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MicroRNAs (miRs) participate in most cellular functions by
posttranscriptional regulation of gene expression albeit with lit-
tle information regarding their role in ischemic preconditioning
(IP) of stem cells. We report that IP of bone marrow-derived
mesenchymal stem cells (MSCs) with two cycles of 30-min
ischemia/reoxygenation (I/R) supported their survival under
subsequent longer exposure to anoxia and following engraft-
ment in the infarctedheart. IP significantly reduced apoptosis in
MSCs through activation of Akt (Ser473) and ERK1/2 (Thr202/
Tyr204) and nuclear translocation of hypoxia-inducible fac-
tor-1� (HIF-1�). We observed concomitant induction of miR-
210 in the preconditioned MSCs (PCMSCs). Inhibition of
HIF-1� or of miR-210 abrogated the cytoprotective effects of
preconditioning. Extrapolation of these data to in vivo studies in
a rat model of acute myocardial infarction predominantly
improved stem cell survival after engraftment with a role for
miR-210.Notably,multiple I/R cyclesmore effectively regulated
the miR-210 and hence promotedMSC survival compared with
single-cycle hypoxia of an equal duration. Real time PCR array
for rat apoptotic genes, computational target gene analyses, and
luciferase reporter assay identified FLICE-associated huge pro-
tein (FLASH)/caspase-8-associated protein-2 (Casp8ap2) in
PCMSCs as the target gene of miR-210. Induction of FLASH/
CASP8AP2 in miR-210 knocked-down PCMSCs resulted in
increased cell apoptosis. Taken together, these data demon-
strated that cytoprotection afforded by IPwas regulated bymiR-
210 induction via FLASH/Casp8ap2 suppression. These results
highlighted that IP by multiple short episodes of I/R is a novel
strategy to promote stem cell survival.

MicroRNAs (miRs)2 are single-stranded noncoding RNAs of
19–23 nucleotides that mechanistically participate in a variety
of cellular functions (1, 2). Recent studies have successfully
established a functional link between a discrete group of hypox-

ia-regulated miRs and cell survival signaling (i.e. miR-23, -24,
-26, -27, -103, -107, -181, -210, and -213) (3–5). Hypoxia-regu-
latedmiRs are induced under low oxygen tension with a critical
participation of the hypoxia-inducible factor-1� (HIF-1�) (6).
Nevertheless, most studies have focused on cancer cells as a
model to study the mechanistic participation of hypoxia-regu-
lated miRs in their endeavor to escape death in the ischemic
microenvironment of tumors. Fasanaro et al. (7) have shown
recently that miR-210 was a crucial element of endothelial cell
functioning in response to hypoxia and considerably influenced
their migration, capillary network formation, and differentia-
tion capability. Induction of miR-210 occurred as early as 4 h
after exposure to hypoxia and persisted for 24 h above base-line
levels. Notably, miR-210 inhibition in their experiments was
associated with an increase in apoptosis of endothelial cells.
Stem cells have a different biology than cancer cells and may
differ in their response to hypoxia. Moreover, little is known
about the role of hypoxia-regulated miRs during ischemic pre-
conditioning (IP) of stem cells by multiple short episodes of
ischemia/reoxygenation (I/R).
IP is one of the most powerful cytoprotective stimuli (8, 9).

The classicalmethodology of IPwasmodified for precondition-
ing of stem cells and involved their single and long term expo-
sure to hypoxia to elevate their survival (10). On the contrary,
the effectiveness of intermittent hypoxia in cellular protection
was shown to be a stimulus-dependent transcriptional activity
of HIF-1� (11). Despite differences in the transcriptional activ-
ity of HIF-1�, these studies elucidated a pivotal role for HIF-1�
in cytoprotection (12). We hypothesized that the cytoprotec-
tive effects of multiple cycles of brief I/R involved hypoxia-reg-
ulated miRs expression downstream of HIF-1�. In this study,
we showed that IP-induced miR-210 plays a key role in bone
marrow-derived mesenchymal stem cell (MSC) survival, and
we identify caspase-8-associated protein-2 (Casp8ap2) as a
functional target of miR-210. In accordance with our in vitro
data, we also demonstrated that preconditioned MSCs
(PCMSCs) survived better compared with nonprecondi-
tioned MSCs (non-PCMSCs), and two cycles of I/R were more
effective in cytoprotection compared with one cycle of I/R.

EXPERIMENTAL PROCEDURES

Isolation andCulture ofMSCs—Bonemarrow-derivedMSCs
were purified from youngmale Fischer-344 rats by flushing the
cavity of femurs as described previously (13).
Preconditioning of MSCs—Native MSCs were seeded at 5 �

105 cells/60-mm cell culture dish. The cells were starved over-
night for serum and glucose before preconditioning. For IP, the
cells were subjected to repeated cycles of anoxia (10 or 30 min)
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with intermittent reoxygenation (10 min) for specific cycles
(one to three cycles) in an anoxic chamber (Forma-1025Anaer-
obic System). At the end of the required number of cycles, the
cells were either harvested for molecular studies or were sub-
jected to anoxia for 6 h for survival studies in vitro. Cell survival
was assessed by lactate dehydrogenase (LDH) release assay
using conditioned medium and transferase-mediated dUTP
nick-end labeling (TUNEL) of the cells from each treatment
group.
LDH Release Assay—Intracellular LDH leakage was meas-

ured using an LDHAssayKit (Diagnostic Chemicals) according
to the instructions of the manufacturer.
miR Isolation and Detection—Extraction of miRs was carried

out using amirVanaTMmiR isolation kit and detected by using
a mirVanaTM quantitative reverse transcription (qRT)-PCR
miRNA detection kit (Ambion). Specific miRNA primers from
Ambion were used during qRT-PCR according to the instruc-
tions of the manufacturer.
siRNA Transfection—Predesigned HIF-1� siRNA and scram-

ble siRNA (Sc) were purchased from Santa Cruz Biotechnol-
ogy, and Casp8ap2 siRNA was from Ambion. Transient
transfection of siRNA was performed with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocols.
All transfections were carried out in triplicate.
Western Blot Analysis—MSCs were lysed in lysis buffer,

pH 7.4 (50 mM HEPES, 5 mM EDTA, 50 mM NaCl), 1% Triton
X-100, protease inhibitors (10 �g/ml aprotinin, 1 mM phen-
ylmethylsulfonyl fluoride, 10 �g/ml leupeptin), and phos-
phatase inhibitors (50 mM sodium fluoride, 1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate). Nuclear and
cytoplasmic fractionation of MSCs was performed using an
NE-PER Nuclear and Cytoplasmic Extraction Reagent kit
(Pierce) according to the manufacturer’s protocol. The protein
samples (40 �g) were electrophoresed using SDS-polyacrylam-
ide gel and electroimmunoblotted as described (14). The spe-
cific antibodies used for the detection of antigens of interest are
listed in supplemental Table I.
TUNEL Assay—Apoptosis was detected by TUNEL accord-

ing to instructions of the manufacturer (Roche Applied Sci-
ence). For quantification, the numbers of TUNEL� cells were
counted in at least five randomly selected high power fields
(magnification, �200) with three independent samples.
Transfection with miR Inhibitor—To knock down miR-210,

transfection was performed with anti-miR-210 (miR inhibitor;
Ambion) and siPORTTM NeoFxTM transfection agent (NeoFx;
Ambion) according to the instructions of the manufacturer (6).
Briefly, 5 �l of NeoFx was diluted with 100 �l of Opti-MEM for
each sample and incubated for 10 min at room temperature.
Then, we diluted anti-miR inhibitor with 100 �l of Opti-MEM
at the final concentration of 30 nM and added it to the diluted
NeoFxmixture. After incubation for another 10min, the trans-
fection mixture was added to 2.3 ml of cell suspension (3 � 105
cells). Cell suspension containing transfection mixture was
plated into a 6-well plate, and the assay was performed at 72 h
after incubation.
Luciferase Reporter Assay—Precursor miR-210 expression

clone was constructed in a feline immunodeficiency virus-
based lentiviral vector system (pEZX-miR-210) and luciferase

reporter construct containing the 3�-UTR of Casp8ap2 were
designed to encompass the miR-210 binding sites (Gene-
Copoeia, Rockville,MD). For transfection,MSCswere plated in
triplicate into 24-well plates and cotransfected with 0.8 �g of
pEZX-miR-210 (or pEZX-miR-scramble) and reporter con-
struct by using the Lipofectamine 2000TM (Invitrogen). Trans-
fection efficiency was normalized on the basis of Renilla lucif-
erase activity. Firefly and Renilla luciferase activities were
measured by using the Dual Luciferase Reporter Assay System
kit (Promega), according to the manufacturer’s instructions.
Fluorescence Immunocytochemistry—Cells were fixed in 4%

paraformaldehyde, permeabilized in 0.05% Triton X-100, and
rinsed sequentially in PBS, 50 mM NH4Cl, and PBS. The cells
were then incubated with a blocking buffer (3% bovine serum
albumin in PBS) and subsequently with FLASH antibody (M-
300, Santa Cruz Biotechnology), followed by a rinse in PBS and
bovine serum albumin before being incubated with the appro-
priate species-specific secondary antibodies conjugated to
Alexa Fluor 546. Nuclei were counterstained with DAPI. Cells
were examined by fluorescence microscope (BX41; Olympus,
Japan).
InVivo Survival of the Transplanted PCMSCs—In vivo exper-

iments were performed in a rat heart model of acute myo-
cardial infarction using young female Fischer-344 rats as
described earlier (14). Briefly, rats were anesthetized by in-
traperitoneal injection of ketamine/xylazine (24 mg/kg and 4
mg/kg body weight, respectively). After endotracheal intu-
bation and mechanical ventilation using Harvard Apparatus
Rodent Ventilator (model 683), the heart was exposed by
left-sided minimal thoracotomy. The left anterior descending
coronary artery was permanently ligated with Prolene 6.0
sutures. Immediately after ligation (n� 4 animals/group), 70�l
of basal Dulbecco’s modified Eagle’s medium without cells
(group 1) or containing 1 � 106 non-PCMSCs (group 2) or PCM-
SCs (group 3, IP one cycle, 30min; and group 4, IP two cycles, 30
min) were injected intramyocardially at multiple sites in and
around the infarct zone. The chest was closed, and the ani-
mals were allowed to recover. During postoperative care,
Buprenex (0.1 mg/kg b.i.d) was administered for 24 h to alle-
viate pain. For postmortem studies, the animals were killed
using an overdose of sodium pentobarbitol 4 days after cell
engraftment. The heart tissue was collected, washed exten-
sively with PBS to remove blood traces, and used for molec-
ular studies. Our study conformed to the NIH Guide for the
Care and Use of Laboratory Animals and protocol approved
by the Institutional Animal Care and Use Committee, University
of Cincinnati.
PCR—The cell andmyocardial specimens fromvarious treat-

ment groups of animals on day 4 after cell transplantation
were used for molecular studies by PCR (15). For myocardial
tissue, the specimens were snap-frozen and powdered. DNA
purification was performed using Genomic DNA Isolation kit
(Qiagen), and the concentration of the purifiedDNAwas deter-
mined by spectrophotometry. The primer sequences for sry
gene and actin used for PCR were: sry gene, forward 5�-GAG-
GCACAAGTTGGCTCAACA-3� and reverse 5�-CTCCTGCA-
AAAAGGGCCTTT-3�; actin, forward 5�-AGCCATGTAC-
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FIGURE 1. A, IP attenuated cellular injury as examined by LDH release subsequent to 6 h of lethal anoxia. IP with three 30-min cycles was less effective than IP
using one 30-min cycle and two 30-min cycles (* and ** versus all other groups of cells, p � 0.05). B, morphological changes of MSCs by 6 h of anoxia included
rounding off and shrinkage of cells, which was prevented by IP (magnification, �200). C1 and C2, representative fluorescence images and quantitative analysis
of TUNEL positivity showing decreased number of TUNEL� cells in PCMSCs (p � 0.01 versus non-PCMSCs) (magnification, �200; green, TUNEL� nuclei; blue, DAPI).
D, Western blot showing higher HIF-1� in nuclear fraction (two cycles of 30-min I/R) compared with PCMSCs (one cycle of 30-min I/R) and non-PCMSCs. (Ť and T̄
vs. �, p � 0.05). E, Western blot showing higher activation of ERK1/2, Akt, and Bcl.xL in PCMSCs (two cycles of 30-min I/R) compared with PCMSCs (one cycle of
30-min I/R) and non-PCMSCs. F, RT-PCR showing successful and specific knockdown of endogenous miR-210 and miR-107 by transfection with antisense
molecules specific for respective miRs. Knock down of miR-107 was used as a control to show the specificity antisense interference. G, abrogation of miR-210
led to loss of cytoprotection by IP in MSCs as determined by LDH release assay. Abrogation of miR-210 completely abolished IP-induced cytoprotection (T̄ and
Ť versus all other groups of cells, p � 0.05).
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GTAGCCATCC-3� and reverse 5�-
CTCTCAGCTGTGGTGGTGAA-3�.

Real-time PCR-based 84-gene ar-
ray RT ProfilerTM PCR Array (SA
Biosciences) for rat apoptosis genes
and qPCR for Casp8ap2 using prim-
ers purchased from SA Biosciences
were performed according to the
instructions of the manufacturer.
All values are expressed asmean�

S.E. Comparison between two mean
values was evaluated by an unpaired
Student’s two-tailed t test and bet-
ween three ormore groups was eval-
uated by one-way analysis of vari-
ance followed by Bonferroni’s post
hoc analysis. Statistical significance
was accepted at p � 0.05.

RESULTS

Brief Episodes of I/R PCMSCs—
MSCs preconditioned by treatment
with multiple I/R cycles of 10 or 30
min (one to three cycles) showed a
significant level of protection upon
subsequent exposure to 6 h of
anoxia. LDH release (an indicator of
cellular injury) was significantly re-
duced in PCMSCs both in 10-min
and 30-min treatment compared
with non-PCMSCs (Fig. 1A). Interest-
ingly, two cycles of I/R were more
cytoprotective compared with sin-
gle hypoxic exposure. More so, two
cycles of I/R were also more cyto-
protective compared with three
cycles of hypoxic exposure (Fig. 1A).
Phase contrast microscopy revealed
hypercontracted morphology of
non-PCMSCs whereas IP for 30 min
(one or two cycles) prevented these
morphological changes (Fig. 1B).
The number of TUNEL� cells was
markedly reduced in PCMSCs with
two cycles of I/R under 6 h of anoxia
(Fig. 1, C1 and C2), which was con-
sistent with the LDH release data.
We also observed increased

nuclear translocation of HIF-1� in
PCMSC (Fig. 1D). A higher phos-
phorylation of Akt (Ser473) and
ERK1/2 (Thr202/Tyr204) together
with antiapoptotic protein Bcl.xL
was observed in PCMSC (Fig. 1E and
supplemental Fig. IA). Again, IP
with three cycles of 30-min I/R was
less effective for these molecular
changes and therefore was found to
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be less efficient in terms of cytoprotection thereby suggesting
that too many cycles of I/R were detrimental for cells (supple-
mental Fig. IB). Pretreatment of PCMSCs with phosphoinosit-
ide 3-kinase/Akt inhibitor (wortmannin) effectively blocked
these molecular events with a concomitant reduction in cell
survival upon exposure to 6 h of anoxia (supplemental Fig. I,
C–E).
Induction ofmiR-210 during IP and Its Role in Cytoprotection—

We observed marked elevation of miR-210 in PCMSCs com-
pared with non-PCMSCs (supplemental Fig. IF). To study the
mechanistic participation of miR-210 in cytoprotection, miR-
210 expression was successfully abrogated in the PCMSCs by
using miR-210-specific inhibitor (Fig. 1F). Using miR-107
inhibitor as a control, we observed that inhibitors of miR-107
andmiR-210 specifically abrogated their respective target with-
out showing any nonspecific interference (Fig. 1F). We
observed that abrogation of miR-210 resulted in significantly
higher apoptosis of these cells under 6 h of anoxia compared
with controls (Fig. 1G and supplemental Fig. IIA). Pretreatment
of MSCs with 50 �M wortmannin reduced miR-210 expression
in PCMSCs (supplemental Fig. IIB).

Next, we investigated a link betweenup-regulated expression
of HIF-1� and miR-210 in PCMSCs. We successfully abrogated
HIF-1� inMSCsusing specific siRNA.A subsequent IP failed to
induce HIF-1� in these cells with a concomitant loss of miR-
210 induction (Fig. 2, A and B). Moreover, phase contrast
microscopy revealed an obvious loss of morphological integrity
(Fig. 2C). These molecular events and morphological changes
led to an associated decreased survival of PCMSCs upon expo-
sure to 6 h of anoxia compared with the controls (Fig. 2D and
supplemental Fig. III). Native MSCs without siRNA transfec-
tion and Sc siRNA transfected MSCs were used as controls.
IP Improved MSC Survival in the Infarcted Heart—The

observed in vitro relationship between preconditioning and
improved survival of PCMSCs under anoxia was extrapolated in
vivo using a female rat heart model of acute myocardial infarc-
tion. PCR for sry gene in the infarcted rat heart (n � 4 animals/
group) on day 4 showed higher survival of the transplanted cells
preconditioned by two 30-min cycles IP in group 4 (p � 0.05
with non-PCMSCs transplanted group 2 and one 30-min cycle
PCMSCs in group 3) (Fig. 2E). Dulbecco’s modified Eagle’s
medium-injected female animals hearts (group 1) were nega-
tive for sry gene expression. Improved survival of donor cells
was accompanied by higher miR-210 levels in groups 3 and 4
(Fig. 2F). Of greater interest was the markedly changed expres-
sion level of miR-210 with non-PCMSC engraftment (group-2)
compared with group 1, which showed that transplantation of
native MSCs altered miR-210 levels in the infarcted heart.
Additionally, higher survival of PCMSCs in groups and group 4
(with elevated miR-210) compared with group 2 implies a

major contribution of miR-210 in cytoprotection after engraft-
ment in accordance with our in vitro results.
IP Induced miR-210-down-regulated FLASH/Casp8ap2 in

PCMSCs—Real time PCR-based array for rat apoptotic genes
analysis showed thatCasp8ap2, tumor necrosis factor receptor
super family-1a, DNA fragmentation factor-�, and lympho-
toxin-A had more than 2-fold up-regulated expression in miR-
210 knock-down MSCs compared with the control cells (sup-
plemental Table II). To investigate further the biological
relevance of miR-210 up-regulation in prosurvival signaling in
PCMSCs, we examined three databases (miRANDA, Sanger
MirBase, andTargetscan algorithms) to search for the potential
targets of miR-210. Our in silico search resulted in a consensus
putative target site of miR-210 relevant to apoptosis in the
3�-UTR ofCasp8ap2mRNAs (Fig. 3A). On the contrary, tumor
necrosis factor receptor super family-1a, DNA fragmentation
factor-�, and lymphotoxin-A showed poor alignment as target
genes for miR-210. The role of Casp8ap2 as a target gene of
miR-210 was confirmed by luciferase activity assay. Cotrans-
fection of a precursor miR-210 expression vector (pEZX-
miR-210) with the vector containing 3�-UTR of the
Casp8ap2 gene led to reduced luciferase activity compared
with cotransfection with the miR-Sc vector (pEZX-miR-Sc),
indicating that forced expression of miR-210 can down-reg-
ulate Casp8ap2 expression via targeting the 3�-UTR of this
gene (Fig. 3B).
CASP8AP2 in humans is FLASH homolog in mouse and has

been identified for interaction with the death-effector domain
of caspase-8 with a regulatory role in Fas-mediated apop-
tosis. Fluorescence immunocytochemistry using FLASH/
CASP8AP2-specific antibody revealed nuclear localization of
FLASH/CASP8AP2 in native MSCs cultured under normoxia
aswas evident from colocalization of red fluorescencewith blue
DAPI staining (white arrows, Fig. 3C). Nevertheless, 6-h anoxic
culture conditions triggered cytoplasmic translocation of
FLASH/CASP8AP2 from the nucleus as indicated by the lack of
red fluorescence in the nuclei. Moreover, the percentage of
FLASH/CASP8AP2-positive cells with nuclear localizationwas
higher (p � 0.01), and cytoplasmic localization was lower (p �
0.01) compared with the cells cultured under 6 h of anoxia. These
results clearly indicated that FLASH/CASP8AP2 having nuclear
localization in native cells was translocated into the cytoplasm
under anoxia. Additionally, we also observed that FLASH/
CASP8AP2 showed a concomitant up-regulated expression
in non-PCMSCs exposed to anoxia that was abrogated by pre-
conditioning of the cells (Fig. 3D).
Because CASP8AP2 has a pivotal role in apoptosis, we vali-

dated this predicted gene target for its functional involvement
in PCMSC survival under anoxia. IP of MSCs with two cycles of
I/R wasmore effective in abrogation FLASH/CASP8AP2 under

FIGURE 2. A, Western blot showing successful abrogation of IP-induced HIF-1� in the nuclear fraction of PCMSCs transfected with HIF-1�-specific siRNA (T̄ & Ť
versus all other groups, p � 0. 01). B, abrogation of IP-induced miR-210 was observed in PCMSCs transfected with HIF-1�-specific siRNA showing their
dependence on HIF-1�. C and D, abrogation of HIF-1� and miR-210 resulted in a loss of morphologic integrity (magnification, �200) and IP-induced cytopro-
tection as determined by LDH assay (Ť versus T̄, p � 0.05). NS, not significant. E, PCR for sry gene of male donor cells in the female recipient rat heart on day 4
after cell transplantation. A higher survival of transplanted cells was observed in PCMSC groups 3 and 4 (p � 0.05 versus non-PCMSCs). PCMSC survival was higher
in group 4 compared with group 3 (p � 0.05). No sry gene was observed in the Dulbecco’s modified Eagle’s medium-injected female hearts. F, expression of
miR-210 in groups 3 and 4 animal hearts was higher compared with group 2 (p � 0.05).
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6 h of anoxia (two cycles of I/R versus one cycle of I/R; p� 0.01).
However, abrogation of miR-210 in PCMSCs significantly
increasedCasp8ap2 expression as determined by RT-PCR (Fig.
4A) and confirmed by real time PCR (supplemental Fig. IVA).
LDH release assay showed that
induction of Casp8ap2 was associ-
ated with increased death of PCMSCs
withmiR-210 knock down compared
with the Sc siRNA-treated or mock-
treated PCMSCs (Fig. 4B). Taken
together, these data showed that
Casp8ap2 gene induction was regu-
lated downstream of miR-210 in
PCMSCs.
Casp8ap2-specific RNA Inter-

ference Improved Survival in
non-PCMSCs—Finally, we investi-
gated the role of Casp8ap2 in sur-
vival of PCMSCs and non-PCMSCs
under anoxia. Casp8ap2 was suc-
cessfully abrogated inMSCs by spe-
cific RNA interference using Sc
siRNA transfection as a control (Fig.
4C). Abrogation ofCasp8ap2 signif-
icantly improved survival of both
PCMSCs and non-PCMSCs under
anoxia, although the cytoprotective
effects of suchmolecular event were
more pronounced in non-PCMSCs
(Fig. 4D and supplemental Fig. IVB).
These results clearly showed that
FLASH/Casp8ap2 plays an impor-
tant role in apoptosis as a down-
stream target of hypoxia-induced
miR-210 during IP of MSCs.

DISCUSSION

We have successfully extrapo-
lated the classical concept of IP
using multiple episodes of sublethal
I/R to precondition MSCs and
improve their survival upon longer
exposure to anoxia. Moreover, we
have also accounted for a mecha-
nistic involvement of HIF-1� and
miR-210 in IP-induced cytopro-
tection ofMSCs.We observed that
IP of MSCs with multiple cycles of
brief I/R episodes was more effec-
tive in promoting stem cell sur-
vival compared with single expo-
sure to anoxia of equivalent time
duration. Moreover, we also
observed that the cytoprotective
effects of IP under anoxia were
mediated by HIF-1� induction
and its dependent expression of
miR-210.

Various strategies have been adopted to prevent massive
death of the donor cells in the infarcted heart after engraftment
(16).We have previously reported the effectiveness of our novel
strategy of preconditioning of stem cells by treatment with pre-
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conditioning mimetics or growth factors that effectively
improved stem cell survival (15, 17). We report here that pre-
conditioning of stem cells can be achieved by exposure of the
cells to multiple short episodes of intermittent I/R. This
involves induction ofHIF-1�, which constitutes an integral part
of the molecular response of a cell to hypoxia. Moreover,
HIF-1� serves as a master regulator to orchestrate the expres-
sion of genes, which helps the cells to adapt to low oxygen
tension (18). HIF-1� is translocated into the nucleus under
hypoxia to form a functional complex (19). With better under-
standing of gene regulation by transcription factors with the
participation of miRs (20), a novel relationship has been estab-
lished between hypoxia and a select group of miRs of which

miR-210 is considered a universal responder irrespective of the
cell type (4, 5). Taking a cue from these studies, we elucidated
miR-210 as a potent negative regulator of stem cell apoptosis
during IP downstream of HIF-1�. As significantly higher levels
of HIF-1� and miR-210 were observed in PCMSCs, which inci-
dentally demonstrated better survival under lethal anoxia,
abrogation of HIF-1� with specific RNAi abolished the IP-in-
duced cytoprotection with a parallel reduction in miR-210.
Likewise, transfection of MSCs with a miR-210-specific inhib-
itor abolished the IP-induced cytoprotection albeit without
associated change inHIF-1�, thus suggesting the importance of
miR-210 in antiapoptosis andHIF-1� as a regulator ofmiR-210
during IP. Engraftment of non-PCMSCs in group 2 insignifi-
cantly changed miR-210 compared with Dulbecco’s modified
Eagle’s medium-injected group 1 infarcted hearts. On the con-
trary, PCMSC-engrafted hearts in groups 3 and 4 had signifi-
cantly higher levels of miR-210 compared with other groups
(highest level in group 4). Interestingly, increased donor cell
survival and lower TUNEL positivity were observed in associa-
tionwithmiR-210 levels, which clearly demonstrated its critical
role in cytoprotection of the transplanted cells. Our results are
consistent with the findings that HIF-1� positively regulates
miR-210, inhibition of which increased endothelial cell apopto-
sis (5). Further studies are under way to elucidate whether the
cytoprotective effects of IP can be accomplished by direct
induction of miR-210. Additionally, it is highly likely the
PCMSCs can serve as a source of miR-210 for delivery to the
host cardiomyocytes for protection against ischemic injury.
Based on our observations, we postulated that native MSCs
engrafted in the infarcted heart, in response to the ischemic
microenvironment, became a source of hypoxia-regulated
miRs for the host myocytes. Previous studies have shown that
miRs can translocate between adjacent cells (21). There is a
strong possibility that hypoxia-regulated miRs from the trans-
planted MSCs can translocate into the myocytes to regulate
cytoprotective gene expression and serve as one of the mecha-
nisms underlying improved cardiac function after heart cell
therapy.
We also observed FLASH/Casp8ap2 as the effector gene

that contributed in cytoprotection downstream of miR-210
activation. Our results showed that Casp8ap2 gene expres-
sion was elevated in non-PCMSCs upon exposure to anoxia,
whereas IP effectively suppressed its gene expression. On the
contrary, knock down of miR-210 in PCMSCs predominantly
increased Casp8ap2 expression with an associated decline in
their survival, thus suggesting Casp8ap2 as one of the major
targets ofmiR-210 during IP ofMSCs. CASP8AP2 is an integral
member of the apoptosis signaling complex that activates

FIGURE 3. miR-210 targets Casp8ap2, a positive regulator of apoptosis. A, one putative target site of miR-210 highly conserved in the Casp8ap2 mRNA
3�-UTR. B, construction of pEZX-Luc-Casp8ap2 3�-UTR luciferase reporter plasmid and precursor miR-210 expression clone. qRT-PCR showed successful trans-
fection and significantly higher expression of miR-210 in MSCs using pEZX-miR-210 plasmid compared with pEZX-miR-Sc plasmid-transfected MSCs. Cotrans-
fection of MSCs with pEZX-Luc vector containing Casp8ap2 3�-UTR together with a plasmid encoding miR-210 showed decreased luciferase activity (p � 0.01
versus pEZX-miR-Sc-transfected cells). The ratio of luciferase activity was calculated either in the presence or absence of miR-210. C, immunofluorescence
staining of MSCs stained for FLASH/Casp8ap2 (red; indicated by white arrows) and its overlay images of nuclei stained with DAPI (blue). Compared with its
nuclear localization under normoxia, anoxia translocated FLASH/CASP8AP2 from the nucleus into the cytoplasm as indicated by lack of red fluorescence in the
nuclei. The percentage of cells (at �40) with FLASH/CASP8AP2-positive nuclei was significantly higher in the cells cultured under normoxia (p � 0.01 versus
cells treated with anoxia for 6 h). D, RT-PCR showing the effect of preconditioning on Casp8ap2 gene expression in MSCs under 6 h of anoxia. Casp8ap2 gene
expression was significantly abolished in MSCs preconditioned by two 30-min cycles of I/R compared with non-PCMSCs and MSCs preconditioned by 1 cycle of
I/R (* versus other groups, p � 0.01).

FIGURE 4. A, qRT-PCR for Casp8ap2 gene expression in PCMSCs exposed to 6 h
of anoxia. Casp8ap2 gene expression showed a significant increase in miR-
210 knock-down cells compared with native (nontransfected) and Sc siRNA-
transfected MSCs. B, LDH release was significantly increased in PCMSCs with
miR-210 knock-down cells compared with Sc siRNA-transfected MSCs after
6 h of anoxia (*, p � 0.01 versus non-PCMSCs). C, Western blot showing
successful abrogation of FLASH/CASP8AP2 in both non-PCMSCs and PCMSCs
transfected with Casp8ap2 siRNA compared with Sc siRNA-transfected
non-PCMSCs. PCMSCs transfected with Sc siRNA had very low expression of
CASP8AP2, thus implying that preconditioning down-regulated Casp8ap2
expression. D, TUNEL-positive MSCs were significantly reduced in PCMSCs and
non-PCMSCs transfected with Casp8ap2 siRNA compared with Sc siRNA-trans-
fected cells after 6 h of anoxia.
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caspase-8 and facilitates Fas-induced apoptosis (22).
CASP8AP2 was originally identified as a component of death-
inducing signaling complex involved in Fas- and tumor necro-
sis factor-�-mediated apoptosis and contained a death effector
domain-recruiting domain, which interacted with death effec-
tor domain of caspase-8 or Fas-associated death domain. Once
activated, caspase-8 is released from the complex and partici-
pates in the activation of effector caspases including caspases-3,
-4, -6, -7, -9, and -10. Recent studies indicate that FLASH, a
CASP8AP2 homolog in mice and rat, is a huge multifunctional
protein that is involved in S phase progression and transcrip-
tional regulation of cells besides its critical role in apoptosis
(23–24). The subcellular distribution of FLASH/CASP8AP2
may therefore be crucial for its functional participation in non-
apoptosis- and apoptosis-related signaling pathways (25). In
our results, nuclear-localized FLASH/CASP8AP2 was translo-
cated into the cytoplasm subsequent to 6 h of lethal anoxia
and was associated with significant loss of cell survival in
non-PCMSCs. On the contrary, IP, which abolished Casp8ap2
expression in PCMSCs and also the cells with Casp8ap2 knock
down, showed significantly higher survival upon exposure to
lethal anoxia, thus suggesting the importance ofCasp8ap2 dur-
ing apoptosis.
In conclusion, because of its safety, ease, and effectiveness in

reprogramming of stem cells, the IP approach is innovative to
overcome stem cell attrition in the infarcted heart. Moreover,
hypoxia-induced miR-210, downstream of HIF-1� is a critical
regulator of stem cell survival through FLASH/Casp8ap2
suppression.
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