene

expression may lead to the functional differences between
the two cell types. Overexpression of miR-150 in eEPCs in-
creased EPC formation of tube-like structures compared to
eEPCs (Fig. 3a). This phenomenon was consistent with ob-
servations from an in vivo Matrigel plug assay (Fig. 3b, c).
Furthermore, miR-150 agomir increased the eEPC prolifer-
ation compared to control (Fig. 3d). In addition, miR-150
downregulation in ECFCs reduced angiogenesis, and upreg-
ulation of miR-150 further promoted angiogenesis and pro-
liferation in ECFCs (Fig. 3a, d). Following an ELISA to test
VEGF and IL-8 secretion by EPCs, results showed miR-150
downregulation reduced VEGF and IL-8 production in
eEPCs (Fig. 3e, f). Meanwhile, both inhibition and promo-
tion of miR-150 in ECFCs did not influence supernatant
VEGF and IL-8 concentrations (Fig. 3e, f).

miR-150 regulated the function of early EPCs and ECFCs
via the Akt/FOXO1 pathway

Previous studies have reported that the Akt pathway is
important in EPC differentiation [26—28]. We therefore
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analyzed the effect of miR-150 treatment on Akt signal-
ing. Additional evidence demonstrated that Forkhead
box-containing protein (FOXO) was downregulated
through phosphorylation during EPC differentiation
[28]. As a downstream target of Akt activity, we explored
FOXO1 expression and phosphorylation (p-FOX015%°),
Western blot analysis showed Akt protein expression in-
creased during differentiation, and miR-150 upregulation
in eEPCs increased Akt phosphorylation at Ser473. Con-
sistent with these observations, phosphorylation of
FOXOL1 at Ser256 also increased in eEPCs transfected
with miR-150 (Fig. 4a). To confirm the role of Akt sig-
naling in miR-150-dependent endothelial differentiation,
we incubated miR-150 transfected eEPCs in the presence
of PI3K inhibitor wortmannin. As shown in Fig. 4a, Akt
pathway inhibition by wortmannin reduced Akt and
FOXO1 phosphorylation. Consistently, FACS analysis
revealed that wortmannin effectively reduced endothelial
markers compared with miR-150 agomir (Fig. 4b). Sur-
face antigens expressed are listed in Table 1. Further-
more, wortmannin reduced eEPCs’ ability to form tube-

like structures when transfected with miR-150 agomir
compared to control (Fig. 4c). Proliferation assay and
ELISA also indicated that wortmannin reverted the ef-
fect of miR-150 in eEPCs (Fig. 4d, e). Taken together,
these results demonstrated that miR-150 expression and
the Akt/FOXO1 pathway are involved in the regulation
of function in eEPCs and ECFCs.

Effect of miR-150 during EPC differentiation was

mediated by targeting c-Myb

c-Myb plays an essential role in regulating hematopoietic
cell differentiation and may be directly regulated by
miR-150, as forced miR-150 expression decreased c-Myb
in rat EPCs [24, 29]. Therefore, we hypothesized that c-
Myb contributes to the endothelial differentiation of
EPCs. Western blot results showed diminished expres-
sion of c-Myb in ECFCs compared to eEPCs (Fig. 5a).
Results from our luciferase report assay showed de-
creased luciferase activity in a luciferase report vector
within a 340-bp region of 3'UTR c-Myb (Fig. 5b). In
addition, we transfected miR-150 agomir into eEPCs and
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pathway, determined by Western blot 72 h after transfection. A representative blot was shown. b Cell surface markers (CD34, VEGFR2, VE-cadherin,
CD133, CD31, CD45, CD14, and VWF) were measured in eEPCs with treated miR-150 agomir and wortmannin via flow cytometry. ¢ Tube
formation assay showed the change of angiogenetic capacity in the presence of wortmannin. Representative images (upper) and statistical
analysis of three independent experiments (lower) are shown. d, e Proliferation capacity and cytokine concentration were tested among different
groups (eEPCs, eEPCs+miR-150 agomir, eEPCs+NC agomir, ECFCs and eEPCs+miR-150 agomir+Wortm). (*P < 0.05 vs. eEPCs; **P < 0.01 vs. eEPCs)

found that miR-150 upregulation significantly decreased
c-Myb expression at both mRNA and protein levels

(Fig. 5¢).

To further explore the role of c-Myb in miR-150-
dependent endothelial differentiation, we evaluated Akt/

FOXOL1 signaling in eEPCs transfected with miR-150
plasmid, vector control, or c-Myb siRNA. We found that

c-Myb blocked miR-150 effects on Akt/FOXO1 signal-

ing, while c-Myb downregulation activated this pathway
(Fig. 5d). Therefore, our data indicate that miR-150
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Table 1 Cell surface antigen expression
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Antigen eEPCs (%) eEPCs+agomir150 (%) eEPCs+NC agomir (%) ECFCs (%) eEPCs+agomir150+wortm (%)
CD34 9.22 12.60 853 19.60 11.10

VEGFR2 19.10 83.20 17.20 99.30 3530

VE-Cad 8.84 52.10 10.80 95 31.80

CD133 7.85 279 6.74 147 435

CD31 36.10 92.60 4235 97.30 2640

CD45 9220 5940 93.70 1.90 92

CD14 9340 48 90.80 0.26 9230

VWF 167 61.80 235 99.10 237

modified c-Myb expression, subsequently regulating Akt/
FOXOL1 signaling and stimulating EPC differentiation.

Coinjection of ECFCs and miR-150-transfected eEPCs
promoted thrombus recanalization and resolution

EPCs are increasingly recognized as a promising thera-
peutic for DVT-related thrombus resolution due to their
capacity for differentiating into mature endothelial cells
and secretion of angiogenic growth factors and cyto-
kines. miR-150 has been shown to promote EPC recruit-
ment to ischemic tissue and contribute to thrombus
resolution and neovascularization. Meanwhile, mixed
transplantation of eEPCs and ECFCs resulted in syner-
gistic neovascularization through cytokines and MMPs.
As such, we hypothesized that coinjection of eEPCs and
ECFCs could promote thrombus resolution. Further-
more, miR-150 may participate in this process via regu-
lating eEPC differentiation.

HE staining showed that endothelial cells, monocytes,
and neotrophil granulocytes stained with hyperchro-
matic nuclei entered the thrombus in our DVT model.
More channel structures were present in both the
eEPCs/miR-150 plus ECFCs and eEPCs/NC plus ECFCs
groups than the control group at day 7. However, larger
channels were found in the EPCs/miR-150 plus ECFCs
group compared with the eEPCs/NC plus ECFCs group
(Fig. 6a). Furthermore, thrombus weight was reduced by
eEPCs/miR-150 plus ECFCs compared to other groups
(Fig. 6b). Harvested thrombi were stained for CD34,
showing more endothelial-specific marker expression in
the EPCs/miR-150 plus ECFCs group (Fig. 6¢).

We then evaluated thrombus recanalization and reso-
lution in vivo by using DSA. DSA is useful in diagnosing
and treating venous and arterial occlusion. Results showed
that rats transplanted with eEPCs/miR-150 plus ECFCs
showed significantly increased thrombus recanalization
and resolution compared to other groups (Fig. 6d, e).

Discussion
Stem cells and progenitor cells have become hotspot in
various research fields with their characteristics of self-

renewal and capacity to differentiate into specialized cell
types, which are believed to be the novel therapy for
various diseases [30, 31]. EPCs can exhibit different
morphology, proliferation rate, vasculogenic potential,
and survival features. In addition, early EPCs differ from
ECFCs in gene expression profiles. Gulati et al. [32] re-
ported eEPCs expressed endothelial antigens CD31,
KDR, and Tie-2, but not VE-cadherin, while the endo-
thelial surface antigen profile of ECFCs was more dis-
tinct. Another research found that ECFCs exhibited
strong expression of all endothelial genes including VE-
cadherin, Flt-1, KDR, e-NOS, and vWF at the same level
as HUVEC:s [7]. In our study, we established that eEPCs
expressed surface antigens including CD45, CD14,
CD34, CD31, and CD133 and weak expression of endo-
thelial markers VEGFR2 and vWF. However, ECFCs
showed increased expression of all endothelial genes in-
cluding VEGFR2, VE-Cad, and vWF. Additionally, CD31
levels were also elevated. Furthermore, it was reported
that eEPCs exhibit a short lifespan of 3—4 weeks com-
pared to the longer lifespan and enhanced proliferative
ability of ECFCs [7]. We confirmed this difference be-
tween the two EPCs via proliferation assay. Currently,
there are strong opinions concerning therapeutic angio-
genesis with endothelial progenitor cells (EPCs). It is be-
lieved that ECFC angiogenic capacity is stronger than
eEPCs, which was supported by our findings. The two
types of EPCs also showed different I1-8 and VEGF se-
cretion levels. IL-8 and VEGF were highly expressed by
eEPCs in vitro. The effects of eEPCs on increased migra-
tion and tube formation of ECFCs may be explained by
these results.

miR-150 is enriched in monocytes and is critical for
cell proliferation, differentiation, and embryonic devel-
opment [24, 33], and miR-150 promotes EPC motility
in vitro [24]. We found that miR-150 was expressed dif-
ferentially in eEPCs and ECFCs, suggesting an important
role for miR-150 during EPC differentiation. Forced ex-
pression of miR-150 upregulated endothelial marker ex-
pression and increased tube formation capacity, as well
as reduced proliferation and secretion effects. c-Myb is
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Fig. 5 Effect of miR-150 during EPC differentiation is mediated by targeting c-Myb. a c-Myb protein level in eEPCs and ECFCs, measured by
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J

important for cell proliferation, differentiation, and sur-
vival [34], and secreted miR-150 involvement in migra-
tion and angiogenic regulation HMEC-1 cells via
targeting c-Myb has been demonstrated [35]. miR-150/
c-Myb interaction has a potentially important role in B
cell differentiation [13]. In line with previous studies,
bioinformatics and luciferase reporter assay analyses in
our study revealed that miR-150 directly regulated c-
Myb expression. Furthermore, we observed that miR-

150 is involved in EPC differentiation via targeting c-
Myb by genetically manipulating its expression in gain-
and loss-of-function experiments. These results led to a
miR-150-dependent downregulation of c-Myb levels,
thus promoting EPC differentiation.

Although several classic signaling pathways were
shown to participate in regulating stem cell function [36,
37], Akt signaling has also been shown to be important
in EPC differentiation [26, 27]. Marchetti et al. [38]
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Fig. 6 Therapeutic role of miR-150 in deep venous thrombosis. a HE staining showed that coinjection of eEPCs transfected with miR-150 and
ECFCs promoted thrombus recanalization and resolution (x 400). b Weight of thrombus was tested at 7 days after transplantation. c
Immunohistochemistry revealed more endothelial-specific marker CD34 expression in the EPCs/miR-150 plus ECFCs group as compared to other
groups (x 400). d DSA images showed thrombus resolution in the inferior vena cava (IVQ) in different groups (blank control, eEPCs, eEPCs
transfected with miR-150 agomir plus ECFCs, and eEPCs transfected with NC agomir plus ECFCs). Black area in IVC indicated thrombus resolution.
e The recanalization of thrombus was quantified with ImageJ software by the area ratio of contrast agent in vascular with thrombosis. (*P < 0.05
vs. blank control; **P < 0.01 vs. blank control)

found that hyperglycemia impaired EPC differentiation,
and this process could be restored by benfotiamine ad-
ministration via modulation of Akt/FOXOL1 activity. Evi-
dence suggests Akt/FOXO3a signaling contributes to
EPC differentiation [28]. In our system, enhanced miR-
150 expression on eEPCs increased Akt phosphorylation
at Ser473 and phosphorylation of FOXO1 at Ser256, sig-
nifying a potential contribution of Akt/FOXO1 signaling
to EPC functional differentiation. To further verify this
association, wortmannin treatment reverted miR-150 ef-
fects in eEPCs. We also established that the application

of wortmannin blunted Akt and FOXO1 phosphoryl-
ation. Moreover, c-Myb inhibition activated Akt/FOXO1
activity while c-Myb upregulation blocked miR-150 ef-
fects on this pathway. Taken together, our results shed
new light on the role of miR-150 on EPC differentiation
and function via regulating both c-Myb expression and
Akt/FOXOL1 signaling.

Venous thrombi are characterized by a laminar struc-
ture with two components including aggregated platelets
and red blood cells that form a plug and a mesh of
cross-linked fibrin protein [39]. Thrombus resolution is
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complex and requires the orchestration of endothelial
cells, inflammatory cells, and fibroblasts [40]. However,
natural thrombus resolution is slow, giving rise to
chronic debilitating clinical complications. Standard
DVT anticoagulation therapy prevents venous propaga-
tion but has limited efficacy in removing the existing
thrombus. Besides, the process of thrombus resolution
resembles wound healing and other previous study dem-
onstrated stem cells and microRNA were involved in
this process [41]. Emerging evidence suggests that stem
and progenitor cells contribute to tissue vascularization,
and EPCs are a type of progenitor cell with potential
clinical value for facilitating venous thrombus resolution.
Several studies have reported that circulating EPCs could
promote thrombus recanalization by restoring impaired
endothelium and accelerating neovascularization [40,
42]. Yoon et al. confirmed that transplanting mixed
EPCs results in synergistic augmentation of angiogenesis
in athymic nude mice with hind limb ischemia [10].
Considering the differing function and roles of these cell
types in neovascularization, it is useful to identify factors
that promote differentiation of the progenitor cells. In
our present study, we verified that miR-150 played an
important role in regulating EPC differentiation. More
importantly, the aberrant overexpression of miR-150 in
eEPCs enhances thrombus recanalization and resolution.
This result can be explained by different functions ex-
hibited by these two cell types. The upregulation of
miR-150 promoted eEPC differentiation and increased
angiogenic potential. Additionally, eEPCs contributed to
neovascularization via growth factor and cytokine secre-
tion, such as IL-8 and VEGF.

Conclusions

In conclusion, we established that miR-150 influenced
EPC differentiation by inhibition of c-Myb and activa-
tion of Akt/FOXOL1 signaling and therefore modulated
the function of eEPCs and ECFCs ex vivo. Moreover, the
coinjection of miR-150-transfected eEPCs with ECFCs
promoted thrombus recanalization and resolution
in vivo. These data suggest that miR-150 might be a
valuable therapeutic target in the clinical treatment of
thrombus.

Abbreviations

CD: Cluster of differentiation; Di-ac-LDL: Dil-labeled acetylated low-density
lipoprotein; DSA: Digital subtraction angiography; DVT: Deep venous
thrombosis; eEPCs: Early endothelial progenitor cells; EPCs: Endothelial
progenitor cells; FACS: Fluorescence-activated cell sorter; FOXO1: Forkhead
box protein O1; GFP: Green fluorescent protein; HE: Hematoxylin-eosin;
IVC: Inferior vena cava; KDR: Kinase insert domain receptor; IEPCs: Late
endothelial progenitor cells; ECFCs: Endothelial colony-forming cells;

miR: MicroRNA; PBMCs: Peripheral blood mononuclear cells; PTS: Post-
thrombotic syndrome; UTRs: Untranslated regions; VEGF: Vascular endothelial
growth factor

Page 12 of 13

Authors’ contributions

X.D. and H.Y. performed the experiments, analyzed the data, and participated
in the writing of the manuscript. N.H conducted the experiments and
collected the data. L.H produced the eEPCS and ECFCs. M.Z, HD,, and F.R.
oversaw the patient sample collection and selection for the study. X.L. and
CL. designed the experiments and revised the manuscript. The authors read
and approved the final manuscript.

Authors’ information
Xiaolong Du, Nan Hu, and Huiying Yu contributed equally to this work.

Funding

This work was supported by grants from the National Natural Science
Foundation of China (No. 81770483), the 14th "Six Talents Peaks” Foundation
of Jiangsu Province (WSW-054), Young Medical Talents Supported by Jiangsu
Provincial Improving Medical and Health Care by Science and Education
Program (QNRC2016861), and the Fifth Gusu Health Talents Program of
Suzhou City (GSWS2019038).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Ethics approval and consent to participate

Written informed consent was obtained from healthy volunteers. The
experiments were approved by the Nanjing Drum Tower Hospital
Institutional Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Vascular Surgery, Nanjing Drum Tower Hospital, The
Affiliated Hospital of Nanjing University Medical School, Nanjing 210008,
China. “Department of Vascular Surgery, The Second Affiliated Hospital to
Soochow University, Soochow University, Suzhou 215000, China.
*Department of Vascular Surgery, Jining No. 1 People’s Hospital, Jining
Medical College, Jining 272000, China.

Received: 15 February 2020 Revised: 24 June 2020
Accepted: 3 August 2020 Published online: 12 August 2020

References

1. Raskob GE, Angchaisuksiri P, Blanco AN, Buller HR, Gallus AS, Hunt BJ, et al.
Thrombosis a major contributor to global disease burden. Arterioscler
Thromb Vasc Biol. 2014;34:2363-71.

2. Wilbur J, Shian B. Diagnosis of deep venous thrombosis and pulmonary
embolism. Am Fam Physician. 2012,86:913-9.

3. Stain M, Schonauer V, Minar E, Bialonczyk C, Hirschl M, Weltermann A, et al.
The post-thrombotic syndrome: risk factors and impact on the course of
thrombotic disease. J Thromb Haemost. 2005;3:2671-6.

4. Baldwin MJ, Moore HM, Rudarakanchana N, Gohel M, Davies AH. Post-
thrombotic syndrome: a clinical review. J Thromb Haemost. 2013;11:795-
805.

5. Zampetaki A, Kirton JP, Xu Q. Vascular repair by endothelial progenitor cells.
Cardiovasc Res. 2008;78:413-21.

6. Kong L, Hu N, Du X, Wang W, Chen H, Li W, et al. Upregulation of miR-483-
3p contributes to endothelial progenitor cells dysfunction in deep vein
thrombosis patients via SRF. J Transl Med. 2016;14:23.

7. HurJ, Yoon C-H, Kim H-S, Choi J-H, Kang H-J, Hwang K-K; et al.
Characterization of two types of endothelial progenitor cells and their
different contributions to neovasculogenesis. Arterioscler Thromb Vasc Biol.
2004;24:288-93.

8. Cheng C, Chang S, Chueh Y, Huang T, Huang P, Cheng S, et al. Distinct
angiogenesis roles and surface markers of early and late endothelial
progenitor cells revealed by functional group analyses. BMC Genomics.
2013;14:182.



Du et al. Stem Cell Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

32.

33.

34.

(2020) 11:354

Sieveking DP, Buckle A, Celermajer DS, Ng MKC. Strikingly different
angiogenic properties of endothelial progenitor cell subpopulations:

insights from a novel human angiogenesis assay. J Am Coll Cardiol. 2008,51:

660-8.

Yoon C, Hur J, Park K, Kim J, Lee C, Oh |, et al. Synergistic neovascularization
by mixed transplantation of early endothelial progenitor cells and late
outgrowth endothelial cells the role of angiogenic cytokines and matrix
metalloproteinases. Circulation. 2005;112:1618-27.

Mukai N, Akahori T, Komaki M, Li Q, Kanayasutoyoda T, Ishiiwatabe A, et al.
A comparison of the tube forming potentials of early and late endothelial
progenitor cells. Exp Cell Res. 2008;314:430-40.

Li C, Nie H, Wang M, Su L, Li J, Yu B, et al. MicroRNA-409-3p regulates cell
proliferation and apoptosis by targeting PHF10 in gastric cancer. Cancer
Lett. 2012;320:189-97.

Xiao C, Calado DP, Galler GR, Thai T, Patterson HC, Wang J, et al. MiR-150
controls B cell differentiation by targeting the transcription factor c-Myb.
Cell. 2007;131:146-59.

Wu K, Yang Y, Zhao J, Zhao S. BAG3-mediated miRNA let-7g and let-7i
inhibit proliferation and enhance apoptosis of human esophageal
carcinoma cells by targeting the drug transporter ABCC10. Cancer Lett.
2016;371:125-33.

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell.
2009;136:215-33.

Kim VN, Nam J. Genomics of microRNA. Trends Genet. 2006;22:165-73.

Qu K, Wang Z, Lin X, Zhang K, He X, Zhang H. MicroRNAs: key regulators of
endothelial progenitor cell functions. Clin Chim Acta. 2015;448:65-73.

Xu Q, Meng S, Liu B, Li M, Li Y, Fang L, et al. MicroRNA-130a regulates
autophagy of endothelial progenitor cells through Runx3. Clin Exp
Pharmacol Physiol. 2014;41:351-7.

Cheng B, Qu M, Wu L, Shen Y, Yan Z, Zhang P, et al. MicroRNA-34a targets
Forkhead box j2 to modulate differentiation of endothelial progenitor cells
in response to shear stress. J Mol Cell Cardiol. 2014;74:4-12.

Kong L, Du X, Hu N, Li W, Wang W, Wei S, et al. Downregulation of let-7e-
5p contributes to endothelial progenitor cell dysfunction in deep vein
thrombosis via targeting FASLG. Thromb Res. 2016;138:30-6.

Tsitsiou E, Lindsay MA. microRNAs and the immune response. Curr Opin
Pharmacol. 2009;9:514-20.

Warth SC, Hoefig KP, Hiekel A, Schallenberg S, Jovanovic K, Klein L, et al.
Induced miR-99a expression represses Mtor cooperatively with miR-150 to
promote regulatory T-cell differentiation. EMBO J. 2015;34:1195-213.

Sun Z, Wang Y, Han X, Zhao X, Peng Y, Li Y, et al. miR-150 inhibits terminal
erythroid proliferation and differentiation. Oncotarget. 2015,6:43033-47.
Wang W, Li C, Li W, Kong L, Qian A, Hu N, et al. MiR-150 enhances the
motility of EPCs in vitro and promotes EPCs homing and thrombus
resolving in vivo. Thromb Res. 2014;133:590-8.

Hill JM, Zalos G, Halcox JPJ, Schenke WH, Waclawiw MA, Quyyumi AA, et al.
Circulating endothelial progenitor cells, vascular function, and
cardiovascular risk. N Engl J Med. 2003;348:593-600.

Llevadot J, Murasawa S, Kureishi Y, Uchida S, Masuda H, Kawamoto A, et al.
HMG-CoA reductase inhibitor mobilizes bone marrow-derived endothelial
progenitor cells. J Clin Invest. 2001;108:399-405.

Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K, Tiemann M, et al.
HMG-CoA reductase inhibitors (statins) increase endothelial progenitor cells
via the Pl 3-kinase/Akt pathway. J Clin Invest. 2001;108:391.

Mogi M, Walsh K; Iwai M, Horiuchi M. Akt-FOXO3a signaling affects human
endothelial progenitor cell differentiation. Hypertens Res. 2008;31:153-9.
Oh |, Reddy EP. The myb gene family in cell growth, differentiation and
apoptosis. Oncogene. 1999;18(19):3017-33.

Gentile P. Autologous cellular method using micrografts of human adipose
tissue derived follicle stem cells in androgenic alopecia. Int J Mol Sci. 2019;
20:3446.

Faiella W, Atoui R. Therapeutic use of stem cells for cardiovascular disease.
Clin Transl Med. 2016;5:34.

Gulati R, Jevremovic D, Peterson TE, Chatterjee S, Shah VH, Vile RG, et al.
Diverse origin and function of cells with endothelial phenotype obtained
from adult human blood. Circ Res. 2003;93:1023-5.

Lin Y-C, Kuo M-W, Yu J, Kuo H-H, Lin R-J, Lo W-L, et al. -Myb is an
evolutionary conserved miR-150 target and miR-150/c-Myb interaction is
important for embryonic development. Mol Biol Evol. 2008;25:2189-98.
Prouse MB, Campbell MM. The interaction between MYB proteins and their
target DNA binding sites. Biochim Biophys Acta. 1819,2012:67-77.

35.

36.

37.

38.

39.

40.

41.

42.

Page 13 of 13

Zhang Y, Liu D, Chen X, Li J, Li L, Bian Z, et al. Secreted monocytic miR-150
enhances targeted endothelial cell migration. Mol Cell. 2010;39:133-44.
Gentile P, Garcovich S. Advances in regenerative stem cell therapy in
androgenic alopecia and hair loss: Wnt pathway, growth-factor, and
mesenchymal stem cell signaling impact analysis on cell growth and hair
follicle development. Cells. 2019;8:466.

Herrera SC, Bach EA. JAK/STAT signaling in stem cells and regeneration:
from Drosophila to vertebrates. Development. 2019;146(2).

Marchetti V, Menghini R, Rizza S, Vivanti A, Feccia T, Lauro D, et al.
Benfotiamine counteracts glucose toxicity effects on endothelial progenitor
cell differentiation via Akt/FoxO signaling. Diabetes. 2006;55:2231-7.
Wakefield TW, Strieter RM, Wilke CA, Kadell AM, Wrobleski SK, Burdick MD,
et al. Venous thrombosis-associated inflammation and attenuation with
neutralizing antibodies to cytokines and adhesion molecules. Arterioscler
Thromb Vasc Biol. 1995;15:258-68.

Modarai B, Burnand KG, Humphries J, Smith A. The role of
neovascularisation in the resolution of venous thrombus. Thromb Haemost.
2005;93:801-9.

Gentile P, Garcovich S. Concise review: adipose-derived stem cells (ASCs)
and adipocyte-secreted exosomal microRNA (A-SE-miR) modulate cancer
growth and promote wound repair. J Clin Med. 2019,8:855.

Urbich C, Dimmeler S. Endothelial progenitor cells characterization and role
in vascular biology. Circ Res. 2004,95:343-53.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Isolation and culture of EPCs
	Characterization of early EPCs and ECFCs
	miRNA quantitative real-time RT-PCR analysis
	Agomir and antagomir transfection
	Fluorescence-activated cell sorter analysis
	Tube formation assay
	In vivo Matrigel plug assay
	ELISA assay
	Proliferation assay
	Luciferase assays
	Western blot analysis
	Vector construction, lentivirus production, and cells transduction
	Rat model of venous thrombosis
	Tissue harvest and histology
	Digital subtraction angiography
	Statistical analysis

	Results
	miR-150 promoted EPC differentiation
	miR-150 regulated early and ECFC function
	miR-150 regulated the function of early EPCs and ECFCs via the Akt/FOXO1 pathway
	Effect of miR-150 during EPC differentiation was mediated by targeting c-Myb
	Coinjection of ECFCs and miR-150-transfected eEPCs promoted thrombus recanalization and resolution

	Discussion
	Conclusions
	Abbreviations
	Authors’ contributions
	Authors’ information
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

