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Cellular Biology

Postnatal neovascularization involves endothelial 
 progenitor cells (EPCs) derived from the bone marrow. 

EPCs play important roles in vascular homeostasis and com-
pensatory vasculogenesis with their plasticity to differentiate 
into endothelial cells (ECs) and as a source of paracrine pro-
angiogenic factors. EPCs are usually defined  retrospectively 
by their ability to differentiate into ECs. Because diverse pro-
genitor cell types have been shown to differentiate into ECs, 
there is no universally accepted molecular definition for EPCs. 
Several types of EPCs have been studied: (1) EPCs defined by 
cell surface markers, including CD34, CD133/CD34, CD133/

vascular endothelial growth factor receptor-2 or CD133/
CD34/vascular endothelial growth  factor receptor-2; (2) early 
outgrowth EPCs, of myeloid origin, which stimulate angio-
genic responses through paracrine secretion of angiogenic fac-
tors; and (3) late outgrowth EPCs, of nonhematopoietic origin, 
possessing the capacity of de novo vessel formation through 
direct incorporation into the growing vasculature.1 Regardless 
of what markers/techniques are used to define EPCs, it is con-
ceivable that these cells are enriched in the lineage-negative 
bone marrow cells (lin− BMCs). Remarkably, multiple studies 
have shown that the number and angiogenic function of EPCs 
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Rationale: Endothelial progenitor cells (EPCs) contribute to the regeneration of endothelium. Aging-associated 
senescence results in reduced number and function of EPCs, potentially contributing to increased cardiac risk, 
reduced angiogenic capacity, and impaired cardiac repair effectiveness. The mechanisms underlying EPC 
senescence are unknown. Increasing evidence supports the role of microRNAs in regulating cellular senescence.

Objective: We aimed to determine whether microRNAs regulated EPC senescence and, if so, what the underlying 
mechanisms are.

Methods and Results: To map the microRNA/gene expression signatures of EPC senescence, we performed 
microRNA profiling and microarray analysis in lineage-negative bone marrow cells from young and aged wild-
type and apolipoprotein E–deficient mice. We identified 2 microRNAs, microRNA-10A* (miR-10A*), and miR-21, 
and their common target gene Hmga2 as critical regulators for EPC senescence. Overexpression of miR-10A* 
and miR-21 in young EPCs suppressed Hmga2 expression, caused EPC senescence, as evidenced by senescence-
associated β–galactosidase upregulation, decreased self-renewal potential, increased p16Ink4a/p19Arf expression, and 
resulted in impaired EPC angiogenesis in vitro and in vivo, resembling EPCs derived from aged mice. In contrast, 
suppression of miR-10A* and miR-21 in aged EPCs increased Hmga2 expression, rejuvenated EPCs, resulting in 
decreased senescence-associated β–galactosidase expression, increased self-renewal potential, decreased p16Ink4a/
p19Arf expression, and improved EPC angiogenesis in vitro and in vivo. Importantly, these phenotypic changes 
were rescued by miRNA-resistant Hmga2 cDNA overexpression.

Conclusions: miR-10A* and miR-21 regulate EPC senescence via suppressing Hmga2 expression and modulation 
of microRNAs may represent a potential therapeutic intervention in improving EPC-mediated angiogenesis and 
vascular repair. (Circ Res. 2013;112:152-164.)
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◼ microRNAs ◼ senescence
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decline with  aging.2,3 Furthermore, cardiovascular risk factors 
accelerate the numerical exhaustion and senescence of these 
cells.4,5 Little is known, however, regarding the molecular 
mechanisms governing these senescent changes.

MicroRNAs (miRNAs) are a class of small noncoding RNAs 
of ≈22 nucleotides. During miRNA biogenesis, 1 strand of the 
duplex, the guide strand, is preferentially incorporated by the 
argonaute proteins into the RNA-induced silencing complex, 
promoting degradation or inhibiting translation of transcripts 
with basepair complimentarity.6 In contrast, the partner strand 
miRNA* accumulates to lower levels than the guide strand 
and generally is assumed to be degraded. Emerging evidence, 
however, indicates that miRNA* species can coaccumulate 
with their guide strand and mediate gene regulation.7 MiRNAs 
have been implicated in regulating diverse cellular process-
es, including differentiation, proliferation, and senescence.8 
Recent evidence has shown that miRNAs also may play a role 
in regulating angiogenesis and endothelial functions.9–12 For 
example, miR-27b, let-7f, miR-17–92 cluster, and miR-126 
play a proangiogenic role, whereas miR-221/miR-222, miR-
34, and miR-217 act as antiangiogenic miRNAs in ECs.10,11 
miR-21 is dysregulated in many cancers.13 An increased ex-
pression of miR-21 in tumor cells is associated with a higher 
proliferation, invasion capacity, and increased angiogenesis.14 
Interestingly, miR-21 in ECs exhibits antiangiogenic func-
tions.15 The expression profile and functions of miRNAs in 
EPCs remain to be defined.

Hmga2 is a member of the high-mobility group A (Hmga) 
family that encodes a small, chromatin-associated protein 
that modifies transcription by altering chromatin structure.16 
Recent studies have shown that Hmga2 is preferentially ex-
pressed in fetal and young adult neural stem cells (NSCs), 
but not in aged adult NSCs. Importantly, Hmga2 expression 
decreases with aging of embryonic stem cells, hematopoietic 

stem cells, and NSCs, and deletion of Hmga2 impairs NSC 
function.17,18 Furthermore, Hmga2 promotes NSC self-renew-
al activity by negatively regulating p16Ink4a and p19Arf expres-
sion.18–21 Disrupting the repression of Hmga2 enhances colony 
formation of NIH3T3 cells.21 Downregulation of Hmga2 by 
let-7, miR-23a, miR-26a, and miR-30a accelerates cellular se-
nescence of human umbilical cord blood–derived multipotent 
stem cells.22 The putative role of Hmga2 in regulating EPC 
senescence and the miRNAs involved remain to be elucidated.

In this report, we show that miR-10A* and miR-21 are progres-
sively expressed and Hmga2 expression is  gradually decreased in 
lin− BMCs, cells that are enriched for EPCs, during aging. We 
provide evidence that miR-10A* and miR-21 regulate Hmga2 ex-
pression. Importantly, the miR-10A*/miR-21–Hmga2–P16Ink4A/
P19Arf axis controls EPC senescence and angiogenesis.

Methods
Detailed Methods are available in the Online Data Supplement.

Animals
Apolipoprotein E–deficient (apoE−/−) and wild-type (WT) C57BL/6J 
mice and FVB/N mice were used.

Isolation and Culture of Lin− BMCs
Mouse lin− BMCs were isolated from the WT or apoE–/– C57B/6 mice 
of different ages by magnetic separation using mouse Lineage Cell 
Depletion Kit.

RNA Isolation and Quantitative Reverse-
Transcription Polymerase Chain Reaction
Detailed Methods are available in the Online Data Supplement 
material.

miRNA Microarray Hybridization and Data 
Analysis
Low-molecular-weight RNA was sent to Ocean Ridge Biosciences 
for analysis.

Hierarchical Clustering of MiRNA Array Data
Data for the 282 mouse miRNA probes were clustered using Cluster 
3.0 software.

Gene Expression Microarray Hybridization and 
Data Analysis
High-molecular-weight RNA fraction from each sample was used for 
hybridization to the mouse exonic evidence-based oligonucleotide 
microarrays containing 38 083 70-mer-oligonucleotide probes.

miRNA and mRNA Inverse Correlation Analysis
miRNA gene targets were determined using the online miRNA data-
base. The MicroCosm Targets version 5 was used.

miRNA Transfection
To study the biological effects of miRNAs on target gene expression, 
we performed transfection of pre-miR mimic or anti-miR inhibitors.

Lentivirus Production and EPC Cell Lines
Lentiviral supernatants were produced using standard procedures.

Self-Renewal Assay and Cell Proliferation
Self-renewal potential was examined by colony formation assay.

Western Blotting Analysis
Cell extracts were separated by SDS-PAGE in reducing and denatur-
ing conditions.

Non-standard Abbreviations and Acronyms

3’UTR  3’ untranslated region

EC  endothelial cell

EPC  endothelial progenitor cell

GFP  green fluorescent protein

HEK 293T  human embryonic kidney cell line 293T

Hmga2-3′del  Hmga2 open reading frame (ORF) with 3′ untranslated 
region (UTR) deletion

lin− BMC  lineage-negative bone marrow cell

miR-Ctr  scrambled miRNA control

miRNA  microRNA

MTT   3-[4,5-dimethylthiazol-zyl]-2,5-dipheny-tetrazolium 
bromide

NSC  neural stem cell

ORF  open reading frame

PCNA  proliferating cell nuclear antigen

qRT-PCR   quantitative reverse transcription polymerase chain 
reaction

SA-β-gal  senescence-associated β–galactosidase

shRNA  short hairpin RNA

shRNA-Hmga2 shRNA-mediated Hmga2 silencing

WT  wild type
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Scratch Wound Migration Assay
The scratch wound migration assay was used to assess the poten-
tial effects of miR-10A*, miR-21, and Hmga2 on EC migration and 
wound healing.

In Vitro Angiogenesis Assay
The in vitro angiogenic activity of lin− BMCs was determined by 
Matrigel tube formation assay.

In Vivo Angiogenesis Assay
The Matrigel plug assay and hindlimb ischemic mouse model were 
performed to study the effects of miR-10A*, miR-21, and their anti-
miRs on angiogenesis in vivo.

Senescence-Associated β-Galactosidase Staining and 
P16Ink4a/P19Arf Expression
Lin− BMC senescence was determined by in situ staining for se-
nescence-associated β-galactosidase (SA-β-gal) and by Western 
blot and fluorescence-activated cell sorter analysis for p16Ink4a/
p19Arfexpression.

Site-Directed Mutagenesis
Point mutations in the miR-10A* and miR-21 binding sites within 
the Hmga2 3′ untranslated region (UTR) were introduced with the 
QuikChange II XL site-directed mutagenesis kit (Stratagene).

Luciferase Reporter Assay
The effects of miRNAs on their target mRNA expression were exam-
ined by luciferase reporter assay in 293 T cells.

Statistical Analysis
Data were expressed as mean±SD. Student t test and analysis of vari-
ants were used to assess differences, with P<0.05 considered to be 
significant.

Results
miR-10A* and miR-21 Are Upregulated in  
Aged EPCs
To identify miRNAs involved in EPC senescence, we per-
formed miRNA profiling using the Sanger 13 miRNA. Array 
targeting 686 mouse miRNAs in lin− BMCs from young 
(3-week-old apoE−/− and WT) and aged (1-year-old apoE−/− 
and 2.5-year-old WT) mice, 2 extremes of the aging spectrum. 
After quality-control, background subtraction, transforma-
tion, and normalization of probe intensity, 282 miRNAs were 
found to be present in at least 1 group of lin− BMCs. Fifty-six 
miRNAs were differentially expressed in young vs aged cells 
at a false discovery rate of 0.05. Among them, 38 miRNAs had 
consistent changes in expression patterns in lin− BMCs from 
young vs aged apoE−/− and WT mice: 14 were elevated and 24 
were downregulated in aged mice. Principal component anal-
ysis demonstrated that these differentially expressed miRNAs 
classified mice well by age regardless of the apoE genotype 
(Figure 1A), suggesting that the aging process impacts the ex-
pression of these miRNAs in lin− BMCs, independent of apoE 
expression. The top 20 differentially expressed miRNAs in 
young and aged mice with P<0.001 are listed in Online Table 
II. Two of the most robustly upregulated miRNAs in aged 
mice were miR-10A* and miR-21. To validate these findings, 
we performed reverse-transcription polymerase chain reaction 
(qRT-PCR) for these 2 miRNAs, which revealed fold changes 
comparable with those found by miRNA array (Figure 1B).

Hmga2 Is Downregulated in Aged EPCs
Using the same lin− BMC samples, we performed genomewide 
analysis of mRNA expression using mouse exonic evidence-
based oligonucleotide microarray containing 38 467 probes 
for mouse genes and alternative transcripts. Approximately 
half of the genes targeted by the mouse exonic evidence-based 
oligonucleotide array were present in at least 1 group of lin− 
BMCs. Principal component analysis found 1135 genes to be 
differentially expressed in these young and aged lin− BMCs, 
irrespective of apoE expression. Of the 1135 genes that passed 
the permutation analysis, 67% showed an increased expres-
sion in aged mice. Genes with greatest increases were those 
encoding immunoglobulin and inflammation. Genes that 
showed decreased expression included insulin-like growth 
factor 2 mRNA binding protein 3, secreted acidic cysteine 
rich glycoprotein, and procollagen type Iα2. The top 100 dif-
ferentially expressed mRNAs in young and aged mice with 
P<0.00001 are listed in Online Table III. Intriguingly, Hmga2, 
a gene that regulates stem cell senescence, showed the great-
est decrease (86-fold) in aged lin− BMCs. This was further 
confirmed by qRT-PCR (Figure 1C).

miR-10A* and miR-21 Regulate Hmga2 Expression
To identify those genes whose expression might be  regulated by 
miRNA during EPC aging among the differentially  expressed 
genes, we first performed in silico search for candidate mRNA 
targets for the identified miRNAs using different miRNA target 
prediction algorithms such as MicroCosm, TargetScan, PicTar, 
and EMBL. Seventy-eight of the differentially expressed genes 
were predicted to be the targets of the 38 candidate miRNAs, 
and their expression levels also correlated inversely with the 
miRNA expression levels. Of these, 12 genes, including Hmga2, 
have been implicated in aging, cell senescence, cell differentia-
tion, and proliferation in other tissues. Hmga2 expression was 
inversely correlated with the levels of its predicted miRNAs, 
miR-10A*, and miR-21. Furthermore, computational miRNA 
target analysis by TargetScan algorithm and RNAHybrid23,24 
identified 3 and 2 conserved sites in the Hmga2 3′UTR that are 
complementary to the sequences of miR-10A* and miR-21, re-
spectively, suggesting that Hmga2 may be a shared molecular 
target for miR-10A* and miR-21 (Online Figure I).

To determine whether miR-10A* and miR-21 directly target-
ed Hmga2 3′UTR, we constructed luciferase reporter constructs 
with WT Hmga 2 3′UTR (WT3′UTR) and the 3′UTR with point 
mutations disrupting the 3 binding sites (M3′UTR1, M3′UTR2) 
for miR-10A* and the 2 binding sites (M3′UTR) for miR-21. In 
human embryonic kidney cell line 293T cells, cotransfection of 
miR-10A* or miR-21 and WT3′UTR repressed luciferase ac-
tivity, whereas cotransfection of an unrelated miRNA had little 
effect (miR-199b). Cotransfection of miR-10A* or miR-21 and 
M3′UTR1/M3′UTR2 and M3′UTR, respectively, abolished 
the repression of luciferase activity (Figure 1D and 1E). These 
data indicate that miR-10A* and miR-21 directly interact with 
Hmga2 3′UTR, repressing Hmga2 expression.

To determine whether miR-10A* and miR-21 could negatively 
regulate endogenous Hmga2 expression in lin− BMCs, cells from 
young mice (3 weeks old) with a considerable level of Hmga2 
expression were infected with lentivirus encoding miR-10A*, 
miR-21, a combination of the 2, or a scrambled miRNA control 
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(miR-Ctr). MiR-10A* and miR-21 repressed Hmga2mRNA and 
protein expression as compared with miR-Ctr. The combined 
overexpression of miR-10A* and miR-21 had greater repressive 
effects. We also infected young lin− BMCs with lentivirus coding 
for WT Hmga2 or mutant Hmga2, where the 3 binding sites for 
miR-10A* and 2 binding sites for miR-21 in the 3′UTR were 
mutated in the presence and absence of miR-10A*, miR-21, and 
miR-Ctr. The repressive effects of miR-10A* and miR-21 on 
the mutant Hmga2 expression in lin− BMCs were not observed, 
whereas considerable repression of exogenous WT Hmga2 
was detected (Figure 2A–2C). Next, we analyzed lin− BMCs 
isolated from aged WT mice (2.5 years old) in which miR-10A* 
and miR-21 levels were high and Hmga2 expression was low. 
Lentiviral-mediated transduction of anti-miRs for miR-10A* and  
miR-21 led to a reduction of miR-10A* and miR-21 expres-
sion, resulting in an increased Hmga2 expression level (Figure 

2D–2F). Collectively, these data indicate that miR-10A* and 
miR-21 causally regulate Hmga2 expression, particularly in lin− 
BMCs. To determine whether aging and culture induced a shift 
in the composition of cell populations that might have accounted 
for the candidate miRNA and target gene expression changes, we 
repeated all expression and miRNA and anti-miR transduction 
experiments in CD34+ EPCs; similar findings were observed in 
the single EPC phenotype, indicating that the expression changes 
of miR-10A*, miR-21, and Hmga2, as well as their regulatory 
relationship, were not attributable to cell compositional changes 
(Online Figure II).

miR-10A* and miR-21 Regulate EPC Senescence 
and Self-Renewal Potential
Because Hmga2 promotes NSC self-renewal and hematopoietic 
progenitor cell clonal expansion, and because miR-10A* and 

Figure 1. Differential microRNA (miRNA) and target gene expression in young and aged lineage-negative bone marrow cells 
(lin− BMCs). Unsupervised hierarchical clustering of differentially expressed miRNAs (A) in lin− BMCs from old apolipoprotein E–deficient 
(apoE−/−) (AO) and wild-type (WO) as well as young apoE−/−(AY) and wild-type (WY) mice. Red indicates higher expression; green denotes 
lower expression. Quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) validation of miR-10A* and miR-21 (B) and 
their target Hmga2 expression (C) reveals similar reciprocal expression changes in young and aged lin−BMCs between microarray and 
qRT-PCR analyses. Regulation of Hmga2 by miR-10A* (D) and miR-21 (E) was confirmed by luciferase reporter and mutagenesis assays. 
human embryonic kidney cell line 293T cells were cotransfected with precursors of miR-10A*, miR-21, or miR-Ctr, renilla luciferase 
reporter constructs containing WT or 3 mutated 3′untranslated regions (UTRs) of Hmga2, and a firefly luciferase reporter control vector to 
normalize the transfection efficiency. Luciferase was measured 48 hours after transfection. The luciferase activities represent the Renilla/
firefly luciferase ratios (mean±SD, n≥6).**P<0.01. WT indicates wild-type.
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miR-21 suppress Hmga2 expression, we reasoned that these 
2 miRNAs might impact on the senescence of lin− BMCs via 
regulating Hmga2 expression. Young lin− BMCs were infected 
with lentivirus encoding miR-10A*, miR-21, a combination of 
the 2, or miR-Ctr. As expected, transduction of miR-10A* and 
miR-21 resulted in Hmga2 repression and increased expression 
of senescence-associated β–galactosidase (SA-β-gal) and cell 
cycle inhibitors p16Ink4a/p19Arf. Furthermore, simultaneous 
transduction of miR-10A* and miR-21 together resulted in 
more pronounced lin− BMC senescence (Online Figure III). 
Remarkably, overexpression of miR-10A* and miR-21 reduced 
the self-renewal potential of young lin− BMCs compared with 
miR-Ctr (Figure 3A–3D). In contrast, inhibition of miR-10A* 
or miR-21 by lentivector-mediated overexpression of anti-miR-
10A* and anti-miR-21 in aged lin− BMCs upregulated Hmga2 
expression, decreased SA-β-gal and p16Ink4a/p19Arf expression, 
and increased self-renewal potential, compared with miR-Ctr 
(Figure 3A–3D and Online Figure IV). Moreover, anti-miR-
10A* and anti-miR-21 resulted in increased proliferating 
cell nuclear antigen staining and increased cell numbers by 
3-[4,5-dimethylthiazol-zyl]-2,5-dipheny-tetrazolium bromide 
assay relative to control infected cells (Figure 3E and 3F). 

These data indicate that miR-10A* and miR-21 affect lin− BMC 
senescence and self-renewal potential, and this effect might be 
mediated via Hmga2 and p16Ink4a/p19Arf.

miR-10A* and miR-21 Induce EPC Functional 
Impairment
Cell migration and vascular tube formation are key functions 
of EPCs and play important roles in the angiogenic process. 
Lin− BMCs are enriched for EPCs and can differentiate into 
spindle-shaped cells, which express EC surface markers 
(Online Figure V).5 To investigate whether miR-10A* and 
miR-21 affected lin− BMC functions as a result of senescent 
changes, we first performed a wound closure assay to evaluate 
cell migration. Lentivirus-mediated overexpression of  
miR-10A* or miR-21 reduced the ability of young lin− BMCs 
to close the scratch to a level equivalent to that of aged cells, 
whereas control infection did not show any effects (Figure 4A,  
top panel). Furthermore, inhibition of miR-10A* or miR-21 by 
anti-miR-10A* and anti-miR-21 resulted in increased ability of 
aged lin− BMCs to close the scratch to a level comparable with 
that of young cells (Figure 4A, bottom panel). These effects 
were further confirmed by the relative migration distances of the 
infected cells (Figure 4B). Next, we tested whether miR-10A* 

Figure 2. MicroRNA (miR)-10A* and miR-21 repress endogenous and exogenous Hmga2 expression in lineage-negative bone 
marrow cells (lin− BMCs). Young wild-type (WT) lin− BMCs were infected with lentivirus encoding miR-10A*, miR-21, or miR-Ctr alone 
or in combination with WT Hmga2 3′untranslated region (UTR) (WT 3′UTR) or mutant Hmga2 3′UTR (M3′UTR). The Hmga2 mRNA and 
protein expression were detected by quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) (A) and Western blotting (B) 
and quantified by densitometry (C) after 48 hours and 72 hours, respectively. Aged WT lin− BMCs were infected with lentivirus encoding 
anti-miR-10A*, anti-miR-21, and miR-Ctr. The effects of miR-10A* and miR-21 on endogenous Hmga2 mRNA and protein expression 
were detected by qRT-PCR (D) and Western blotting (E and F). The blots are representatives of 3 independent experiments. Mutant 
10A*-2 is mutant Hmga2 3′UTR disrupting binding for miR-10A* at binding sites 860 and 1548; mutant miR-10A* is mutant Hmga2 
3′UTR for miR-10A* at binding sites 860 and 1504. qRT-PCR and densitometry data are presented as means±SD. *P<0.05, **P<0.01 vs 
corresponding controls (n≥3).
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or miR-21 overexpression affected angiogenesis in vitro; we 
performed Matrigel tube formation assay. Young lin− BMCs 
infected with lentiviral vectors coding for miR-10A*, miR-21, 
or miR-Ctr were loaded onto Matrigel. miR-10A*-infected 
and miR-21-infected cells showed a significant impairment of 
capillary tube formation after10 hours of incubation (Figure 4C 
and 4D, top panel). Conversely, in aged lin− BMCs, inhibition of 
miR-10A* and miR-21 by overexpressing anti-miR-10A* and 
anti-miR-21 rescued tube formation in Matrigel assay (Figure 
4C and 4D, bottom panel). Importantly, the miR-10A*-induced 
and miR-21-induced functional changes were associated with 
reciprocal changes in Hmga2 and p16Ink4a/p19Arf expression 
(Figure 5A and Online Figure VI). These data indicate that 
miR-10A*and miR-21 affect lin− BMC functional impairment 
associated with cell senescence. The data also implicate the role 
of Hmga2 and p16Ink4a/p19Arf in mediating the effects of miR-
10A* and miR-21.

Hmga2 Mediates the Effects of miR-10A* and  
miR-21 in lin− BMCs
Because miR-10A* and miR-21 negatively regulate Hmga2 
expression and Hmga2 has been shown to regulate the 

senescence and functions of NSCs and umbilical cord blood-
derived mesenchymal stem cells, we asked whether Hmga2 
mediated the effects of miR-10A* and miR-21 on lin− BMC 
senescence, self-renewal potential, and angiogenic functions. 
Short hairpin RNA (shRNA)-mediated Hmga2 silencing in 
young lin− BMCs resulted in decreased Hmga2 expression, 
increased SA-β-gal and p16Ink4a/p19Arf expression, decreased 
self-renewal potential as determined by secondary and tertiary 
colony formation, and decreased cell proliferation (Figure 
5A–5D), to a degree similar to that of miR-10A* and miR-
21 overexpression. These cells also showed decreased tube 
formation (Figure 5E). We then infected aged lin− BMCs 
with lentiviral vectors coding for Hmga2 open reading 
frame (ORF) with 3′UTR deletion (Hmga2-3′del), a form 
of Hmga2 resistant to miRNA repression, or WT Hmga2. 
Hmga2-3′del transduction resulted in increased Hmga2 
expression, decreased SA-β-gal and p16Ink4a/p19Arf expression, 
increased self-renewal potential and cell proliferation, and 
increased vascular tube formation (Figure 5F–5H). These 
effects were similar to that achieved with miR-10A* and 
miR-21 repression by their anti-miRs. Although WT Hmga2 
overexpression transiently improved self-renewal potential 

Figure 3. MicroRNA (MiR)-10A* and miR-21 regulate lineage negative bone marrow cell (lin− BMC) senescence, proliferation, and 
self-renewal through Hmga2 and p16Ink4a/p19Arf. Young and aged wild-type (WT) lin− BMCs were infected with lentivirus encoding miR-
10A* and miR-21 sense sequences or their anti-miRs, respectively. The effects of miR-10A* and miR-21 overexpression and inhibition 
on the expression of Hmga2 and p16Ink4a/p19Arf (A), cell senescence as evidenced by senescence-associated β-galactosidase (SA-β-gal) 
staining (B), self-renewal potential as evaluated by the secondary(2°) colony forming ability in methylcellulose-based media (C, D), and 
cell proliferation as assessed by proliferating cell nuclear antigen (PCNA) staining and confirmed by 3-[4,5-dimethylthiazol-zyl]-2,5-
dipheny-tetrazolium bromide (MTT) cell proliferation assay (E, F) are shown.*P<0.05, **P<0.01 (n≥3) relative to miR-Ctr. Western blots are 
representative of experiments performed at least in triplicate. Densitometry data for A are presented in Online Figure IVA–IVC.
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and cell proliferation (Figure 5F–5G), it had no effects on 
lin− BMC senescence and vascular tube formation after 72 
hours incubation, compared with miR-Ctr, suggesting that 
WT Hmga2 expression might be inhibited by endogenous 
miR-10A*, miR-21, and other miRNAs (Figure 5F and 5H). 
Remarkably, when young lin− BMCs were infected with 
lentiviral vectors encoding miR-10A* and miR-21, together 
with Hmga2-3′del, or WT Hmga2, overexpression of Hmga2-
3′del, but not WT Hmga2, rescued the effects of miR-10A* 
and miR-21 (Figure 6A–6F). These data establish that Hmga2 
works downstream of miR-10A* and miR-21 to affect lin− 
BMC senescence and functions.

P16Ink4a/p19Arf Mediate the Effects of miR-10A*/
miR-21 and Hmga2
We have demonstrated that miR-10A* and miR-21 promote 
lin− BMC senescence and functional impairment via regulating 
Hmga2 expression, and that these effects were associated 
with alterations in p16Ink4a/p19Arf expression. To test whether 
p16Ink4a and p19Arf mediated the effects of miR-10A*/miR-
21 and Hmga2, we infected young lin− BMCs with lentiviral 
vectors encoding p16Ink4a and p19ArfcDNAs. These cells have 
low expression levels of endogenous miR-10A*/miR-21 and 
a considerable amount of Hmga2. The p16Ink4a and p19Arf 

overexpression increased SA-β-gal expression, decreased 
self-renewal potential, and decreased vascular tube formation, 
resembling Hmga2 shRNA-transfected young cells or cells 
overexpressing miR-10A* and miR-21 (data not shown). We 
also infected aged lin− BMCs with lentivirus coding for p16Ink4a 
or p19Arf shRNA. These cells displayed decreased SA-β-gal 
expression, increased self-renewal potential, and increased 
vascular tube formation, similar to Hmga2-overexpressing 
cells or cells in which miR-10A* and miR-21 were repressed 
(data not shown). Next, we transduced young lin− BMCs with 
lentiviral vectors coding for miR-10A*, miR-21, or Hmga2 
shRNA in the presence and absence of shRNA for p16Ink4a 
and p19Arf. Remarkably, knockdown of p16Ink4a and p19Arf 
largely blocked the senescent effects of miR-10A* and miR-
21 overexpression or Hmga2 repression (Online Figure VIIA). 
We then infected aged lin− BMCs with lentiviral vectors 
encoding anti-miR-10A* and anti-miR-21 and Hmga2-3′del 
in the presence and absence of p16Ink4a and p19Arf cDNAs. 
As expected, p16Ink4a and p19Arf overexpression mostly 
inhibited the effects of miR-10A* and miR-21 repression or 
Hmga2 overexpression-induced rejuvenation and functional 
improvement of aged lin− BMCs (Online Figure VIIB). Taken 
together, these results indicate that p16Ink4a and p19Arf act in 

Figure 4. MicroRNA (miR)-10A* and miR-21 expression regulates wound healing and angiogenesis in vitro. Young wild-type (WT) 
lineage-negative bone marrow cells (lin− BMCs) were infected with lentivirus encoding miR-Ctr, miR-10A*, or miR-21 (A, top), or aged 
WT lin− BMCs were infected with lentivirus encoding miR-Ctr, anti-miR-10A*, and anti-miR-21(A, bottom). Wound closure was assessed 
and quantified by the relative migration distance 24 hours after performing a scratch in confluent monolayer of cells (n=3; B). The effects 
of miR-10A* and miR-21 in young (C, top) and aged (C, bottom) lin− BMCs to form capillary tubes in Matrigel assay were determined 
10 hours after seeding. The images are representatives of at least 3 independent experiments. Relative tube lengths from 5 microscopic 
fields are shown in (D). **P<0.01 relative to miR-Ctr.
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tandem with miR-10A*/miR-21 and Hmga2, mediating at least 
partially their effects on lin− BMC senescence and functions.

miR-10A*/miR-21 and Hmga2 Regulate 
Angiogenesis In Vivo
To determine the role of miR-10A*/miR-21 and Hmga2 in 
regulating the angiogenic capability of lin− BMCs in vivo, we 

first performed Matrigel plug assay. We determined the extent of 
and the time required for neovascularization of Matrigel plugs 
containing young vs aged lin− BMCs. As shown in Figure 7A,  
Matrigel containing aged lin− BMCs showed minimal 
vascularization, and there was no increase in vascularization 
in the plugs over a 7- to 14-day period. In contrast, plugs 
containing young lin− BMCs demonstrated a substantial 

Figure 5. Hmga2 regulates lineage negative bone marrow cell (lin− BMC) senescence, self-renewal potential, proliferation, and 
vascular tube formation via activation of p16Ink4a/p19Arf. ShRNA-induced knockdown and wild-type (WT) Hmga2 cDNA or Hmga2 open 
reading frame (ORF) with 3′ untranslated region (UTR) deletion (Hmga2-3′del)-induced overexpression of Hmga2 result in opposite changes in 
Hmga2 and p16Ink4a/p19Arf mRNA and protein expression in young and aged lin− BMCs, respectively (A). ShRNA-induced Hmga2 knockdown 
in young lin− BMCs results in increased senescence-associated β-galactosidase (SA-β-gal) staining (B); decreased self-renewal potential by 
2° colony forming units (C); decreased proliferation by proliferating cell nuclear antigen staining and 3-[4,5-dimethylthiazol-zyl]-2,5-dipheny-
tetrazolium bromide (MTT) assay (D) and decreased capillary tube formation (E) as compared with shRNA control. Overexpression of Hmga2 
by Hmga2-3′del transfection decreases SA-β-gal staining and enhances self-renewal potential (F), increases cell proliferation by MTT 
assay (G), and improves capillary tube formation (H) in aged lin− BMCs, whereas WT Hmga2 overexpression only transiently improved self-
renewal potential and cell proliferation. Data are presented as mean±SD (n=3). *P<0.05, **P<0.01 (n≥3). Western blots are representative of 
experiments performed at least in triplicate. Densitometry data for western blotting (B) are shown in Online Figure VI.
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degree of neovascularization with a maximum increase in 
the number of vessels and tube length at day 11 after plug 
injection, as shown by the deep red color. Consistent with 
our in vitro angiogenesis study, Matrigel containing young 
lin− BMCs overexpressing miR-10A* and miR-21 or ShRNA-
mediated Hmga2 silencing showed a marked reduction in 
neovascularization, compared with miR-Ctr (Figure 7B). 
Quantification of angiogenesis revealed that the angiogenic 
activity of the miR-10A*, miR-21, and ShRNA-mediated 
Hmga2 silencing overexpressing young lin− BMCs resembled 
that of aged lin− BMCs. In contrast, plugs containing 
aged lin− BMCs overexpressing anti-miR-10A* and 

anti-miR-21 or Hmga2-3′del displayed significantly improved 
neovascularization, similar to young cells (Figure 7C–7E).

To validate the role of miR-10A*/miR-21 and Hmga2 
in regulating lin− BMC-induced angiogenesis in vivo, we 
injected genetically modified young and aged lin− BMCs 
intramuscularly in the hindlimbs of mice whose femoral 
arteries were ligated on 1 side (hindlimb ischemic model) 
and measured blood flow by serial laser Doppler perfusion 
imaging analyses and angiogenesis by immunofluorescence 
staining. Similar to the in vivo Matrigel plug assay, young 
lin− BMCs overexpressing miR-10A*, miR-21, or ShRNA-
mediated Hmga2 silencing showed a marked reduction in 

Figure 6.  Overexpression of Hmga2 lacking a 3′ untranslated region (UTR) rescues the effects of microRNA (miR)-10A* and miR-
21 overexpression. Coinfection of the lentivirus encoding miR-10A*, miR-21, or miR-Ctr together with Hmga2 open reading frame (ORF) 
with 3′ UTR deletion (Hmga2-3′del), but not wild-type (WT) Hmga2, in young lineage-negative bone marrow cells (lin− BMCs) results in 
upregulation of Hmga2 and downregulation of p16Ink4a/p19Arf (A–D). Cotransfection of Hmga2-3′del with miR-10A* or miR-21, but not WT 
Hmga2, rescues the effects of miR-10A* or miR-21 on senescence-associated β-galactosidase (SA-β-gal) staining (E) and vascular tube 
formation as shown by relative tube length (F).*P<0.05, **P<0.01 for Hmga2 or Hmga2-3′del-treated groups relative to control. Western 
blots are representative of experiments performed at least in triplicate. Relative densitometry data (mean±SD) are from 3 independent 
experiments normalized with GAPDH.
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the ratio of blood flow (ischemic/nonischemic leg) and in 
the degree of neovascularization compared with miR-Ctr-
transduced cells (Figure 8A–8C and Online Figure VIIIB). In 
contrast, aged lin− BMCs overexpressing anti-miR10A*, anti-
miR-21, or Hmga2-3′del significantly improved blood flow 
and neovessel formation, whereas lin− BMCs overexpressing 
WT Hmga2 were not effective (data not shown). Remarkably, 
the combined modulation of miR-10A* and miR-21 was more 
effective in improving blood flow at 7 days, but not at 21 days 
postoperatively. Furthermore, the rate of green fluorescent 
protein+ lin− BMC incorporation (endothelial differentiation) 
was increased in mice treated with aged lin− BMCs transduced 
with anti-miR-10A* and anti-miR-21, whereas the endothelial 
differentiation rate was decreased in mice receiving young 
cells overexpressing miR-10A* and miR-21, indicating that 

the effects of miR-21 and miR-10A* on angiogenesis correlate 
with their effects on endothelial differentiation. Collectively, 
these findings support the notion that miR-10A* and miR-21 
inhibit the angiogenic capability of lin− BMCs via negatively 
regulating Hmga2 expression.

Discussion
As humans age, the functions of multiple systems deteriorate, 
resulting in the development of degenerative disease, such 
as atherosclerosis. Adult stem cells fuel the renewal of 
many tissues. Thus, aging problem may lie, at least in part, 
within the tissue-specific stem cells.25 Several human studies 
showed that the proliferation, differentiation, and migration 
capacity of circulating EPCs were reduced in the elderly.26,27 
Aged mice have reduced number of EPCs, and these cells 

Figure 7. MicroRNA (miR)-10A* and miR-21 regulate angiogenesis in vivo. Matrigel (250 μL per plug) was mixed with 1.3×106 young 
or aged lineage negative bone marrow cells (lin− BMCs) transduced with lentivirus coding for miR-10A*, miR-21, and ShRNA-mediated 
Hmga2 silencing (shRNA-Hmga2), or their anti-miRs, and Hmga2 open reading frame (ORF) with 3′ untranslated region (UTR) deletion 
(Hmga2-3′del) miR-Ctr, respectively, and was injected subcutaneously into C57BL/6J mice (n=3). Noninfected or control infected lin− 
BMCs from young and aged mice were also included. After 11 days, Matrigel plugs were removed, and capillary tube formation was 
detected by confocal microscopy. Representative pictures of indicated groups are shown in (A) and (B) (×100 magnification). Quantitative 
analysis of tube formation in Matrigel plugs is shown in (C–E). Data represent means±SD.*P<0.05 and**P<0.01 vs control group. The 
capillaries in green and red are newly formed vessels. Red fluorescence indicates blood vessels stained by DiL, green fluorescence 
indicates green fluorescent protein (GFP)-positive infected cells, double-labeling indicates capillaries derived from the injection of GFP-
positive lentiviral transduced lin− BMCs.
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have decreased migratory, differentiating, and proliferative 
activities.5 Bone marrow-derived EPCs from young apoE−/− 
mice prevent atherosclerotic lesion formation, whereas 
progenitor cells from aged atherosclerotic apoE−/− mice 
do not.4 In the current study, we present evidence showing 
that lin− BMCs undergo senescent changes in association 
with aging. These aged cells display decreased self-renewal 
potential and reduced proliferative and migratory activity. We 
also have demonstrated that age-related lin− BMC senescence 
is associated with decreased angiogenic capability. Because 
EPCs play an important role in cardiac repair by promoting 
angiogenesis and improving blood supply, these findings 
indicate that lin− BMC senescence may not only promote 
atherogenesis but also diminish cardiac repair by impairing 
angiogenesis, thus serving as a double-edged sword affecting 
the development and prognosis of cardiovascular disease.2–5,28

Increasing evidence supports the role of miRNAs as 
a common molecular mechanism that underlies cellular 
senescence in different cell types.11,19,29 For example, miR-34a 

induces the senescence of culture-derived EPCs, whereas miR-
217 modulates EC senescence. Both miRNAs act via inhibiting 
silent information regulator 1-p53 pathway.10,11 Other miRNAs 
involved in the senescence of different cell types include miR-
29, miR-30, and miR-128a.30,31 To thoroughly characterize 
the miRNA changes in the senescence of lin− BMCs, cells 
enriched for EPCs, we utilized a miRNA microarray platform 
to profile genomewide miRNA expression changes. To 
effectively identify miRNA candidates and their downstream 
pathways relevant to lin− BMC senescence, we also analyzed 
genomewide gene expression profiles. We performed in silico 
analysis to search for putative mRNA targets for the candidate 
miRNAs that showed differential expression changes in young 
vs aged lin− BMCs. We then overlaid the 3 datasets to identify 
the miRNA candidates whose expression levels correlated 
inversely with their predicted target genes. Through these 
robust and stepwise analyses and extensive experimental 
approaches, we provide evidence showing that miR-10A* and 
miR-21 serve as novel miRNAs regulating Hmga2 expression 

Figure 8. MicroRNA (miR)-21 regulates neovascularization in hindlimb ischemia model. Reperfusion in the ischemic hindlimb  
(A and B) and neovascularization (C) were improved when young endothelial progenitor cells (EPCs) infected with lentivirus coding for 
miR-Ctr or aged EPCs transduced with scrambled anti-miRNA control (anti-miR-Ctr), anti-miR-21 or Hmga2-3′ deletion (Hmga2 3′del) 
were injected, as compared with young EPCs infected with lentivirus coding for miR-21 or shRNA for Hmga2 or aged cells transduced 
with anti-miR-Ctr. Laser Doppler perfusion imaging was obtained at 0, 7, and 21 days after operation, and recovery of perfusion was 
assessed. **P<0.01 vs miR-Ctr (n=4 for each group).
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in lin− BMCs, where established miRNAs for Hmga2, 
including the let-7 family, miR-23a, miR-26a, and miR-30a 
miRNAs, do not show expression changes in association with 
cell senescence.21,22

Hmga2 is abundantly and ubiquitously expressed and plays 
a crucial role during embryonic development.32 Hmga2 also is 
highly expressed in fetal NSCs but its expression declines with 
age. Hmga2 deficiency reduced NSC frequency and self-re-
newal by increasing the expression of p16Ink4a/p19Arf, which are 
cell cycle inhibitors that regulate the pRb and p53 pathways, 
respectively. Activation of Ink4a/Arf promotes cell  cycle arrest 
that contributes to both organismal aging and tumor suppres-
sion. Induction of p16Ink4a contributes to the decline of hema-
topoietic and NSC function in aged animals.18,22 In the present 
study, we have demonstrated that the effects of miR-10A* and 
miR-21 overexpression on lin− BMC senescence are rescued 
by the overexpression of mutant Hmga2 with 3′UTR deletion, 
but not WT Hmga2. Remarkably, the overexpression of mutant 
Hmga2 with 3′UTR deletion, but not WT Hmga2, in aged lin− 
BMCs rejuvenates the cells, indicating that WT Hmga2 might 
be subjected to repression by endogenous miR-10A*, miR-
21, and perhaps other unidentified miRNAs. Furthermore, 
p16Ink4a/p19Arf overexpression rescues the effects of Hmga2-
induced lin− BMC rejuvenation. These findings demonstrate 
that Hmga2 and p16Ink4a/p19Arf act downstream of miR-10A* 
and miR-21, regulating lin− BMC senescence. Importantly, us-
ing in vivo Matrigel plug assay and the more relevant hindlimb 
ischemic model, we show that modification of the miR-10A*/
miR-21–Hmga2–p16Ink4a/p19Arf axis improves senescent lin−  
BMC/EPC-induced angiogenesis, indicating that modulation 
of this pathway rejuvenates lin− BMCs/EPCs. Remarkably, 
the combined treatment with miR-10A* and miR-21 antago-
nists promotes the initiation of angiogenesis but, given enough 
time, cells treated with each miRNA antagonist alone are able 
to catch up with the multiple treated cells. Considering that 
restoration of blood supply in the early stage after myocardial 
infarct is crucial, these findings may have clinical implications 
for the justification of multiple miRNA inhibition.

It is important to note that other miR-10A* and miR-21 tar-
gets also may have a role in regulating lin− BMC senescence 
and angiogenesis. For example, it has been recently shown 
that reactive oxygen species and angiogenic factor RhoB are 
targets of miR-21.15,33 Based on miRNA TargetScan soft-
ware analysis, other target genes, including Smad7, VEGFC, 
SOX2, SOX5, KLF2, PTEN, BCL-2, may be involved in me-
diating the senescence and antiangiogenic effects of miR-21. 
Similarly, miR-10A* may act via Rgs13, Bmi-1, Myb, Wnt2, 
RhoB, Smad7, and CDK1 to exert its effects on cell senes-
cence and angiogenesis. KLF2 was significantly upregulated 
in aged lin− BMCs and was found to be a key factor in regu-
lating EC differentiation, which will be reported in our fol-
low-up study. None of the other putative target genes showed 
meaningful changes in expression with aging, and thus were 
not selected for further study. Given that multiple factors are 
likely to work together to induce lin− BMC senescence and 
differentiation, it is conceivable that additional miRNAs and 
target genes are involved and are awaiting further investiga-
tion. The less prominent expression changes of miR-10A* and 
miR-21 relative to that of Hmga2 in young vs aged lin− BMCs 

underscores the potential involvement of other miRNAs and 
perhaps other epigenetic mechanisms in regulating their se-
nescence and rejuvenation.

In summary, our data reveal the existence of a novel path-
way that regulates lin− BMC senescence; miR-10A* and mi-21 
expression increases with aging, resulting in downregulation 
of Hmga2, which, in turn, activates p16Ink4a/p19Arf expression, 
causing decreased self-renewal potential and  impaired angio-
genic capability. These findings not only may be helpful in de-
veloping approaches to rejuvenate lin− BMCs and to  enhance 
angiogenesis for cardiovascular repair, but also may be ben-
eficial in finding new ways to inhibit angiogenesis in the case 
of cancer treatment.
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What Is Known?

•	 Endothelial progenitor cells (EPCs) have been suggested to be 
 essential for the formation of new blood vessel formation and 
 vascular repair. EPC number and angiogenic functions decline as a 
function of aging.

•	 Treatment with exogenous bone marrow stem/progenitor cells, such 
as EPCs, can repair injured vessels and induce angiogenesis.

•	 MicroRNAs (miRNAs) can regulate diverse cellular processes, includ-
ing cellular senescence and angiogenesis.

What New Information Does This Article Contribute?

•	 Aging is associated with functional impairment and numerical 
exhaustion of EPCs.

•	 In comparison with EPCs from young mice, aged mouse EPCs have 
elevated levels of miRNAs, miR-10A*, and miR-21,  leading to the 
downregulation of Hmga2 expression, a key regulator of stem and 
progenitor cell self-renewal and functionality, resulting in p16Ink4a/
p19Arf-mediated cellular senescence.

•	 Application of modified EPCs, in which miR-10A* and miR-21 
 expression is inhibited or Hmga2 is overexpressed, improves new 
blood vessel formation and blood perfusion in a mouse model of 
hindlimb ischemia.

EPCs play important roles in maintaining cardiovascular health 
by promoting vascular regeneration and repair. EPC functionality 
and number, however, are reduced as a consequence of biologi-
cal or pathological aging. Therefore, we sought to understand the 
molecular mechanisms underlying age-associated EPC senes-
cence. Using high-content genomic approaches, we found that 
the regulatory pathways controlled by miR-10A* and miR-21 
are necessary for the maintenance of EPC viability and func-
tionality. We show that overexpression of miR-10A* and miR-21 
in EPCs from young animals leads to Hmga2 silencing, which, 
in turn, promotes the expression of the pro-senescence genes  
p16Ink4a/p19Arf. The upregulation of p16Ink4a/p19Arf significantly im-
pairs the angiogenic functions of mouse EPCs. In contrast, tar-
geted silencing of miR-10A* and miR-21 in aged EPCs results 
in upregulation of Hmga2, rejuvenation of EPCs, and improved 
angiogenic activity. These findings suggest that the miR-10A*/
miR-21–Hmga2–p16Ink4a/p19Arf pathway regulates EPC senes-
cence and, therefore, genetic manipulation of this pathway could 
be a novel therapeutic intervention to improve EPC-mediated 
 angiogenesis and vascular repair.

Novelty and Significance
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