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Abstract

Aims: To establish a functional link between microRNA-107 (miR-107) and stem cell survival during ischemic
preconditioning (IPC) of stem cells with multiple cycles of brief anoxia/re-oxygenation (10 or 30 min, one to
three cycles) and show that the cytoprotective effects were independent of hypoxamir-210. Results: We dem-
onstrated the induction of miR-107 in response to the IPC-induced activation of Akt/hypoxia inducible factor-1a
(HIF-1a) in preconditioned mesenchymal stem cells (PCMSC), which showed improved survival during subse-
quent exposure to 6 h of lethal anoxia ( p < 0.05 vs. non-preconditioned MSC[non-PCMSC]). In silico analysis and
luciferase activity assay confirmed programmed cell death-10 (PDCD10) as a putative target of miR-107 in
PCMSC, which was significantly reduced during IPC and inversely related to stem cell survival under 6 h of
lethal anoxia. Loss-of-function studies with miR-107 antagomir showed a significantly reduced survival of
PCMSC. A comparison of miR-107 and miR-210 showed that both miRs participated independently via their
respective putative target genes Pdcd10 and Casp8ap2. The simultaneous abrogation of Pdcd10 and Casp8ap2 had
a stronger effect on PCMSC survival under lethal anoxia. The transplantation of PCMSC in an acute model of
myocardial infarction showed a significantly improved survival of transplanted PCMSC with concomitantly
enhanced miR-107 expression in PCMSC-transplanted animal hearts. Innovation: Cytoprotection afforded by
IPC is regulated by miR-107 induction via Pdcd10 independent of miR-210/Casp8ap2 signaling, and the simul-
taneous abrogation miR-107/miR-210 has a stronger effect on the loss of PCMSC survival. Conclusion: IPC
enhances stem cell survival via the combined participation of hypoxia responsive miRs miR-107 and miR-210 via
their respective putative target genes Pdcd10 and Casp8ap2. Antioxid. Redox Signal. 17, 1053–1065.

Introduction

We have previously reported the effectiveness of is-
chemic preconditioning (IPC) by intermittent cyclical

exposure to short anoxia/re-oxygenation (A/R) cycles to
support stem cell survival under lethal anoxia and post-
transplantation in the infarcted heart (9, 17).

Hypoxia significantly affects cell functionality, including
metabolism, survival, proliferation, emigrational properties,
and differentiation with a critical role for hypoxia inducible
factor-1a (HIF-1a) signaling. Besides, hypoxia also alters a
select group of microRNAs (miRs), designated as hypoxia
responsive miRs (HRM) (20). These 19–22 nucleotides and
long, single-stranded miRs post-transcriptionally regulate the

Innovation

Hypoxia-regulated hypoxia inducible factor-1a (HIF-1a)
dependent microRNAs (miRs) are critical regulators of
pro-survival signaling in preconditioned mesenchymal
stem cells (PCMSC). Our study is the first attempt which
shows that HIF-1a-dependent miR-107 induced during the
ischemic preconditioning of stem cells acted via Pdcd10 to
impart cytoprotection; the effects of miR-107/Pdcd10 in-
teraction were independent of miR-210/Casp8ap2 signal-
ing, and the simultaneous abrogation of miR-107/miR-210
had a stronger combined effect on the loss of PCMSC sur-
vival.
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expression of most genes, many of which are expressed in
response to HIF-1a activity, the master regulator of oxygen-
sensing mechanisms of cells, and their hypoxia responsive-
ness (29). HRM are being extensively studied for HIF-1a
dependence and their association with anti-apoptotic signal-
ing (19, 27). Although the functional significance of HRM
remains an area of intense research, only a few studies
have successfully established a link between stem cell pre-
conditioning and the role of miRs (7, 17).

Since the establishment of our pioneering strategy of cel-
lular preconditioning to effectively prime stem cells by treat-
ment with preconditioning mimetic diazoxide (26), various
research groups have reported that the treatment of stem cells
with hypoxia effectively supports their survival under lethal
anoxia (2, 30). In our subsequent study, we hypothesized that
IPC with repeated intermittent cycles of A/R primes the cells
for improved survival during subsequent exposure to lethal
anoxia (17). While elucidating the mechanism of cytoprotec-
tion, we implied the critical role of HIF-1a and miR-210 during
IPC (17). We also defined Casp8ap2 as a downstream putative
target of miR-210, which was abrogated in response to IPC
(17). CASP8AP2 has a critical role in the apoptosis signaling
complex to mediate Fas-induced apoptosis. It interacts with
the death effector domain of caspase-8 or the Fas-associated
death domain and facilitates its release from the apoptosis
signaling complex to activate the downstream caspase cas-
cade (13). Similar to miR-210, miR-107 is an important mem-
ber of HRM (18, 20) and has been mostly studied for its role in
tumor progression and proliferation (5, 8, 22). Nevertheless,
little is known about its mechanistic participation in survival
signaling during IPC. The present study was designed to
determine the role of miR-107 and its putative target pro-
grammed cell death-10 (Pdcd10) in mesenchymal stem cells
(MSC) survival in response to HIF-1a activation during
IPC. Gain and loss-of-function studies showed that PDCD10
was induced in response to pro-apoptotic stimuli, and its pro-
apoptotic role was mediated via the activation of caspase-3
(4). Given that miR-210 is a critical determinant of precondi-
tioned MSC (PCMSC) survival under lethal anoxia, we sought
its comparison with miR-107. Our results showed that miR-
107 and miR-210 acted via their respective putative targets
Pdcd10 and Casp8ap2. Moreover, the combined abrogation of
miR-107/miR-210 or their putative targets genes Pdcd10/
Casp8ap2 in PCMSC had a stronger combined effect in terms of
cytoprotection.

Results

MiR-107 expression was significantly increased
in PCMSC

MSC were successfully preconditioned using our opti-
mized protocol by exposure to one cycle (PCx1) and two
cycles (PCx2) of sub-lethal anoxia for 30-min with intermittent
re-oxygenation. Since miR-107 is involved in anti-apoptotic
gene regulation, we performed quantitative reverse tran-
scription polymerase chain reaction (RT-PCR) to quantify its
expression in PCMSC (Fig. 1A). miR-107 significantly in-
creased in PCMSC after treatment with both PCx1 and PCx2 as
compared with non-preconditioned MSC (non-PCMSC) (Fig.
1A); the induction of miR-107 was higher in PCx2 as com-
pared with PCx1 ( p < 0.05; Fig. 1A). A time-course study for
miR-107 induction showed insignificantly changed miR-107

induction between A/R phases of preconditioning cycles
(Supplementary Fig. S1A; Supplementary Data are available
online at www.liebertonline.com/ars). We did not observe
any significant change in miR-103 expression in PCMSC
(Supplementary Fig. S1B). PCMSC showed significantly
higher activation of Akt, which was abrogated by the pre-
treatment of cells with 40 lM Wortmannin (Wort) for 45 min,
whereas total Akt remained unchanged (Fig. 1B). Interest-
ingly, the pretreatment of PCMSC with Wort also abrogated
miR-107 (Fig. 1C). On subsequent exposure to 6 h of lethal
anoxia, morphological integrity was better preserved in
PCMSC as compared with non-PCMSC (Fig. 1D). The non-PCMSC
under 6 h of lethal anoxia showed rounded and hyper-con-
tracted morphology unlike PCMSC, which maintained their
typical flat and elongated appearance (Fig. 1D). Lactate de-
hydrogenase (LDH) release was significantly reduced in
PCMSC (both PCx1 and PCx2) as compared with non-PCMSC
under 6 h of lethal anoxia (Fig. 1E). However, the pre-
conditioning of MSC with PCx2 was more effective in re-
ducing cellular injury, as indicated by reduced LDH leakage
as compared with non-PCMSC. Furthermore, pretreatment
with 40 lM Wort abolished the cytoprotective effects in
PCMSC (both PCx1 and PCx2) (Fig. 1E). Consistent with LDH
release assay, transferase-mediated dUTP nick-end labeling
(TUNEL) positivity was significantly reduced in PCMSC (both
PCx1 and PCx2) under 6 h of lethal anoxia as compared with
non-PCMSC (Supplementary Fig. S1C). In another set of ex-
periments, we treated both non-PCMSC and PCMSC with
100 lM H2O2 to determine their survival using respective cells
without H2O2 treatment as the control (Supplementary Fig.
S1D). Preconditioning by PCx2 did not change LDH release as
compared with non-PCMSC, whereas LDH release was signif-
icantly reduced in PCMSC as compared with non-PCMSC on
H2O2 treatment, thus implying that preconditioning was as
effective in protecting the cells under H2O2 stress as it was
against lethal anoxia (Supplementary Fig. S1D).

HIF-1a regulated miR-107 expression during
the preconditioning of stem cells

To determine the regulatory role of HIF-1a in miR-107
expression during preconditioning, PCMSC were pretreated
with HIF-1a siRNA using scramble (Sc) siRNA-transfected
PCMSC as controls. We successfully abrogated HIF-1a in
PCMSC by specific RNA interference as compared with Sc
siRNA-transfected PCMSC (Fig. 2A). Western blot studies
also showed that there was no activation of p53 in response
to IPC in PCMSC as compared with non-PCMSC (Supple-
mentary Fig. S2A). Abrogation of HIF-1a significantly
abolished miR-107 in PCMSC as compared with non-PCMSC
and Sc siRNA-transfected PCMSC (Fig. 2B). These molecular
changes led to a loss of the cytoprotective effects of pre-
conditioning, as was evident by significantly higher LDH
leakage under 6 h of lethal anoxia in PCMSC (both PCx1 and
PCx2) pretreated with HIF-1a siRNA as compared with Sc
siRNA-treated controls (Fig. 2C). Consistent with LDH,
TUNEL positivity was significantly increased in HIF-1a
siRNA-transfected PCMSC as compared with Sc siRNA-
transfected PCMSC (Fig. 2D). Non-PCMSC under 6 h of lethal
anoxia were used as controls and showed significant LDH
release and higher TUNEL positivity under 6 h of lethal
anoxia (Fig. 2C, D).
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Abrogation of miR-107 and reduced PCMSC survival
under lethal anoxia

We observed a significantly higher expression of miR-107
in PCMSC (both PCx1 and PCx2) pretreated with Sc as com-
pared with non-PCMSC (Fig. 3A). To study the role of miR-107
in cytoprotection, PCMSC were pretreated with anti-miR-107
and successfully abrogated miR-107 induction in response to
IPC (Fig. 3A). Non-PCMSC were used as a baseline control for
both Sc siRNA and anti-miR-107 treatment. The effect of miR-
107 abrogation was determined by exposing the cells to 6 h of
lethal anoxia, which resulted in a significant loss of cytopro-
tection, as was evident from increased LDH leakage (Fig. 3B)

and higher TUNEL positivity (Fig. 3C, D) in anti-miR-107
pretreated PCMSC in comparison to Sc siRNA-treated PCMSC.

Cytoprotective effects of PDCD10/miR-107 in PCMSC

To further investigate the biological relevance of miR-107
induction during preconditioning and its participation in
survival signaling in PCMSC, we employed three databases
(miRANDA, Sanger MirBase, and Targetscan) for in silico
search for the potential targets of miR-107. Our computational
search found consensus putative target sites of miR-107 and
miR-210 with high complementarity relevant to apoptosis in
the 3¢UTR region of Pdcd10 mRNA and Casp8ap2 (17),

FIG. 1. IPC induced miR-107
expression in MSC. (A) IPC
significantly increased miR-107
expression in PCMSC as com-
pared with native non-PCMSC.
Cells treated with two cycles
(PCx2) of 30 min A/R showed
higher expression as compared
with the cells treated with one
cycle (PCx1). (B) Western blots
showing significantly higher
phosphorylation of Akt in
PCMSC as compared with
non-PCMSC, which was abro-
gated by pretreatment with
40 lM Wort for 45 min. (C) The
induction of miR-107 in PCMSC
was abrogated by pretreatment
with Wort. Fold change for miR-
107 in (A, C) was determined
from densitometric ratio nor-
malized to U6 expression and
for pAkt in (B) from densito-
metric ratios between pAkt/to-
tal Akt in the respective samples.
(D) Phase-contrast photomicro-
graphs showed a better pre-
served morphology in the
PCMSC treated with PCx2 as
compared with PCx1 on subse-
quent exposure to 6 h of lethal
anoxia. (E) Preconditioning at-
tenuated cellular injury as
examined by LDH assay subse-
quent to 6 h of lethal anoxia.
Preconditioning by PCx2 was
more effective in the protection
of cells as compared with PCx1,
using non-PCMSC as controls.
Pretreatment with 40 lM Wort
significantly abolished the ef-
fects of preconditioning. A/R,
anoxia/re-oxygenation; IPC, is-
chemic preconditioning; LDH,
lactate dehydrogenase; miR, mi-
croRNA; MSC, mesenchymal
stem cells; PCMSC, precondi-
tioned MSC; non-PCMSC, non-
preconditioned MSC; Wort,
Wortmannin.
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FIG. 2. HIF-1a-dependent induction of miR-107 improved PCMSC survival. (A) Western blot showing the successful
abrogation of HIF-1a in the nuclear fraction of PCMSC with PCx2 and transfected with HIF-1a siRNA as compared with Sc
siRNA-transfected PCMSC. Native non-PCMSC were used as controls. (B) RT-PCR showing the abrogation of miR-107 in PCMC
(PCx2) in response to HIF-1a siRNA transfection as compared with Sc siRNA-transfected PCMSC. (C) The abrogation of HIF-
1a led to the loss of cytoprotection in PCMSC as determined by LDH-release assay. PCMSC (both PCx1 and PCx2) with HIF-1a
siRNA transfection had a significantly higher release of LDH under 6 h of lethal anoxia as compared with ScMSC. (D)
Representative fluorescence images and quantitative analysis of TUNEL positivity (green) showed that the abrogation of HIF-
1a significantly increased TUNEL-positive PCMSC as compared with Sc siRNA-transfected PCMSC. DAPI was used to
visualize nuclei. HIF-1a, hypoxia inducible factor-1a; N.S., non-significant; RT-PCR, reverse transcription polymerase chain
reaction; Sc, scramble; TUNEL, transferase-mediated dUTP nick-end labeling. (To see this illustration in color the reader is
referred to the web version of this article at www.liebertpub.com/ars).
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respectively (Fig. 4A). However, for miR-107 and miR-210, no
complementarity was observed that was relevant to apoptosis
in the 3¢UTR region of Casp8ap2 and Pdcd10 mRNA, respec-
tively. These data were confirmed by luciferase reporter as-
say. For luciferase reporter assay, we developed a precursor

miR-107 expression vector (pEZX-miR-107), which could
successfully transfect MSC to achieve a higher expression of
miR-107 as compared with native non-PCMSC and ScMSC
(107MSC vs. all groups; Fig. 4B). The expression of miR-107 in
107MSC was comparable with that of PCMSC ( p > 0.05 vs.

FIG. 3. Abrogation of miR-107
reduced PCMSC survival under
lethal anoxia. (A) RT-PCR showing
successful and specific knock-down
of endogenous miR-107 in PCMSC
by transfection with antisense mol-
ecules specific for miR-107. Sc siR-
NA-transfected MSC were used as
controls and showed significant up-
regulation of miR-107 after pre-
conditioning (both PCx1 and
PCx2). (B) LDH assay showing
significantly higher LDH release
from PCMSC pretreated with anti-
miR-107 as compared with Sc
siRNA-transfected MSC. (C, D)
Representative fluorescence images
from various treatment groups
of cells after TUNEL. TUNEL posi-
tivity was significantly higher in
PCMSC (both with PCx1 and
PCx2) pretreated with anti-miR-107
as compared with Sc siRNA-
transfected MSC. Non-PCMSC were
used as controls. (To see this illus-
tration in color the reader is re-
ferred to the web version of this
article at www.liebertpub.com/
ars).
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FIG. 4. Pdcd10 is a putative target of miR-107 in PCMSC. (A) Computational studies showing a putative target site of miR-
107 highly conserved in the Pdcd10 mRNA 3¢UTR. (B) qRT-PCR showing the successful transfection of MSC for the transgenic
expression of miR-107 using the pEZX-miR-107 plasmid. The expression of miR-107 was significantly higher in 107MSC as
compared with the pEZX-miR-Sc plasmid-transfected ScMSC as control. The expression of miR-107 in 107MSC was compa-
rable with PCMSC ( p > 0.05 107MSC vs. PCMSC). (C) Construction of luciferase construct (D, E). Luciferase activity assay
performed by the co-transfection of MSC with pEZX-Luc vector containing (D) Pdcd10 3¢UTR or (E) Casp8ap2 3¢UTR along
with a plasmid encoding miR-107. Significantly decreased luciferase activity was observed on co-transfection with the pEZX-
Luc vector containing Pdcd10 3¢UTR, whereas no significant decrease in luciferase activity was observed on co-transfection
with Casp8ap2 3¢UTR. The ratio of luciferase activity was calculated in either the presence or absence of miR-107. (F) Western
blot showing significantly higher expression of PDCD10 in PCMSC pretreated with anti-miR-107 as compared with ScMSC.
Fold change was determined in the PDCD10/actin ratio between the Sc siRNA and anti-miR-107-treated cells. (G) Western
blot showing significant abrogation of PDCD10 in neonatal cardiomyocytes after the transfection of miR-107 as compared
with the non-transfected cardiomyocytes. PDCD10, programmed cell death-10.
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PCMSC; Fig. 4B). A luciferase construct was designed as
shown in Figure 4C. The participation of Pdcd10 as a putative
target gene of miR-107 was confirmed by luciferase activity
assay, which showed that the co-transfection of a precursor
miR-107 expression vector (pEZX-miR-107) with the vector
containing 3¢UTR of the Pdcd10 gene significantly reduced
luciferase activity in comparison to co-transfection with the
miR- Sc vector (pEZX-miR-Sc) (Fig. 4D). These results pro-
vided clear evidence that exogenous forced the expression of
miR-107 down-regulated Pdcd10 via targeting 3¢UTR of this
gene. We also performed luciferase activity assay using
pEZX-miR-107 with a vector containing 3¢UTR of the Cas-
p8ap2 gene. However, luciferase activity was not significantly
changed in comparison to the co-transfection with the miR-Sc
vector (Fig. 4E). These results showed that miR-107 had its
effects, which were independent of Casp8ap2, a putative target
of miR-210 (17). The relationship between miR-107 and its
putative target was confirmed by Western blotting, which
showed that pretreatment of PCMSC with anti-miR-107 in-

creased PDCD10 protein expression in comparison with Sc
siRNA-pretreated PCMSC (Fig. 4F). Pretreatment with anti-
miR-107 increased CASPASE-3 cleavage in PCMSC (Fig. 4F).
Western blotting also showed that the induction of miR-107
in neonatal cardiomyocytes abrogated PDCD10 expression
(Fig. 4G).

Combined effect of simultaneous induction of miR-107
and miR-210 on cytoprotection

A gain-of-function study that determines cytoprotection
after a combined overexpression of miR-107 and miR-210 in
MSC was performed using 107MSC and 210MSC for individual
miR-107 and miR-210 cytoprotective effects, whereas ScMSC
were used as a baseline control. Single as well as combined
overexpression of miR-107 and miR-210 led to individual
and combined abrogation of PDCD10 and CASP8AP2 under
lethal anoxia (Fig. 5A). TUNEL showed that combined over-
expression miR-107 and miR-210 was more effective in

FIG. 5. Simultaneous over-
expression of miR-107 and
miR-210 has a stronger pro-
survival effect on PCMSC sur-
vival. (A) Western blot show-
ing the abrogation of PDCD10
and CASP8AP2 in MSC after
individual or combined over-
expression of miR-107 and
miR-210 under lethal anoxia.
As compared with ScMSC,
107MSC and 210MSC signifi-
cantly abrogated PDCD10 and
CASP8AP2, respectively, un-
der lethal anoxia. On the same
note, 107/210MSC showed the
successful simultaneous abro-
gation of both PDCD10 and
CASP8AP2. (B) The TUNEL
assay was performed to assess
the cytoprotective effects of
these molecular events. Al-
though 107MSC and 210MSC
were effectively protected
against lethal anoxia, 107/

210MSC showed significantly
higher survival as compared
with 107MSC and 210MSC. (To
see this illustration in color the
reader is referred to the web
version of this article at www
.liebertpub.com/ars).
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protecting MSC as compared with individual overexpression
of respective miR (Fig. 5B).

Combined effect of simultaneous abrogation
of miR-107 and miR-210 on cytoprotection

We successfully abrogated miR-107, miR-210, and both
miR-107/miR-210 by the pretreatment of PCMSC with anti-
miR-107, anti-miR-210, and both anti-miR-107/miR-210, re-
spectively (Fig. 6A). Sc siRNA-treated PCMSC and non-PCMSC
were used as controls. Subsequent exposure to 6 h of lethal
anoxia showed a significant loss of cytoprotection in all three
antisense treatment groups of cells in comparison to the Sc
siRNA pretreated PCMSC as determined by LDH (Fig. 6B) and
TUNEL assays (Supplementary Fig. S2B, C). TUNEL posi-
tivity in Sc siRNA-transfected PCMSC (PCx2) was (8.8 – 1.2),
which was significantly lower as compared with the PCMSC
(PCx2) transfected with anti-miR-107 (17.8 – 2.3) and anti-
miR-210 (25.8 – 1.7). Although TUNEL-positive PCMSC pre-
treated with anti-miR-107 (17.8 – 2.3) and anti-miR-210
(25.8 – 1.7) were statistically insignificant from each other, the
abrogation of miR-210 led to higher TUNEL positivity. On the
contrary, PCMSC with the simultaneous abrogation of miR-
107/miR-210 had higher TUNEL positivity (37.4 – 2.2). This
was similar to the non-PCMSC with simultaneous miR-107/
miR-210 abrogation ( p > 0.05) but significantly higher as
compared with the PCMSC pretreated with either anti-miR-
107 or anti-miR-210 (Supplementary Fig. S2B, C). A similar
trend was also observed in PCMSC (with PCx1) (Supplemen-
tary Fig. S2B, C).

In a parallel set of experiments, we abrogated the putative
targets of miR-107 and miR-210, Pdcd10 and Casp8ap2, re-
spectively, in PCMSC either individually or simultaneously by
the pretreatment of PCMSC with siRNA specific for Pdcd10,
Casp8ap2, and both Pdcd10 siRNA/Casp8ap2, respectively
(Fig. 7). Sc siRNA-transfected PCMSC and non-PCMSC were
used as controls. Western blots showed the successful and
specific abrogation of PDCD10, CASP8AP2, and PDCD10/
CASP8AP2 in the respective siRNA treatment cell groups

(Fig. 7A–C). In accordance with data from anti-miR treatment
(Fig. 6), subsequent exposure to 6 h of lethal anoxia resulted in
significantly improved survival in all cell treatment groups
with respective siRNA treatments as was evident from re-
duced LDH release (Fig. 7D) and TUNEL positivity (Supple-
mentary Fig. S3). PCMSC with Sc siRNA treatment control
showed significantly low LDH release (Fig. 7D) as well as
TUNEL positivity (Supplementary Fig. S3). On the contrary,
non-PCMSC with Sc siRNA had higher LDH release and TU-
NEL positivity. Although TUNEL positivity in non-PCMSC
pretreated with individual Casp8ap2 siRNA (29 – 5.7) or
Pdcd10 siRNA (27.4 – 6.1) was statistically insignificant
( p > 0.05 Casp8ap2 siRNA vs. Pdcd10 siRNA pretreatment),
Casp8ap2 siRNA pretreatment tended to be more effective. On
the contrary, the simultaneous abrogation of Casp8ap2/Pdcd10
in non-PCMSC was more effective and showed a stronger
combined effect in terms of reduced TUNEL positivity
(19.2 – 3.1) as compared with cells with single siRNA treat-
ment (Supplementary Fig. S3). Similarly, the simultaneous
abrogation of Casp8ap2/Pdcd10 in PCMSC showed reduced
TUNEL positivity (13.1 – 4.2) as compared with the abroga-
tion of either Casp8ap2 (19.2 – 3.1) or Pdcd10 (18.4 – 4.3) with
respective siRNA treatment (Supplementary Fig. S3).

PCMSC with higher miR-107 showed improved survival
in the infarcted heart

During the first phase of in vivo studies, three animal
groups were prepared for in vivo studies: Dulbecco’s Modified
Eagle Medium (DMEM)-injected group-1 control, non-PCMSC-
transplanted group-2, and PCMSC-transplanted group-3
(two-cycles of 30 min A/R, PCx2). The animal hearts (n = 4)
were harvested 4 days after their respective treatment for
molecular studies to assess the survival of the transplanted
cell graft. Sry-gene studies by qRT-PCR in female recipient
hearts showed significantly higher survival (approximately
fivefold higher) of male PCMSC in group-3 as compared with
non-PCMSC group-2 ( p < 0.05; Fig. 8A). The DMEM-injected
group-1 served as a negative control, as no sry-gene was

FIG. 6. Simultaneous abrogation of
miR-107 and miR-210 has a stronger
combined effect on PCMSC survival.
(A) qRT-PCR showing the successful
abrogation of miR-107, miR-210 and
the simultaneous abrogation of miR-
107/miR-210 in PCMSC (both PCx1
and PCx2) after the pretreatment of
cells with anti-miR107, anti-miR-210,
and anti-miR107/miR-210, respec-
tively. Pretreatment with Sc siRNA
did not change miR-107 and miR-210
in PCMSC (both PCx1 and PCx2).
Non-PCMSC were used as a baseline
control. (B). LDH release as an indi-
cator of cellular injury was signifi-
cantly increased in PCMSC (both
PCx1 and PCx2) pretreated with anti-
miR-107, anti-miR-210, and anti-miR-
107/miR-210 as compared with Sc
siRNA-transfected PCMSC subsequent
to 6 h of lethal anoxia.
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detected (Fig. 8A). qRT-PCR for miR-107 showed significantly
increased miR-107 expression (*3.5-fold higher) in the PCMSC
group-3 as compared with the non-PCMSC group-2 (Fig. 8B).

We also performed loss-of-function studies by the trans-
fection of PCMSC with anti-miR-107 (group-5) and anti-miR-
210 (group-6) before preconditioning and later injected these
cells into the infarcted hearts. The animals treated with ScMSC
(group-4) served as controls (Fig. 8C). PCMSC with their re-
spective anti-miR-107 and anti-miR-210 transfections showed
significantly reduced survival post-transplantation (Fig. 8C).
These data clearly demonstrated the importance of miR-107
and miR-210 as critical determinants of cytoprotection during
preconditioning.

Discussion

The important findings of our study include (i) miR-107,
one of the known HRM, which is up-regulated in the PCMSC
in response to Akt/HIF-1a activation; (ii) miR-107 plays a
mechanistic role in the PCMSC survival via its putative target
Pdcd10; (iii) the Pro-survival effect of miR-107/PDCD10 in-
teraction is independent of miR-210 and its known target
Casp8ap2 during IPC of MSC (17); and (iv) miR-107 and miR-
210 have a stronger combined pro-survival role in PCMSC via
their respective putative targets Pdcd10 and Casp8ap2.

The response of a cell to oxygen changes in its microenvi-
ronment is imperative for the maintenance of cellular oxygen
homeostasis. The oxygen-sensing mechanism of cells revolves
around HIF-1 signaling, which regulates hundreds of genes,

either directly or indirectly, to help the cell acclimatize to
subtle oxygen changes (28). Gene profiling studies showed
that a vast array of genes influenced by HIF-1a activity was
cell-type dependent (16). With an emerging role of miRs as
key regulators of cellular function (23), a select group of miRs
including miR-107 and miR-210 have been identified as HRM
(18). These HRM participate in the cellular response to oxygen
changes either by facilitating HIF-1a stability or by getting
regulated by HIF-1a to fine tune expression of the genes re-
quired by the cells for survival under hypoxia. On the same
note, HRM may also shut down the post-transcriptional ac-
tivity of the genes that are not required for the maintenance of
cellular homeostasis under hypoxia. Hypoxamir-210, one of
the miRs with hypoxia signature, has been extensively stud-
ied for its relationship with HIF-1 signaling. Loss-and-gain-of-
function studies provided mounting evidence that miR-210 is
an important determinant of cellular functions (3, 7, 15, 24).
We have reported that miR-210 was up-regulated during the
IPC of stem cells in an Akt/HIF-1a-dependent manner and
improved PCMSC survival under lethal anoxia and post-
transplantation in an infarcted heart via its putative target
gene Casp8ap2 (17). Our results provided mounting evidence
that Akt activation was stabilized by HIF-1a, whereas the
activity and stabilization of HIF-1a was associated with an
altered expression of both miR-107 and miR-210. HIF-1a-
specific RNA interference led to the abrogation of miR-107
and miR-210, thus showing that the transcription factor
HIF-1a was a critical determinant of both the miRs during
the preconditioning of stem cells. Given the significance of

FIG. 7. Simultaneous abroga-
tion of Casp8ap2 and Pdcd10 has
a stronger cytoprotection in
PCMSC. (A–C) Western blot and
densitometry analysis showing
the successful abrogation of
CASP8AP2, PDCD10 and the si-
multaneous abrogation of CAS-
P8AP2/PDCD10 in PCMSC after
the pretreatment of cells with
siRNA specific for Casp8ap2 and
Pdcd10. The pretreatment with Sc
siRNA did not change the Cas-
p8ap2, Pdcd10 in PCMSC (PCx2).
Non-PCMSC were used as a base-
line control. (D) LDH release was
significantly reduced in PCMSC
(two cycles 30 min A/R; PCx2)
pretreated with Casp8ap2, Pdcd10,
and Casp8ap2/Pdcd10 siRNA as
compared with the Sc siRNA-
transfected PCMSC after 6 h of
anoxia. Non-PCMSC were used as a
baseline control.
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miR-210 in Akt/HIF-1a-mediated cell survival, vector-based
and ex-vivo stem-cell-based delivery of miR-210 have been
performed for myocardial repair with encouraging results (7,
9, 12).

Besides miR-210, we observed that miR-107 had a signifi-
cantly altered expression during the IPC of MSC. Although
little is known about miR-107 for its function in stem cell
functions in general and during the preconditioning of stem

cells in particular, miR-107 has been mostly studied for its
association with the pathogenesis of human cancers (6, 8, 22);
miR-107 targets CDK6 expression to induce cell-cycle arrest
and the inhibition of tumor cell invasion (8). Similarly, p53-
induced miR-107 inhibits apoptosis via the down-regulation
of HIF-1b and suppresses tumor growth and tumor angio-
genesis in colon cancer cells (31). It was also shown that p53
activated the pantothenate kinase 1 (PANK1) gene, and its

FIG. 8. PCMSC had improved sur-
vival in the infarcted rat heart. (A)
PCR for sry-gene expression in the fe-
male animal hearts from different
treatment groups on day 4 after their
respective treatment. Sry-gene ex-
pression was significantly higher in
the PCMSC-transplanted animal
hearts of group-3 as compared with the
Non-PCMSC-transplanted animal hearts
of group-2. The DMEM-treated animal
hearts of group-1 did not show the sry-
gene and served as a negative control.
(B) qRT-PCR showing a higher level of
expression of miR-107 in the infarcted
rat heart on day 4 post-transplanta-
tion of PCMSC as compared with
Non-PCMSC and DMEM-treated animal
hearts. (C) PCR for the sry-gene anal-
ysis of animal hearts transplanted with
PCMSC trnasfected with anti-miR-107
and anti-miR-210 using Sc-transfected
PCMSC as a control. Transfection with
anti-miR-107 and anti-miR-210 signifi-
cantly abolished the cytoprotective ef-
fects of preconditioning. PCMSC with
anti-miR-107 (animal group-5) and
anti-miR-210 (animal group-6) trans-
fection showed significantly lower
survival as compared with the Sc-
transfected PCMSC (animal group-4).
DMEM, Dulbecco’s Modified Eagle
Medium.
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intron miR-107 down-regulated two important cell cycle
genes, Cdk6 and p130 (RBL2), to suppress tumorigenesis (1).
Toll-like receptors down-regulate miR-107 to enhance CDK6
levels and increase the adhesion of macrophages (11). In this
study, we provide the first evidence of the preconditioning
induced regulation of miR-107 and its cytoprotective effects
on PCMSC via its putative target gene (Pdcd10). Similar to miR-
210, we observed Akt/HIF-1a dependent induction of miR-
107, which acted via Pdcd10, as predicted by in silico analysis
and validated by luciferase activity assay. Pdcd10 (also called
cerebral cavernous malformation-3 or CCM3) is typically as-
sociated with apoptosis either directly (4) or via cell-cycle
modulation (21). Loss-of-function studies with PDCD10 spe-
cific siRNA demonstrated a significant reduction in apoptosis
during oxygen/serum deprivation (4). On the contrary, con-
stitutive expression of Pdcd10 was observed in peripheral
blood T-cells in patients suffering from cutaneous T-cell
lymphoma and was associated with phosphatase-A2, which
supported the mitogenesis and survival of cells (21). A com-
bined regulatory participation of miR-107 and miR-103 has
been reported in the migrational activity of neuroblastoma
cells by the transcriptional regulation of a common putative
target CDK5R1/p35 (25). We observed that during the IPC of
MSC, the induction of miR-107 had an anti-apoptotic influ-
ence on the PCMSC cultured under lethal anoxia, which were
independent of miR-103 involvement. Post-transplantation
survival of PCMSC was significantly higher as compared with
non-PCMSC. The pretreatment of PCMSC with anti-miR-107
and anti-miR-210 significantly abolished the cytoprotective
effects of preconditioning. An interesting aspect of our data
was the stronger combined effect of miR-107 and miR-210
induction during preconditioning. While demonstrating the
pro-survival effects of miR-107 and miR-210 in PCMSC, we
observed that the knock-down of each miR with respective
antagomir reduced stem cell survival, both in vitro as well as
post-transplantation in the infarcted heart. However, the si-
multaneous knock-down of miR-107/miR-210 had a stronger
combined pro-apoptotic effect on PCMSC, which was higher
as compared with the knock-down of individual miR. Simi-
larly, the simultaneous abrogation of Pdcd10 and Casp8ap2
was more effective in simulating the pro-survival effects of
IPC as compared with the pretreatment of PCMSC with either
Pdcd10 or Casp8ap2 alone.

Despite interesting and novel findings, our study has lim-
itations. Although we had studied the in vivo survival of
PCMSC in the infarcted myocardium, we did not determine
the cardiacprotective effects and functional impact of the
transplanted cells in the heart, especially in response to miR-
107 signaling. Future studies would be required to investigate
how miR-107 and miR-210 co-ordinate for better prognosis
after the transplantation of stem cells with the transgenic
overexpression of the two miRs in comparison to the pre-
conditioned stem cells.

In conclusion, we demonstrated a functional coordination
between two members of the select group of HRM in allevi-
ating the pro-apoptotic effects of lethal anoxia. Although
miR-107 and miR-210 were induced in response to IPC, which
activated Akt/HIF-1a signaling in PCMSC, the two miRs in-
dependently exerted their pro-survival effects through their
respective putative target genes. Moreover, their independent
signaling had stronger combined anti-apoptotic effects on
preconditioned stem cells to support their survival under is-

chemic stress in vitro and post-transplantation. Our study
results supported the existing dogma regarding the multi-
faceted nature of signaling involved in IPC (10).

Materials and Methods

Our study conformed to the Guide for Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised-1996) and
protocol approved by the Institutional Animal Care and Use
Committee, University of Cincinnati. All surgical manipula-
tions were performed under general anesthesia.

Purification and preconditioning of MSC

MSC were purified from young male Fischer-344 rat bone
marrow and preconditioned as described in Supplementary
Data (14, 17).

MiR isolation and detection

MiRs were isolated and detected by using mirVana�
miRNA Isolation and qRT-PCR miRNA Detection Kits with
specific miR primers respectively provided by Ambion Inc., as
per the manufacturer’s instructions.

siRNA transfection

Predesigned siRNA for HIF-1a and Sc siRNA (Santa Cruz
Biotechnology) were used to knock down gene expression
(17). The transient transfection of siRNA was performed with
Lipofectamine-2000� (Invitrogen) as per the manufacturer’s
protocols.

Transfection with miR inhibitors and for overexpression
of miR-107/miR-210

To knock down miR-107 and miR-210, the siPORT�
NeoFx� transfection agent was used for the transfection of
respective anti-miR (Ambion, Inc.), as detailed in Supple-
mentary data.

Luciferase reporter assays and Western blotting

For detailed methods, please see Supplementary Data.

Rat heart model of acute myocardial infarction
and cell transplantation

The survival of cells with their respective treatment was
determined in vivo using a rat heart model of acute coronary
artery ligation (17). Female young (6–8 weeks) Fisher-344 rats
weighing *200 g were anesthetized by an intra-peritoneal
injection of pentobarbital (30 mg/kg body weight). Sex-mis-
matched transplantation of male donor cells was performed
during the acute phase after permanent LAD coronary artery
ligation. Cell transplantation (1 · 106 cells in 70 ll basal
DMEM/heart) was carried out at multiple sites (3–4 sites/
heart) intramyocardially in the free wall of the left ventricle.
After the injection, the chests of the animals were closed, and
the animals were allowed to recover. The animals were kept
on 0.1 mg/kg bis in die Buprinex during the first 24 h after
surgery for pain management. The animals were euthanized
on day 4 after their respective treatment for collection of the
heart tissue samples for molecular studies.
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The myocardial tissue samples from various treatment
groups of female animals were used for PCR to determine
male transplanted cells’ survival. Tissue samples were snap
frozen in liquid nitrogen and powdered. DNA purification
was performed using the Genomic DNA Isolation kit (Qia-
gen), and the concentration of the purified DNA was deter-
mined by spectrophotometry. The primer sequences for
sry-gene and actin were as follows: sry-gene, forward = 5¢-gagg
cacaagtt ggctcaaca-3¢ and reverse = 5¢-ctcctgcaaaaagggccttt-3¢;
actin, forward = 5¢-agccatgta cgtagccatcc-3¢ and reverse = 5¢-
ctctcagctgtggtggtgaa-3¢. qPCR for Pdcd10 was performed using
primers purchased from SA Biosciences as per manufacturer’s
instructions.

Statistical analyses

All values were expressed as mean – standard error. A
comparison between two mean values was evaluated by an
unpaired Student two-tailed t-test, and between three or more
groups was evaluated by one-way analysis of variance fol-
lowed by Bonferroni post-hoc analysis. Statistical significance
was accepted at p < 0.05.
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Abbreviations Used

A/R¼ anoxia/re-oxygenation
HIF-1a¼hypoxia inducible factor-1a

HRM¼hypoxia responsive miRs
IPC¼ ischemic preconditioning

LDH¼ lactate dehydrogenase
miR¼microRNA

MSC¼mesenchymal stem cells
NonPCMSC¼non-preconditioned MSC

PCMSC¼preconditioned MSC
PCx1¼preconditioning with A/R 30min 1 cycle
PCx2¼preconditioning with A/R 30min 2 cycles

Sc¼ scramble
TUNEL¼ transferase-mediated dUTP nick-end labeling

Wort¼Wortmannin
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