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Abstract
Objectives: Endothelial progenitor cells (EPCs) play an important role in postnatal 
neovascularization. The number and function of EPCs declines as part of aging-associated 
senescence, thereby potentially contributing to vascular pathologies. Here, we investigated the 
significance and molecular mechanisms of microRNA-22 (miR-22) governing EPC senescence. 
Methods: EPCs were isolated from human circulating mononuclear cells from healthy young 
and aged volunteers.  Cell senescence, proliferation, migration and tube formation ability 
were detected by SA-β-gal staining assay, MTT assay, transwell assay and Matrigel-based 
angiogenesis assay. Gene and protein expression were analyzed by qRT-PCR and Western blot 
respectively. Results: We found that miR-22 was upregulated in aged EPCs. Overexpression 
of miR-22 in young EPCs induced cell senescence, decreased proliferation and migration, and 
impaired angiogenesis in vitro. Conversely, silencing of endogenous miR-22 led to decreased 
cell senescence, increased proliferation and migration, and improved angiogenesis. AKT3 was 
identified as a direct target of miR-22, and restoration of AKT3 expression attenuated the 
effects of miR-22 in young EPCs. Conclusion: Our results indicate that miR-22 induces EPC 
senescence by downregulating AKT3 expression, providing a potential novel target for the 
reversal of EPC dysfunction in angiogenesis.

Introduction

An imbalance of angiogenesis contributes to numerous disorders such as ischemia 
and inflammation [1]. Endothelial progenitor cells (EPCs) play a prominent role in vascular 
morphogenesis, both during embryonic development and in postnatal neovascularization, 
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where they contribute to tissue maintenance and repair in various pathological conditions 
[2, 3]. In the adult, EPCs are mobilized from the bone marrow (BM) and peripheral blood (PB) 
into the circulation in response to growth factors and cytokines released following stimuli 
such as vascular trauma [4], ischemia [5], and wounding [6]. However, aged EPCs are less able 
to contribute to vascular repair and regeneration and thereby contribute to the increased 
propensity toward vascular pathology in normal human aging [7]. Reduced EPC number and 
deregulated EPC function are observed in pathological conditions, including atherosclerosis 
[3], vascular intima hyperplasia [8], ischemic heart disease [9], and graft vasculopathy [10]. 
Understanding EPC biology is therefore essential for developing therapeutic applications to 
improve neovascularization in non-neoplastic disease. 

Cellular aging or senescence is characterized by cell cycle arrest and an accumulation 
of CDK inhibitors such as p16INK4a [11]. Various signaling pathways trigger senescence in 
response to oxidative stress, telomere erosion, replicative stress or genotoxic stress [11, 
12]. The molecular mechanisms underlying the heterogeneous triggers and phenotypes of 
senescence are complex and the recent identification of senescence associated microRNAs 
(miRNAs) has added another facet to the control of senescence. 

miRNAs are a class of naturally occurring small non coding RNAs that negatively 
regulate the stability and translation of target protein-coding mRNAs at the 3′ untranslated 
region (UTR). miRNAs often target a cluster of genes, allowing them to regulate a variety 
of biological processes including cell proliferation, differentiation and apoptosis [13, 14]. A 
number of miRNAs have been identified as regulators of new vessel formation by endothelial 
cells during angiogenesis [15, 16], including the proangiogenic miRNAs let-7f, miR-27b, the 
miR-17-92 cluster and miR-126, and the antiangiogenic miRNAs miR-221/miR-222, miR-34 
and miR-217 [17, 18]. However, the role of miRNAs in EPC function has not been extensively 
explored. A recent miRNA profiling and microanalysis identified miR-10A* and miR-21 
as modulators of EPC senescence in mice [19]. The same study reported an upregulation 
of miR-22 in aged EPCs [19]. In the present study, we show that miR-22 is upregulated in 
aged human EPCs and investigate the possible role of miR-22 in EPC function in vitro. We 
identified the signaling molecule AKT3 as a direct and functional target of miR-22 mediating 
its role in EPC angiogenic function, providing a potential therapeutic target for the reversal 
of EPC dysfunction in vascular pathologies.

Materials and Methods

Isolation and culture of EPCs
Human EPCs were isolated from peripheral blood obtained from six healthy donors. The procedure 

was approved by the Clinical Research Ethics Committee of Shanghai Jiaotong University, and informed 
consent was obtained from all donors. The blood samples were separated into two groups (n=3): a young 
group with an average age of 21±6 years and an aged group with an average age of 66±7 years. EPCs were 
isolated and cultured as previously described [20]. In brief, total mononuclear cells (MNCs) from 40 ml of 
peripheral blood were isolated using Ficoll density-gradient centrifugation, plated on fibronectin-coated 
six-well plates and cultured in endothelial basal medium (EBM, Cambrex, Charles, IA) supplemented with 
human vascular endothelial growth factor (VEGF), R3-insulin-like growth factor 1, ascorbic acid, cortisol, 
human fibroblast growth factor, gentamicin, amphotericin and 20% fetal bovine serum at 37ºC in a 5% CO2 
incubator. After 7 days of culture, attached early EPCs developed a spindle-shaped appearance. These cells 
can grow into colonies after 2–4 weeks, and exhibit a “cobblestone” morphology and monolayer growth 
pattern typical of mature endothelial cells at confluence. EPCs at early passages (passage 2 to 3) were used 
for the phenotypic and functional analyses.

Lentivirus production and transduction
The lentivectors encoding miR-22, anti-miR-22 and their respective controls, and AKT3 open reading 

frame (ORF) with or without 3′-UTR were purchased from Hanbio (Shanghai, China). Lentivirus was 
produced by co-transfecting these lentivectors individually with the packaging plasmids into 293T cells 
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using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). EPCs were seeded into six-well dishes (5 × 105 per 
well), and infected with the recombinant lentivirus-transducing units. After 48 h, cells were selected by 
culture in the presence of puromycin for one week.

RNA isolation and quantitative real time polymerase chain reaction (qRT-PCR)
Total RNA was extracted with the TRIzol reagent (Invitrogen) and treated with DNase I (Fermentas, 

Ottawa, Canada) to remove any contaminating genomic DNA. The concentration and quality of RNA 
were evaluated using spectrophotometry and denaturing gel electrophoresis. Complementary DNA was 
synthesized using a PrimeScript RT reagent kit (Bio-Rad Laboratories, Hercules, CA) according to the 
manufacturer’s instructions. Mature miR-22 expression was measured and quantified using the miRNA-
specific TaqMan miRNA assay kit (Applied Biosystems, Foster City, CA). For mRNA, qRT-PCR was performed 
using a Fast Start Master SYBR Green Kit (Roche, Basel, Switzerland). The analyses were carried out on the 
ABI 7900HT Sequence Detection System (Applied Biosystems). Expression levels of miRNA and mRNA were 
calculated using the 2-ΔΔCT method, with U6 and β-actin as endogenous controls. All reactions were run in 
triplicate.

Senescence-associated beta-galactosidase (SA-β-gal) staining
EPC senescence was determined using a SA-β-gal staining kit (Beyotime, China). Cells were fixed for 15 

min at room temperature in fixation buffer, washed with PBS and incubated with the working solution for 
12 h at 37ºC without CO2. PBS was added to stop the reaction. The ration of β-gal-positive cells to the total 
number of cells was determined.

Cell proliferation and cell cycle analyses
EPC viability was determined using the MTT assay. Lentiviral infected cells were seeded in 96-well 

plates for 96 h. Cells were stained with 100 µl of MTT stock solution (0.5 mg/ml) for 4 h at 37°C, followed 
by removal of the culture medium and addition of 150 μl dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO). 
The absorbance at a wavelength of 540 nm was measured to calculate the number of viable cells. For cell 
cycle analysis, cells were fixed in 70% ethanol at 4°C for 24 h, stained with 50 µg/ml propidium iodide 
solution, and analyzed using a FACSCalibur flow cytometer (BD Bioscience, Bedford, MD). The experiment 
was repeated at least three times.

Migration assay
EPC migration was evaluated using a modified Boyden chamber assay. Cells (4 × 104) were suspended 

in EBM and loaded into the upper chamber of the insert (8 µm pore size, BD Biosciences). The lower chamber 
was filled with EBM supplemented with VEGF (50 ng/ml). After 24 h of incubation, the cells migrated 
through the pores were fixed, stained with crystal violet, and counted with an IX71 inverted microscope 
(Olympus, Tokyo, Japan). Analyses were performed in triplicate.

Tube formation assay 
An in vitro tube formation assay was performed to assess the angiogenic capacity of EPCs [20]. In 

brief, Matrigel (BD Biosciences) was thawed at 4°C overnight, aliquoted into a pre-cooled 96-well plate and 
incubated at 37°C for 45 min. EPCs (1 × 104) were plated onto the preincubated Matrigel and incubated at 
37°C for 12–15 h. Images of tube morphology were recorded in 10 random microscopic fields per sample. 
Tube formation was defined as a tube-like structure exhibiting a length four times its width. The cumulative 
tube lengths were examined by Image-Pro Plus software (Media Cybernetics, Silver Spring, MA).

Luciferase assays
An AKT3 3′-UTR fragment containing potential miR-22 binding site was cloned into the pGL3-basic 

vector (Promega, Madison, WI). The corresponding mutant construct, pGL3-AKT-mut, was created by 
mutating the miR-22 binding site using a QuickChange Site-Directed Mutagenesis Kit (Agilent Technologies, 
Palo Alto, CA). 293T cells infected with miR-22 lentivirus or anti-miR-22 lentivirus were seeded into 96-well 
plates. An aliquot containing 100 ng pGL3-AKT-wt or pGL3-AKT-mut was cotransfected with 20 ng pRL-
TK vector into these cells by Lipofectamine 2000. After transfection for 48 h, Firefly luciferase and Renilla 
luciferase luminescence was measured using the Dual-Glo luciferase kit (Promega).
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Western blot analysis
Total proteins were extracted using RIPA buffer and protein concentrations were analyzed using 

the BCA protein assay kit (Beyotime). Protein lysates were resolved by SDS-PAGE and transferred to 
polyvinylidene difluoride (PVDF) membranes. The membranes were probed with specific antibodies 
against p16, AKT3 and β-actin (Cell Signaling Technology, Inc., MA), followed by the appropriate peroxidase-
conjugated secondary antibody. Signals were detected using the enhanced chemiluminescence reagents 
(Pierce Biotechnology, Rockford, IL). 

Statistical analysis
Data were expressed as the mean ± SD from at least 3 independent experiments. Student t test was 

used to assess differences. P values < 0.05 were considered to be significant.

Results

miR-22 is upregulated in aged EPCs
miR-22 is differentially expressed in lineage negative (lin-) bone marrow cells (BMCs) 

from young and old mice [19], indicating its potential role in EPC senescence. To determine 
whether human EPCs displayed the same temporal miR-22 expression profile as in mice, 
we investigated miR-22 expression in young and aged human EPCs. Analysis by qRT-PCR 
showed that miR-22 is expressed at low levels in young EPCs (Y-EPCs) and upregulated in 
aged EPCs (A-EPCs) (Fig. 1A).

miR-22 regulates EPC senescence and proliferation
To determine whether miR-22 plays a role in EPC senescence, we overexpressed 

miR-22 in Y-EPCs or knocked down miR-22 expression with anti-miR-22 in A-EPCs (Fig. 
1B). Using β-galactosidase expression as an indicator of cell senescence, we found that 
overexpression of miR-22 in Y-EPCs increased senescence whereas its depletion decreased 
A-EPC senescence (Fig. 1C). Consistent with this result, overexpression of miR-22 in Y-EPCs 
upregulated p16INK4A, a senescence marker. By contrast, knockdown of miR-22 in A-EPCs 
downregulated p16INK4A expression (Fig. 1D). Moreover, we investigated whether miR-22 
affects EPC proliferation by MTT assay. The results showed that overexpression of miR-22 
in Y-EPCs inhibited proliferation whereas knockdown of miR-22 in A-EPCs increased their 
proliferation (Fig. 1E). Collectively, these data indicate that miR-22 inhibits proliferation and 
promotes senescence in EPCs.

miR-22 impairs in vitro migration and angiogenesis
Migration is an integral function of EPCs in angiogenesis. As shown in Fig. 2A, 

overexpression of miR-22 reduced Y-EPC migration whereas anti-miR-22 increased A-EPC 
migration. Also the role of miR-22 in angiogenic tubule formation by seeding on Matrigel 
substratum Y-EPCs overexpressing miR-22 or A-EPCs with reduced mir-22 were investigated. 
miR-22 overexpression inhibited tube formation in Y-EPCs, whereas miR-22 knock-down 
had the opposite effect on A-EPCs (Fig. 2B). These results suggest an anti-angiogenic role for  
miR-22.

AKT3 is a direct target of miR-22
While searching for potential targets of miR-22 using available databases such as 

TargetScan, miRanda and PicTar, AKT3 has been chosen for its central role in the PI3K/
AKT signaling pathway, which besides its roles in multiple cellular functions, also impacts 
senescence [21]. Analysis of the 3′UTR sequence of AKT3 identified a possible binding site 
for miR-22 (Fig. 3A). To test the function of this potential binding site, we co-expressed a 
wild-type or mutant AKT3 3′UTR sequence downstream of the luciferase reporter gene with 
either miR-22 or miR-Ctrl in Y-EPCs. As shown in Fig. 3B, miR-22 overexpression decreased 
the relative luciferase activity of the 3′UTR reporter, whereas it had no effect on the mutant 
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3′UTR reporter, indicating that the intact seed sequence is required for miR-22 functionality. 
Furthermore, miR-22 overexpression in Y-EPCs significantly downregulated AKT3 mRNA 
and protein expression, whereas miR-22 knockdown in A-EPCs increased AKT3 mRNA and 
protein levels (Fig. 3C and D). Taken together, these results indicate that miR22 directly 
targets and downregulates AKT3 in EPCs.

Re-introduction of AKT3 rescues the effects of miR-22
To ascertain whether the effects of miR-22 gain- and loss-of-function in EPCs are 

mediated by the downregulation of AKT3 by miR-22, we co-expressed miR-22 and AKT3 
with or without its 3′UTR in Y-EPCs (Fig. 4A). Co-expression of the AKT3-3′UTR with miR-
22 maintains high p16 protein levels. However, removal of the 3′UTR resulted in decreased 

Fig. 1. miR-22 modulates senescence and proliferation in young (Y)- and aged (A)-EPCs in vitro. (A) The 
expression of miR-22 detected by qRT-PCR in Y- and A-EPCs. qRT-PCR analysis of miR-22 expression (B), 
representative photos and quantitative analysis of senescence-associated β-galactosidase (SA-β-gal) 
staining (C), Western blot analysis of p16 expression (D) and cell viability as determined by MTT assay 
(F) in Y- and A-EPCs infected with lentivirus encoding miR-22, anti-miR-22 or the corresponding control. 
*P<0.05, **P<0.01.
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p16 protein levels (Fig. 4A). Using the same experimental design, we showed that the miR-
22 promotion of senescence and repression of cell viability, migration and vascular tube 
formation depends on the presence of an AKT3 transcript with an intact 3′UTR (Fig. 4B-E). 

Discussion

The major new findings of this study were that miR-22 expression in EPCs increases 
with aging, and its overexpression promotes cell senescence but inhibits proliferation, 
migration and angiogenesis by inhibiting the serine/threonine kinase AKT3, one of three 
isoforms of AKT (also termed protein kinase B, PKB) [22]. 

The role of miR-22 in cell proliferation and senescence appears to be highly context 
dependent. It has been shown that miR-22 induces senescence of neonatal rat cardiac 
fibroblasts by modulating the expression of mimecan (osteoglycin, OGN) [23]. In cancer cell 
lines, miR-22 inhibits cell proliferation by targeting MYCBP (c-Myc-binding protein) [24], 
p21(CDKN1A) [25], ErbB3 [26], TIAM1 (T-cell lymphoma invasion and metastasis 1) [27] 
and Sp1 [28] and restores cellular senescence by targeting the senescence-associated genes 
CDK6, SIRT1 and Sp1 [29]. Conversely, miR-22 promotes tumorigenesis and metastasis by 
directly targeting the PI3K/AKT inhibitor PTEN (phosphatase tensin and homolog) [30, 

Fig. 2. miR-22 affects EPC migration and angiogenesis in vitro. (A) Representative images (left) of the 
Transwell assay and quantitation (right) of cell migration of Y-EPCs infected with lentivirus encoding miR-
22 or Ctrl and A-EPCs infected with lentivirus encoding anti-miR-22 or anti-Ctrl. (B) Representative images 
of the vascular tube formation assay (left) and quantitation of cumulative tube lengths in the endothelial 
network (right) of Y-EPCs infected with lentivirus encoding miR-22 or miR-Ctrl and A-EPCs infected with 
lentivirus encoding anti-miR-22 or anti-Ctrl. **P<0.01.
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Fig. 3. miR-22 downregulates AKT3 expression by directly targeting its 3′-UTR. (A) Diagram showing the 
seed sequences of miR-22 and its predicted binding site in the 3′-UTR of AKT3. (B) Luciferase reporter as-
says in Y-EPCs co-transfected with wt or mut 3'-UTR and miRNAs as indicated. (C) AKT3 mRNA expression 
levels determined by qRT-PCR. (D) AKT3 protein expression levels detected by Western blotting. **P<0.01.

Fig. 4. Re-introduction of AKT3 without its 3′-UTR reverses the effects of miR-22 overexpression. (A) 
Western blot analysis of the levels of AKT3 and p16 in Y-EPCs co-infected with lentivirus encoding miR-22 
and AKT3 with or without its 3′-UTR. Overexpression of AKT3 without its 3′-UTR attenuated the effects of 
miR-22 on SA-β-gal staining (B), cell viability (C), migration (D) and vascular tube formation (E). *P<0.05, 
**P<0.01.
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31] and the TET (Ten eleven translocation) family of methylcytosine dioxygenases [32, 33]. 
In the present study, we showed for the first time that miR-22 expression is upregulated 
in association with aging. Overexpression of miR-22 in young EPCs promoted senescence 
and inhibited proliferation, whereas its depletion suppressed senescence and promoted 
proliferation in aged EPCs. Furthermore, we showed that miR-22 overexpression suppressed 
EPC migration and angiogenesis. These data indicate that miR-22 overexpression induces 
senescence in EPCs and may thereby result in their impaired angiogenic function.

We identified AKT3 as a direct target of miR-22 and showed that miR-22 overexpression 
significantly upregulated AKT3 mRNA and protein levels by directly targeting its 3′UTR 
in young EPCs. AKT is a central protein mediating signals from receptor tyrosine kinases 
and phosphatidylinositol 3-kinase (PI3K). As a key component of the PI3K/AKT pathway, 
AKT regulates signaling of multiple biological and pathophysiological processes [22, 34]. 
Thus, it is conceivable that miR-22’s inhibition of AKT3 impinges on a range of PI3K/AKT 
pathway-driven functions in EPCs, including proliferation, angiogenesis, migration or even 
the regulation of longevity in the insulin/IGF-1 signaling pathway [35]. 

One of the hallmarks of miRNA is its ability to target genes involved in multiple 
biological pathways. In keeping with this feature, miR-22 is able to inhibit as well as activate 
the PI3K/AKT pathway, itself a complex hub for multiple essential signaling pathways. The 
miR-22 activation of the PI3K/AKT pathway by PTEN inhibition leads to tumorigenesis 
and metastasis [30, 31], whereas its inhibition of the pathway by AKT3 inhibition leads to 
reduced proliferation and migration. The results of the present study confirm the role of 
miR-22 as an inhibitor of multiple targets in diverse biological pathways and provide a novel 
therapeutic target for the reversal of EPC dysfunction in angiogenesis. 
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