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Abstract

Redox effector protein-1 (Ref-1) plays an essential role in DNA repair and redox regulation of several tran-
scription factors. In the present study, we examined the role of Ref-1 in maintaining the redox status and sur-
vivability of adult cardiac stem cells challenged with a subtoxic level of H,O, under inhibition of Ref-1 by RNA
interference. Treatment of cardiac stem cells with a low concentration of H,O, induced Ref-1-mediated sur-
vival signaling through phosphorylation of Akt. However, Ref-1 inhibition followed by H,O, treatment exten-
sively induced the level of intracellular reactive oxygen species (ROS) through activation of the components of
NADPH oxidase, like pZZF’hG", p47Pmox and Nox4. Cardiac differentiation markers (Nkx2.5, MEF2C, and GATA4),
and cell death by apoptosis were significantly elevated in Ref-1 siRNA followed by H,O,-treated stem cells.
Further, inhibition of Ref-1 increased the level of p53 but decreased the phosphorylation of Akt, a molecule in-
volved in survival signaling. Treatment with ROS scavenger N-acetyl-L-cysteine attenuated Ref-1 siRNA-me-
diated activation of NADPH oxidase and cardiac differentiation. Taken together, these results indicate that Ref-
1 plays an important role in maintaining the redox status of cardiac stem cells and protects them from oxidative

injury—mediated cell death and differentiation. Antioxid. Redox Signal. 11, 589-599.

Introduction

REACTIVE OXYGEN SPECIES (ROS), including H,O,, superox-
ide anions, and hydroxyl radicals, are generated intra-
cellularly though various sources including mitochondria
and plasma membrane-associated oxidases like nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidases
(41). Several receptor-mediated generations of ROS have
been shown to regulate many cellular functions such as
growth inhibition, cytotoxicity, apoptosis, mitogenesis, dif-
ferentiation, and cell hypertrophy (41).

Numerous studies have shown ROS as important chemi-
cal mediators in the regulation of cell growth and differen-
tiation (15, 33). Oxidative stress resulting from various ROS-
generating agents induces differentiation in a wide variety
of cell types that include neuronal (23), monocytic (52), ery-

throid (9), osteoclast (43), and cardiac cells (39). The cellular
redox state and the activity of antioxidant enzyme superox-
ide dismutase (SOD) are greatly altered during the differen-
tiation of many types of cells (5, 9). Consequently, these
changes bring about an increased rate of oxidant production,
which cause induction of gene expression, leading to cell dif-
ferentiation (1). This indicates that the cellular environment
becomes more pro-oxidizing during differentiation (1).

The intracellular redox state regulates cellular signaling
events by controlling many upstream and downstream mol-
ecules (17, 18, 22, 50). Normally, the intracellular redox state
in the cell is maintained through many enzymatic and
nonenzymatic molecules like SOD, catalase, redox effector
factor-1 (Ref-1), thioredoxin, etc. Ref-1 is sensitive to changes
in redox status and stimulates a rapid adaptive response to
subtoxic level of variety of ROS induced by H,O,, superox-
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ide anion and gamma rays (36). Injuries resulting from ROS
generated by UV-radiation or HyO, treatment remarkably
induced the levels of Ref-1, which corresponds with the in-
crease in endonuclease and redox activities of Ref-1 (45). ROS
may regulate Ref-1 via activation of several transcription fac-
tors involved in oxidative stress such as AP-1, CREP, ATF,
and p53 (16). Ref-1 facilitates the DNA binding and activa-
tion of transcription factors through reduction of a cysteine
residue (16, 28). It also has been shown that ROS affects the
functions of Ref-1 by altering the redox status of Ref-1. Ox-
idative stress or replacement of cysteine in Ref-1 severely af-
fects both DNA repair and the redox regulation activities of
Ref-1 (28, 48). Ref-1 deficiency caused many cells to undergo
apoptosis induced by ionizing radiation, alkylating agents,
and oxidative stress (3). Moreover, Ref-1 was shown to
be associated with differentiation in the developing retina
(10, 11).

The present study was designed to examine the role of
Ref-1 in maintaining the redox status and survivability of
adult cardiac stem cells under subtoxic levels of H,O, treat-
ment. To study the role of Ref-1, Ref-1 expression was
blocked in cardiac stem cells by treating them with Ref-
1-specific small interference RNA (siRNA). We found that
subtoxic levels of hydrogen peroxide under inhibition of Ref-
1 caused excessive production of ROS via activation of
NADPH oxidase, leading to cardiac differentiation and cell
death by apoptosis in adult cardiac stem cells. These results
indicate that Ref-1 plays an important role in maintaining
the redox status of cardiac stem cells and protects them from
oxidative injury—mediated cell death and differentiation.

Materials and Methods
Materials

Control and Ref-1 siRNAs were obtained from Santa Cruz
Biotechnology, Santa Cruz, CA. Primary antibodies of a-ac-
tinin and p53 were obtained from Cell Signaling Technology
(Danvers, MA). Ref-1, Akt, p-Akt, and GAPDH antibodies
were obtained from Santa Cruz Biotechnology. Redox-sen-
sitive dye 5-(and -6)-chloromethyl-2’,7’-dichlorodihydroflu-
orescein diacetate acetyl ester (CM-H,DCFDA), and fluores-
cent conjugated secondary antibodies such as Alexa Fluor
488 and Alexa Fluor 594, and the nuclear stain To-Pro 1 io-
dide were obtained from Molecular Probes Inc. (Eugene,
OR). N-acetyl-L-cysteine and H,O, were obtained from
Sigma (St. Louis, MO).

Cell culture

Clonogenic adult cardiac stem cells were a generous gift
of Dr. Piero Anversa, and the cells were grown in modified
neural stem cell medium (mNSCM), as mentioned earlier (6),
at 37°C in a humidified chamber with 5% CO,. Cells were
not allowed to grow beyond 70% confluency. Cells were
treated with H,O, at a 10 uM concentration for 24 h. Treat-
ment with N-acetyl-L-cysteine at 1 mM concentration was
performed 20 min before H,O, treatment.

In vitro siRNA transfection

To each well of a six-well tissue culture plate, 2 X 10° cells
were seeded with 2 ml growth medium. Plates were incu-
bated for 18-24 h until 60-70% confluency was reached.
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Ref-1 and control siRNAs were used at the final concentra-
tion of 25 nM. siRNA transfection was done by using
TransPass R2 Transfection Reagent (New England BioLabs),
as mentioned in the kit. Cells were grown in complete
growth medium for an additional period of 24 h. Follow-up
experiments like treatment with H,O, and N-acetyl-L-
cysteine were performed at the end of the 24-h incubation
period.

Detection of intracellular ROS

At the end of experimentation, cells were washed with PBS
and further treated with CM-H,DCFDA at 5 uM concentra-
tion and incubated at 37°C incubator for 30 min. At the end
of incubation, cells were washed with PBS and observed im-
mediately under a fluorescent confocal microscope, Zeiss
LSM 510 (Thornwood, NY). Fluorescence intensity was mea-
sured by using Metamorph 7.2 software (Molecular Devices,
Sunnyvale, CA) from 10 random confocal images of each

group.
Total RNA isolation and RT-PCR

Total RNA was isolated from cells with TRIzol reagent (In-
vitrogen, Carlsbad, CA), according to the manufacturer’s in-
structions, and dissolved in 20 ul of DEPC-treated water. To-
tal RNA concentration was determined by measuring the
optical density at 260 nm. Reverse transcription and poly-
merase chain reaction (RT-PCR) was performed with RET-
ROscript (Ambion, Austin, TX), according to the manufac-
turer’s instructions. RNA, 2 ug, was used to prepare cDNA.
The following primers were used in our study.

MEF2C
Forward, 5'-GGCACACAGAGCACCTTGTA-3’
Reverse, 5'-TGCTTTCTTGGTTCCTGCTT-3'
NOX4
Forward, 5'-GGGCCTAGGATTGTGTTTGA-3’
Reverse, 5'-CTGAGAAGTTCAGGGCGTTC-3'
NKX2.5
Forward, 5'-ACCGCCCCTACATTTTATCC-3’
Reverse, 5'-GACAGGTACCGCTGTTGCTT-3'
pZZPhOX
Forward, 5'-TTGTTGCAGGAGTGCTCATC-3’
Reverse, 5'-CTGCCAGCAGGTAGATCACA-3’
p47phox
Forward, 5'-AGCTCCCAGGTGGTATGATG-3'
Reverse, 5'-ATCTTTGGCCGTCAGGTATG-3'
GATA4
Forward, 5'-TCTCACTATGGGCACAGCAG-3’
Reverse, 5'-CGAGCAGGAATTTGAAGAGG-3’
p53
Forward, 5'-GTCTACGTCCCGCCATAAAA-3’
Reverse, 5'-AGGCAGTGAAGGGACTAGCA-3’
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
Forward, 5'-AGACAGCCGCATCTTCTTGT-3’
Reverse, 5'-CTTGCCGTGGGTAGAGTCAT-3’
PCR reactions were performed in 25-ul reaction volume with
the following programs
95°C for 4 min (denaturation)
94°C for 30 sec, AT for 30 sec, 72°C for 1 min, 30 cycle
72°C for 5 min
Annealing temperatures were
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54°C for NKX2.5, NOX, p22°hox, pa7zehox GATA4, and
MEF2C

55°C for GAPDH

The PCR products were visualized on a UV-transillumi-
nator and digitalized after electrophoresis on 2% agarose gel
containing ethidium bromide.

Cell lysate preparation

At the end of experimentation, cells were washed with
phosphate-buffered saline and lysed in RIPA buffer (Boston
Bioproducts, Boston, MA) supplemented with protease in-
hibitor cocktail (Sigma) and a phosphatase inhibitor (100 mM
sodium orthovanadate) on ice for 1 h. Lysate was centrifuged
at 8,000 g for 10 min at 4°C, and the supernatant was mixed
with sample buffer and heated at 95°C for 5 min. Thus, pre-
pared cell lysates were used for Western immunoblotting.
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Western blot analysis

Proteins were separated in SDS-PAGE and transferred to
nitrocellulose filters. Filters were blocked in 5% nonfat dry
milk and probed with a primary antibody overnight. Pri-
mary antibodies such as a-actinin, p53, and GAPDH were
used at 1:500 dilutions. Protein bands were identified with
horseradish peroxidase conjugated secondary antibody
(1:2,000 dilution) and Western Blotting Luminol Reagent
(Santa Cruz Biotechnology). The resulting blots were digi-
tized, subjected to densitometric scanning by using a stan-
dard NIH Image program, and normalized against loading
control.

Immunofluorescence staining

Cells were washed with phosphate-buffered saline (PBS)
and fixed by using 4% paraformaldehyde solution for 20 min.
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FIG. 1.

Inhibition of Ref-1 increases the level of intracellular reactive oxygen species (ROS). Adult cardiac stem cells

were treated with either control or Ref-1 siRNA followed by H,O, (10 uM), as mentioned in Methods section. (A) Repre-
sentative Western immunoblot showing the expression Ref-1 in the total cell lysate. GAPDH was used as loading control.
(B) Representative confocal microscopic images showing the staining of Ref-1 in cells. (C) Representative confocal micro-
scopic images showing the staining of cells with a cell-permeable redox-sensitive dye (CM-H,DCFDA) indicating the level
of intracellular ROS. (D) Quantification of the average fluorescent intensity of cells stained with CM-H,DCFDA. Scale bar
represents 20 um in B and C. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article at www liebertonline.com/ars).
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After a wash with PBS, the slides were blocked with
Powerblock (BioGenex, San Ramon, CA) for 10 min. Slides
were washed with PBS and incubated with primary antibody
(1:25 dilution) in PBS containing 1% BSA for 60 min
(overnight incubation for a-actinin). Slides were washed and
incubated with fluorescein-conjugated secondary antibody
(1:500 dilution) in the dark for 45 min. Nuclear staining was
done with To-Pro 1 iodide (1:500 dilution) for 45 min in the
dark. The slides were washed, covered with mounting
medium, and examined under a fluorescence microscope.
Confocal microscopic images were obtained by using a Zeiss
LSM 510 (Thornwood, NY) confocal laser scanning micro-
scope with X40 1.3 oil-immersion objective by simultaneous
recording in the 488 A, 530 A, or 560 A channels, or a combi-
nation of these, as appropriate.

Cell-death assay

Cell-death analysis was performed for the release of the
cell-death marker enzyme lactate dehydrogenase (LDH) by
using the spent culture medium as the substrate with the
LDH Cytotoxicity Assay kit (Cayman Chemical Company,
Ann Arbor, MI) as instructed.

TUNEL assay for assessment of apoptotic cell death

Immunohistochemical detection of apoptotic cells was car-
ried out with terminal deoxynucleotidyl transferase nick-end
labeling (TUNEL) by using the DeadEnd Fluorometric
TUNEL System (Promega, Madison, WI). Cells were fixed
by immersion in 4% paraformaldehyde, and then stored in
4°C in PBS. The TUNEL experiment was done according to
the manufacturer’s instructions. The fluorescence staining
was viewed with a fluorescence microscope (Axioplan2
Imaging; Carl Zeiss Microimaging, Inc., New York) at 520 =
20 nm for the green fluorescence of fluorescein and at >620
nm for the red fluorescence of propidium iodide. The num-
ber of apoptotic cells was counted and expressed as a per-
centage of the total myocyte population.

Statistical analysis

All values were expressed as the mean * standard error
of the mean (SEM). Analysis-of-variance test, followed by
Bonferroni’s correction, was first carried out to test for any
differences between the mean values of all groups. If differ-
ences were established, the values of the treated groups were
compared with those of the control group with a modified ¢
test. The results were considered significant at p < 0.05.

Results

H>O, treatment in the absence of Ref-1 induces the
production of ROS

A pro-oxidative environment has been shown to induce
differentiation in many cell types (15, 33). Treatment with
H>0, alters the cellular redox status and induces differenti-
ation in many cell types (9, 40, 43). Because Ref-1 plays an
important role in the regulation of cellular redox status, we
examined the role of Ref-1 in the regulation of cellular redox
status and its effect on the differentiation of adult cardiac
stem cells when the cells were challenged with pro-oxida-
tive treatment with hydrogen peroxide. Adult cardiac stem
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cells were treated with various concentrations of hydrogen
peroxide (10, 25, 50, 100, and 200 uM) for different time pe-
riods (30 min, 60 min, 120 min, 24 h, and 48 h). We found
that Ref-1 protein expression was induced by 10 uM con-
centration of H,O; at two different time points [i.e., 120 min
and 24 h (data not shown)]. However, cardiac differentiation
markers like GATA4 and MEF2C were found to be induced
more during the 24-h time period (data not shown). In sub-
sequent experiments, we examined the role of Ref-1 by chal-
lenging cells with a 10 uM concentration of H,O, for 24 h
under the inhibition of Ref-1 by RNA interference.

Our Western immunoblotting results (Fig. 1A) show that
treatment with Ref-1 siRNA followed by H,O, significantly
attenuated the H,O,-mediated induction of Ref-1 compared
with control siRNA treatment. Ref-1 siRNA treatment alone
did not show any significant changes in the alteration of Ref-
1 protein expression when compared with normal cells (Fig.
1A). Further, confocal microscopic analysis (Fig. 1B) showed
that the expression of Ref-1 is significantly attenuated when
the cells are treated with Ref-1 siRNA followed by H,O,,
compared with other groups.

To examine the cellular redox status, the cells were treated
with cell-permeable dye CM-H,DCFDA, which itself is a
nonfluorescent dye, but on entering the cell, it is cleaved by
intracellular esterases and oxidized to a fluorescent com-
pound by intracellular pro-oxidants. The fluorescence inten-
sity is directly proportional to the level of ROS present in the
cell. Our confocal microscopic analyses showed that the flu-
orescence intensity was slightly higher on treatment with
H,0, compared with normal cells (Fig. 1C-D). However,
Ref-1 siRNA followed by H,O, treatment massively in-

p22 phox

p47 phox

GAPDH

FIG. 2. Ref-1 inhibition activates NADPH oxidase com-
ponents. Adult cardiac stem cells were treated with either
control or Ref-1 siRNA followed by H,O, (10 uM), as men-
tioned in Methods. At the end of experimentation, cells were
lysed in TRIzol reagent, and RNA was isolated. RT-PCR
analysis was performed with specific primers against NOX4,
p22f’h”x, p47phox, and GAPDH.
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creased the level of intracellular ROS compared with control
siRNA followed by H,O, treatment (Fig. 1C-D). Ref-1 siRNA
treatment alone did not show any significant changes in the
alteration of ROS production when compared with normal
cells (data not shown). These results indicate that ROS pro-
duction was significantly increased on challenging the car-
diac stem cells with pro-oxidant under inhibition of Ref-1.

Ref-1 inhibition induces the activation of NADPH oxidase

ROS-mediated intracellular signaling events are triggered
through the activation of NADPH oxidase components like
p22rhox, pa7rhox, and NOX4, leading to the production of su-
peroxide and affecting various cellular functions (8). In the
present study, we tested whether Ref-1 inhibition-mediated
induction of ROS activates NADPH oxidase. Our RT-PCR
analyses show that NOX4, p227ho%, and p47Phox were slightly
but insignificantly induced by hydrogen peroxide treatment
alone at the end of the 24-h treatment period (Fig. 2). How-
ever, Ref-1 siRNA followed by H,O, treatment significantly
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induced the expression of NOX4, p22P%, and p47P"* com-
pared with control siRNA followed by H,O, (Fig. 2). Ref-1
siRNA treatment alone did not show any significant changes
in the expression of NOX4, p22V~, and p47P"* when com-
pared with normal cells (data not shown). These results show
that Ref-1 inhibition-mediated induction of ROS further ac-
tivates NADPH oxidase components in cardiac stem cells.

Inhibition of Ref-1 induces cardiac differentiation

ROS plays an essential role in the induction of differenti-
ation in many cell types including neuronal (23), monocytic
(52), erythroid (9), osteoclast (43), and cardiac cells (39). We
tested whether the ROS produced through Ref-1 inhibition
mediates cardiac differentiation in adult cardiac stem cells.
RT-PCR analyses showed that cardiac differentiation mark-
ers like Nkx2.5, MEF2C, and GATA4 were slightly but in-
significantly induced on treatment with H,O, alone (Fig. 3A).
However, Ref-1 siRNA followed by H,O, treatment signifi-
cantly induced Nkx2.5, MEF2C, and GATA4 compared with

Nuclear Merged

a-actinin

D Nkx2-5 alpha-Actinin

Merged

FIG. 3.

Inhibition of Ref-1 induces differentiation in cardiac stem cells. Adult cardiac stem cells were treated with ei-

ther control or Ref-1 siRNA followed by H,O, (10 uM), as mentioned in Methods. (A) RNA was isolated from cells by us-
ing TRIzol reagent, and RT-PCR analysis was performed with specific primers against cardiac differentiation markers such
as MEF2C, Nkx2.5, and GATA4. GAPDH was used as loading control. (B) Western immunoblotting was performed with
total cell lysate by using specific antibodies against a-actinin. GAPDH was used as loading control. (C) Confocal micro-
scopic images showing the Ref-1 inhibition—driven coexpression of NOX4 (red channel, Alexa Fluor 594) and Nkx2.5 (green
channel, Alexa Fluor 488) in the nuclear (blue channel, To-Pro 1 iodide) region of the cell. (D) Confocal microscopic images
showing the Ref-1 inhibition-mediated coexpression of Nkx2.5 (red channel) and a-actinin (green channel) in a differenti-
ated cell. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article at www liebertonline.com/ars).


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2195&iName=master.img-002.jpg&w=419&h=341

594

control siRNA followed by H;O, treatment (Fig. 3A). Fur-
ther, our Western immunoblotting results showed that the
expression of another cardiac differentiation marker protein,
a-sarcomeric actinin, was slightly but not significantly in-
duced by H,O, treatment alone, but Ref-1 siRNA followed
by HyO, treatment significantly induced the expression of
cardiac sarcomeric actinin compared with control siRNA fol-
lowed by H,O, treatment (Fig. 3B). Ref-1 siRNA treatment
alone did not show any significant changes in the expression
of these differentiation markers when compared with nor-
mal cells (data not shown). Moreover, our confocal micro-
scopic images show coexpression of NOX4 and the differ-
entiation marker Nkx2.5 in cells treated with Ref-1 siRNA
followed by H,O, (Fig. 3C). Furthermore, coexpression of
Nkx2.5 and a-sarcomeric actinin was found in cardiac stem
cells under inhibition of Ref-1 and H,O, treatment (Fig. 3D).
These results clearly indicate the induction of cardiac differ-
entiation on treating cells with Ref-1 siRNA followed by
HQOz.

Ref-1 inhibition induces cell death

Cell differentiation is mostly accompanied by cell death
by apoptosis in many cell types (37, 38). In the present study,
the occurrence of cell death is confirmed by the release of
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cell-death marker enzyme LDH into the culture medium.
Figure 4A shows that the release of LDH into the culture
medium was significantly increased when the cells were
treated with Ref-1 siRNA and H,O, compared with other
groups of cells. Furthermore, TUNEL apoptotic analysis
show that Ref-1 siRNA followed by H,O, treatment signifi-
cantly increased the number of apoptotic cells compared
with other groups of cells (Fig. 4B—C). Ref-1 siRNA treatment
alone did not show any significant changes in LDH release
and the percentage of apoptotic cells when compared with
normal cells (data not shown). These results indicate that the
induction of cardiac differentiation and cell death occurred
simultaneously when the cells were treated with Ref-1
siRNA followed by H,0O..

The role of p53 under Ref-1 inhibition

Tumor-suppressor protein p53 plays an inevitable role in
cell-cycle arrest, apoptosis, and differentiation (2). Moreover,
p53 also is shown to be regulated by Ref-1 (21). In the pres-
ent study, we examined the role of p53 protein under Ref-1
inhibition with low levels of H>,O, treatment. Our Western
immunoblotting and RT-PCR analysis showed that p53 pro-
tein was expressed at high levels in normal cardiac stem cells.
However, treatment with hydrogen peroxide decreased the
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FIG. 4. Ref-1 inhibition induces cell death. Adult cardiac stem cells were treated with either control or Ref-1 siRNA fol-
lowed by H,O, (10 uM), as mentioned in Methods. (A) The release of lactate dehydrogenase (LDH) enzyme from the cells
was measured by using the spent culture medium obtained at the end of experimental period. (B) Fluorescent microscopic
images showing the TUNEL staining of apoptotic cells (green channel) and nucleus (red channel, propidium iodide). (C)
Quantification of apoptotic cells stained with TUNEL. The results are expressed in percentages. PI, propidium iodide. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at

www liebertonline.com/ars).
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FIG. 5. The regulation of p53 under Ref-1 siRNA treatment. Adult cardiac stem cells were treated with either control or
Ref-1 siRNA followed by H,O, (10 uM), as mentioned in Methods. (A) Representative Western immunoblot showing the
expression of p53, GAPDH, p-Akt, and Akt in the total cell lysate. (B) RT-PCR analysis showing the expression of p53 and

GAPDH.

level of p53 protein in the total cell lysate compared with
normal cells (Fig. 5A and B). Conversely, Ref-1 siRNA treat-
ment followed by HyO, significantly increased the level of
p53 protein compared with normal cell levels (Fig. 5A and
B). Akt activation by serum stimulation was shown to inhibit
p53; however, proapoptotic stimuli-induced p53 was shown
to inhibit the activation of Akt (4, 16). Based on these data,
in the present study, we examined the activation of Akt,
which is known as a molecule involved in survival signal-
ing. Our Western immunoblotting analysis (Fig. 5A) showed
that the phosphorylation of Akt (i.e., activation of Akt) was
induced after treating cells with H,O,, but HO,-induced ac-
tivation of Akt was almost completely abolished by Ref-1
siRNA treatment as compared with control siRNA treatment
(Fig. 5A). Ref-1 siRNA treatment alone did not show any sig-
nificant changes in the expression of p53 and the phosphory-
lation of Akt when compared with normal cells (data not
shown). These results, in accordance with previous studies (4,
16), show that phosphorylation of Akt is negatively correlated
with the level of p53. Our results indicate that a low level of
H,0, treatment-induced survival signaling is attenuated by
Ref-1 siRNA treatment, leading to the increased level of p53,
which may play an important role in the Ref-1 siRNA-medi-
ated induction of cardiac apoptosis and differentiation.

Treatment with ROS scavenger attenuates
cardiac differentiation

In the present study, we found that H,O, treatment un-
der Ref-1 inhibition increased the level of intracellular ROS,
which corroborates the induction of cardiac differentiation
and apoptosis. To test the role of ROS in the Ref-1 siRNA-
mediated induction of differentiation, the cells were pre-
treated with ROS scavenger N-acetyl-L-cysteine (1 mM) 20
min before treating the cells with H,O,. Our RT-PCR results
show that treatment with N-acetyl-L-cysteine significantly
attenuated the Ref-1 siRNA treatment-mediated induction
of NADPH oxidase components such as p22phox, p47phox,

NOX4, and cardiac transcription factors like Nkx2.5, GATA4,
and MEF2C (Fig. 6). These results clearly indicate that ROS
produced under Ref-1 inhibition and H,O, treatment in car-
diac stem cells play an essential role in the induction of car-
diac differentiation.

Discussion

The salient finding of the present study is that subtoxic
level of H,O, treatment under inhibition of Ref-1 caused ex-
cessive production of ROS via activation of NADPH oxidase,
leading to cardiac differentiation and cell death by apopto-
sis in adult cardiac stem cells.

Ref-1 protein has two major functions: (a) repairing DNA
base-pair excision produced through either oxidative dam-
age or DNA glycosylases; and (b) redox regulation of many
transcription factors like AP1, HIFla, NF-«B, and p53 (14).
In addition to these two major functions, Ref-1 was shown
to suppress intracellular oxidative stress and apoptosis
through modulation of Racl-regulated NADPH oxidase (3,
46). Ref-1 promotes survival of neuronal cells from oxidative
stress—induced injury (46), and the increased level of Ref-1
is associated with survival of cells during cold injury-in-
duced brain lesions (31). Moreover, depletion of Ref-1 ren-
ders cells more sensitive to hyperoxia (47). Loss of Ref-1 was
shown to precede DNA fragmentation in apoptotic neurons
(49). Furthermore, Ref-1 was found to be associated with dif-
ferentiation in developing retina (10, 11), and Ref-1 im-
munoreactivity was decreased with hippocampal develop-
ment (10).

Stem cells in organs are usually sheltered in specialized
structures called niches (i.e., stable microenvironments that
control stem cell behavior) (44). A stem cell niche provides
a microenvironment that preserves the survival and replica-
tion potential of stem cells (42). Recently, it was shown that
ROS play a major role in induction of the exit of hemato-
poietic stem cells from the niche in bone marrow (20). A del-
icate balance between intracellular oxidizing and reducing
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FIG. 6. Treatment with ROS scavenger attenuated Ref-1
siRNA-mediated cardiac differentiation. Adult cardiac
stem cells were treated with either control or Ref-1 siRNA
followed by H,O, (10 uM), as mentioned in Methods. At the
end of experimentation, cells were lysed in TRIzol reagent,
and RNA was isolated. RT-PCR analysis was performed
with specific primers against NOX4, p22#/o¥, pA7phox, MEF2C,
Nkx2.5, GATA4, p53, and GAPDH.

equivalents allows ROS to function as second messengers in
signaling cascades involved in cell proliferation and differ-
entiation (18, 41). Low concentrations of hydrogen peroxide
were shown to induce components of NADPH oxidase and
cardiac transcription factors like Nkx2.5, MEF2C, and
GATA4 in mouse embryonic stem cells (26). A cardiac-spe-
cific gene regulatory network has revealed that MEF2C,
Nkx2.5, and GATA4 proteins are vital transcriptional regu-
lators for the development of heart cells (7). The role of
NADPH oxidase and NOX4 in the regulation of differentia-
tion of mouse embryonic stem cells has been documented (3,
26). Downregulation of NOX4 caused suppression of car-
diogenesis, but this was reversed by treatment with a low
concentration of hydrogen peroxide (26). In our study, when
the cells were treated with hydrogen peroxide at 10 uM con-
centration, we found a slight but insignificant activation of
NADPH oxidase components like p227"o¥, pA7Phox, and Nox4,
leading to a slight but insignificant induction of cardiac dif-
ferentiation markers like Nkx2.5, MEF2C, and GATAA4.
Moreover, the high proliferative capacity of murine embry-
onic stem cells was shown to be closely correlated with the
high activity of different glycolytic enzymes, elevated gly-
colytic flux, and low mitochondrial oxygen consumption
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(25). In leukemic cells, glucose transport is activated by stem
cell factor and H,O,, suggesting a potential role for ROS in
leukemia proliferation (29). NADPH oxidase plays an im-
portant role in promoting the proliferation of skeletal mus-
cle precursor cells (30). Long-term self-renewing hemato-
poietic stem cells (HSCs) have low levels of intracellular
ROS. However, when intracellular ROS levels become ex-
cessive, they cause senescence or apoptosis, resulting in a
failure of HSC self-renewal (32). Genes that are involved in
either DNA-damage responses or longevity-related signal-
ing are shown to play a role in the maintenance of the HSC
self-renewal (32).

Adult cardiac stem cells treated only with Ref-1 siRNA
showed a slight but not significant increase in the level of
intracellular ROS (data not shown), but further treatment
with 10 mM H202 for 24 h (under Ref-1 inhibition) induced
the production of ROS compared with control siRNA-treated
cells (Fig. 1C and D). This ROS production in Ref-1 siRNA-
treated cells corresponded to the significant increase in the
mRNA levels of NADPH oxidase components p22V/tx,
p47f’h"x, and NOX4. Moreover, elevated levels of ROS and
NADPH oxidase components in Ref-1 siRNA-treated cells
was further accompanied by an enhanced level of cardiac
differentiation markers Nkx2.5, MEF2C, GATA4, and a-sar-
comeric actinin. To validate the role of ROS in the induction
of cardiac differentiation in our study, we treated cardiac
stem cells with antioxidant N-acetyl-l-cysteine before treat-
ing them with HyO,. N-Acetyl-L-cysteine treatment abol-
ished the Ref-1 siRNA-mediated induction of NOX4, pZZV’l”X,

H,0,

oM ‘ NADPH

oxidase

Ref-1 | - )
SiIRNA Refl | r===mmmmmmm e ROS
Redox signaling via Akt p33
Apoptosis and
Cell Survival sy

FIG. 7. Role of Ref-1 in the redox control of cardiac stem
cells. When adult cardiac stem cells are treated with 10 uM
H,0,, Ref-1-mediated redox signaling is activated, leading
to the protection of cells from injury. However, inhibition of
Ref-1 through Ref-1 siRNA treatment resulted in the pro-
duction of massive amounts of reactive oxygen species (ROS)
and activation of NADPH oxidase, leading to p53-mediated
apoptosis and differentiation in cardiac stem cells. Discon-
tinuous line, Ref-1 may inhibit the massive production of
ROS. Inhibition of Ref-1 with Ref-1 siRNA induces the pro-
duction of massive amounts of ROS, leading to apoptosis
and differentiation in adult cardiac stem cells.
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p47’”’wx, and cardiac transcription factors Nkx2.5, MEF2C,
and GATAA4. Our results are in accordance with those of Bug-
gisch et al. (8), who found that ROS and NADPH oxi-
dase-mediated signaling cascades are involved in the pro-
liferation and differentiation of embryonic stem cells.
Furthermore, a role for phosphatidylinositol-3-kinase has
been identified in ROS-mediated cardiac differentiation of
embryonic stem cells (39).

Embryonic stem cell differentiation could recapitulate the
in vivo differentiation process, including the occurrence of
apoptosis accompanying differentiation (37, 38). Tumor-sup-
pressor protein p53 regulates the cell-cycle checkpoint at G-
S phase transition, differentiation, and induces cell apopto-
sis. pb3 was shown to be involved in the simultaneous
induction of apoptosis and differentiation in primary gran-
ulose cells (24), neurons, and oligodendrocytes (13). A high
level of p53 was shown to induce apoptosis, whereas low
levels caused cell-cycle arrest (12). Undifferentiated embry-
onic stem cells express high levels of p53, followed by a de-
crease in the level of p53 as differentiation proceeds (2, 37,
38). The addition of retinoic acid, a physiologic regulator of
embryonic development, to 8 to 10 days of differentiating
murine embryonic stem cells caused an increase the level of
p53 followed by accelerated neural differentiation and apop-
tosis (38). The basal level of p53 functions as an antioxidant,
whereas hyperphysiologic levels of p53 behave as a prooxi-
dant (27). p53 was shown to be regulated by both redox-de-
pendent and redox-independent mechanisms (14). Ref-1 was
found to be a potent activator of p53 (21). Activation of p53
plays an important role in copper- and zinc-induced gener-
ation of ROS, and activation of downstream targets of p53
like PIG3 and Bax leads to increased generation of ROS and
apoptosis in epithelial cells (34). Induction of endogenous
p53 was found to be associated with differentiation in mouse
cultured keratinocytes (51), mouse embryonic stem cells (53),
and hematopoietic and muscle cells (19). Taken together,
these findings indicate that p53 plays an important role in
determining the fine balance between growth, differentia-
tion, and cell death.

In our study, when the cardiac stem cells were treated
with low concentrations of H>O,, the level of p53 was de-
creased more than normal cellular levels. At the same time,
H>0, treatment increased the activation of survival kinase
Akt and led to the protection of cells from oxidative in-
jury-mediated apoptosis and differentiation (Fig. 7). Ref-1
siRNA followed by H,O, treatment almost completely
abolished the activation of survival-signaling molecule
Akt; and at the same time, the level of p53 was significantly
higher than normal levels, leading to enhanced levels of
ROS production and ROS-mediated cell death and differ-
entiation (Fig. 7). These results are in accordance with pre-
vious findings (4, 16), in which survival signaling-medi-
ated activation of Akt inhibited p53, and proapoptotic
stimuli-induced p53 inhibited Akt.

In conclusion, our results show that inhibition of Ref-1 fol-
lowed by a low level of H,O, treatment increased the intra-
cellular level of ROS and p53, leading to the induction of car-
diac differentiation and cell death by apoptosis in adult
cardiac stem cells. Further, these results imply that Ref-1
plays an important role in maintaining the redox status of
cardiac stem cells and protects them from oxidative in-
jury—mediated cell death and differentiation.
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