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Abstract

Background

Recent clinical trials using c-kit+ human cardiac stem cells (CSCs) demonstrated promising

results in increasing cardiac function and improving quality of life. However, CSC efficiency

is low, likely due to limited cell survival and engraftment after transplantation. The Rho-

associated protein kinase (ROCK) inhibitor, Y-27632, significantly increased cell survival

rate, adhesion, and migration in numerous types of cells, including stem cells, suggesting a

common feature of the ROCK-mediated apoptotic pathway that may also exist in human

CSCs. In this study, we examine the hypothesis that pretreatment of human CSCs with

Y-27632 protects cells from Doxorubicin (Dox) induced apoptosis.

Methods and Results

c-kit+ CSCs were cultured in CSC medium for 3–5 days followed by 48hr treatment with 0 to

10μMY-27632 alone, 0 to 1.0μMDox alone, or Y-27632 followed by Dox (48hrs). Cell viabil-

ity, toxicity, proliferation, morphology, migration, Caspase-3 activity, expression levels of

apoptotic-related key proteins and c-kit+ were examined. Results showed that 48hr treat-

ment with Y-27632 alone did not result in great changes in c-kit+ expression, proliferation,

Caspase-3 activity, or apoptosis; however cell viability was significantly increased and cell

migration was promoted. These effects likely involve the ROCK/Actin pathways. In contrast,

48hr treatment with Dox alone dramatically increased Caspase-3 activity, resulting in cell

death. Although Y-27632 alone did not affect the expression levels of apoptotic-related key

factors (p-Akt, Akt, Bcl-2, Bcl-xl, Bax, cleaved Caspase-3, and Caspase-3) under basal con-

ditions, it significantly inhibited the Dox-induced increase in cleaved Caspase-3 and

reduced cell death under Dox treatment.

Conclusions

We conclude that preconditioning human CSCs with Y-27632 significantly reduces Dox-

induced cell death and possibly involves the cleaved Caspase-3 and ROCK/Actin
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pathways. The beneficial effects of Y-27632 may be applied to stem cell-based therapy to

increase cell survival rates after transplantation or to act as a cardiac protective agent for

Dox-treated cancer patients.

Introduction
Cardiovascular disease is the leading cause of morbidity and mortality worldwide. In the USA,
nearly 85.6 million adults are affected with at least one type of cardiovascular disease, among
which myocardial infarction (MI) causes the highest mortality[1]. Despite advances in medi-
cal- and catheter-based therapies for MI, the 1 and 5 year mortality rates for this disease remain
as high as 13% and 50%, respectively[1]. Thus, alternative strategies, such as stem cell therapy,
are urgently needed [2]. Numerous animal and human studies have demonstrated that stem
cells hold great potential to regenerate dead myocardial tissue and induce neovascularization
in infarcted areas, thereby, alleviating the underlying cause of heart failure[3].

Among all types of stem cells (i.e., embryonic stem cells (ESCs), induced pluripotent stem
cells (iPSCs), fetal stem cells, and adult stem cells), cardiac stem cells (CSCs) have been found
to include several subtypes of stem cells based on their cell surface markers[4]. Examples
include cardiosphere-derived cells, Isl1 positive stem cells, Sca-1 positive cells, and c-kit posi-
tive stem cells (i.e., c-kit+ CSCs). c-kit+ CSCs seem to be one of the most promising cells types
used in clinical trials to repair ischemic heart failure, likely because of their cardiac origination
and their capability of being auto-transplanted without immunorejection[5]. In animal studies,
human c-kit+ CSCs demonstrated a considerable ability to differentiate into three cardiac line-
ages (i.e., cardiomyocytes, smooth muscle, and endothelial cells) in vivo after transplantation
into immunosuppressed rats[6] or mice [7], with the transplanted c-kit+ CSCs restoring car-
diac structure and function[8]. Recently, two clinical trials using autologous human CSCs
showed promising results by increasing cardiac function, reducing the amount of scar tissue,
and improving the quality of patients’ lives, without any observed safety issues[9, 10]. Unfortu-
nately, most of the animal studies and human clinical trials showed only small or marginal
improvements in cardiac function based on echocardiograph and MRI analyses. A detailed
analysis of animal models suggested that the major reasons for this marginal efficacy is likely
related to low cell survival (due to significant cell death after transplantation), low cell reten-
tion, and low cell engraftment and integration into host cardiac tissues following transplanta-
tion[11]. Thus, to date, developing an effective approach to prevent cell death after
transplantation is one of the most urgent and challenging tasks in the field.

Over the past decade, various methods have been explored to improve cell survival rates,
including the application of a pro-survival cocktail, preconditioning the stem cells with growth
factors/small chemical compounds/hypoxia culture (e.g., IGF2, hypoxia culture, and Y-27632),
and genetic overexpression of anti-apoptotic genes (e.g., Bcl-2, HO-1, βadrenergic receptor
kinase or pim-1), applications of immunosuppression drug, anti-inflammation, and/or in com-
bination with bioengineered matrices[12]. Approaches (e.g., small molecular preconditioning)
that do not manipulate the genome of the transplanted stem cells should be the best way to
provide safe stem cells for clinical applications.

Rho family GTPase signaling and its major downstream effector, Rho-associated-coiled-
coil-forming protein kinases (ROCKI and ROCKII), involve diverse intracellular signal
transduction pathways and regulate a wide range of fundamental cellular functions, such
as cell proliferation, apoptosis, contraction, adhesion, and migration[13]. Y-27632
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[(R)-(+)-trans-4-(1-Aminoethyl)-N-(4-pyridyl) cyclohexane carboxamide dihydrochlor-
ide] is a potent inhibitor of ROCK I and ROCK II[13, 14]. The initial application of
Y-27632 in the stem cell field demonstrated its pronounced ability to protect dissociated
single cells or cryopreserved human ESCs from apoptosis, improve human ESC survival, and
enhance the efficiency of colony formation, thus, maintain self-renewal of human ESCs indepen-
dent of animal-derived extracellular matrices[14]. Since then, numerous studies have found the
same or similar protective effects on other cell types, such as human mesenchymal stem cells,
corneal endothelial cells, and human ESC-derived cardiomyocytes[13, 15]. Y-27632 has even
been used as a therapeutic drug to treat cardiovascular diseases[16].

Here, we hypothesize that Y-27632 can be used as a preconditioning reagent to protect
human CSCs from apoptosis induced by Doxorubicin (Dox, brand name-Adriamycin). Apo-
ptosis can be induced in many ways, including through chemicals (e.g., Dox, Puromycin, and
Hydrogen peroxide), physical factors (e.g., UV, X-ray, and FBS-free starving culture), and/or
biological molecules (e.g., TNF-α, Fasl, and TGFβ). In this study, Dox was used as the apoptotic
inducer for two reasons: (1) Dox is one of the most effective and commonly used chemothera-
peutic drugs to treat cancer patients, but, unfortunately, a notorious side-effect of Dox is its car-
diotoxicity, which often results in cardiomyopathy and, eventually, congestive heart failure,
and (2) Dox-induced cardiac toxicity is highly associated with apoptosis and necrosis within
cardiomyocytes. Recently, studies suggested that Dox may impair and/or deplete endogenous
cardiac stem cells, which may result in permanent damage to the heart[17]. Thus, our goal was
to examine whether pretreatment with Y-27632 protected CSCs from apoptosis. We hope that
the drug can be used to increase cell survival in stem cell therapy for heart disease or be used as
a cardiac protective agent in cancer patients.

Materials and Methods

Experimental Material and Cell Culture
Cell culture wares were purchased from Fisher Scientific (Pittsburgh, PA) and/or USA Scien-
tific (Ocala, FL). All vendor sources for specific equipment and reagents, such as microscopes,
basal medium, FBS, growth factors, antibodies, chemical components, and assay kits are listed
separately in each section below unless otherwise indicated.

Briefly, patient heart samples (atrial appendages) were obtained as discarded tissues from local
hospitals. Donor confidentiality was maintained at the hospitals and no patient identification
information or medical history was collected according to the approved protocol. A written con-
sent agreement was obtained for collection of discarded atrial appendages by the hospitals and all
procedures were approved by the Institutional Review Board (IRB) of Virginia Polytechnic Insti-
tute and State University for human subject research. The isolation and culture of human CSCs
were previously described in the reference [18]. Briefly, the isolated cells were cultured in a 37°C
incubator (5% CO2 and 21% O2) with CSCmedium consisting of Ham’s F12 (Life Technology,
Grand Island, NY), 10% FBS (JR Scientific, Woodland, CA), 10 ng/ml human bFGF (PeproTech,
NJ), 0.2mM L-glutathione, and 0.005 U/ml human erythropoietin (both from Sigma-Aldrich,
St. Louis, MO). After 3–5 day’s culture, with medium changes every other day, confluent cells
were detached using TrypLE Express (Life Technologies) and reseeded at a density of 5x105 per
100mm dish, 3x105 per 60mm dish, 1.5x105 per well in 6-well plates, 0.5x105 per well in 12-well
plates, or 3000 per well in 96-well plates followed by 1–2 days culture before drug treatment using
Y-27632 (Fisher Scientific) and/or Dox (Sigma-Aldrich) at the concentrations described below.

The overall experiments include Y-27632 (0, 0.1, 1, 10μM), Dox (0, 0.2, 0.4, 0.6, 0.8, 1.0μM),
and Y-27632 plus Dox groups, where 0 concentration of drug was used as control. The detailed
information is addressed individually in each assay below.
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Cell Viability Assay Using Calcein-AM
After 2 days of culture in a 96-well plate, cells were treated with Y-27632 (0.0, 0.1, 1.0, and
10.0μM) or Doxorubicin (0.0, 0.2, 0.4, 0.6, 0.8, and 1.0μM) for 48hrs followed by Ham’s F12
wash and incubated with 2μMCalcein-AM (Life Technologies) for 30min in the dark at 37°C.
Both fluorescent microscopy (Olympus IX 71, Center Valley, PA) and a Spectra Max plate
reader (Molecular Device, Sunnyvale, CA) were used to obtain the original florescent images or
the Relative Florescence Intensity (RFI) after staining. The Calcein positive cells (green) corre-
spond to the live cells on the fluorescent images. RFI from the plate reader was used to calculate
the ratios or fold changes of drug-treated groups over the control condition.

Caspase-3 Activity Analysis
QuantiFluo Caspase-3 kit (BioAssay System, Hayward, CA) was used to measure Caspase-3
activity. Briefly, after 2 day treatments with Y-27632 (0.0, 0.1, 1.0, 10.0μM), Dox (0.0, 0.2, 0.4, 0.6,
0.8, 1μM), or Y-27632 (0.0, 0.1, 1.0, 10.0μM) plus Dox (0.6μM), both adherent and floating
(dead) cells were collected. The cellular pellets were resuspended in 200μl lysis buffer (50mM
HEPES, 100mMNaCl, 0.5% Triton X-100, pH7.2) on ice for 30min and the cell suspension was
then rapidly frozen at -80°C until used. Protein content was assayed using Bradford reagents
(Sigma-Aldrich). To measure Caspase-3 activity, aliquots of cell extracts containing 20μg total
protein were incubated in a reaction buffer containing 20mMHEPES (pH7.4), 0.1% CHAPS,
5mMDTT, 2mM EDTA, and 20μM of the Caspase substrate N-acetyl-Asp-Glu-Val-Asp-7
amino-4-methylcoumarin (Ac-DEVD-AMC, BioAssay System) for 2hrs at room temperature
(RT). The released AMCwas measured as RFI using a 96-well Spectra Max fluorescence plate
reader at Ex 360nm and Em 460nm.

Apoptotic and Necrotic Assay with Annexin V and Propidium (PI)
CSCs cultured in 12-well plates were treated with 10μMY-27632 or Y-27632 plus 0.6μMDox
for an additional 2 days. Both adherent and floating (dead) cells were collected and combined
for the apoptotic and necrotic assays using the Annexin V kit (BioLegend, San Diego, CA).
Briefly, cells were washed twice with cold PBS and incubated with 100ul Annexin V-FITC
buffer (10mMHEPES, 150mMNaCl, 5mM KCl, 1mMMgCl2, 2.5mM CaCl2 supplemented
with 5 μg/ml PI, 5 μg/ml Hoechst 33342 (Sigma-Aldrich) and with Annexin V-FITC diluted
1:40, pH7.4) in the dark for 15min at RT. After two washes with 1X binding buffer (10mM
HEPES, 150mM NaCl, 5mM KCl, 1mMMgCl2, 2.5mM CaCl2, pH7.4), the cells were cytospun
on slides using a Cytospin 4 centrifuge (Thermo Scientific, Waltham, MA). The fluorescence
images were taken with an EVOS microscope (Life Technologies) or run with a BD FACSAIR
flow cytometer (BD Biosciences, San Jose, CA). When Annexin V-FITC is used in conjunction
with Propidium Iodide (PI), a vital dye, it is able to distinguish the apoptotic cells (Annexin
V-FITC-positive, PI-negative) from necrotic/late-apoptotic (Annexin V-FITC-positive, PI-
positive) cells[19].

Immunocytochemical Staining Using C-kit Antibody
After a 4-day culture in the presence of 10μMY-27632, cells were fixed with 4% PFA and fol-
lowed by blocking in 1.5% BSA and 0.2% Tween in PBS at RT. The primary c-kit+ antibody at
1:100 (Cell Signaling Technology, Beverly, MA) was incubated at 4°C overnight followed by
the secondary antibody (Alex Fluor 488 at 1:1000, Life Technologies) and Hoechst co-incu-
bated at RT for 2hrs. The fluorescence images were obtained using an EVOS microscope. C-
kit+ cells were calculated from the total number of nuclei stained with Hoechst. Approximately
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100–200 nuclei were counted per image and 6 images per experiment were averaged for statisti-
cal analysis.

Cell Proliferation Assay Using the EdU Kit
CSC proliferation was determined using the Click-iT EdU Alexa Fluor 488 Kit according to
manufacturer’s protocol (Life Technologies). Briefly, at the end of a 2-day treatment with Y-
27632 in 12-well pates, 10μM final concentration of EdU (5-ethynyl-2'-deoxyuridine) was
added to the Control (0μMY27632) or Treated (10μMY-27632) wells in triplicate. After an
additional 16hrs culture in the 37°C incubator, the cells were washed with warm PBS and
fixed/permeabilized with 4% PFA and 0.5% Triton X-100 for 20min at RT. The cells were con-
tinuously kept in the dark for 30min with 250μl of Click-iT reaction mixture (1X Click-iT reac-
tion buffer, CuSO4, Alexa Fluor 488-azide, and reaction buffer additive). After being washed
with 3% BSA and PBS, nuclei were counterstained with DAPI (4,6-diamidino-2-phenyli, Fisher
Scientific) and the fluorescent images were taken using an EVOS fluorescence microscope. The
% EdU positive cells were calculated among the total number of nuclei stained with DAPI.
Approximately 200 nuclei were counted per image and five images per experiment were aver-
aged for statistical analysis.

Western Blot
CSCs cultured in 60-mm dishes were lysed by scraping in cold RIPA (50mM Tris-HCl,
150mMNaCl, 1% IGEPAL-CA630, 0.5% sodium deoxycholate, 0.1% SDS, pH 8.0, from
Sigma-Aldrich) containing freshly added Halt Phosphatase Inhibitor Cocktail (Fisher Scien-
tific) and Protease Inhibitor Cocktail (Sigma-Aldrich) on ice for 45min. Electrophoresis (20μg
of total protein per sample) was carried out in a 10% or 12% SDS-PAGE gel using an electro-
phoresis system (Bio-Rad, Hercules, CA) and proteins were blotted onto PVDF membranes.
The membranes were then blocked for 1hr at RT using 5% blocking solution before the pri-
mary antibodies (β-actin at 1:1000, Caspase-3 at 1:200, Bcl-xl at 1:1000, Bcl2 at 1:1000, or Bax
at 1:1000 ratio, all from Cell Signaling Technology, Beverly, MA) were incubated at 4°C over-
night followed by HRP-conjugated secondary antibodies (Jackson Immuno Research laborato-
ries, West Grove, PA) for 2hrs at RT. The chemiluminescence signals were generated using
Clarity ECLWestern Blotting Substrate (Bio-Rad) and detected on a Kodak Image Station
4000 equipped with Carestream MI v5.3 software.

In Vitro Wound Healing Assay
CSCs were cultured in 12-well plates to 80–90% confluence. The in vitro “Wound Healing”
was created by slightly scraping the confluence culture along the middle line of a well using a
10 μL plastic pipette tip[15]. The scraped cell suspension was washed with PBS and replaced
with fresh CSC culture medium containing 0μM or 10μMY-27632 in addition to 10μM EdU.
The “wound” size (i.e., the distance crossing two edges of the scraped line) was determined
using ImageJ on images taken at 0, 2, 4, 6, 8, 10, 12, and 24hrs after treatment. Cell proliferation
was also assessed by the % EdU positive cells and the number of DAPI positive nuclei per
region of interest as described previously[15].

Statistical Analysis
All data are presented as Mean ± SEM (Standard Error of Mean) unless otherwise stated. Stu-
dent’s t test with a two-tailed distribution was used to compare two groups. One-way ANOVA
followed by the Bonferroni test was used to compare three or more groups with p<0.05 being
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considered statistically significant. GraphPad Prism 5 and Microsoft Excel 2010 were used for
statistical analysis and plotting.

Results

Toxic Effects of Dox on Cardiac Stem Cells
Dox-induced cardiotoxicity and cardiomyopathy are believed to be involved in Dox-induced
apoptosis of cardiomyocytes and/or cardiac progenitor cells[17]. To determine whether Dox
causes similar toxic effects on in vitro human CSCs, cells were exposed to 0, 0.2, 0.4, 0.6, 0.8,
and 1.0μM of Dox for 2 days. Calcein-AM staining and Caspase-3 assays were used to evaluate
cell viability and apoptosis, respectively. As shown in Fig 1A, numbers of viable cells and
means of fluorescence intensities were significantly decreased in a dose-dependent manner by
Dox (n = 9, p<0.01 at all concentrations). At 0.6μMDox, about 50% (48.43±2.2%) of the cells
were viable, while only ~30% of the cells were able to survive when treated with Dox at 1μM.
Morphologically, cells were found to show membrane blebbing at about 12hrs after treatment,
followed by round-up and detachment. Dead cells were usually floating in the supernatant and
could be washed away during medium changes.

To further examine whether Dox-induced apoptosis involves the Caspase pathway, Cas-
pase-3 (the last component of both the extrinsic and intrinsic apoptotic cascade) activity was
measured with the QuantiFluo Caspase-3 kit. It was found that Dox-treatment induced signifi-
cant cell death (the white spots, Fig 1B, the left panel) and the number of dead cells seemed to
be in proportion to Dox concentration. When total cell extracts collected from both adherent
viable cells and floating dead cells were used, a dramatic increase in Caspase-3 activity in a
dose-dependent manner was observed. At 0.6μMDox, Caspase-3 activity reached its maxi-
mum level (11.3±3.9 fold higher) and then gradually decreased at higher Dox concentrations
(Fig 1B, the right panel).These results indicate that Dox-induced apoptosis in CSCs likely
involves Caspase-3 dependent pathways, which is commonly reported in other cell types such
as cardiomyocytes and mesenchymal stem cells[17, 20]. Since 0.6μMDox resulted in ~50%
dead cells and the maximal increase in Caspase-3 activity, this concentration was used in subse-
quent experiments unless otherwise stated.

Potential Beneficial Effects of Y-27632 on Cardiac Stem Cells
The ROCK inhibitor, Y-27632, demonstrates anti-apoptotic benefits in ESCs and iPSCs[14]. To
examine whether Y-27632 had any effect on CSC viability or changes stem cell properties (c-kit+

expression), cells were cultured in 96-well plates for 2 days followed by treatment of Y-27632 (0,
0.1, 1, and 10μM in triplicate) for an additional 2 days. The representative Calcein-fluorescent
images of viable cells show increases in cell density, as the concentrations of Y-27632 increased to
1 and 10μM (Fig 2A). Quantitative analysis using the means of fluorescence intensity displayed sig-
nificant increases in RFI in a dose-dependent manner compared with Control (Fig 2A, bar graphs,
n = 12, p<0.05). Importantly, Y-27632 treatment did not change c-kit+ expression level, as indi-
cated by the high levels of c-kit+ CSCs in both Control (96.9±0.4%) and Y-27632 (95.0±1.0%,
n = 3, ns) groups shown in Fig 2B. These data suggest that ROCK inhibition increased CSC viabil-
ity without changing stem cell properties.

To determine whether the increased RFI in Fig 2A was also due to rising cell proliferation
under Y-27632 treatment, we next performed cell proliferation assays using the EdU-Alexa
Fluor 488 kit in combination with a Fluorescent Microscope and Flow Cytometer. Cells were
cultured in 6-well plates for 2 days in the absence or presence of 10μMY-27632, a common
concentration used for ESCs/ iPSCs[13, 14]. Both fluorescence images (Fig 3A) and Flow
Cytometer (Fig 3B) analysis did not result in statistical significance of EdU positive (i.e.,
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Fig 1. Doxorubicin (Dox)-induced Apoptosis in CSCs via Increased Caspase-3 Activity. (A) Cell viability under Dox-treatment. CSCs were treated with
Dox for 48hrs at the indicated concentrations. Fluorescent microscopy images represent live cells (in green) stained with Calcein-AM. Dead floating cells
were washed away during medium changes. Scale bar = 500μm. The means of viability rates (%), calculated by normalizing fluorescent intensities of Dox-
treated groups to control levels, are shown in the bar graphs on the right. The % of viable cells are inversely proportional to the concentrations of Dox (n = 9;
**: p<0.01). (B) Caspase-3 activity under Dox-induced apoptosis. During 48hrs treatment, more dead cells (white spots) were observed and live cell density
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proliferative) cells between Control and Treated groups. The means of EdU+ cells counted in
fluorescent images were 24.54±1.44% (Control + EdU, 319/1300 cells) and 21.23±4.4%
(Y-27632 + EdU, 238/1129 cells) (n = 12, ns, data not shown in Fig 3A). Flow Cytometry assays
showed the comparable percentages of EdU+ cells between Control (24.9±2.8%) and Treated
groups (23.3±1.6%) (Fig 3B, n = 3, ns). Although the percentage of EdU+ cells measured by
Flow Cytometry was marginally lower than those counted from fluorescent microscopy
images, the % difference was not significant. Taken together, these data suggest that Y-27632
treatment had no effect on CSC proliferation, but did enhance cell viability.

Published studies report that ROCK inhibition enhances cell adhesion and wound healing
in human corneal endothelial cells[15]. To determine whether Y-27632 incubation affects
human CSC motility, which may be the cause of increased cell viability (above) or enhanced
cell migration (below), we employed an in vitro “wound healing”model for this test[15]. Com-
pared to Control groups, Y-27632-treated-group displayed significantly enhanced wound heal-
ing at about 4hrs and wounds were completely closed after 24hrs (p<0.05 or 0.01 between 4hrs
and 12hrs, n = 6 for all groups in Fig 4A). It took ~6.5hrs in the Y-27632 treated groups to
reach 50% wound closure versus ~10hrs in Control groups (Fig 4A, the low right panel). Addi-
tional EdU tests (data not shown) in the wound healing assay excluded the possibility that
enhanced cell migration was due to cell proliferation, indicating that Y-27632-accelerated
wound healing does not involve cell proliferation.

One of the major cytoskeletal proteins, Actin, is known to play important roles in many cell
functions, such as wound healing and apoptosis[21]. It is known that actin is present in two
forms. One is a free globular monomer called G-actin and the other is a double-stranded fila-
mentous polymer called F-actin and these two forms can be regulated by many intracellular
signal transduction pathways, including ROCK I[21]. Thus, inhibition of the ROCK system in
human CSCs likely changes cellular mobility, division, contraction, and apoptosis. The repre-
sentative fluorescent images in Fig 4B demonstrated that Y-27632 significantly increased the
content of F-actin stained with Phalloidin[22](indicated by the green fluorescent intensities),
compared with Control. Quantitative analysis of mean fluorescent intensities using Image
J resulted in a significantly higher RFI in Y-27632 (124.8±6.7RFI) compared to Control
(100.0±3.1RFI, p<0.01, n = 5, Fig 4B, inserted bar graph), indicating that the Y-27632-induced
wound healing and cell migration probably occurred by facilitating formation of F-actin from
G-actin[13, 14, 23].

Preconditioning of Y-27632 Attenuated Dox-induced Apoptosis in
Cardiac Stem Cells
Not only does the ROCK inhibitor (Y-27632) protect the dissociated or cryopreserved stem
cell from apoptosis as mentioned above[14], a recent gene (ROCK1) knock-out study in mouse
embryonic fibroblasts demonstrated its remarkable anti-apoptotic, anti-detachment, and pro-
survival effects against apoptosis induced by Dox[24], suggesting a potential common feature
of the ROCK-mediated apoptotic pathway in other cells types, including human CSCs.

First, we determined whether Y-27632 downregulates Caspase-3 at basal conditions (no
Dox). CSCs were treated with Y-27632 at the concentrations of 0.0, 0.1, 1.0, and 10.0μM for 2
days before the Caspase-3 activities were measured with QuantiFluo Caspase-3 kit. The phase-
contrast images of the Control and Treated groups showed no notable differences in cell

was gradually reduced as Dox concentrations increased (b1 to b6). Scale bar = 200μm. Means of Caspase-3 activities are shown in the bar graph on the right
with a maximum response at 0.6μMDox (n = 9; ns: no significance, *: p<0.05).

doi:10.1371/journal.pone.0144513.g001
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Fig 2. Effects of Y-27632 on Viability and c-kit+ Expression of CSCs. (A) Cell viability assay using Calcein-AM. CSCs were treated with Y-27632 (0.0,
0.1, 1.0, & 10.0μM) for 48hrs followed by Calcein-AM staining. Representative images (a1 to a4) of fluorescent microscopy display the live cells (in green).
Scale bar = 200μm. Relative cell viability (%) was analyzed by normalizing the means of fluorescent intensity to the control level as 100%, shown in the bar
graphs on the right. *: p<0.05, n = 12. (B) The c-kit+ expression of CSC in Control and 48hrs after 10μMY-27632 treatment. Adherent CSCs were stained
with anti-human c-kit+ specific antibody followed by the secondary antibody-conjugated with FITC. C-kit+ CSCs are shown in green (b1, b3, b4, & b6) and
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morphology and cell health status (Fig 5A, the left panel). The means of Caspase-3 activity
showed no statistically significant differences between Control (1±0.02 fold) and the Y-27632
group (1±0.08 fold at 0.1μM, 0.96±0.03 fold at 1μM, 0.98±0.03 fold at 10μM, n = 15, ns) (Fig
5A, the right panel). Further, fluorescent images (Fig 5B, the top panel) and Flow Cytometer
analysis (Fig 5B, the bottom panel) using the Annex VI and PI kits confirmed these findings
by showing no significant differences between Control and Y-27632, respectively, in Q1
(0.98±0.14% vs 0.71±0.14%), Q2 (5.22±1.5% vs 5.5±1.9%), Q3 (5.1±1.4% vs 4.7±1.2%), or Q4
(88.7±2.9% vs 89.1±3.1%) (Fig 5B, n = 3, ns for all comparisons). In contrast, when cells were
subjected to apoptosis induced by Dox, Y-27632 pretreatment significantly attenuated the
number of apoptotic and necrotic cells (Fig 6A). In comparison with Dox treatments (Fig 6A,
a2, and a10), Y-276342 significantly decreased apoptotic (Annexin V positive in red) and
necrotic cells (PI positive cells in green) (Fig 6A, a4 and a12).

To examine whether the protective effects of Y-27632 involved the inhibition of Caspase-3
in the apoptotic cascade, CSCs were pretreated with Y-27632 at various concentrations (0.0,
0.1, 1.0, or 10.0μM) followed by 0.6μMDox. Cellular extracts from both adherent and floating
cells were collected and Caspase-3 activities were measured using the QuantiFluo Caspase-3
kit. The phase contrast microscope images showed significant cell death (white spots, Fig 6B,
b2-b5) under Dox-treatment, but the number of dead cells seemed in reverse proportion to the
concentration of Y-27632 (e.g., b3 vs b5). On the other hand, the same concentration of Dox
significantly increased Caspase-3 activity up to ~16 fold (15.88±1.25 fold) from the basal level
(1±0.01 fold). However, the increased activity of Caspase-3 gradually decreased as the concen-
tration of Y-27632 went up. For example, comparing “0.6μMDox Only” (15.9±1.3 fold) to
“0.6μMDox Only + 10μMY-27632” (12.7±0.7 fold), Caspase-3 activity was significantly
reduced by about 20% by Y-27632 treatment (Fig 6B, p<0.05, n = 36). These data suggest that
Y-27632-promoted anti-apoptotic effects may be through direct or indirect inhibition of Cas-
pase-3.

To further explore the underlying mechanisms involving the protective effects of Y-27632,
we used Western Blot to analyze the protein expression levels of several key factors in the apo-
ptotic pathways. Our results showed: (1) Treatment with Dox (0.0, 0.2, 0.4, 0.6, 0.8, and
1.0μM) alone generated a “Gaussian-type” response of protein expressions for p-Akt/Akt (the
peak values: 6.8±1.5 fold) and Bcl-2 (the peak values: 1.7±0.2 folds), but a “Sigmoid-type”
response for cleaved Caspase-3/Caspase-3 (the peak value: 58.8±6.9 fold) at 0.4 to 0.6μM of
Dox (Fig 7A, ns: no significance; �: p<0.05; ��: p<0.01; ���: p<0.001 compared to basal condi-
tion, n = 3–4). In other words, the low concentrations of Dox (0.0 to 0.6μM) seemed to increase
the expression of p-Akt and Bcl-2, but the high concentrations of Dox (0.6 to 1.0μM) decreased
the expression of those factors (i.e., Gaussian-type response). Interestingly, the expression level
of cleaved Caspase-3 was in direct ratio to Dox concentrations (i.e., Sigmoid-type response).
(2) In contrast, treatment with 10μMY-27632 alone did not result in notable changes in pro-
tein expression levels for ROCK I & II (ROCK family), Akt/p-Akt/Bcl-2/Bcl-xl (anti-apoptotic
factors), and Bax/Caspase-3 (pro-apoptotic factors) (Fig 7B, not all data shown, n = 3–5, ns for
all comparisons). Together, these data suggest that the anti-apoptotic effects of Y-27632 may
not become “visible” unless cells are undergoing stress.

When CSCs were first pretreated with 10μMY-27632 followed by 0.6μMDox, complex
expression patterns of the above factors were observed. As shown in Fig 7B, 0.6μMDox alone
(Lane 3) significantly increased p-Akt, (7.9±1.1 fold, p<0.05, n = 4), Bcl-2 (2.3±0.7 fold,

nuclei are in blue (b2, b3, b5, & b6). Scale bar = 100μm. Percentages of c-kit+ CSCs from both Control and Y-37632-treated groups are shown in the bar
graphs on the right. No significance was observed between the two groups (ns: no significance, n = 3).

doi:10.1371/journal.pone.0144513.g002
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Fig 3. No Significant Effects of Y-27632 on Cell Proliferation. (A) Representative fluorescent images of cell proliferation evaluated with the EdU
(5-ethynyl-2'-deoxyuridine) kit. EdU+ proliferative cells are shown in green (a4, a6, a7, & a9) and the corresponding nuclei were stained in blue (a5, a6, a8, &
a9). No EdU positive cells were found in the Control-EdU group (a1 to a3). Scale bar = 200μm. (B) Display of the proliferation rates (%) measured with Flow
Cytometry. Means of 3 separate measurements are plotted in the bar graphs below (n = 3, ns: no significance). No statistical significance was found between
the Control+EdU and the Y-27632+EdU groups.

doi:10.1371/journal.pone.0144513.g003
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Fig 4. Y-27632 Enhances Cell Migration in Wound Healing Assay. (A) Representative phase-contrast microscopy images of CSCmigration and time-
course of wound healing after 10μMY-27632 treatment for 48hrs. The “Wound Sizes” were measured by determining the means of at least 3 points along
each edge as indicated with white arrows (a3 to a10). Scale bar = 500μm. The relative “wound sizes (%)” of Control (filled circle) and Y-27632-treated (filled
square) cells were compared at 0, 2, 6, 12, & 24hrs post-wounding by normalizing to 0hr. ns: no significance, *: p<0.05, **: p<0.01, n = 6. (B) Phalloidin
staining to evaluate formation of cellular F-actin filaments after treatment with 10μMY-27632 for 48hrs. The representative fluorescent microscopy images
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p<0.05, n = 6), and cleaved Caspase-3 (19.2±4.0 fold, p<0.05, n = 6), but decreased total Cas-
pase-3 (0.4±0.1 fold, p<0.05, n = 6) compared to Controls (Lane 1). Once cells were pretreated
with Y-27632 (Lane 4), the following addition of Dox (Lane 4) would further increase Akt, but
decrease p-Akt, Bcl-2, and cleaved Caspase-3. However, compared to Dox alone (Lane 3), Y-
27632 + Dox (Lane 4) changed Akt levels from 0.82±0.1 fold to 0.9±0.1 fold (p<0.05, n = 4), p-
Akt from 7.9±1.1 fold to 4.9±1.0 fold (p<0.05, n = 4), Bcl-2 from 2.4±0.7 fold to 1.4±0.4 fold
(p<0.05, n = 6), and cleaved Caspase-3 from 19.2±4.0 fold to 15.8±3.4 fold (p<0.05, n = 6). In
other words, Y-27632 did not result in notable changes in the key apoptotic factors listed above
while Dox treatment produced more complex patterns of expression, consisting of an increase
in p-Akt, Bcl-2, cleaved Caspase-3, a decrease in total Akt, total Caspase-3, and/or no changes
in Bcl-xl and Bax. Once cells were preconditioned with Y-27632, Dox addition could not
increase p-Akt, Bcl-2, or cleaved Caspase-3 to the same levels as it did without Y-27632, indi-
cating that: (1) Y-27632 protects cells likely by inhibiting Dox-induced upregulation of cleaved
Caspase-3, possibly not through Akt/Bcl-2 pathway and (2) The increased expression of p-Akt
and Bcl-2 after Dox treatment may demonstrate the successful development of a drug resistant
system (a common protective machinery in cancer cells against chemotherapy, see Discussion
below) in cardiac stem cells.

Discussion
The present study demonstrates that Dox alone significantly increased Caspase-3 activity and
promoted apoptosis of human CSCs in a dose-dependent manner. Although Y-27632 alone
did not result in the observed changes in apoptosis, stemness (c-kit expression), cell prolifera-
tion, and protein expression levels of the above factors, it greatly enhanced cell viability, F-
actin formation, and cell migration in the wound healing assay. Once cells were pretreated with
Y-27632, Dox-induced expression of cleaved Caspase-3 and cell death was dramatically
reduced. Based on these findings, we propose a working hypothesis of a ROCK inhibition-
induced anti-apoptotic mechanism, which may involve the ROCK to Caspase-3 and/or ROCK
to F-actin pathways (Fig 8). To the best of our knowledge, this is the first study to demonstrate
the protective effects of Y-27632 on human CSCs under Dox-induced apoptosis.

Since its biological importance was first reported in smooth muscle cells in 1997[27], Y-
27632 has been demonstrated to play crucial roles in numerous physiological functions, such
as cell proliferation, differentiation, adhesion, migration, inflammation, and/or apoptosis in
various cell types, including ESCs/iPSCs[14], hematopoietic progenitor cells[28], epithelial
stem cells, mesenchymal stem cells[29], stem cell-derived cardiomyocytes[30], tumor cells[31],
and corneal endothelial cells[32]. Thus, the broad biological effects of Y-27632 have led to its
new potential role as a therapeutic drug to treat various diseases, such as cardiovascular dis-
eases[16].

Dox is well known as an effective chemotherapeutic agent to treat cancer patients, but one
of its major side effects is cardiotoxicity, resulting in the direct cell death of cardiomyocytes
and/or depletion of endogenous CSCs[17]. Dox-induced responses for apoptotic factors (espe-
cially anti-apoptotic ones) seemed to depend on the cell type tested. For differentiated cell
types (e.g., cardiomyocytes[33] and endothelial cells[34]), Dox treatment usually resulted in
the upregulation of pro-apoptotic factors (e.g., Bax, Bak, Bim, Bid, and/or Caspases) and down-
regulation of anti-apoptotic factors (e.g., Akt, Bcl-2, and/or Bcl-xl). In contrast, for stem cells
(e.g., cardiac progenitor cells[35]) or tumor cells (e.g., human myeloma cell lines[36] and T-cell

display F-actin in green (Phalloidin) and nuclei in blue (Hoechst). Scale bar = 200μm. The means of relative fluorescence intensities per image were analyzed
and plotted as an insert in Fig B, c5 (*: p<0.05, n = 5).

doi:10.1371/journal.pone.0144513.g004
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Fig 5. Y-27632 Treatment has no Effect on Apoptosis and Necrosis in CSCs under Basal Conditions. (A) No dose-dependent effect of Y-27632 on
Caspase-3 activity under basal conditions. CSCs were treated with Y-27632 at the indicated concentrations for 48hrs. The representative phase contrast
microscopy images are shown on the left. Scale bar = 100μm. Quantitative analysis using the Caspase-3 kit did not generate statistically significant
differences between Control and Y-27632-treated groups (n = 15; ns: no significance). (B) Fluorescent microscope images of cell apoptosis and necrosis
stained with Annexin V/PI. After treatment with 10μMY-27632 for 48hrs, all cells (floating and adherent) were collected and stained with Annexin V-FITC/PI/
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leukemia cell line[37]), Dox often produced the opposite results, i.e., it upregulated anti-apo-
ptotic factors, but may not have effects on pro-apoptotic factors.

Our results showed that under basal conditions (no Dox), Y-27632 alone did not produce
apparent effects on apoptosis/necrosis, CSC markers (c-kit), cell proliferation, or the protein
expression of ROCKI/II and apoptotic-related key factors (e.g., Akt, p-Akt, Bcl-2, Bcl-xl, Bax,
cleaved Caspase-3, and Caspase-3); however, Y-27632 did significantly increase cell viability,
F-actin formation, and cell migration. These results are consistent with some published results
[38] but not others [39], probably due to different cell types and experimental conditions. As to
cell mobility, our findings are consistent with many reported results, where ROCK inhibition
significantly enhances cell migration and promotes wound healing in osteoblasts[40], tubular
epithelial cells[41], corneal epithelial cells[42], and fibroblasts[43]. However, the opposite effect
was also found in a human prostate cancer cell line[44]. Together, it seems that the anti-apo-
ptotic results of ROCK inhibition are more consistent than its effects on cell proliferation and
migration among different laboratories[13–15, 28].

To date, only one study has shown Dox-induced apoptosis in endogenous CSCs of rat[17].
Our data indicated that Dox alone significantly induced cell death in a dose-dependent man-
ner, but the expression pattern of the key apoptotic factors was not what was expected. Within
the tested ranges (0 μM to 1.0μM), Dox induced a “Gaussian-type” response in protein expres-
sion for pAkt/Akt and Bcl-2, but a “Sigmoid-type” response for C-Caspase-3. The “Gaussian-
type” dose-dependent response by Dox was also observed in tumor cell lines, such as human
myeloma cells[36]. Sano et al.[37] also found that 0.3 μg/ml Dox (�0.6μM) significantly
increased the gene expression of Bcl-2 and Bcl-xl in a feline T-cell leukemia cell line while Lee
et al.[45] reported a time-dependent “Gaussian-type” response of p-Akt in mouse NIH3T3
cells as well as in a human HaCat keratinocyte cell line following Dox incubation. Taken
together, these studies indicate that short-time or low concentration exposure of Dox induces
the upregulation of p-Akt and Bcl-2 in certain types of cells (e.g., tumor cell lines), but the bio-
logical importance of this response remains unknown. Tu et al.[36] suggested that Dox-
induced upregulation of selective factors (such as Bcl-2 instead of Bcl-xl) in tumor cells may
facilitate the increase in its drug resistance to a second exposure of Dox. In stem cells, a low
Dox-induced increase in p-Akt and Bcl-2 may represent the same mechanism and biological
role as in the tumor cells. It may simply reflect the initiation of a cellular protective mechanism
when cells are exposed to low concentrations of Dox. Such protective responses could be
decompensated at high concentrations of Dox due to its toxic effects.

The Dox-induced downregulation of p-Akt and Bcl-2 following Y-27632 pretreatment may
involve the feedback activation of ROCK by cleaved Caspase-3[20]. Therefore, Dox-induced
cellular responses following pretreatment of Y-27632 could be entirely different depending on
the cell type tested and the underlying mechanisms, which may involve multiple signal trans-
duction pathways. In the present study, four potential mechanisms were proposed (see Fig 8):
(1) ROCK inhibition induces the downregulation of cleaved Caspase-3[24]; (2) ROCK inhibi-
tion induces the activation of ROCK to the p-MLC pathway and/or the inactivation of LIMK
to the ADF/Coflin pathway[14, 46]; (3) ROCK inhibition induces the inactivation of Akt to the
Bcl-2/Bcl-xl to Bax/Bak/Bim pathway; (4) ROCK inhibition induces the inactivation of p53 to
the Bax/Bak/Bim pathway[46]. The present study supports the possible involvements of the

Hoechst. The representative images show very few apoptotic cells (in green) and necrotic cells (in red) among many nuclei (in blue). Scale bar = 100μm. The
corresponding flow data illustrates the necrotic cells (Q1), necrotic or late-apoptotic cells (Q2), early apoptotic cells (Q3), and normal cells (Q4), respectively.
The distribution of subpopulations is shown in the bar graph on the right. No statistically significant differences for apoptotic and necrotic cells were found
between Control and Treated groups (n = 3).

doi:10.1371/journal.pone.0144513.g005
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Fig 6. Pretreatment with Y-26732 Decreased Caspase-3 Activity in CSCs Induced by Dox. (A)
Fluorescent microscope images of apoptotic/necrotic cells stained with Annexin V/PI kit. CSCs were
pretreated with 10μMY-27632 for 48hrs followed by 48hrs exposure to 0.6μMDox. Annexin V (a1 to a4, in
green), Hoechst (a5 to a8, in blue), and PI (a9 to a12, in red) fluorescent images show the reduced apoptotic
(a4) and necrotic (a12) cells compared with Controls (a2 and a10), respectively. Scale bar = 100μm. (B)
Effect of pretreatment with Y-27632 on apoptosis induced by Dox. CSCs were pretreated with various
concentrations (0.0, 0.1, 1.0, & 10.0μM) of Y-27632 for 48hrs followed by 48hrs exposure to 0.6μMDox. The
representative phase contrast microscope images were taken at the end of each treatment. Control (b1)
refers to “no Y-27632, no Dox” and the rest of the images (b2 to b5) indicate the tested concentrations of Y-
27632 plus 0.6μMDox. Scale bar = 100μm. The Caspase-3 kit was used to determine the Caspase-3 activity
in the plate reader and the means of the fold changes are shown in the bar graphs in the upper right hand
corner (n = 18; ns: no significance, *: p<0.05).

doi:10.1371/journal.pone.0144513.g006

ROCK Inhibition Protects Human Cardiac Stem Cells

PLOS ONE | DOI:10.1371/journal.pone.0144513 December 8, 2015 16 / 21



Fig 7. Effects of Dox alone and Y-27632 Plus Dox on Key Apoptotic Factors in CSCs. (A) The dose-dependent expressions of Akt/p-Akt/Bcl-2/Caspase-
3/C-Caspase-3 in CSCs under Dox treatments. Briefly, CSCs were incubated with Dox at 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0μM for 48hrs followed by Western blot
analysis. The means of fold changes byWestern blot shows a “Gaussian-type” response for pAkt/Akt and Bcl-2 but a “Sigmoid-type” for C-Caspase-3 with
increasing concentrations of Dox. n = 3-4.ns: no significance; *: p<0.05; **: p<0.01; ***: p<0.001 compared to the basal condition (no Dox). (B)
Pretreatment of Y-26732 significantly decreased the activity of cleaved Caspase-3 induced by Dox-treatment. In the experiment, CSCs were incubated with
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or without Y-27632 (10μM) for 48hr followed by Dox (0.6μM) for 48 hrs. Western blot was performed at the end of the treatments. The means of fold changes
are shown in the right bar graphs except for those (Akt, Bcl-xl, and Bax) without statistical significance. For all panels, n = 3–6; ns: no significance; *: p<0.05;
**: p<0.01;Dox: Doxorubicin; Akt: protein Kinase-B (PKB); p-Akt: phospho-Akt; Bcl-2: B-cell lymphoma 2; Bcl-xl: Bcl-extra large (or Bcl-2-like 1 isoform 1);
Bax: Bcl-2-associated X protein;C-Caspase-3: cleaved Caspase-3.

doi:10.1371/journal.pone.0144513.g007

Fig 8. AWorking Hypothesis of ROCK Inhibition-induced Anti-apoptotic Mechanism in Human CSCs under Dox-treatment. The apoptotic pathways
are commonly agreed to consist of the extrinsic and intrinsic pathways[25]. Chemotherapeutic drug (e.g., Dox)-induced apoptosis likely involves both
pathways and a Caspase-independent route[26]. Inhibition of ROCK I and II result in the attenuation of Dox-induced apoptosis. Notes:ADF/Cofilin: actin
depolymerizing factor Cofilin protein;Bak: Bcl-2 homologous antagonist/killer; Bid: BH3 interacting-domain death agonist;Bim: Bcl-2 interacting mediator of
cell death;Cyt C:Cytochrome C; DISC: death-inducing signaling complex;GEF: Rho guanine nucleotide exchange factor; LIMK1/2: LIM kinase-1 & -2; p-
MLC: phosphorylated myosin light chain;Mt:Mitochondria; PTEN: Phosphatase and tension homologue; ROS: Reactive oxygen species; TNFαR: Tumor
necrosis factor-α receptor; For other abbreviations, please see Fig 7 and the main text.

doi:10.1371/journal.pone.0144513.g008
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first and second mechanisms in Y-27632-induced anti-apoptosis, but does not exclude other
possibilities. Our findings and working hypothesis are in alignment with other published stud-
ies using distinct approaches, such as a different ROCK inhibitor (Fasudil) [33] or a ROCK1
gene knockout strategy[24, 47].

In conclusion, the present study demonstrated that pretreatment of Y-27632 significantly
reduces Caspase-3 activity and protects CSCs from Dox-induced apoptosis. The underlying
mechanisms are still not completely understood, and probably involve direct and/or indirect
interactions between ROCK and Caspase-3, ROCK and LIMK/ADF/Cofilin, or ROCK and p-
MCL (Fig 8). The overall consequence or balance among these interactions may result in anti-
apoptotic effects on human CSCs. In spite of the fact that many questions remain unanswered,
Y-27632 deserves further evaluation in stem cell-based therapy in animal models and the final
results may be transferable to human clinical trials.

Acknowledgments
We thank Dr. Janet Webster for providing a review of the manuscript.

Author Contributions
Conceived and designed the experiments: LK JQH. Performed the experiments: LK AS MC
BTL. Analyzed the data: LK AS MC BTL JQH. Contributed reagents/materials/analysis tools:
LK AS MC BTL HF ZL JQH. Wrote the paper: LK HF ZL JQH.

References
1. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, CushmanM, et al. Heart disease and stroke

statistics—2015 update: a report from the American Heart Association. Circulation. 2015 Jan 27; 131
(4):e29–322. doi: 10.1161/CIR.0000000000000152 PMID: 25520374

2. Fisher SA, Doree C, Mathur A, Martin-Rendon E. Meta-analysis of cell therapy trials for patients with
heart failure. Circulation research. 2015 Apr 10; 116(8):1361–77. doi: 10.1161/CIRCRESAHA.116.
304386 PMID: 25632038

3. Jansen Of Lorkeers SJ, Eding JE, Vesterinen HM, van der Spoel TI, Sena ES, Duckers HJ, et al. Simi-
lar effect of autologous and allogeneic cell therapy for ischemic heart disease: systematic review and
meta-analysis of large animal studies. Circulation research. 2015 Jan 2; 116(1):80–6. doi: 10.1161/
CIRCRESAHA.116.304872 PMID: 25186794

4. Bollini S, Smart N, Riley PR. Resident cardiac progenitor cells: at the heart of regeneration. Journal of
molecular and cellular cardiology. 2011 Feb; 50(2):296–303. doi: 10.1016/j.yjmcc.2010.07.006 PMID:
20643135

5. Keith MC, Bolli R. "String theory" of c-kit(pos) cardiac cells: a new paradigm regarding the nature of
these cells that may reconcile apparently discrepant results. Circulation research. 2015 Mar 27; 116
(7):1216–30. doi: 10.1161/CIRCRESAHA.116.305557 PMID: 25814683

6. Hosoda T, D'Amario D, Cabral-Da-Silva MC, Zheng H, Padin-Iruegas ME, Ogorek B, et al. Clonality of
mouse and human cardiomyogenesis in vivo. Proceedings of the National Academy of Sciences of the
United States of America. 2009 Oct 6; 106(40):17169–74. doi: 10.1073/pnas.0903089106 PMID:
19805158

7. D'Amario D, Cabral-Da-Silva MC, Zheng H, Fiorini C, Goichberg P, Steadman E, et al. Insulin-like
growth factor-1 receptor identifies a pool of human cardiac stem cells with superior therapeutic potential
for myocardial regeneration. Circulation research. 2011 Jun 10; 108(12):1467–81. doi: 10.1161/
CIRCRESAHA.111.240648 PMID: 21546606

8. Kajstura J, Bai Y, Cappetta D, Kim J, Arranto C, Sanada F, et al. Tracking chromatid segregation to
identify human cardiac stem cells that regenerate extensively the infarcted myocardium. Circulation
research. 2012 Sep 14; 111(7):894–906. doi: 10.1161/CIRCRESAHA.112.273649 PMID: 22851539

9. Bolli R, Chugh AR, D'Amario D, Loughran JH, Stoddard MF, Ikram S, et al. Cardiac stem cells in
patients with ischaemic cardiomyopathy (SCIPIO): initial results of a randomised phase 1 trial. Lancet.
2011 Nov 26; 378(9806):1847–57. doi: 10.1016/S0140-6736(11)61590-0 PMID: 22088800

10. Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, Berman D, et al. Intracoronary cardio-
sphere-derived cells for heart regeneration after myocardial infarction (CADUCEUS): a prospective,

ROCK Inhibition Protects Human Cardiac Stem Cells

PLOS ONE | DOI:10.1371/journal.pone.0144513 December 8, 2015 19 / 21

http://dx.doi.org/10.1161/CIR.0000000000000152
http://www.ncbi.nlm.nih.gov/pubmed/25520374
http://dx.doi.org/10.1161/CIRCRESAHA.116.304386
http://dx.doi.org/10.1161/CIRCRESAHA.116.304386
http://www.ncbi.nlm.nih.gov/pubmed/25632038
http://dx.doi.org/10.1161/CIRCRESAHA.116.304872
http://dx.doi.org/10.1161/CIRCRESAHA.116.304872
http://www.ncbi.nlm.nih.gov/pubmed/25186794
http://dx.doi.org/10.1016/j.yjmcc.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20643135
http://dx.doi.org/10.1161/CIRCRESAHA.116.305557
http://www.ncbi.nlm.nih.gov/pubmed/25814683
http://dx.doi.org/10.1073/pnas.0903089106
http://www.ncbi.nlm.nih.gov/pubmed/19805158
http://dx.doi.org/10.1161/CIRCRESAHA.111.240648
http://dx.doi.org/10.1161/CIRCRESAHA.111.240648
http://www.ncbi.nlm.nih.gov/pubmed/21546606
http://dx.doi.org/10.1161/CIRCRESAHA.112.273649
http://www.ncbi.nlm.nih.gov/pubmed/22851539
http://dx.doi.org/10.1016/S0140-6736(11)61590-0
http://www.ncbi.nlm.nih.gov/pubmed/22088800


randomised phase 1 trial. Lancet. 2012 Mar 10; 379(9819):895–904. doi: 10.1016/S0140-6736(12)
60195-0 PMID: 22336189

11. Hong KU, Guo Y, Li QH, Cao P, Al-Maqtari T, Vajravelu BN, et al. c-kit+ Cardiac stem cells alleviate
post-myocardial infarction left ventricular dysfunction despite poor engraftment and negligible retention
in the recipient heart. PloS one. 2014; 9(5):e96725. doi: 10.1371/journal.pone.0096725 PMID:
24806457

12. Don CW, Murry CE. Improving survival and efficacy of pluripotent stem cell-derived cardiac grafts. Jour-
nal of cellular and molecular medicine. 2013 Nov; 17(11):1355–62. doi: 10.1111/jcmm.12147 PMID:
24118766

13. Olson MF. Applications for ROCK kinase inhibition. Current opinion in cell biology. 2008 Apr; 20
(2):242–8. doi: 10.1016/j.ceb.2008.01.002 PMID: 18282695

14. Gauthaman K, Fong CY, Bongso A. Effect of ROCK inhibitor Y-27632 on normal and variant human
embryonic stem cells (hESCs) in vitro: its benefits in hESC expansion. Stem cell reviews. 2010 Mar; 6
(1):86–95. doi: 10.1007/s12015-009-9107-8 PMID: 20013076

15. Pipparelli A, Arsenijevic Y, Thuret G, Gain P, Nicolas M, Majo F. ROCK inhibitor enhances adhesion
and wound healing of human corneal endothelial cells. PloS one. 2013; 8(4):e62095. doi: 10.1371/
journal.pone.0062095 PMID: 23626771

16. Surma M,Wei L, Shi J. Rho kinase as a therapeutic target in cardiovascular disease. Future cardiology.
2011 Sep; 7(5):657–71. doi: 10.2217/fca.11.51 PMID: 21929346

17. De Angelis A, Piegari E, Cappetta D, Marino L, Filippelli A, Berrino L, et al. Anthracycline cardiomyopa-
thy is mediated by depletion of the cardiac stem cell pool and is rescued by restoration of progenitor cell
function. Circulation. 2010 Jan 19; 121(2):276–92. doi: 10.1161/CIRCULATIONAHA.109.895771
PMID: 20038740

18. He JQ, Vu DM, Hunt G, Chugh A, Bhatnagar A, Bolli R. Human cardiac stem cells isolated from atrial
appendages stably express c-kit. PloS one. 2011; 6(11):e27719. doi: 10.1371/journal.pone.0027719
PMID: 22140461

19. Huigsloot M, Tijdens IB, Mulder GJ, van deWater B. Differential regulation of doxorubicin-induced mito-
chondrial dysfunction and apoptosis by Bcl-2 in mammary adenocarcinoma (MTLn3) cells. The Journal
of biological chemistry. 2002 Sep 27; 277(39):35869–79. doi: 10.1074/jbc.M200378200 PMID:
12107157

20. Chang J, Xie M, Shah VR, Schneider MD, Entman ML, Wei L, et al. Activation of Rho-associated
coiled-coil protein kinase 1 (ROCK-1) by caspase-3 cleavage plays an essential role in cardiac myocyte
apoptosis. Proceedings of the National Academy of Sciences of the United States of America. 2006
Sep 26; 103(39):14495–500. doi: 10.1073/pnas.0601911103 PMID: 16983089

21. Blanchoin L, Boujemaa-Paterski R, Sykes C, Plastino J. Actin dynamics, architecture, and mechanics
in cell motility. Physiological reviews. 2014 Jan; 94(1):235–63. doi: 10.1152/physrev.00018.2013
PMID: 24382887

22. Grzanka D, Gagat M, Izdebska M. Actin is required for cellular death. Acta histochemica. 2013 Oct; 115
(8):775–82. doi: 10.1016/j.acthis.2013.04.002 PMID: 23683404

23. Piltti J, Varjosalo M, Qu C, Hayrinen J, Lammi MJ. Rho-kinase inhibitor Y-27632 increases cellular pro-
liferation and migration in human foreskin fibroblast cells. Proteomics. 2015 May 6. doi: 10.1002/pmic.
201400417 PMID: 25951301

24. Surma M, Handy C, Chang J, Kapur R, Wei L, Shi J. ROCK1 deficiency enhances protective effects of
antioxidants against apoptosis and cell detachment. PloS one. 2014; 9(3):e90758. doi: 10.1371/
journal.pone.0090758 PMID: 24595357

25. Fulda S, Debatin KM. Extrinsic versus intrinsic apoptosis pathways in anticancer chemotherapy. Onco-
gene. 2006 Aug 7; 25(34):4798–811. doi: 10.1038/sj.onc.1209608 PMID: 16892092

26. Tacar O, Sriamornsak P, Dass CR. Doxorubicin: an update on anticancer molecular action, toxicity and
novel drug delivery systems. The Journal of pharmacy and pharmacology. 2013 Feb; 65(2):157–70.
doi: 10.1111/j.2042-7158.2012.01567.x PMID: 23278683

27. Uehata M, Ishizaki T, Satoh H, Ono T, Kawahara T, Morishita T, et al. Calcium sensitization of smooth
muscle mediated by a Rho-associated protein kinase in hypertension. Nature. 1997 Oct 30; 389
(6654):990–4. doi: 10.1038/40187 PMID: 9353125

28. Bueno C, Montes R, Menendez P. The ROCK inhibitor Y-27632 negatively affects the expansion/sur-
vival of both fresh and cryopreserved cord blood-derived CD34+ hematopoietic progenitor cells: Y-
27632 negatively affects the expansion/survival of CD34+HSPCs. Stem cell reviews. 2010 Jun; 6
(2):215–23. doi: 10.1007/s12015-010-9118-5 PMID: 20180051

ROCK Inhibition Protects Human Cardiac Stem Cells

PLOS ONE | DOI:10.1371/journal.pone.0144513 December 8, 2015 20 / 21

http://dx.doi.org/10.1016/S0140-6736(12)60195-0
http://dx.doi.org/10.1016/S0140-6736(12)60195-0
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://dx.doi.org/10.1371/journal.pone.0096725
http://www.ncbi.nlm.nih.gov/pubmed/24806457
http://dx.doi.org/10.1111/jcmm.12147
http://www.ncbi.nlm.nih.gov/pubmed/24118766
http://dx.doi.org/10.1016/j.ceb.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18282695
http://dx.doi.org/10.1007/s12015-009-9107-8
http://www.ncbi.nlm.nih.gov/pubmed/20013076
http://dx.doi.org/10.1371/journal.pone.0062095
http://dx.doi.org/10.1371/journal.pone.0062095
http://www.ncbi.nlm.nih.gov/pubmed/23626771
http://dx.doi.org/10.2217/fca.11.51
http://www.ncbi.nlm.nih.gov/pubmed/21929346
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.895771
http://www.ncbi.nlm.nih.gov/pubmed/20038740
http://dx.doi.org/10.1371/journal.pone.0027719
http://www.ncbi.nlm.nih.gov/pubmed/22140461
http://dx.doi.org/10.1074/jbc.M200378200
http://www.ncbi.nlm.nih.gov/pubmed/12107157
http://dx.doi.org/10.1073/pnas.0601911103
http://www.ncbi.nlm.nih.gov/pubmed/16983089
http://dx.doi.org/10.1152/physrev.00018.2013
http://www.ncbi.nlm.nih.gov/pubmed/24382887
http://dx.doi.org/10.1016/j.acthis.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23683404
http://dx.doi.org/10.1002/pmic.201400417
http://dx.doi.org/10.1002/pmic.201400417
http://www.ncbi.nlm.nih.gov/pubmed/25951301
http://dx.doi.org/10.1371/journal.pone.0090758
http://dx.doi.org/10.1371/journal.pone.0090758
http://www.ncbi.nlm.nih.gov/pubmed/24595357
http://dx.doi.org/10.1038/sj.onc.1209608
http://www.ncbi.nlm.nih.gov/pubmed/16892092
http://dx.doi.org/10.1111/j.2042-7158.2012.01567.x
http://www.ncbi.nlm.nih.gov/pubmed/23278683
http://dx.doi.org/10.1038/40187
http://www.ncbi.nlm.nih.gov/pubmed/9353125
http://dx.doi.org/10.1007/s12015-010-9118-5
http://www.ncbi.nlm.nih.gov/pubmed/20180051


29. Heng BC. Effect of Rho-associated kinase (ROCK) inhibitor Y-27632 on the post-thaw viability of cryo-
preserved human bone marrow-derived mesenchymal stem cells. Tissue & cell. 2009 Oct; 41(5):376–
80. doi: 10.1016/j.tice.2009.01.004 PMID: 19261317

30. Braam SR, Nauw R, Ward-van Oostwaard D, Mummery C, Passier R. Inhibition of ROCK improves sur-
vival of human embryonic stem cell-derived cardiomyocytes after dissociation. Annals of the New York
Academy of Sciences. 2010 Feb; 1188:52–7. doi: 10.1111/j.1749-6632.2009.05083.x PMID:
20201886

31. ShumMS, Pasquier E, Po'uha ST, O'Neill GM, Chaponnier C, Gunning PW, et al. gamma-Actin regu-
lates cell migration and modulates the ROCK signaling pathway. FASEB journal: official publication of
the Federation of American Societies for Experimental Biology. 2011 Dec; 25(12):4423–33. doi: 10.
1096/fj.11-185447 PMID: 21908715

32. Okumura N, Ueno M, Koizumi N, Sakamoto Y, Hirata K, Hamuro J, et al. Enhancement on primate cor-
neal endothelial cell survival in vitro by a ROCK inhibitor. Investigative ophthalmology & visual science.
2009 Aug; 50(8):3680–7. doi: 10.1167/iovs.08-2634 PMID: 19387080

33. Wang N, Guan P, Zhang JP, Chang YZ, Gu LJ, Hao FK, et al. Preventive effects of fasudil on adriamy-
cin-induced cardiomyopathy: possible involvement of inhibition of RhoA/ROCK pathway. Food and
chemical toxicology: an international journal published for the British Industrial Biological Research
Association. 2011 Nov; 49(11):2975–82. doi: 10.1016/j.fct.2011.06.080 PMID: 21803115

34. Monti M, Terzuoli E, Ziche M, Morbidelli L. The sulphydryl containing ACE inhibitor Zofenoprilat protects
coronary endothelium from Doxorubicin-induced apoptosis. Pharmacological research: the official jour-
nal of the Italian Pharmacological Society. 2013 Oct; 76:171–81. doi: 10.1016/j.phrs.2013.08.003
PMID: 23965518

35. Piegari E, De Angelis A, Cappetta D, Russo R, Esposito G, Costantino S, et al. Doxorubicin induces
senescence and impairs function of human cardiac progenitor cells. Basic research in cardiology. 2013
Mar; 108(2):334. doi: 10.1007/s00395-013-0334-4 PMID: 23411815

36. Tu Y, Xu FH, Liu J, Vescio R, Berenson J, Fady C, et al. Upregulated expression of BCL-2 in multiple
myeloma cells induced by exposure to doxorubicin, etoposide, and hydrogen peroxide. Blood. 1996
Sep 1; 88(5):1805–12. PMID: 8781438

37. Sano J, Nagafuchi S, Yamazaki J, Oguma K, Kano R, Hasegawa A. Effect of antineoplastic drugs on
the expression of Bcl-2 and Bcl-xL genes in the feline T-cell leukemia cell line. Research in veterinary
science. 2005 Dec; 79(3):197–201. doi: 10.1016/j.rvsc.2005.03.001 PMID: 15893350

38. Yu Z, Liu M, Fu P, Xie M, WangW, Luo X. ROCK inhibition with Y27632 promotes the proliferation and
cell cycle progression of cultured astrocyte from spinal cord. Neurochemistry international. 2012 Dec;
61(7):1114–20. doi: 10.1016/j.neuint.2012.08.003 PMID: 22929997

39. Vichalkovski A, Baltensperger K, Thomann D, Porzig H. Two different pathways link G-protein-coupled
receptors with tyrosine kinases for the modulation of growth and survival in human hematopoietic pro-
genitor cells. Cellular signalling. 2005 Apr; 17(4):447–59. doi: 10.1016/j.cellsig.2004.09.010 PMID:
15601623

40. Zhang X, Li C, Gao H, Nabeka H, Shimokawa T, Wakisaka H, et al. Rho kinase inhibitors stimulate the
migration of human cultured osteoblastic cells by regulating actomyosin activity. Cellular & molecular
biology letters. 2011 Jun; 16(2):279–95. doi: 10.2478/s11658-011-0006-z PMID: 21394446

41. Kroening S, Stix J, Keller C, Streiff C, Goppelt-Struebe M. Matrix-independent stimulation of human
tubular epithelial cell migration by Rho kinase inhibitors. Journal of cellular physiology. 2010 Jun; 223
(3):703–12. doi: 10.1002/jcp.22079 PMID: 20175114

42. Yin J, Yu FS. Rho kinases regulate corneal epithelial wound healing. American journal of physiology
Cell physiology. 2008 Aug; 295(2):C378–87. doi: 10.1152/ajpcell.90624.2007 PMID: 18495812

43. Magdalena J, Millard TH, Machesky LM. Microtubule involvement in NIH 3T3 Golgi and MTOC polarity
establishment. Journal of cell science. 2003 Feb 15; 116(Pt 4):743–56. PMID: 12538774

44. Somlyo AV, Bradshaw D, Ramos S, Murphy C, Myers CE, Somlyo AP. Rho-kinase inhibitor retards
migration and in vivo dissemination of human prostate cancer cells. Biochemical and biophysical
research communications. 2000 Mar 24; 269(3):652–9. doi: 10.1006/bbrc.2000.2343 PMID: 10720471

45. Lee ER, Kim JY, Kang YJ, Ahn JY, Kim JH, Kim BW, et al. Interplay between PI3K/Akt and MAPK sig-
naling pathways in DNA-damaging drug-induced apoptosis. Biochimica et biophysica acta. 2006 Sep;
1763(9):958–68. doi: 10.1016/j.bbamcr.2006.06.006 PMID: 16905201

46. Kaushal V, Kaushal GP, Mehta P. Differential toxicity of anthracyclines on cultured endothelial cells.
Endothelium: journal of endothelial cell research. 2004 Sep-Dec; 11(5–6):253–8. doi: 10.1080/
10623320490904124 PMID: 15763945

47. Shi J, Wu X, Surma M, Vemula S, Zhang L, Yang Y, et al. Distinct roles for ROCK1 and ROCK2 in the
regulation of cell detachment. Cell death & disease. 2013; 4:e483. doi: 10.1038/cddis.2013.10 PMID:
23392171

ROCK Inhibition Protects Human Cardiac Stem Cells

PLOS ONE | DOI:10.1371/journal.pone.0144513 December 8, 2015 21 / 21

http://dx.doi.org/10.1016/j.tice.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19261317
http://dx.doi.org/10.1111/j.1749-6632.2009.05083.x
http://www.ncbi.nlm.nih.gov/pubmed/20201886
http://dx.doi.org/10.1096/fj.11-185447
http://dx.doi.org/10.1096/fj.11-185447
http://www.ncbi.nlm.nih.gov/pubmed/21908715
http://dx.doi.org/10.1167/iovs.08-2634
http://www.ncbi.nlm.nih.gov/pubmed/19387080
http://dx.doi.org/10.1016/j.fct.2011.06.080
http://www.ncbi.nlm.nih.gov/pubmed/21803115
http://dx.doi.org/10.1016/j.phrs.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23965518
http://dx.doi.org/10.1007/s00395-013-0334-4
http://www.ncbi.nlm.nih.gov/pubmed/23411815
http://www.ncbi.nlm.nih.gov/pubmed/8781438
http://dx.doi.org/10.1016/j.rvsc.2005.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15893350
http://dx.doi.org/10.1016/j.neuint.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22929997
http://dx.doi.org/10.1016/j.cellsig.2004.09.010
http://www.ncbi.nlm.nih.gov/pubmed/15601623
http://dx.doi.org/10.2478/s11658-011-0006-z
http://www.ncbi.nlm.nih.gov/pubmed/21394446
http://dx.doi.org/10.1002/jcp.22079
http://www.ncbi.nlm.nih.gov/pubmed/20175114
http://dx.doi.org/10.1152/ajpcell.90624.2007
http://www.ncbi.nlm.nih.gov/pubmed/18495812
http://www.ncbi.nlm.nih.gov/pubmed/12538774
http://dx.doi.org/10.1006/bbrc.2000.2343
http://www.ncbi.nlm.nih.gov/pubmed/10720471
http://dx.doi.org/10.1016/j.bbamcr.2006.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16905201
http://dx.doi.org/10.1080/10623320490904124
http://dx.doi.org/10.1080/10623320490904124
http://www.ncbi.nlm.nih.gov/pubmed/15763945
http://dx.doi.org/10.1038/cddis.2013.10
http://www.ncbi.nlm.nih.gov/pubmed/23392171

