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(Bacl(ground: Nothing is known regarding the anti-apoptotic effect of HO-1 on hCSCs.
Results: HO-1 expression induced by CoPP enhances hCSC survival through activation of the ERK/NRF2 signaling pathway and

Conclusion: CoPP is a cytoprotective agent that could improve the efficacy of CSC-based therapies for heart disease.
Significance: Strategies to enhance donor cell survival would have enormous therapeutic implications for patients with ische-
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Intracoronary delivery of c-kit-positive human cardiac stem
cells (hCSCs) is a promising approach to repair the infarcted
heart, but it is severely limited by the poor survival of donor
cells. Cobalt protoporphyrin (CoPP), a well known heme oxyge-
nase 1 inducer, has been used to promote endogenous CO gen-
eration and protect against ischemia/reperfusion injury. There-
fore, we determined whether preconditioning hCSCs with CoPP
promotes CSC survival. c-kit-positive, lineage-negative hCSCs
were isolated from human heart biopsies. Lactate dehydrogen-
ase release assays demonstrated that preconditioning CSCs with
CoPP markedly enhanced cell survival after oxidative stress
induced by H,O,, concomitant with up-regulation of heme oxy-
genase 1, COX-2, and anti-apoptotic proteins (BCL2, BCL2-A1,
and MCL-1) and increased phosphorylation of NRF2. Apoptotic
cytometric assays showed that pretreatment of CSCs with CoPP
enhanced the cells’ resistance to apoptosis induced by oxidative
stress. Conversely, knocking down HO-1, COX-2, or NRF2 by
shRNA gene silencing abrogated the cytoprotective effects of
CoPP. Further, preconditioning CSCs with CoPP led to a global
increase in release of cytokines, such as EGF, FGFs, colony-stim-
ulating factors, and chemokine ligand. Conditioned medium
from cells pretreated with CoPP conferred naive CSCs remark-
able resistance to apoptosis, demonstrating that cytokines
released by preconditioned cells play a key role in the anti-apo-
ptotic effects of CoPP. Preconditioning CSCs with CoPP also
induced an increase in the phosphorylation of Erk1/2, which are
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known to modulate multiple pro-survival genes. These results
potentially provide a simple and effective strategy to enhance
survival of CSCs after transplantation and, therefore, their effi-
cacy in repairing infarcted myocardium.

Stem cell-based therapies have shown great potential for
repairing cardiac damage due to ischemia/reperfusion injury in
patients (1-4). Among the many types of cells being investi-
gated, c-kit™ cardiac stem cells (CSCs)? appear to be particu-
larly promising because they normally reside in the adult myo-
cardium and have repeatedly been shown to be capable of
differentiating into all three major cardiac cell types (car-
diomyocytes, smooth muscle cells, and endothelial cells) as well
as improving heart function after myocardial infarction in var-
ious animal models (5-7). However, the bulk of clinical data to
date suggests that we are still in the early days of cell-based
therapy for heart disease, with a number of negative, marginal,
and transient effects recorded in larger scale double-blind pla-
cebo-controlled trials (8). One of the main challenges associ-
ated with cell transplantation is the fact that the majority of
infused cells that manage to stay in the heart will not survive. It
has been estimated that more than 90% of transplanted cells
will eventually die (9, 10). Thus, strategies that enhance cardiac
stem cell survival after adoptive transfer would have enormous
therapeutic implications for patients with ischemic heart dis-
ease and post-myocardial infarction heart failure.

Several methods to increase cell survival have been
described, including heat shock of the cells prior to transplan-
tation, forced expression of survival factors in the donor cells,
and exposure of cells to soluble pro-survival factors (11, 12).
Numerous studies have demonstrated that stem cells contrib-

3 The abbreviation used are: CSC, cardiac stem cell; hCSC, human cardiac stem
cell; CoPP, cobalt protoporphyrin; CSF, colony-stimulating factor; CXCL,
chemokine (CXC motif) ligand; HO, heme oxygenase; LDH, lactate dehy-
drogenase; Pl, propidium iodide; PC, preconditioning; RC, recovery.
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ute to tissue repair and regeneration by releasing important
growth factors, including cytokines and chemokines, in a
dynamic spatial-temporal manner that can promote donor cell
survival, angiogenesis, tissue repair, and remodeling (12-18).
Thus, genetically modulating the cells by overexpressing
growth factors has also been used as an alternative strategy to
precondition stem cells (19 -22). Although these interventions
do seem to increase cell survival, there is clearly room for addi-
tional improvement in cardiac stem cell survival.

Heme oxygenase (HO) is an important enzyme that main-
tains intracellular heme levels. HO degrades heme, producing
equimolar quantities of biliverdin (which is converted to biliru-
bin by biliverdin reductase), iron, and carbon monoxide (23).
HO exists in three isoforms: HO-1, HO-2, and HO-3. HO-1is a
stress-inducible protein that induces cellular protection in the
event of injury, inflammation, oxidative stress, etc. Consider-
able evidence supports the protective functions of HO-1 in the
cardiovascular system, which are ascribed to its end products,
biliverdin and carbon monoxide (CO) (24, 25). HO-2 and HO-3
are constitutive forms. HO-2 is mainly expressed in the brain
and testes, and HO-3 is found in rat brain and has little enzy-
matic activity (26, 27). Expression of HO-1 is modulated by
transcriptional regulation, including ERK-dependent signaling
and NRF2 (nuclear factor (erythroid-derived 2)-like 2), a tran-
scription factor that plays a key role in the expression of anti-
oxidant genes, HO-1 (28), and cyclooxygenase-2 (COX-2) (29).
Cobalt protoporphyrin (CoPP), an HO-1 inducer, has been
shown to enhance the survival of cardiomyocytes and restore
contractility to unvascularized three-dimensional adult car-
diomyocyte grafts implanted in vivo (30) as well as to protect
the heart from damage during ischemia in both normal and
diabetic rats (31). Although the cytoprotective effect of HO-1
has been extensively studied in the setting of myocardial ische-
mia-reperfusion injury, nothing is known regarding the anti-
apoptotic effect of HO-1 on hCSCs.

The first-in-human clinical study of c-kit" hCSCs is ongoing
in Louisville, with initial results that are very encouraging (32).
Here we present evidence that preconditioning hCSCs with
CoPP promotes cell survival and resistance to oxidative stress.
The mechanism appears to involve activation of survival signal-
ing pathways, such as the ERK/NRF2 pathway, as well as para-
crine effects via the increased release of cytokines. These results
provide a simple and effective strategy to enhance survival of
hCSCs after transplantation and, therefore, their efficacy in
repairing infarcted myocardium in patients with ischemic heart
disease.

EXPERIMENTAL PROCEDURES

Isolation and Culture of hCSCs—Human c-kit™/Lin~ CSCs
were isolated from the right atria appendages in patients with
ischemic cardiomyopathy as described previously (7, 32, 33).
Briefly, myocardial tissues were minced into small pieces and
enzymatically dissociated with collagenase II (30 units/ml) with
gentle shaking at 37 °C for 1 h. After incubation on ice for 10
min, the undigested clumps were separated by gravity. Super-
natant was transferred into a 15-ml tube and centrifuged at
1,400 rpm for 5 min. The collected cell pellet was suspended
and cultured in CSC growth medium consisting of Ham’s F-12
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(Invitrogen), 10% FBS (Hyclone), 10 ng/ml human basic FGF
(Sigma), 0.005 unit/ml human EPO (erythropoietin) (Sigma),
0.2 mMm L-glutathione (Sigma), and penicillin (100 units/ml)/
streptomycin (100 pg/ml). The day after, growth medium was
refreshed to remove cell debris, and cells were maintained in a
humidified environment at 37 °C and 5% CO.,. 4 -5 days later,
cells were sorted using the c-kit MACS kit according to the
manufacturer’s instructions (Miltenyi Biotec), expanded, and
characterized by FACS analysis to obtain lineage-negative
hCSCs. Human CSCs at passage 8 —15 were employed for in
vitro studies.

Preconditioning of hCSCs with CoPP—The day before exper-
iments, hCSCs were cultured on Petri dishes at a density of 3000
cells/cm®. To optimize the dose and time for preconditioning,
cells were treated with several doses of CoPP (0—80 uMm) for
24 h and challenged with 2 mm H,O, for 3 h in serum-free F-12
medium thereafter. The protective effect of CoPP precondi-
tioning on oxidative stress was examined by detecting the lac-
tate dehydrogenase (LDH) release according to the manufac-
turer’s instructions (Takara). The optimal dose of CoPP (10 um)
was then used to treat cells for a period of time (24 h) to deter-
mine an optimized time point for preconditioning by LDH
assay. In addition, the efficacy of cytoprotection by recovery
from CoPP preconditioning was also performed for up to 48 h.

Lactate Dehydrogenase Leakage—Detection of cell mem-
brane integrity is a rapid and simple approach to determine cell
viability via measuring cellular LDH leakage in damaging cells.
Following the manufacturer’s instructions from the lactate
dehydrogenase assay kit (Takara), samples in different hCSC
treatment groups were centrifuged at 250 X g for 10 min, and
100 wl of the supernatant was then mixed with an equal volume
of premixed reagent (catalyst/dye solution = 1:45) for 30 min at
room temperature in a 96-well plate. The absorbance of each
sample at 490 nm was measured using a Bio-Rad iMark™
microplate reader, and the percentage of LDH release for each
sample was normalized according to the absorbance reading
from samples treated with 0.5% Triton X-100.

Apoptosis Assay with FITC-labeled Annexin V and Pro-
pidium lodide (PI) Staining—The percentage of apoptotic,
necrotic (late apoptotic), and viable hCSCs in different treat-
ment groups was determined using the annexin V/PI cell apo-
ptosis kit (Invitrogen) according to the instructions from the
manufacturer. Briefly, after 12-h preconditioning with 10 um
CoPP and recovery for 24 h, hCSCs at 80% confluence were
challenged with 1 mm H,O, in serum-free F-12 medium. 2 h
later, cells were trypsinized, washed in PBS twice, and sus-
pended in 100 ul of annexin-binding buffer with 1 ul of 100
pg/ml PLand 5 ul of Alexa Fluor 488 annexin V solution. After
room temperature incubation for 15 min, 400 ul of 1X
annexin-binding buffer was added with gentle mixing, and sam-
ples were immediately analyzed by LSRII flow cytometry (BD
Biosciences). The early apoptotic cells were stained with
annexin V only, and necrotic or late apoptotic cells displayed
both PI and annexin V staining, whereas live cells remained
unstained.

ShRNA Lentiviral Transfection—shRNA lentiviral particles
for knockdown of HO-1, NRF2, and COX-2 were used to infect
hCSCs according to the manufacturer’s instructions (Santa
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FIGURE 1.Enhanced hCSC survival following preconditioning with CoPP. A, following preconditioning, 5- 40 um CoPP dramatically enhanced hCSCssurvival
as indicated by the significant decrease of LDH release (gray columns); these concentrations of CoPP had no toxicity for hCSCs, as indicated by the minimum
release of LDH (white columns). B, pretreatment of hCSCs with 10 um CoPP for 8 -24 h significantly increased cell survival, as indicated by the decrease of LDH
release (gray columns). C, the cytoprotective effect of CoPP lasts up to 48 h after recovery, and a significant increase in hCSC survival was observed at 16- or 24-h
recovery after preconditioning with 10 um CoPP for 12 h as evidenced by the significant decrease of LDH release. D, Western blot showed a significant increase
in expression of HO-1 and COX-2 and phosphorylation of NRF2 after preconditioning hCSCs with increasing concentrations of CoPP for 12 h. E, Western blotting
showed the time dependence of preconditioning hCSCs with 10 um CoPP, as indicated by the increased level of expression of HO-1 and COX-2, as well as the
phosphorylation of NRF2 following preconditioning hCSCs at various time points (0, 4, 8, 12, and 16 h) (n = 3). F, Western blotting showed the persistence of
significantly increased levels of expression of HO-1 and COX-2 and phosphorylation of NRF2 during the recovery time (0-48 h). p-NRF2, phosphorylated NRF2;

t-NRF2, total NRF-2. Error bars, S.E.

Cruz Biotechnology, Inc., Santa Cruz, CA). Scrambled shRNA
and GFP lentiviral particles were also applied to infect hCSCs as
negative and positive controls. hCSCs were placed in a 12-well
plate 24 h prior to viral infection. At 50% confluence, cells were
refreshed with 1 ml of growth medium containing 5 ug/ml
Polybrene. Lentiviral particles (20 wl) were then directly added
into the culture medium with gentle swirling afterward. The
day after, culture medium was replaced with normal growth
medium for recovery. 48 h after infection, cells were cultured in
the growth medium with 5 ug/ml puromycin to diminish non-
infected cells. The puromycin-containing growth medium was
replaced every 2 days for up to 8 —10 days, when almost 100% of
cells with GFP fluorescence were detected in the positive con-
trol group. The efficiency of gene knockdown was examined by
Western blot.

Western Blot—Western blotting was performed using stan-
dard techniques as described previously (34, 35). After treat-
ment, hCSCs were harvested and lysed with ice-cold modified
radioimmune precipitation assay buffer (150 mm NaCl, 5 mm
EDTA, 1% Nonidet P-40, 20 mm Tris-HCI, pH 7.5) plus prote-
ase and phosphatase inhibitor mixtures (Sigma). 20 ug of each
sample was separated on 4—12% SDS-polyacrylamide gradient
gels (Invitrogen). After transfer to PVDF membrane, primary
and secondary antibodies were applied, and the signals were
detected with ECL-plus reagent. Primary antibodies against
HO-1, NRF2, COX-2, phospho-ERK, and ERK were purchased
from Santa Cruz Biotechnology, Inc., and phospho-NRF2 anti-
body was obtained from Epitomics.

Real-time PCR for Gene Library Screening Array—Real-time
PCR was performed for quantification of the change of cytokine
or anti-apoptotic gene after preconditioning, using primer
libraries designed by RealTimePrimers. The total RNA was iso-
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lated and purified using an RNA isolation kit (Qiagen), and the
concentration of purified RNA was determined by a Nano-
Drop 2000C spectrophotometer (Thermo Scientific). After
RNA was reverse-transcribed to cDNA, sample preparation for
real-time PCR was performed according to the manufacturer’s
instructions of the iQ SYBR Green Supermix (Bio-Rad) kit, and
PCR was run with a Bio-Rad iQ5 optical module. The cycling
conditions were set at 95 °C for 3 min as initial denaturation, 40
cycles of denaturation at 95 °C for 30 s, annealing at 59.5 °C for
40 s, and extension at 72 °C for 50 s. The data were acquired
during the extension step. Melting curves were obtained at the
end of the reaction by gradually raising the temperature by
1 °C/min from 59.5 to 95 °C over a time period of 35 min.

Statistical Analysis—Experiments were performed in quad-
ruplicate and repeated at least three times. Data are expressed
as mean * S.E. Statistical significance was assessed by analysis
of variance followed by Bonferroni/Dunn testing, or unpaired ¢
test. A p value less than or equal to 0.05 was considered statis-
tically significant.

RESULTS

Protective Effects of Preconditioning hCSCs with CoPP—Pre-
vious studies have established that CoPP protects cardiomyo-
cytes against ischemia-reperfusion injury (30, 36). However, lit-
tle is known about whether it is protective for adult cardiac
stem cells against apoptosis induced by extracellular or intra-
cellular stimuli during stem cell transplantation. To test the
hypothesis that CoPP is cytoprotective for hCSCs, we per-
formed LDH release assays to determine the survival of CoPP-
preconditioned hCSCs following oxidative stress induced by
H,O, (Fig. 1). We first optimized the concentration of CoPP for
cell preconditioning using the LDH release assay and found that

VOLUME 287 -NUMBER 40+SEPTEMBER 28,2012



10-40 um CoPP was not toxic for hCSCs up to a 24-h treat-
ment, as indicated by the minimal LDH release in the resting
state without H,O, treatment (Fig. 1A, white columns). Under
oxidative stress conditions induced by 2 mm H,O,, cells pre-
treated with 5—40 um CoPP showed significant decreased LDH
release (Fig. 14, gray columns), indicating greater survival after
oxidative stress in cells pretreated with 5—40 um CoPP. The
data also showed that cells pretreated with 10 um CoPP exhib-
ited the minimum release of LDH, indicating maximal protec-
tion of cells against oxidative stress at this concentration; thus,
we used 10 uM as the optimal concentration of CoPP to precon-
dition hCSCs in the following work.

We then assessed the optimal preconditioning time for
hCSCs with 10 um CoPP. As shown in Fig. 1B, we found that
there was no toxicity when hCSCs were treated with 10 um
CoPP up to 24 h, as indicated by the minimal LDH release from
4-24-h treatment without oxidative stress induced by H,O,
(Fig. 1B, white columns). After an 8 —20-h pretreatment with 10
uM CoPP, there was a significant increase of cell survival as
indicated by the dramatic decrease of LDH release following
oxidative stress induced by 2 mm H,O,, for 3 h (Fig. 1B, gray
columns), indicating a significantly greater survival in this time
scale of hCSCs preconditioned with 10 um CoPP. Up to 3-fold
less LDH (~20% versus ~60%) was released at 12 h post-treat-
ment with 10 um CoPP, suggesting significant enhancement of
cell survival by preconditioning of hCSCs with CoPP. To deter-
mine how long the cytoprotection of CoPP may last after hCSC
preconditioning, preconditioned hCSCs were subjected to
recovery for 8 —48 h, and the preconditioning (PC) medium was
replaced with fresh culture medium for different periods imme-
diately following a 12-h PC. We have observed that additional
16 —24-h recovery (RC) showed better cytoprotective effects
compared with no recovery (Fig. 1C). Because 10 um CoPP
induced a significant cytoprotective effect without inducing cell
death at 12-h PC and 24-h RC, these concentrations and time
points were selected for preconditioning hCSCs in the follow-
ing experiments unless specified.

It has been well established that CoPP, as an HO-1 inducer,
enhances the survival of cardiomyocytes and protects the heart
from damage during ischemia in various animal models
through the up-regulation of cytoprotective proteins and tran-
scriptional factors (30, 31). To confirm the expression of HO-1,
Western blotting against HO-1 was performed. As shown in
Fig. 1D, preconditioning hCSCs induced a marked increase in
HO-1 expression after a 12-h pretreatment, which was depen-
dent on the concentration of CoPP from 0 -20 um CoPP; mean-
while, we found that the expression of COX-2 and the phos-
phorylation of NRF2 were also significantly up-regulated.
Furthermore, we found that the up-regulation of the expression
of HO-1 and COX-2 and the phosphorylation of NRF2 were
time-dependent for preconditioning. As shown in Fig. 1E, the
HO-1 expression level increased after 4-h pretreatment and
stabilized following 8 —24-h pretreatment. Meanwhile, it was
also observed that the up-regulation of expression of COX-2
and phosphorylation of NRF2 were dependent on the precon-
ditioning time. The expression levels of these proteins were also
examined during recovery; Western blots showed that HO-1
maintained significant expression levels for up to 48 h of recov-
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ery. However, the expression of COX-2 and phosphorylation of
NRF2 were further enhanced immediately after recovery, and
their expression reached their peak level at 24 h of recovery, and
then gradually decreased following recovery for longer times
(Fig. 1F), which consistently elucidated the significant enhance-
ment of hCSC survival after 24 h of recovery as shown in Fig.
1C. All of these data suggest that preconditioning hCSCs with
CoPP significantly enhances the cell survival ability against oxi-
dative stress induced by H,O,, which is dependent on the con-
centration of CoPP and time for preconditioning and recovery,
and is correlated with the up-regulation of expression of HO-1
and COX-2 as well as the activation of phosphorylation of
NRF2.

Resistance to Apoptosis following Preconditioning of hCSCs
with CoPP—Based on the data presented in Fig. 1, we have
established a protocol to examine cell apoptosis with FACS
analysis. As shown in Fig. 24, we first preconditioned hCSCs
with 10 um CoPP for 12 h, and then cells were allowed to
recover for 24 h in fresh culture medium. Finally, cells were
harvested and stained with FITC-labeled annexin V and PI for
flow cytometric analysis. Cells were divided into the following
four groups: 1) control cells pretreated with DMSO but not
subjected to H,O,-induced oxidative stress; 2) cells subjected
to CoPP preconditioning but no H,O,-induced oxidative
stress; 3) cells pretreated with DMSO and subjected to oxida-
tive stress induced by H,O,; 4) cells subjected to CoPP precon-
ditioning and H,0O,-induced oxidative stress. As shown in Fig.
2B, following flow cytometry analysis, the majority of cells are
divided into three populations: live cells in the Q3 region, apo-
ptotic cells in the Q4 region, and necrotic (or late apoptotic
cells) in the Q2 region. Total cell death was defined by the
difference between live cells and total cells (as a percentage).
The quantitative data are shown in Fig. 2C. The results show
that there was no significant change in cell apoptosis, cell
necrosis, and total cell death under resting conditions without
oxidative stress for both groups with or without CoPP precon-
ditioning (blue column versus green column). After oxidative
stress induced by H,O,, the apoptotic cell number was signifi-
cantly decreased for CoPP-preconditioned cells compared with
control cells without CoPP preconditioning, but there was no
significant difference for necrotic cells between these two
groups. However, total cell death was dramatically decreased
after preconditioning with CoPP, which was mainly due to the
decrease in cell apoptosis. This result is consistent with the data
from the LDH release assay and further confirmed that precon-
ditioning hCSCs with CoPP greatly enhances cell survival.

To understand how preconditioning hCSCs with CoPP
enhances the cell survival ability against apoptosis induced by
oxidative stress (Fig. 2C), we examined anti-apoptotic gene
expression by quantitative real-time RT-PCR with a PCR
primer library screening and found a significant increase in the
expression of a number of anti-apoptotic genes, including a
~2.5-fold increase in the expression of BAG4, BCL2, BCL2-L2,
BIRC3, and XIAP at the mRNA levels and a more than 20-fold
increase for NAIP1 and BCL2-A1 (Fig. 2D). Increased protein
expression of BCL-2, BCL-XL, and MCL-1 was further con-
firmed by Western blotting analysis following 12-h pretreat-
ment of hCSCs with CoPP and 24-h recovery (Fig. 2E). The

JOURNAL OF BIOLOGICAL CHEMISTRY 33723



Protective Effects of CoPP on Cardiac Stem Cells

A hCSCs + CoPP Recove! +H,0, . .
@ — 12hrs _» 1.5h —p FACS Assay p<0.05 vs. Ctrl; n=3 *
= | (Annexin V/PI) 30}
c-kit*/Lin-

B hCSCs hCSCs-PC

2.3%

N
o
L}
§.| *

A

Fold change of anti-apoptotic O
genes (Normalized to GAPDH)
\v

L MMM

8 4
[
@ 2k
2 .
g S 0OF
O Rania o QA GF AT A M e
B Voo, ;
3 hcscs 0.4% | hcsCs-PC cf 9”“90\} W 9090\*1 g
T + H,0, +H,0,
2 .
£ ' E Control + CoPP
5 =
3 BCL-2->| S -
I3
g BCL-XL-> |l S—
MCL-A > | o o—
Annexin V- FITC Fluorescence
C . — control
| BEEhcsCs EEENCSCs+HO 0<0.01; n=4 F
30T Ehcscspc mmncscspe +fio, r 1 § o6 W+ CoPP
@25 2 *p <0.01, vs. Ctrl; n=3 *
£3 0<0.0; n=4 £ *F *
3s20} ! ! =4 X
03 ot
T 515} ° 3}
(6] N . o
10 : 2+
2
5} Z1f
: [0 ]
)

Necrosis

Apoptosis

Total cell death

BCL-2 BCL-XL MCL-1
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preconditioning hCSCs with CoPP; cells pretreated with DMSO served as control. C, quantitative analysis for B, which further shows that preconditioning
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quantitative PCR analysis with an anti-apoptotic primer library screening shows a significant increase of the indicated anti-apoptotic gene expression
following pretreatment of hCSCs with 10 um CoPP. E, Western blotting confirmed the increase in some of the anti-apoptotic protein expression,
including BCL2, BCL-XL, and MCL-1, following pretreatment of hCSCs with 10 um CoPP for 12 h and recovery for 24 h. F, quantitative data for the band
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quantitative data with a band densitometric analysis are shown
in Fig. 2F, indicating a marked increase in the expression of
anti-apoptotic proteins, including BCL2, BCL-XL, and MCL-1.
These data suggest that the enhanced hCSC survival after pre-
conditioning with CoPP may be due to the up-regulation of
anti-apoptotic genes and that preconditioning with HO-1
inducers has anti-apoptotic effects on hCSCs.

Effect of HO-1/NRF2/COX-2 Down-regulation on hCSC Sur-
vival after CoPP Preconditioning—Based on the data shown in
Fig. 1, D-F, it can be postulated that CoPP enhances hCSC
survival through the up-regulation of HO-1 and COX-2 expres-
sion as well as the activation of NRF2 phosphorylation. To test
whether the cell survival enhancement following precondition-
ing with CoPP is specifically dependent on the up-regulation of
HO-1, we infected hCSCs with lentivirus encoding HO-1
shRNA as well as scrambled shRNA as control. The down-reg-
ulation of HO-1 was confirmed by Western blot with an HO-1
antibody (Fig. 3A4), which showed a significantly decreased
expression of HO-1 after 12-h CoPP PC. Concomitantly, the
cytoprotective effect of CoPP was also diminished by HO-1
gene silencing, as indicated by the significant increase of LDH
release following 12-h CoPP preconditioning (Fig. 3B, blue col-
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umn versus green column). Furthermore, FACS analysis with
annexin V and PI staining showed that knocking down HO-1
with shRNA gene silencing significantly increased the level of
both cell apoptosis and total cell death in hCSCs precondi-
tioned with CoPP compared with cells expressing scrambled
shRNA (Fig. 3, C and D), indicating a reduction in the cytopro-
tective effect of CoPP preconditioning. These data provide a
possible direction for further studies: the molecular mechanism
for HO-1-induced hCSC therapeutic efficacy.

To understand whether the activation of NRF2 is specifically
required for the enhancement of hCSC survival after precondi-
tioning with CoPP, the expression of NRF2 was knocked down
by shRNA gene silencing, which was confirmed by the Western
blotting. As shown in Fig. 44, the expression of total NRF2 was
decreased by more than 80%. Contemporaneously, the cytopro-
tective effect of CoPP was also diminished by NFE2L2 gene
silencing for NRF2, as indicated by a significant increase in
LDH release following 12-h CoPP preconditioning (Fig. 4B,
blue column versus green column) with or without 24-h recov-
ery. Furthermore, FACS analysis with annexin V and PI staining
showed that the knocking down of NRF2 by shRNA gene silenc-
ing significantly increased the level of both cell apoptosis and
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total cell death in hCSCs preconditioned with CoPP compared increased the level of late apoptosis to an extent greater than
with cells expressing scrambled shRNA (Fig. 4, C and D), indi-  that observed in cells expressing HO-1 shRNA (Fig. 3D versus
cating a decreased cytoprotective effect of preconditioning Fig. 4D), suggesting that NRF2 is upstream of HO-1 in this
hCSCs with CoPP. However, knocking down NRF2 also regulating pathway.
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Because COX-2 was up-regulated after preconditioning of
hCSCs with CoPP (Fig. 1, D—F), the expression of COX-2 was
also knocked down by shRNA gene silencing. As shown in Fig.
5A, Western blotting confirmed the decrease of COX-2 expres-
sion after CoPP preconditioning in hCSCs expressing COX-2
shRNA compared with the control cells expressing scrambled
shRNA. Interestingly, the cytoprotective effect of CoPP was
also diminished after knocking down COX-2, as indicated by
the significant increase of LDH release following 12-h CoPP
preconditioning (Fig. 5B, blue column versus green column)
with or without 24-h recovery. At the same time, knocking
down COX-2 significantly increased the level of both cell apo-
ptosis and total cell death for hCSCs preconditioned with CoPP
compared with cells expressing scrambled shRNA (Fig. 5, C and
D), indicating a decreased cytoprotective effect of CoPP pre-
conditioning. These data indicate that COX-2 plays an essential
role in enhancing hCSC survival following preconditioning
with CoPP.

Effect of CoPP on the Release of Growth Factors—Increasing
evidence suggests that stem cell-mediated tissue repair takes
place via the release of paracrine factors into the surrounding
tissue that subsequently direct a number of restorative pro-
cesses, including myocardial protection, revascularization, and
cardiac remodeling (13). To test the effect of CoPP on the
expression of growth factors, we first performed a cytokine
primer library array with 96-well format by real-time qRT-PCR.
A global increase in gene expression of growth factors was
observed in the cell group preconditioned with CoPP for 12-
and 24-h recovery, compared with the group with 0-h recovery
(Fig. 6A). Then the mRNA expression of several cytokines
known to play beneficial roles in cell survival, proliferation, and
migration was further confirmed by real-time qRT-PCR. Com-
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pared with non-preconditioned hCSCs (Ctrl), preconditioned
hCSCs exhibited increased mRNA levels of CSF1/2/3, LIF (leu-
kemia inhibitory factor), FGF2/3/18, EGF, EPO, BMP3, and
CXCL2/3/13 (Fig. 6B).

Using a cytokine antibody array that assessed 36 soluble cyto-
kines (R&D Systems), we observed a marked elevation in the
protein expression of several cytokines secreted by CoPP-pre-
conditioned cells, including CD40 ligand (a5,), CXCL1 (a;7,15),
IL-1e (bs,,), IL-1B (bse), IL-6 (bys,1c)s CXCL8 (by,1s), and
IL-23 (cy5,16) (Fig. 6C, +CoPP versus Control), which is consis-
tent with the gene expression analysis by real-time quantitative
PCR. These data further confirmed the up-regulation of cyto-
kines at the protein expression level following CoPP precondi-
tioning. To test whether the cytokines produced by hCSCs are
sufficient to induce cytoprotective effects, we harvested the
conditioned medium from hCSCs pretreated with CoPP for
12 h followed by recovery for 0, 8, 16, 24, and 48 h and then
cultured a new batch of naive hCSCs with this conditioned
medium. LDH release assays showed that cells cultured with
conditioned medium from hCSCs pretreated with 10 um CoPP
for 12 h, followed by a 24 — 48-h recovery, exhibited a significant
decrease in LDH release, indicating that cells cultured with
conditioned medium gained enhanced anti-apoptotic ability
against oxidative stress (Fig. 6D). However, the conditioned
medium harvested from hCSCs expressing HO-1/NRF2/
COX-2 shRNA did not show such a protective effect for naive
hCSCs compared with the conditioned medium harvested
from hCSCs expressing scrambled shRNA following 12-h pre-
conditioning and 48-h recovery, as indicated by the significant
increase in LDH release in hCSCs expressing HO-1/NRF2/
COX-2 shRNA after the oxidative stress induced by H,O, (Fig.
6E). These results confirm that the up-regulation of HO-1/
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NRF2/COX-2 is involved in the enhancement of hCSC survival
following CoPP preconditioning and that this up-regulation
also plays a role in the release into the medium of cytokines that
protect the cell from oxidative stress.

ERK/NRF2 Signaling Pathway in CoPP-mediated hCSC
Survival—To further define the critical role of the ERK signal-
ing pathway in the cytoprotection afforded by CoPP precondi-
tioning, we examined the effect of ERK inhibition on oxidative
stress-induced cell apoptosis with FACS analysis following
annexin V/PI staining. As shown in Fig. 7, A and B, compared
with the control cells (blue column), CoPP treatment signifi-
cantly decreased both early and late apoptosis (green column),
whereas the inhibition of ERK by U0126 significantly decreased
early apoptosis but increased late apoptosis (red column), and
this inhibition of ERK by U0126 significantly diminished the
protective effect of CoPP against both early and late apoptosis
(olive column). Thus, total cell death was decreased by precon-
ditioning with CoPP but increased by inhibition of ERK activity
with U0126, and the CoPP protection against oxidative stress-
induced total cell death was abrogated by ERK inhibition (Fig.
7B), indicating that the ERK signaling pathway plays an impor-
tant role in CoPP-mediated hCSC survival.

Western blot confirmed that treatment of hCSCs with U0126
significantly inhibited the phosphorylation of ERK but did not
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alter total ERK expression. In addition, the phosphorylation of
NRF2 and the expression of HO-1 and COX-2 were signifi-
cantly decreased after inhibition of ERK by U0126 regardless of
whether the cells were preconditioned with or without CoPP
(Fig. 7C), suggesting that the ERK signaling pathway may be
involved in CoPP-promoted hCSC survival through regulation
of NRF2 activity and gene expression of HO-1 and COX-2.

As shown in Figs. 3-5, we found that knockdown of HO-1,
NRF2, and COX-2 directly affected the cytoprotective effect of
CoPP preconditioning. To understand the role of the ERK sig-
naling pathway in this process, we examined the expression of
HO-1 and COX-2, and the phosphorylation of NRF2 and ERK
after knocking down the expression of HO-1, NRF2, and
COX-2. As shown in Fig. 7D, following preconditioning of
hCSCs with CoPP, cells expressing NRF2 shRNA showed a sig-
nificant decrease in the expression of HO-1, whereas the
expression of COX-2 and the phosphorylation of ERK were
significantly increased in these cells compared with control
cells expressing scramble shRNA. This suggested that HO-1
was up-regulated by NRF2, whereas NRF2 was downstream of
ERK in this signal pathway, and the negative feedback regula-
tion caused the increase of ERK phosphorylation when NRF2
was knocked down. Cells expressing HO-1 shRNA exhibited a
slight decrease in the phosphorylation of NRF2 but showed a
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significant increase in the expression of COX-2 and phosphor-
ylation of ERK, further indicating downstream feedback regu-
lation of HO-1/NRF2 in the ERK signal pathway. However, cells
expressing COX-2 shRNA showed a significant decrease in the
phosphorylation of ERK and in the expression of HO-1 but not
in NRF2 phosphorylation, implying a positive feedback regulat-
ing of COX-2 by the ERK/NRF2 signal pathway.

Taking the functional data together with the Western blot-
ting assay, we propose that the following mechanism underlies
CoPP-induced hCSC survival (Fig. 8E). In this scheme, we pro-
pose that preconditioning hCSCs with CoPP activates the
phosphorylation of ERK, which then up-regulates HO-1
expression through either NRF2 or COX-2 signaling pathways
and increases the expression of pro-survival genes, cytokines,
and antioxidant genes, finally leading to cytoprotective
effects and promotion of cell survival. Inhibition of ERK activity
might disrupt this signal pathway and result in a decrease in the
cytoprotective effect of CoPP preconditioning. However, inhi-
bition of either NRF2 or COX-2 expression by shRNA knock-
down is accompanied by a compensatory enhancement of other
pathways.

The goal of this study was to examine the cytoprotective
effect of CoPP on hCSCs with the goal of enhancing their effi-
cacy after transplantation into an infarct heart. It is not known
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whether treatment with CoPP leads to adverse effects on the
cellular ability for proliferation and differentiation. In order to
answer this question, we first examined cell proliferation after
preconditioning hCSCs with CoPP. As shown in supplemental
Fig. S1, after incorporating BrdU into hCSC during cell culture,
we performed both immunocytochemistry (supplemental Fig.
S1A) and flow cytometry analysis (supplemental Fig. S1B) on
hCSCs subjected to either CoPP preconditioning or no precon-
ditioning. The quantitative data showed no significant differ-
ence in the PI"BrdU™ cell population (supplemental Fig. S1C),
indicating that CoPP did not affect the cells’ ability to prolifer-
ate, which was also confirmed by the (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide cell viability assay
(supplemental Fig. S1D). Second, both control cells and CoPP-
preconditioned cells were subjected to differentiation using
standard methods (7). Real-time PCR analysis showed that both
control cells and CoPP-treated cells exhibited a significant
increase in the expression of troponin I, a gene marker for adult
cardiomyocytes, with no difference between these two groups
(supplemental Fig. S2A4). This was also confirmed by Western
blotting with an antibody against MG53, a muscle-specific pro-
tein (34, 35). Both groups showed significant expression of
MG53 compared with undifferentiated control cells, but there
was no significant difference between CoPP-treated and
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untreated groups (supplemental Fig. S2A4), indicating that pre-
conditioning hCSCs with CoPP did not alter the cells” ability to
proliferate and differentiate.

DISCUSSION

Many strategies have been tested to enhance the survival of
donor cells, including exposure to hypoxia or anoxia (37), deliv-
ery of growth factor genes (18), anti-inflammatory or immune
treatment, heat shock treatment, optimization of injection pro-
cedures, etc. (38). In this study, we have shown for the first time
that exposure (preconditioning) of hCSCs to CoPP, a small
molecule that serves as an HO-1 inducer, increases the resis-
tance of these cells to oxidative stress-induced apoptosis. Our
results provide evidence that CoPP preconditioning protects
hCSCs through the activation of the ERK/NRF2 or ERK/
COX-2 signal pathways at the transcriptional level and the con-
sequent up-regulation of the HO-1 and COX-2 genes. Several
lines of evidence support these conclusions.

The cytoprotective effects of HO-1 are mediated by its prod-
uct CO (which is generated exclusively by the HO system), the
production of the antioxidants biliverdin and bilirubin, and the
degradation of excess amounts of the pro-oxidant heme (39,
40). Previous studies have shown cardioprotective actions of
HO-1 in models of acute stress (e.g ischemia/reperfusion
injury) (41-45). HO-1 induction by CoPP treatment has been
reported to inhibit obesity (46, 47), recruit endothelial progen-
itor cells in diabetes (48), protect neurons against neurotoxicity
(49), and improve insulin sensitivity (50). However, the role of
HO-1 in protecting CSCs against apoptosis is virtually
unknown. It is also unknown whether CoPP-dependent HO-1
induction exerts cytoprotective effects following cell transplan-
tation. Here, we demonstrate that HO-1 induction has the abil-
ity to enhance hCSC resistance to oxidative stress. Our data
show that CoPP preconditioning significantly enhanced hCSC
survival after oxidative stress-induced cell death, indicated by
the decrease in LDH release, and that this salubrious effect was
accompanied by the activation of the ERK/NRF2 signal path-
way and the up-regulation of HO-1 and COX-2 expression.
However, this treatment did not alter the cells’ ability for self-
renewal and cardiac differentiation. Our study suggests that
augmentation of HO-1 expression may be a novel therapeutic
strategy to enhance the efficacy of CSC therapy in patients with
ischemic heart disease.

One important, although not exclusive, mechanism of the
beneficial effects of CoPP appears to be the limitation of apo-
ptosis. Although HO-1 is known to inhibit apoptosis (39, 40,
51), the precise mechanisms by which this occurs remain
unclear. Apoptosis in the failing heart involves multiple mech-
anisms that produce heightened activity of extrinsic death
receptor pathways or intrinsic mitochondrial and/or endoplas-
mic reticulum-linked pathways (52). Emerging evidence sup-
ports an important role for mitochondria as arbiters of cell fate
in the failing heart. Intrinsic pathways converge on the mito-
chondria to induce mitochondrial remodeling and dysfunction,
which in turn leads to the release of apoptogenic proteins, such
as cytochrome ¢, into the cytosol and the activation of terminal
caspase cascades (52). Preconditioning hCSCs with CoPP pro-
duced cytoprotection through a significant inhibition of cell
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apoptosis after oxidative stress and an increase in anti-apo-
ptotic gene and protein expression.

Our data show that HO-1 is important for the cytoprotective
activity of CoPP because shRNA-mediated knockdown of
HO-1 abrogated CoPP-induced protection from cell death after
oxidative stress (H,O,). The gene HMOX1 encoding HO-1 is a
known target of NRF2, a transcription factor that plays an
important role in the expression of phase 2 detoxifying and
antioxidant enzymes as well as in the activation of other stress-
inducible genes, including GSH S-transferase quinine reduc-
tase (NQQI), and HMOXI (53). When activated, NRF2 under-
goes translocation from the cytosol to the nucleus. NRF2
transcriptional activity was elevated in CoPP-preconditioned
hCSCs, and partial reduction in NRF2 achieved by shRNA
resulted in a corresponding partial reduction in HO-1 expres-
sion. Thus, NRF2 is a candidate upstream factor in the induc-
tion of HO-1 in this pathway. Perhaps most importantly, the
functional data showed that down-regulation of NRF2, HO-1,
or COX-2 with shRNA gene silencing abrogated the cytopro-
tective effect of CoPP preconditioning on hCSCs. The exact
interrelationship between HO-1 and COX-2 is unclear. HO-1
and COX-2 could regulate parallel pathways affecting cell
death, such that each contributes independently to resistance
to oxidative stress-induced cell death in an additive manner.

Previous studies have demonstrated that stem cells contrib-
ute to tissue repair and regeneration by releasing various
growth factors (12-18). Emerging evidence suggests that resi-
dent CSCs can also function in a paracrine/autocrine manner
(54, 55). Conditioned media from human cardiospheres and
cardiosphere-derived cells have been shown to enhance the
survival of cardiomyocyte against hypoxia by secreting two
growth factors (VEGF and hepatocyte growth factor) (56). Like-
wise, intracoronary administration of c-kit”™ CSCs into rat
hearts induced proliferation of resident c-kit"™ CSCs in the
infarct zone presumably through a paracrine mechanism (6).
However, despite the well known role of growth factors in
orchestrating stem cell-based tissue repair and regeneration,
the relationship between the secretion of potentially cardiopro-
tective growth factors by c-kit™ CSCs and tissue repair has not
been examined.

Therefore, we studied whether the preconditioned hCSCs
have a cardioprotective secretory profile. Our data show that
cytokine expression was globally up-regulated in CoPP-pre-
conditioned cells. Specifically, compared with non-precondi-
tioned hCSCs, preconditioned hCSCs expressed greater mRNA
levels of CSF1/2/3, LIF, FGF2/3/18, EGF, EPO, BMP3 (bone
morphogenetic protein 3), and CXCL2/3/13. Soluble progeni-
tor-active cytokines, including colony-stimulating factors
(CSF1/2/3) (57) and EPO (58), promote angiogenesis through
mobilization of stem cells. Leukemia inhibitory factor regulates
the commitment of CSCs to the endothelial cell lineage, con-
tributing to revascularization in the process of tissue remodel-
ing and/or regeneration (59). The CXCL family chemokines
play important roles in promoting stem cell migration and
homing through JNK and NF«kB signaling pathways (60, 61).
Among them, EGF, BMP3, and the FGF family cytokines are
essential for stem cell survival and proliferation (62, 63). To
assess the functional role of the secreted cytokines, conditioned
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medium was harvested from hCSCs pretreated with CoPP for
12 h followed by different time periods of recovery, and then
used to culture a new batch of naive hCSCs. Use of conditioned
medium from hCSCs pretreated with 10 um CoPP for 12 h,
followed by a 24 —48-h recovery, was associated with a signifi-
cant decrease in LDH release, indicating that the conditioned
medium conferred protection against apoptosis induced by
oxidative stress. Knockdown of HO-1, NRF2, or COX-2 in the
CoPP-preconditioned hCSCs from which the conditioned
medium was obtained diminished this cytokine effect. These
results suggest that the salubrious effects of CoPP precondi-
tioning may be due in part to the secretion of protective cyto-
kines as a result of HO-1-, NRF2-, and COX-2-dependent
pathways.

Over the past few years, it has become increasingly clear that
exogenous CO exposure and the endogenous production of CO
by HO-1 promote the activation of redox-sensitive transcrip-
tion factors and protein kinases, which, in turn, induce antiox-
idant enzyme systems, including HO-1 itself (64). HO induc-
tion and endogenous CO have been found to be protective in
numerous experimental models of vascular, cardiac, and pul-
monary injury and against damage from various inflammatory
conditions. In the present study, we observed that CoPP acti-
vates NRF2-mediated HO-1 expression through post-tran-
scriptional NRF2 up-regulation, resulting in a high nuclear pro-
tein ratio of NRF2. Our findings suggest that CoPP up-regulates
phosphorylation of NRF2, which is then translocated into the
nucleus, where it activates the HO-1 expression. An increase in
HO-1 protein leads to production of bilirubin and CO, which
might be responsible, at least partially, for the cytoprotective
effects of HO-1 and, thus, of CoPP.

It has been shown that NRF2 is phosphorylated by ERK
under conditions of oxidative stress, resulting in its nuclear
translocation and the subsequent enhancement in the expres-
sion of antioxidant genes (65, 66). These findings suggest the
involvement of the ERK/NRF2 signaling pathway in eliciting
the CoPP-induced cellular anti-apoptotic response and thus
protecting against apoptosis. This hypothesis is supported by
the observation that shRNA-mediated inhibition of NRF2
expression suppressed cytoprotection against apoptosis in
CoPP-treated cells. The critical role of ERK in mediating the
CoPP-induced cytoprotective response was then confirmed by
the finding that inhibition of ERK abrogated the cytoprotection
afforded by CoPP against H,O,-induced apoptosis and led to
decreased phosphorylation of NRF2 and expression of HO-1
and COX-2 in hCSCs. Taken together, these results indicate
that CoPP activates the ERK/NRF2 signaling pathway, which
then elicits a cellular anti-apoptotic response and protects
against oxidative stress-induced apoptosis in hCSCs.

In summary, we found that in vitro preconditioning of hCSCs
with a small molecule, CoPP, enhances resistance to apoptosis
through activation of the ERK/NRF2 signaling pathway and
release of various cytokines. These results suggest that the
HO-1 inducer CoPP may be a promising candidate as a protec-
tive agent against oxidative stress and apoptosis that could
potentially improve the efficacy of CSC-based therapies for
heart disease. In the future, it will be interesting to examine the
in vivo survival of hCSCs enhanced by HO-1 induction and
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conduct a thorough analysis for the molecular mechanisms elu-
cidated here in the immunodeficient mouse hearts following
the acute myocardial infarction.
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