
www.landesbioscience.com Cell Cycle 767

Cell Cycle 11:4, 767-777; February 15, 2012; © 2012 Landes Bioscience

 REPORT REPORT

*Correspondence to: Khawaja Husnain Haider; Email: haidErkh@ucmail.uc.edu
Submitted: 11/27/11; Revised: 12/24/11; Accepted: 12/29/11
http://dx.doi.org/10.4161/cc.11.4.19211

Introduction

Stem cell therapy for the infarcted heart is confronted with the 
problem of massive death of the donor stem cells post-transplan-
tation, which results in poor prognosis. The problem is generally 
addressed by either priming of the cells by activation of survival 
signaling for improved survival or by increasing the number of 
donor cells for transplantation to compensate for the cell loss in 
the cytokine-rich microenvironment of the ischemic heart. With 
regards to the former approach, we have previously reported that 
preconditioning of stem cells by pharmacological manipulation,1 
growth factor treatment2 or by exposure to intermittent repeated 
cycles of anoxia/reperfusion3 effectively promoted donor stem 
cell survival in the ischemic heart. As a part of the latter strategy, 
up to 1 billion cells have been transplanted in the experimental 
animal models, and dose-escalating clinical studies have shown 
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with a critical role for microRNA-143 (miR-143) downstream of FoxO1 transcription factor. Mesenchymal stem cells (MSC) 
from young male rats were transduced with Ad-vectors encoding for Akt (AktMSC) and Ang-1 (Ang-1MSC) transgenes for 
their individual or simultaneous overexpression (AAMSC; > 5-fold gene level and > 4-fold Akt and Ang-1 protein expression 
in AAMSC vs. Ad-Empty transduced MSC; EmpMSC). AAMSC had higher phosphorylation of FoxO1, which activated Erk5, a 
distinct mitogen-induced MAPK that drove transcriptional activation of cyclin D1 and Cdk4. Flow cytometry showed 
> 10% higher S-phase cell population that was confirmed by BrdU assay (15%) and immunohistology for Ki67 (11%) in 
AAMSC using EmpMSC as controls. miR array supported by real-time PCR showed induction of miR-143 in AAMSC (4.73-fold 
vs. EmpMSC). Luciferase assay indicated a dependent relationship between miR-143 and Erk5 in AAMSC. FoxO1-specific 
siRNA upregulated miR-143, whereas inhibition of miR-143 did not change FoxO1 activation. However, miR-143 inhibition 
repressed phosphorylation of Erk5 and abrogated cyclin D1 with concomitant reduction in cells entering cell cycle. 
During in vivo studies, male GFP+ AAMSC transplanted into wild-type female infarcted rat hearts showed significantly 
higher numbers of Ki67-expressing cells (p < 0.05 vs. EmpMSC) 7 d after engraftment (n = 4 animals/group). In conclusion, 
co-overexpression of Akt and Ang-1 in MSC activated cell cycle progression by upregulation of miR-143 and stimulation 
of FoxO1 and Erk5 signaling.

MicroRNA-143 is a critical regulator of cell cycle 
activity in stem cells with co-overexpression 
of Akt and angiopoietin-1 via transcriptional 

regulation of Erk5/cyclin D1 signaling
Vien Khach Lai, Muhammad Ashraf, Shujia Jiang and Khawaja Husnain Haider*

Department of Pathology; University of Cincinnati; Cincinnati, OH USA

Key words: Akt, angiopoietin-1, microRNA, proliferation, stem cells

Abbreviations: Ad, adenoviral; Ang-1, angiopoietin; AAMSC, MSC transduce for coexpression of Akt and Ang-1; AktMSC, Ad-Akt 
transduced MSC; Ang-1MSC, Ad-angiopoietin-1 transduced MSC; Cdk4, cyclin dependent kinase 4; EmpMSC, Ad-empty transduced 

MSC; MSC, mesenchymal stem cells; miR, microRNA

that increasing the number of donor cells supported better thera-
peutic outcome.4 We hypothesized that manipulation of donor 
stem cells for sustenance of their inherent property of self-renewal 
during the acute phase after transplantation would compensate 
for the massive cell loss. Given that stem cells are excellent car-
riers of transgenes, the strategy of genetic reprogramming of 
stem cells can be exploited to improve their post-transplantation 
characteristics, including survival and proliferation, for effective 
participation in myocardial repair process. Moreover, additive 
actions associated with genetic manipulation of stem cells may 
also include their angiomyogenic differentiation and altered 
paracrine activity in the heart.5,6 We have already shown that 
simultaneous overexpression of Akt and angiopoietin-1 (Ang-1) 
in bone marrow-derived mesenchymal stem cells (MSC) led 
to coordinated interaction between the two transgenes and 
gave better stem cell survival, promoted their angiomyogenic 
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of micro RNA-143 (miR-143) in AAMSC as a critical regulator of 
cell cycle signaling.

Results

Purity of MSC culture and transgene expression. Bone marrow 
MSC isolated from male donor rats were expanded in vitro for 
3–4 passages before use in further experimentation. Analysis of 
their surface marker expression showed that purified cells were 
94.3 ± 1.4%, 91.5 ± 2.1% and 4.1 ± 0.3% pure for CD29, CD90 
and CD45 expression, respectively (Fig. 1A). Simultaneous 
expression of Akt and Ang-1 transgenes in MSC was deter-
mined by double fluorescence immunostaining and RT-PCR 
for the respective transgene expression in the transduced cells 

differentiation and stably improved global heart function.7,8 
The present study was designed to determine the downstream 
signaling involved during coordinated interaction between Akt 
and Ang-1 transgenes in MSC and their effect on cell prolifera-
tion. We observed that MSC with Akt and Ang-1 co-expression 
(AAMSC) phosphorylated forkhead box O1 (FoxO1) transcrip-
tion factor to abrogate its activity in the cells. FoxO proteins 
are known tumor suppressors, cause cell cycle arrest and induce 
apoptosis besides their vital involvement in maintenance of cel-
lular homeostasis.9 We observed that Akt-dependent phosphory-
lation of FoxO1 in AAMSCs was associated with activation of 
non-classical Erk5 and the expression of nuclear factor cyclin 
D1, an essential regulator of cell cycle progression via G

1
/S-

phase transition. We have also shown mechanistic involvement 

Figure 1. In vitro characterization of MSC for transgenes expression. (A) Flow cytometric analysis of hematopoietic and mesenchymal specific mem-
brane markers CD45, CD29 and CD90 in the purified MSC culture used during the present studies. (B) Double fluorescence immunostaining for Akt 
(green fluorescence) and Ang-1 (red fluorescence) expression in AAMSC. (C) RT-PCR for Akt and Ang-1 transgene expression in various treatment groups 
of cells. Densitometry showed significantly higher Akt and Ang-1 in AktMSC, Ang-1MSC and AAMSC as compared with EmpMSC at 48 h after transduction. 
Transgene expression was normalized to actin. (D) Western blots showing total Akt, pAkt and Ang-1 protein expression standardized to actin in vari-
ous treatment groups of MSC. Highest level of Akt, pAkt and Ang-1 was observed in AAMSC as compared with Ang-1MSC, AktMSC and EmpMSC.
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expression (Fig. 3E). However, a concomitant increase in Erk5 
phosphorylation in MSC with ectopic expression of miR-143 was 
also observed as compared with the scramble-treated control cells 
(Fig. 3E). Ectopic expression of miR-143 also increased cyclin 
D1 in the native MSC as compared with scramble transfected 
cells (Fig. 3F). On the contrary, pre-treatment of AAMSC with 
miR-143 specific antagomir significantly increased total Erk5 
(Fig. 3G). However, we also observed concomitant reduction in 
pErk5 and abolished cyclin D1 expression (Fig. 3H). These data 
showed that miR-143 regulated Erk5 and cyclin D1 signaling in 
AAMSC via its critical regulatory role in FoxO1 activity.

MiR-143 and Erk5 expression in AAMSC. We examined 
three databases (miRANDA, Sanger MirBase and Targetscan 
algorithms) for in silico prediction of the potential targets of 
miR-143. Computational analysis showed a putative consensus 
site in the 3'UTR of Erk5 mRNA for miR-143 binding (Fig. 4A). 
To determine a relationship between miR-143 and Erk5, a vector 
for Luc-pair miR-143 target clone for Luciferase assay was con-
structed specific for the 3'UTR region of Erk5 (Fig. 4B). Using 
luciferase activity assay, co-transfection of a precursor miR-143 
expression vector (pEZX-miR-143) with the vector containing 
3'UTR of the Erk5 gene led to reduced luciferase activity in com-
parison to co-transfection with the miR-scramble vector (pEZX-
miR-scramble), indicating that forced expression of miR-143 
downregulated Erk5 by targeting 3'UTR of Erk5 gene (Fig. 4C).

Functional aspects of miR-143 induction in AAMSC. To 
demonstrate the functional aspect of miR-143 expression changes 
in response to co-overexpression of Akt and Ang-1 in AAMSC, 
BrdU assay was performed and showed that cell proliferation was 
increased in AAMSC (p < 0.01 vs. EmpMSC; Fig. 5A and B). We 
observed 23.72 ± 3.4% BrdU positivity in AAMSC as compared 
with 9.71 ± 1.24% in EmpMSC. On the other hand, pretreatment 
of AAMSC with miR-143 antagomir significantly reduced BrdU 
positivity in AAMSC, unlike pre-treatment with scramble, which 
did not alter the proliferative activity of AAMSC. FACS analysis 
of AAMSC after propidium iodide labeling showed that co-over-
expression of Akt and Ang-1 increased the number of AAMSC 
in S phase of the cell cycle to 15.24% ± 1.62% as compared 
with 4.220.49% in EmpMSC, used as a control. The proliferative 
effect of Akt and Ang-1 co-expression was significantly abolished 
by pre-treatment of AAMSC with miR-143 antagomir (Fig. 5C 
and D). These data was confirmed by fluorescence immunos-
taining specific for Ki67, a protein expressed in the nucleus of 
a cycling cell (Fig. 5E and F). Ki67-specific immunostaining 
showed up to 11.9 ± 1.5% increase in Ki67 positivity in AAMSC, 
which was reduced to 3.05 ± 0.23% in AAMSC with miR-143 
antagomir pretreatment (p < 0.01; Fig. 5E and F).

Proliferation of AAMSC post transplantation in the infracted 
myocardium. Fluorescence immunostaining of histological sec-
tions for Ki67 expression was performed 7 d after transplanta-
tion of the cells with their respective treatment into the infarcted 
heart. The results showed AAMSC transplanted hearts had sig-
nificantly higher total number of Ki67+ cells as compared with 
the EmpMSC- and DMEM-treated animal groups (Fig. 6A). 
Double fluorescence immunostaining for Ki67 and GFP anti-
gens was performed to visualize transplanted GFP+ donor cells 

(Fig. 1B and C). These data were confirmed by western blot, 
which showed significant increase in total Akt and Ang-1 pro-
tein expression in AktMSC and Ang-1MSC at 48 h after transduc-
tion (Fig. 1D). However, Akt and Ang-1 protein expression in 
AAMSC was significantly higher as compared with EmpMSC as 
well as single gene transduced AktMSC and Ang-1MSC (Fig. 1D). 
Interestingly, pAkt was also increased significantly higher in 
AAMSC as compared with any other transduced cells.

FoxO1 expression in AAMSC. Following transduction of 
MSC for Akt and Ang-1 overexpression, western blot studies 
revealed that phosphorylation of FoxO1 insignificantly changed 
in AktMSC and Ang-1MSC as compared with EmpMSC. However, 
simultaneous expression of Akt and Ang-1 transgenes significantly 
increased FoxO1 phosphorylation in AAMSC (Fig. 2A) besides 
abrogation of total FoxO1 in AAMSC (Fig. 2B). Phosphorylation 
of FoxO1 was observed at both Thr24 and Ser256 sites. While 
Thr24-FoxO1 was mainly expressed in the cytoplasmic fraction, 
Ser256-FoxO1 was predominantly localized in the nuclear frac-
tion of AAMSC (Fig. 2C). Actin and CREB were used as internal 
controls for the cytoplasmic and nuclear fractions respectively. 
Immunostaining of AAMSC with an antibody specific for Thr24-
FoxO1 confirmed these data, indicating exportation of Thr24-
FoxO1 from the nucleus into the cytoplasm (red fluorescence; 
Fig. 2D). The nuclei were visualized by DAPI staining (blue 
fluorescence; Fig. 2D). Western blotting also showed signifi-
cantly higher phosphorylation of Erk5 in AAMSC as compared 
with the other treatment groups of cells (Fig. 2E). However, we 
observed a decrease in total Erk5 expression in AAMSC (Fig. 2E). 
We also observed a concomitant increase in cyclin D1 expression 
in AAMSC (Fig. 2F). Fluorescence immunostaining of AAMSC 
with antibody specific for cyclin D1 was consistent with west-
ern blot data and showed predominant nuclear localization of 
cyclin D1 (red fluorescence indicated by white arrows; Fig. 2G). 
The increase in cyclin D1 expression led to increased expression 
of downstream Cyclin dependent kinase 4 (Cdk4) (Fig. 2H). 
Cyclin D1 and cyclin-dependent kinase expression have been 
widely regarded as regulatory promoters of cell cycle progression 
as well as indicators of cells entering S phase of the cell cycle.10

Role of miR-143 in cell cycle of AAMSC. Microarray pro-
filing for miRs showed nearly 2-fold elevation of miR-143 in 
AAMSC (Fig. 3A). These findings were confirmed by real-time 
PCR, which showed significant expression of miR-143 in AAMSC 
as compared with EmpMSC as control (Fig. 3B). Transfection of 
native MSC (without genetic modification) with FoxO1-specific 
small integrated RNA (siFoxO1) simulated the effects of co-
expression of Akt and Ang-1 in terms of miR-143 expression 
(Fig. 3C). Treatment with siFoxO1 significantly increased miR-
143 in native MSC as compared with scramble siRNA (Sc) treated 
native MSC, thus suggesting that FoxO1 activity was responsible 
for miR-143 induction (Fig. 3C). On the contrary, loss-of-func-
tion studies by abrogation of miR-143 using specific antagomir 
failed to recover FoxO1 expression, which was abrogated by 
simultaneous expression of Akt and Ang-1 in AAMSC (Fig. 3D).  
These results confirmed that FoxO1 was upstream of miR-143.

In agreement with these observations, ectopic expression of 
pre-miR-143 in native MSC led to significant reduction in Erk5 
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that were positive for Ki67 expres-
sion (Fig. 6C and D). The number 
of GFP+Ki67+ cells was significantly 
higher in AAMSC- (Fig. 6C and D) 
transplanted animal hearts as com-
pared with EmpMSC (Fig. 6B and D).

Discussion

Self-renewal in stem cells involves 
an intricate mechanism regulated 
by various cyclin-dependent kinases 
(Cdks). The activity of Cdks gets 
modulated in response to different 
stimuli, and this differentially deter-
mines cell cycle progression in vari-
ous cell types.11 MiRs, in this regard, 
have emerged as new players that are 
critically involved in the signaling rel-
evant to cell survival, differentiation 
and proliferation.12-14 For their criti-
cal participation in cell proliferation, 

Figure 2. Phosphorylation of FoxO1 and 
its nuclear exportation in AAMSC. (A and 
B) Western blots showing significantly 
higher phosphorylation of FoxO1 at 
Ser256 with concomitant reduction 
in total FoxO1 in the whole cell lysate 
using actin for normalization during 
densitometry. (C) Representative west-
ern blots of FoxO1 and phosphorylated 
FoxO1 at Ser256 and Thr24 in the nucle-
ar and cytoplasmic fractions of various 
groups of cells. Whereas Thr24-FoxO1 
was mainly activated in cytoplasmic 
fraction and Ser256-FoxO1 was mainly 
activated in the nuclear fraction, actin 
was used as loading control for cyto-
plasmic fraction and CREB transcription 
factor was used for loading control in 
nuclear fraction. (D) Representative im-
ages of immunostained AAMSC showing 
cytoplasmic localization of Thr24-FoxO1 
(red fluorescence). No Thr24-FoxO1 was 
observed in EmpMSC. Nuclei were visual-
ized by DAPI staining (blue). (E and F) 
Proportion of pErk5 normalized to total 
Erk5 and total cyclin D1 normalized to 
actin in the whole cell lysate samples 
from after respective treatment. High-
est level of pErk5 and Cyckin D1 were 
observed in AAMSC. (G) Representative 
images of AAMSC immunostained for 
cyclin D1 expression. Extensive nuclear 
localization of cyclin D1 (ref fluores-
cence) was observed in AAMSC. (H) West-
ern blots showing significantly higher 
expression of Cyclin dependent kinase-4 
expression in AAMSC as compared with 
other treatment groups of cells. Actin 
was used as an internal control.
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Figure 3. For figure legend, see page 772.
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many cell cycle regulating proteins.15,20 Our pres-
ent study showed that miR-143 was significantly 
increased in stem cells genetically modified to co-
overexpress Akt and Ang-1. Our data also implied 
Erk5 as its putative target gene to regulate cell cycle 
in AAMSC. The novel findings of our study were that 
(1) phosphorylation of FoxO1 significantly increased 
miR-143 in response to simultaneous expression of 
Akt and Ang-1 in stem cells; (2) ectopic expression 
of miR-143 in native MSC significantly reduced 
total Erk5 expression, and (3) miR-143 regulated 
G

1
-S-phase transition in AAMSC by targeting Erk5/

cyclin D1 signaling. These molecular events led to 
cell cycle progression in AAMSC.

Our strategy of simultaneous expression of Ang-1 
and Akt resulted in a significantly higher pAkt/Akt 
ratio in AAMSC as compared with either AktMSC 
or Ang-1MSC, using EmpMSC as a baseline control. 
Activation of Akt signaling is generally associated 
with cell growth, proliferation, cell energy metabo-
lism as well as pro-survival effects.21 The FoxO sub-
family of forkhead transcription factors are known 
regulators of these cellular processes as well, and their 
activity is regulated by PI3K/Akt.22,23 Abrogation of 
PI3K/Akt signaling activates FoxO transcription 
factors, thus leading to cell cycle arrest and apop-
tosis.22 On the contrary, phosphorylation of FoxO 
transcription factors by pAkt at Thr24, Ser256 and 
Ser319 curtails their ability to bind with DNA in 
the nucleus and, subsequent to complexation with 
14-3-3 protein, they are exported out of the nucleus 
into the cytoplasm for degradation.24 Therefore, 
shuttling of FoxO transcription factors between the 
nucleus and cytoplasm remains central to its tran-
scriptional activity. FoxO contains both a nuclear 

export and a nuclear localization sequence; the latter gets masked 
subsequent to phosphorylation by Akt.25 In relation to cell cycle 
progression, exportation of FoxO1 from nuclei into cytoplasm 
and phosphorylation by Akt allows its cytoplasmic localiza-
tion, which promotes cyclin D1 and D2 expression to support 
cell cycle phase transition.26,27 Our strategy of co-overexpression 
of Akt and Ang-1 led to significant phosphorylation of FoxO1 
with concomitant elevation in miR-143. Loss-of-function studies 
showed that inhibition of FoxO1 repressed miR-143 in AAMSC, 
whereas abrogation of miR-143 in AAMSC did not change FoxO1 

miRs have been shown to post-transcriptionally regulate the 
expression of genes that encode for proteins critically involved in 
cell cycle progression.15-17 Whereas miR-34 transcriptionally con-
trols p53 to downregulate a set of genes involved in cycling tumor 
cells,18 oncogene Ras-mediated induction of miR-21 was attrib-
uted to Ras-dependent tumor cell proliferation by controlling 
gene expression of cell cycle checkpoint regulators.19 More recent 
studies have determined the role of miRs in stem cell prolifera-
tion and reported that miRs relevant to cell cycle progression in 
embryonic stem cells included miR-290 cluster which suppressed 

Figure 3 (See previous page). miR-143 expression in AAMSC regulated cell cycle signaling. (A) Heat map showing miR expression profiles in differ-
ent treatment groups of MSC. (B) Validation of microarray data by Real-time PCR which confirmed significantly higher expression of miR-143 in AAMSC 
as compared with AktMSC, Ang-1MSC and EmpMSC as controls. (C) Expression of miR-143 was significantly increased in AAMSC. Similarly, when native MSC 
(without any viral vector transduction) were treated with siFoxO1, miR-143 expression was significantly increased (similar to AAMSC) whereas treatment 
of native MSC with scramble did not alter miR-143 expression, thus suggesting that miR-143 expression was FoxO1 dependent. (D) Western blots show-
ing FoxO1 was abrogated by co-expression of Akt/Ang-1 in AAMSC as compared with EmpMSC. However, prior treatment of AAMSC with miR-143 specific 
antagomir did not rescue FoxO1 expression in AAMSC. (E) Western blots showing ectopic expression of miR-143 in native MSC led to abrogation of total 
Erk5 expression. However, we observed concomitant increase in phosphorylation of Erk5 in comparison with scramble transfected cells. (F) Western 
blots showing significantly higher expression of cyclin D1 in native MSC with ectopic expression of miR-143. Scramble transfection in AAMSC did not alter 
cyclin D1 expression. (G and H) Western blots showing significantly higher induction of Erk5 and abrogation of cyclin D1 in native MSC treated with miR-
143 specific antagomir as compared with the scramble transfected native MSC as controls (p < 0.05). Although Erk5 was significantly increased after pre-
treatment with miR-143 specific antagomir, phosphorylation of Erk5 was significantly decreased in AAMSC as compared with scrambled treated AAMSC.

Figure 4. Erk5 is a direct target of miR-143. (A) Computational analysis predicting pos-
sible target site of miR-143 conserved in the 3'UTR of Erk5 mRNA. (B) The construction 
of pEZX-Luc-Erk5 3'UTR luciferase reporter plasmid and precursor miR-143 expression 
clone. Co-transfection of MSC with pEZX-Luc vector containing Erk5 3' UTR together 
with a plasmid encoding miR-143 showed decreased luciferase activity (p < 0.01 vs. 
pEZX-miR-SC transfected cells). The ratio of luciferase activity was calculated either 
in the presence or absence of miR-143. (C) Luciferase assay measurement in AAMSC 
transfected with vectors carrying Luciferase and Erk5 genes.
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process of epithelial mucosa,29-31 thus suggesting that miR-143 
may promote different cellular functions based upon lineage 
background as well as differences in the genetic make-up of the 
cells.

activity. miR-143 is one of the most enriched miRs during embry-
onic development, with an essential role for myocardial prolifera-
tion, cardiac function and cardiogenesis.28 Besides, miR-143 also 
showed reversed expression in some carcinomas and regenerative 

Figure 5. For figure legend, see page 774.
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Figure 5 (See previous page). Co-overexpression of Akt/Ang-1 transgenes enhanced cell proliferation. (A) Graph showing significantly higher BrdU 
uptake in AAMSC as compared with EmpMSC. However, prior treatment of AAMSC with miR-143 antagomir significantly reduced BrdU positivity in AAMSC 
as compared with scramble (Sc) treated AAMSC. (B) Representative merged fluorescence images of AAMSC immunostained for BrdU uptake (green 
fluorescence). The nuclei were visualized by DAPI staining (blue fluorescence) and showed nuclear localization of BrdU signals (green fluorescence). 
White boxed areas in AAMSC and EmpMSC images were magnified for clarity (original magnification = 40x). (C and D) Graph showing significantly higher 
percentage of AAMSC in G-S phase transition. The cells were stained with propidium iodide and analyzed by FACS at 488 nm. The native (non-trans-
duced) MSC and EmpMSC were used as controls. Prior treatment of the AAMSC with miR-143 antagomir significantly reduced G-S phase transition of the 
cells. (D) Typical representative histograms from FACS analysis for G-S phase transition of native, AAMSC and AAMSC with miR-143 antagomir treatment 
or Sc treatment. (E and F) Fluorescence immunostaining of cells from various treatment groups for Ki67 expression (green fluorescence). The nuclei 
were visualized by DAPI staining which helped to determine nuclear specificity of Ki67 expression (original magnification = 40x). The percentage of 
Ki67+ cells was significantly increased in AAMSC which was abolished by pretreatment of the cells with miR-143 antagomir. Pretreatment with scramble 
(Sc) did not alter Ki67 positivity in AAMSC.

Figure 6. Proliferation of AAMSC post-transplantation in the infarct myocardium. (A) Quantification of Ki67+ positivity in the infarcted myocardium on 
day 7 after transplantation. The total number of Ki67+ cells was significantly higher in AAMSC transplanted animal hearts as compared with the other 
treatment groups. (B–D) Representative images of histological sections on day 7 after treatment with (B) EmpMSC and (C) AAMSC. The histological sec-
tions were immunostained for Ki67 (red) and GFP (green) antigens. (D) Graph showing higher number of Ki67+/GFP+ cells in AAMSCs group-3 animal 
hearts as compared with EmpMSC group-2 animal hearts (magnification = 20x).
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from Dr. Xu Meifeng (University of Cincinnati) and Dr. Ge 
Ruowen (National University of Singapore). The vectors were 
individually propagated in HEK-293 cells cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS). The cells were 
transduced with respective viral vector for 2 cycles of 6 h each 
and a subsequent recovery period of 48 h before use in further 
experimentation.7 Fluorescence immunostaining, RT-PCR and 
western blotting were performed to determine percentage trans-
duction and expression efficiency of the transgenes.7

RNA isolation and reverse transcription-PCR (RT-PCR). 
For RT-PCR, RNeasy kit (Qiagen) was used for isolation of 
total mRNA from the cells per manufacturer’s instructions and 
RT-PCR was run for 35 cycles using specific primers (Table S1).7 
Densitometry for quantification of mRNAs was performed using 
computer software (FluorChem SP, Alpha Innotech).

Western blotting. Cells were harvested and homogenized at 
4°C for 30 min using lysis buffer (HEPES 50 mM, EDTA 5 
mM, NaCl 50 mM, Triton X-100 1%, NaF 50 mM, Na

3
VO

4
 1 

mM, Na
4
P

2
O

7
 10 mM, aprotinin 10 μg/ml, leupeptin 10 μg/ml, 

phenylmethylsulfonyl fluoride 1 mM). The whole-cell lysate sam-
ples were centrifuged for 10 min at 4°C at 14,000 G. Cytoplasmic 
and nuclear protein fractions were isolated using commercial 
kits (NE-PER Nuclear and Cytoplasmic Extraction Reagents, 
Thermo Scientific) per supplier’s protocol. Concentration of pro-
tein was measured using Bradford’s method, and protein lysates 
were aliquoted and stored at -80°C until used. A total of 25–30 
μg protein samples were electrophoresed in each well of SDS-
polyacrylamide gels (Invitrogen) at 100 V using running buffer 
(MOPS buffer, Invitrogen). After electroblotting of the pro-
teins from the gel on to PVDF membranes overnight (BioRad), 
membranes were then washed with TBST buffer, blocked with 
5% non-fat milk, incubated with specific primary and sec-
ondary antibodies (Table S2) and developed onto X-ray films 
(Denville Scientific) using chemiluminescent reagents (ECL, 
GE Healthcare Biosciences or SuperSignal, West Femto Thermo 
Scientific). Densitometry was performed with FluorChem SP 
(Alpha Innotech) computer software.

MiRNA target prediction. Computational prediction for best 
complementarity of the target genes was performed using avail-
able databases (target scan.org and microrna.org).

MiRNA isolation, miRNA array and real-time PCR. 
Isolation of miRNA from various treatment groups of cells was 
performed using a commercially available kit (Ambion) follow-
ing the instructions of the manufacturer.3 For miRNA array 
studies, the samples were sent to LC Sciences. For confirma-
tion and reproducibility assessment of the microarray data of 
the miRNAs of interest, qRT-PCR was performed using specific 
miRNA primers (Exiqon) following manufacturer’s instruction. 
For loss-of-function studies, specific small interference RNA 
siRNA (Dharmacon Thermo Scientific), antagomirs and scram-
ble siRNA (Sc siRNA) were purchased from Exiqon, and trans-
fection of the chemicals was performed using tranfection reagent 
(DharmaFECT Duo, Thermo Scientific) per the instructions of 
the companies.

Luciferase reporter assay. Precursor miR-143 expression clone 
was constructed in a feline immunodeficiency virus (FIV)-based 

MiR-143 is a new entrant in cell cycle signaling. Although 
computational and experimental databases have identified 
multiple targets for miR-143, it remains undetermined how 
the variable targets influence the versatile biological activity 
of miR-143.29,30,32,33 One of the important direct target genes 
of miR-143 is Erk5, also known as big MAP kinase (Bmk1), a 
member of atypical mitogen-activated kinase family. Erk5 mostly 
gets activated in response to oxidative stress, hyperosmolarity 
and treatment of cells with serum and growth factors such as 
epidermal growth factor.34 Although little information is avail-
able regarding substrates of Erk5, published data shows that 
activated Erk5 phosphorylates connexin-43 35 and transcription 
factor MEF2c.25 In relation to its role in cell proliferation, Erk5 
interacts with cyclin D1 kinase to promote cell growth and pro-
liferation in response to cytokine stimulation.36 Cyclin D1 and 
its binding partner Cdk4 are known important regulators of cell 
migration, invasion as well as cell cycle progression from G

1
 to 

S phase in different cell types.37,38 Expression of cyclin D1 forms 
active complexes that promote cell cycle progression via phos-
phorylation and inhibition of the retinoblastoma protein and are 
linked to the development of several forms of carcinoma.39 Cdk4 
is a member of the Ser/Thr protein kinase family that serves 
as a catalytic subunit of the protein kinase complex involved 
in G

1
-phase progression of cell cycle.32 The activity of Cdk4 is 

restricted to G
1
-S phase, which is controlled by the regulatory 

subunits D-type cyclins and Cdk inhibitor p16 (INK4a).32 Our 
data provided clear evidence that cyclin D1 as well as Cdk4 were 
upregulated in AAMSC, and the functional outcome of these 
molecular events was evident from more than 15% increase in 
S-phase AAMSC.

In conclusion, we report for the first time that combined 
expression of Akt with angiocompetent Ang-1 enhances stem cell 
proliferation through upregulation of mir-143 and stimulation of 
signaling downstreams of FoxO1 and Erk5. Given that AAMSC 
have superior angiomyogenic capacity, the strategy will be impor-
tant in addressing the problem of massive donor cell death that 
ensues during acute phase after transplantation.

Materials and Methods

All experimental procedures were performed in accordance with 
the standard human care guidelines of the “Guide for the Care 
and Use of Laboratory Animals” and Institutional Animal Care 
and Use of Committee of University of Cincinnati, which con-
formed to National Institutes of Health guidelines.

Isolation, expansion and purity of MSC. MSC were obtained 
from young male Fisher-344 rats by flushing and culturing the 
bone marrow harvested from the cavity of femurs and tibias as 
described previously in reference 7. For surface marker analysis 
of the MSC cell cultures, the cells were immunstained with fluo-
rescently conjugated antibodies at concentration of 1 μg/ml and 
analyzed by flow cytometry (FACSCanto, BD Biosciences) for 
CD29, CD90 and CD45.7

Viral vector propagation and transduction of MSC. 
Replication-deficient adenoviral vectors (Ad) with any thera-
peutic gene or encoding for Akt and Ang-1 transgenes were gifts 
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positive for BrdU and Ki67 were considered as cells in S phase 
of mitosis.

In vivo studies. Male donor bone marrow derived MSC from 
young GFP transgenic rats were transduced with Ad-Emp vec-
tor or vectors encoding for Akt and Ang-1. For in vivo studies, 
experimental model of acute myocardial infarction was developed 
in female Fisher-344 rats by permanent ligation of left anterior 
descending (LAD) coronary artery.7 Ten minutes after LAD liga-
tion, the animals were grouped for intramyocardial injection of 60 
μl DMEM without cells (group-1) or containing GFP expressing 
(green fluorescence) 1 x 106 male EmpMSC (group-2) or AAMSC 
(group-3). The chest was sutured and animals were allowed to 
recover. During post-operational care, Buprenex (0.1 mg/kg b.i.d) 
was administered for 24 h to alleviate pain. For post-mortem 
studies, animals were harvested on day 7 (n = 4/group) after their 
respective treatment using an overdose of sodium pentobarbitol, 
and the heart tissue was collected for immunohistological studies. 
The heart tissue samples were fixed with 4% paraformaldehyde 
and cryosectioned at 7–8 μm thickness. The histological sections 
were immunostained with primary antibodies specific for Ki67 
and GFP (Table S2). The primary antibody-antigen reaction was 
visualized with specific fluorescently labeled secondary antibodies 
and analyzed using fluorescent microscope (BX-41, Olympus) for 
the expression of Ki67 in transplanted cells.

Statistical analysis. Data were expressed as mean ± SEM, 
t-test or Anova were used with appropriate post hoc analysis. A 
p-value < 0.05 was considered to be statistical significant.
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lentiviral vector system (pEZX-miR-143), and luciferase 
reporter constructs containing the 3'UTR of Erk5 were designed 
to encompass the miR-143 binding sites (GeneCopoeia). For 
luciferase assay, MSCs were plated in triplicate into 24-well 
plates and co-transfected with 0.8 μg of pEZX-miR-143 (or 
pEZX-miR-scramble) and reporter construct by using the 
Lipofectamine 2000TM (Invitrogen, Carlsbad). Transfection 
efficiency was normalized on the basis of luciferase activity. The 
luciferase activity was measured at 48 h after transfection using 
Luciferase Reporter Assay System kit according to the manufac-
turer’s instructions.

Cell cycle analysis. The different treatment groups of cells 
were trypsinized 48 h after transduction, washed with cold 
PBS and fixed with 70% ethanol at 4°C. The cells were washed 
twice with cold PBS and subjected to RNase/propidium iodide 
(PI) staining using Cell Cycle kit (GenScript) per manufactur-
er’s instructions. The cells were analyzed using flow cytometer 
(FACSCanto), and a minimum of 10,000 events were analyzed 
at 488 nm excitation wavelength. The data was analyzed using 
computational software Modfit LT30 (Verity Software House).

The cells entering S phase of cell cycle were also determined 
by immunostaining for the expression of endogenous Ki67 and 
by bromodeoxyuridine assay (BrdU, BD PharMingen).

Fluorescence immunocytochemistry. Non-transfected and 
transfected MSC were cultured in chambered glass slides, fixed 
with 4% paraformaldehyde. After washing twice with PBS, the 
cells were permeabilized with 0.5% Triton-X100 (Sigma Aldrich) 
for 30 min, washed twice with PBS and incubated with Cas-Block 
for 1 h (Invitrogen). The cells were then incubated with primary 
antibodies specific for Akt, Ang-1, phospho-Th24 FoxO1, cyclin 
D1, BrdU and Ki67 for 2 h at 37°C. Following this, the cells were 
washed and incubated with corresponding fluorescently labeled 
secondary antibodies for 1 h at 37°C. Finally, the nuclei were 
visualized by DAPI staining at 0.5 μg ml for 5 min. The slides 
were then washed and mounted with Flouromount-G solution 
(Southern Biotech) and observed under fluorescence microsope 
(BX-41, Olympus). The list of antibodies used is provided in 
Table S1. For Ki67- and BrdU-positive cells, random microscopic 
fields of 300 cells were photographed and counted. The cells 
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