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Abstract: The use of cardiovascular progenitor cells (CPCs) to repair damaged myocardium has been the focus 
of intense research. Previous reports have shown that pretreatments, including hypoxia, improve cell function. 
However, the age-dependent effects of short-term hypoxia on CPCs, and the role of signaling in these effects, are 
unknown. Cloned neonatal and adult CPCs expressing Isl1, c-Kit, KDR, PDGFRA, and CXCR4, were preconditioned 
using hypoxia (1% O2 for six hours). Intracellular signaling pathway changes were modeled using Ingenuity Pathway 
Analysis (IPA), while qRT-PCR, flow cytometry, and immunoblotting were used to measure pathway activation. Cel-
lular function, including survival, cell cycle, and invasion, were evaluated using a TUNEL assay, flow cytometry, and a 
Transwell® invasion assay, respectively. IPA predicted, and RT-PCR and flow cytometry confirmed, that the PI3K/AKT 
pathway was activated following short-term hypoxia. Heat shock protein (HSP) 40 expression increased significantly 
in both age groups, while HSP70 expression increased only in neonatal CPCs. Neonatal CPC invasion and survival 
improved after hypoxia pre-treatment, while no effect was observed in cell cycling and developmental status. Pros-
taglandin receptor expression was enhanced in neonatal cells. Prior to transplantation, hypoxic preconditioning 
enhances CPC function, including invasion ability and pro-survival pathway activation. 
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Introduction

Cardiovascular disease is a global crisis ac- 
counting for approximately one out of every 
three deaths worldwide [1]. Patients hospital-
ized for heart failure typically experience a sig-
nificant loss of cardiac function. Traditional tr- 
eatments fail to address this issue and, as a 
result, the long-term outlook of these patients 
is abysmal [2]. The potential benefits of endog-
enous cardiac stem cell transplantation as a 
means of stimulating repair in heart tissue are 
under investigation with encouraging results in 
clinical trials [3-5]. In these trials, several cell 
types, such as cardiac c-Kit cells, cardiopoietic 
stem cells, induced pluripotent stem cell-de- 
rived cardiomyocytes, and cardiosphere-deriv- 
ed cells, have been applied to treat ischemic 
and chronic heart failure [6]. Despite improve-
ments in cardiac function following transplan-
tation, cells fail to engraft and differentiate into 
new myocardium [7]. This may be circumvented 

by the use of progenitor types that are not 
restricted to endothelial or cardiomyocyte lin-
eages and instead exhibit multipotency. Fu- 
rthermore, autologous stem cells derived from 
adult patients are known to lack the functional 
potency of their neonatal counterparts [8]. 

Due to the correlation between incidence of 
cardiovascular disease and age, the application 
of autologous stem cell-based therapies for 
treatment of cardiovascular injury may be limit-
ed in older adults. The effectiveness of cell-
based treatments for the heart may be signifi-
cantly improved by use of a novel cell type or 
pretreatment method, such as hypoxic expo-
sure, that alters the function of adult-derived 
cardiac stem cells to mirror that of the more 
capable neonatal stem cells. Several popula-
tions of resident cardiac stem cells have been 
identified within the human heart and are prom-
ising candidates for use in future studies [9]. 
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A novel cardiac progenitor cell population that 
co-expresses Isl1 and c-Kit and is capable of 
self-renewal, expansion, and differentiation 
into all three major cell types of the heart [10, 
11], has been recently isolated from human 
cardiac tissue and characterized as reported in 
our previous study [8]. In doing so, we found 
that CPCs isolated from human tissue can be 
screened for the co-expression of Isl1 and 
c-Kit, and further selected for the expression of 
other early cardiovascular developmental mark-
ers, such as KDR and PDGFRA, and the chemo-
kine receptor CXCR4. In order to identify the 
optimal cell type for clinical practice, further 
investigation of various cardiac progenitors, 
which have a critical role in heart formation [12-
14], is required. Using other models, previous 
studies have established that hypoxia treat-
ment can boost cellular function through intra-
cellular signaling pathways [15-19]. However, 
the effects of low oxygen tension on early car-
diac progenitor cell (CPC) function have yet to 
be elucidated. Accordingly, we assessed the 
impact of short-term hypoxia (six hours at 1.0% 
O2) on the in vitro biology of clonal CPCs. 
Historically, in other cell types, Protein kinase B 
(Akt) expression increases in response to short-
term hypoxia [20] and is well known to play vital 
roles in numerous cell functions [21]. We there-
fore tested the hypothesis that short-term 
hypoxia upregulates Akt phosphorylation in 
early CPCs and is correlated with enhanced cell 
function in vitro. 

Materials and methods

Isolation and culture of early CPCs

The Institutional Review Board of Loma Linda 
University approved the protocol for use of tis-
sue that was discarded during cardiovascular 
surgery, without identifiable private informa-
tion, for this study with a waiver of informed 
consent. CPCs were isolated from cardiac tis-
sue of neonates (1 day-1 month) or adults (57-
72 years), as previously described [8]. Briefly, 
atrial tissue was cut into small clumps (approxi-
mately 1.0 mm3) then enzymatically digested 
using collagenase (Roche, Indianapolis, IN) at a 
working concentration of 1.0 mg/mL. The re- 
sulting solution was then passed through a 
40-µm cell strainer. Cells were cloned in a 
96-well plate by limiting dilution to a final con-
centration of 0.8 cells per well to create popula-
tions for expansion. Cells were then screened 
for the co-expression of Isl1 and c-Kit. Clonal 

CPC cultures were screened for other markers 
of early cardiac development (KDR and 
PDGFRA) and then supplemented with growth 
media comprised of 10% fetal bovine serum 
(Thermo Scientific, Waltham, MA), 100 µg/mL 
Penicillin-Streptomycin (Life Technologies, 
Carlsbad, CA), 1.0% minimum essential medi-
um non-essential amino acids solution (Cat  
no. 11120052, Life Technologies, Carlsbad, 
CA), and 22% endothelial cell growth media 
(Lonza, Basel, Switzerland) in Medium 199 
(Life Technologies, Carlsbad, CA). 

Hypoxic preconditioning

CPCs were placed in a Heracell™ 150 tri-gas 
incubator (Thermo Scientific, Waltham, MA) set 
to 1.0% O2, 5.0% CO2, and 94% N2 for six hours. 
Control CPC conditions included an environ-
ment composed of 21% O2, 5.0% CO2, and 74% 
N2. Cells were then immediately processed for 
analysis to avoid prolonged exposure to nor-
moxic conditions.

Quantitative real-time PCR

RNA was isolated from CPCs using TRIzol® 
reagent (Life Technologies, Carlsbad, CA) and 
purified using the RNeasy® Mini Kit (Qiagen, 
Valencia, CA). cDNA was prepared with Su- 
perscript III (Life Technologies, Carlsbad, CA). 
Quantitative real-time polymerase chain reac-
tion (qRT-PCR) was performed in triplicate using 
Go-Taq® qPCR Mastermix (Promega, Madison, 
WI) and the iCycler iQ™5 PCR Thermal Cycler 
(Bio-Rad, Hercules, CA) following a protocol of 
94°C for 10 minutes, 94°C for 15 seconds, 
52-58°C (depending on the primer) for 60 sec-
onds, and 72°C for 30 seconds for a total of 45 
cycles. Primers used in experiment are listed in 
Table S1. Relative gene expression data were 
analyzed using the comparative CT method 
[22].

Ingenuity Pathway Analysis (IPA)

Gene expression changes in hypoxia pre-treat-
ed neonatal CPCs were broadly assessed using 
the RT2 profiler PCR array for the human EGF/
PDGF signaling pathway (Qiagen, Valencia, CA). 
Conserved fold changes in the expression of 
genes included on this array plate across three 
clones were then processed using a core analy-
sis in IPA (Qiagen, Valence, CA). All potential 
pathways whose-log (p-value) score was great-
er than 2.5 (i.e., p < 0.005) were included, 
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except for those pathway categories associat-
ed with cancer, cellular immune response, dis-
ease-specific pathways, ingenuity toxicity list 
pathways, neurotransmitters and other ner-
vous system signaling, pathogen-influenced 
signaling, and xenobiotic metabolism. 

Flow cytometry

Progenitor cell populations were fluorescently 
labeled with antibodies as recommended by 
their respective manufacturers and then ana-
lyzed using a MACSQuant® analyzer (Miltenyi 
Biotec, Auburn, CA). Quantification of data was 
performed using FlowJo software version 10 
(Ashland, OR). Antibodies used for cytometric 
analysis include: mouse IgG anti-Isl1 (1H9; 
Abcam, Cambridge, MA); rat IgG2b Kappa anti-
c-Kit (2B8) conjugated to Dylight 650 (Novus 
Biologicals, Littleton CO); rabbit IgG anti-Akt 
(C67E7; Cell Signaling Technology, Danvers, 
MA); rabbit anti-human S473 P-Akt (Cell Si- 
gnaling Technology, Danvers, MA); rabbit IgG 
anti-human HSP40 (Thermo Fisher, Waltham, 
MA); mouse IgG1 anti-human HSP90 (5G5; 
Thermo Fisher, Waltham, MA); and fluorescein-
anti-BrdU (PRB-1; Phoenix Flow Systems, San 
Diego, CA). Secondary antibodies included FITC 
goat anti-mouse IgG polyclonal Ab (Southern 
Biotech, Birmingham, AL), PE goat anti-mouse 
IgG polyclonal Ab (Southern Biotech, Birming- 
ham, AL), and FITC goat anti-rabbit IgG poly-
clonal Ab (BD Biosciences, San Jose, CA). 
Negative and positive populations were defined 
using Alexa Fluor 647-conjugated isotype con-
trol (R&D Systems, Minneapolis, MN) for c-Kit 
analysis, Alexa Fluor 488-conjugated isotype 
control (MOPC-173; BioLegend, San Diego, CA) 
for HSP70 analysis, or secondary antibody 
alone for all other proteins.

Protein simple western blotting 

Cells were detached following the protocol out-
lined in Abrahamsen, et al [23]. Following 
detachment, neonatal and adult CPCs were 
homogenized using RIPA buffer containing ph- 
osphatase inhibitor cocktail (Millipore, Teme- 
cula, CA), followed by centrifugation at 14,000 
g for 15 minutes at 4°C and collection of the 
supernatant for analysis. Total protein concen-
trations were determined using the Pierce 
Micro BCA Protein Assay Kit (Thermo Scientific, 
Rockford, IL). Mouse IgG2b anti-human β-Actin 
(1:50; 8H10D10; Cell Signaling Technology, 
Danvers, MA), rabbit IgG anti-Akt (1:50; C67E7; 
Cell Signaling Technology, Danvers, MA), rabbit 

anti-human S473 P-Akt (1:10; Cell Signaling 
Technology, Danvers, MA), rabbit IgG anti-
human HSP40 (1:50; Thermo Fisher, Waltham, 
MA), and mouse IgG1 anti-human HSP90 (1:50; 
5G5; Thermo Fisher, Waltham, MA) were used 
with a capillary-based western blotting system 
(ProteinSimple Wes, San Jose, CA) to assess 
protein expression. All procedures were com-
pleted according to the manufacturer’s instruc-
tions and default settings. The anti-rabbit and 
anti-mouse secondary antibodies included in 
the Wes Detection Module kit (ProteinSimple, 
San Jose, CA) were used. All data were ana-
lyzed with the Compass Software associated 
with the Wes instrument (ProteinSimple, San 
Jose, CA). Using peak heights of fluorescence 
signal, P-Akt, HSP40, and HSP90 values were 
normalized to β-Actin for each neonatal and 
adult clone sample.  

Stromal cell-derived factor-1α (SDF-1α) P-Akt 
western blotting

A protein immunoblot was performed for β-Actin 
and P-Akt using samples obtained from untreat-
ed normoxic controls, normoxic CPCs treated 
with stromal cell-derived factor-1α (SDF-1α), 
and CPCs treated both with SDF-1α and hypox-
ia. Following 18 hours of serum deprivation, 
CPCs were stimulated using 10 µg/mL of SDF-
1α (Biolegend, San Diego, CA). Hypoxic groups 
were exposed to low oxygen conditions during 
the final six hours of the 18-hour starvation 
period. Protein lysates were loaded into a 12% 
Tris-glycine pre-cast gel (Thermo Scientific, 
Waltham, MA), separated by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis, and 
transferred onto a nitrocellulose membrane 
(Bio-Rad, Hercules, CA). After blocking with 5% 
bovine serum albumin in Tris-buffered saline 
with Tween-20, membranes were labeled with 
mouse anti-human β-Actin antibody (1:500 
dilution, Biolegend, San Diego, CA) or rabbit 
anti-human P-Akt antibody (1:300 dilution, Cell 
Signaling Technology, Danvers, MA) overnight 
at 4°C with agitation. The following day, mem-
branes were washed and labeled using either 
an IRDye® 680RD-conjugated goat anti-mou- 
se antibody (LI-COR, Lincoln, NE) or an IRDye® 
800CW-conjugated goat anti-rabbit antibody 
(LI-COR, Lincoln, NE) for 60 minutes at room 
temperature. Final protein levels were visual-
ized using an Odyssey® infrared imaging sys-
tem (LI-COR, Lincoln, NE) model 9120. Re- 
sulting protein bands were analyzed using 
ImageJ software. 
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Terminal deoxynucleotidyl transferase dUTP 
nick end labeling

CPCs were treated with a solution of 0.5 mM 
hydrogen peroxide for 21 hours [24]. Terminal 
deoxynucleotidyl transferase deoxyuridine tri-
phosphate nick-end labeling (TUNEL) assay 
was performed following the manufacturer’s 
recommendations. Briefly, 106 cells were fixed 
in 1% paraformaldehyde on ice for 30 minutes 
and placed in 70% ethanol for overnight incu-
bation at -20°C. The next day, the cells were 

labeled with Br-dUTP (Phoenix Flow Systems, 
San Diego, CA) and re-suspended in antibody 
solution containing Fluorescein anti-BrdU anti-
body (Phoenix Flow Systems, San Diego, CA). 
Population analysis was performed using flow 
cytometry.

Transwell® invasion assay

Cultrex® basement membrane extract (Tre- 
vigen, Gaithersburg, MD) was applied to the 
upper chamber of a Corning HTS Transwell® 

Figure 1. Expression of early progenitor markers within a representative clonal CPC population. CPCs used in experi-
ments were screened for the co-expression of Isl1 and c-kit (A), as indicated by flow cytometry. These Isl1+c-kit+ 
CPCs also exhibit other markers of early cardiac development, including KDR and PDGFRA, as well as the chemo-
kine receptor CXCR4 (B). Dotted lines indicate isotype controls and solid lines indicate labeled CPCs. Double-labeled 
cells are shown as a dot-plot.
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plate (8.0-µm pore size, Venlo, Limburg). CPCs 
were suspended in starvation media composed 
of 98.5% Iscove’s Modified Dulbecco’s Medium 
with GlutaMAX™ (Life Technologies, Carlsbad, 
CA), 1.0% insulin-transferrin-selenium (Life 
Technologies, Carlsbad, CA), and 0.5% fetal 
bovine serum (Thermo Scientific, Waltham, 
MA), and then plated onto the coated wells at a 
density of 50,000 cells per well. Stromal cell-
derived factor-1α (SDF-1α, Life Technologies, 
Carlsbad, CA), a chemoattractant, was diluted 
with growth media to a final concentration of 
100 ng/mL and administered to the lower 
chamber. After 48 hours of incubation at 37°C, 
the cells in the lower chamber were dissociat-
ed, stained with calcein AM (BD Biosciences, 
San Jose, CA), and analyzed using an FLx800™ 
microplate fluorescence reader (BioTek Instr- 
uments, Winooski, VT).

Cell cycle analysis

CPCs were fixed in ice-cold 70% ethanol and 
stored at -20°C overnight. The following day, 
cells were incubated at 37°C for 1 hour with 
RNase A (0.5 mg/mL, Life Technologies, 
Carlsbad, CA). Propidium Iodide solution (0.5 
mg/mL) was added, and the resulting cell so- 
lution was immediately analyzed using a MA- 
CSQuant® analyzer (Miltenyi Biotec, Auburn, 
CA). Cytometer data was quantified using 
FlowJo software (Ashland, OR).

Statistical analysis

All data were assumed to be normally distrib-
uted. Using Microsoft Excel or Prism 7 version 
7.02 (GraphPad, La Jolla, CA), we performed a 
two-tailed, paired Student’s t-test to calculate 
the mean and standard error of the mean. Error 
bars were designed using either Prism 7 soft-
ware or with the Cousineau method [25]. P val-
ues < 0.05 were assumed to be significant.

Results 

Gene expression changes are predicted to 
impact PI3K/AKT pathway

Neonatal CPCs expressing markers of early car-
diovascular development (Figure 1) were ex- 
posed to hypoxia for six hours. Gene expres-
sion changes were measured using an EGF/
PDGF array plate. Fold changes that were con-
served across clones were then analyzed using 
Ingenuity Pathway Analysis (Figure 2A), which 
predicted that the PI3K/AKT pathway was sig-

nificantly altered by hypoxia pretreatment. Akt 
functions along several pathways (Figure 2B), 
such as the AKT/PI3K pathway that enhances 
the stability of Cyclin D1 (CCND1), c-Jun, and 
c-Myc, which promote the G1-to-S cell cycle 
phase transition, while also targeting the NFκB 
sub-unit RelA during anti-apoptotic signaling 
[21].

Hypoxic preconditioning promotes Akt pathway 
constituent gene expression and Akt phos-
phorylation in CPCs

To determine the effect of short-term hypoxia 
on the Akt pathway within neonatal CPCs, we 
exposed CPCs to hypoxic preconditioning. Su- 
bsequent expression of Akt pathway constitu-
ents in both control and experimental cells was 
measured via qRT-PCR. Data analysis revealed 
that pretreated cells expressed significantly 
higher levels of nearly all Akt-related genes 
(Figure 2C). The activation of Akt has an impor-
tant role in the survival and recruitment [21] of 
transplanted cells to the damaged myocardi-
um. To validate this increase in Akt activity fol-
lowing exposure to hypoxia, CPCs were labeled 
with an antibody specific for Ser473-phosp- 
horylated Akt and analyzed using flow cytome-
try and immunoblotting. In doing so, we mea-
sured a significant increase in Akt phosp- 
horylation in CPCs that received hypoxic pre-
treatment as compared to CPCs kept under 
control conditions (n=3, p < 0.05; Figure 2D-F). 

Hypoxia-mediated Akt activation is age-depen-
dent

Enhanced Akt phosphorylation is of main inter-
est for its potential benefit in autologous CPC-
based therapy for myocardial infarction in older 
adults. To determine whether the hypoxia-medi-
ated activation of Akt is significantly influenced 
by the age of the cell donor, adult CPC clones 
were exposed to hypoxia and assessed for Akt 
pathway activation. Similar to neonatal CPCs, 
pretreated adult CPCs expressed significantly 
higher levels of several Akt-related genes 
(Figure 3A). Flow cytometry indicated that Akt 
phosphorylation indeed trended upwards in 
preconditioned adult clones; however, it was 
not significant (Figure 3B). Western blot analy-
sis of protein lysates obtained from hypoxia 
pre-treated adult CPCs confirmed this increase 
in Akt phosphorylation (Figure 3C). We then 
assessed if a combinatory treatment of SDF-
1α, an important paracrine factor in myocardial 
regeneration, and hypoxia could improve Akt 
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phosphorylation in adult CPCs. Western blot 
analysis demonstrated that SDF-1α treatment 
alone did not induce Akt phosphorylation, while 
the combinatory treatment promoted such 
activity.

Short-term hypoxia promotes a pro-survival 
response in CPCs

In other cell types, hypoxic pre-treatment has 
been shown to improve survival [17, 18]. To 
determine the effect of short-term hypoxia on 

CPCs, the expression profiles of several heat-
shock proteins in control and experimental 
populations were examined using qRT-PCR, 
flow cytometry, and immunoblotting. Data anal-
ysis confirmed that pretreated neonatal CPCs 
expressed a significantly increased level of 
HSP70, while both neonatal and adult CPCs 
generally express a higher level of HSP40 and 
HSP90 (Figure 4A, 4B). As indicated by flow 
cytometry, following hypoxic pre-treatment, 
HSP70 was more highly expressed in neonatal 

Figure 2. Short-term hypoxia upregulates Akt pathway activity in neonatal CPCs. Changes to gene expression follow-
ing exposure to short-term hypoxia were analyzed using Ingenuity Pathway Analysis (A). The bar chart represents 
significance of gene enrichment, (i.e., -log (p-value) for that pathway) while the yellow line indicates the ratio of 
genes from the dataset that map to the pathway and the total number of genes in that pathway. Pathway analysis 
indicated that the PI3K/AKT pathway (B) was among the most statistically affected pathways. RT-PCR experiments 
(C) confirmed that hypoxia preconditioning resulted in a significant increase in expression of Akt-related genes 
(n=9). Akt phosphorylation was then measured using flow cytometry (D, E). Representative histogram (D) of the 
measured increase in P-Akt (E; n=3). Western blot analysis was used to confirm the increase in Akt phosphorylation 
(F) from normoxia (N) to hypoxia (H). Positive (+) and negative (-) controls are shown. *P < 0.05. Values reported as 
the average ± S.E.M. 
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CPCs, while HSP40 was induced in both adult 
and neonatal CPCs (Figure 4C). Adult CPCs 
were found to endogenously express lower lev-
els of HSP70 compared to neonatal CPCs 
(Figure 4D). To confirm HSP40 induction in the 
absence of significant changes to gene expres-
sion, immunoblotting was performed on HSP40 
(Figure 4E), which indicated an increase in HS- 
P40 protein levels. In this context, HSP90 im- 
munoblotting was also performed (Figure 4F). 

Further gene expression analysis indicated that 
short-term hypoxia not only induced a stress 
response, but also upregulated BCL2, HMOX1, 
and RELA, which are cell survival-associated 
genes (Figure 5A, 5B). To assess cell survival, 
apoptosis was induced using 0.5 mM hydrogen 
peroxide in both control and hypoxia-treated 
CPCs and relative DNA fragmentation was mea-
sured using Brd-U. Within a six-hour timeframe, 
we found that the hypoxia-induced modifica-
tions to the pro-survival gene program resulted 
in fewer apoptotic cells in response to oxidative 
stress (Figure 5C). TUNEL assay results from 

neonatal (Figure 5D) and adult (Figure 5E) 
CPCs revealed a downward trend in the number 
of apoptotic cells in response to hydrogen 
peroxide. 

CPCs invade more readily after exposure to 
short-term hypoxia 

To determine if short-term hypoxia has any 
effect on CPC motility, a representative clone 
was pretreated with hypoxia for 3 hours, 6 
hours, and 18 hours, and then assessed for 
invasiveness in response to SDF-1α using a 
Transwell® invasion assay. The six-hour hypox-
ia-pretreated group most efficiently invaded 
through the basement membrane layer (Figure 
6A). Neonatal and adult CPCs were then pre-
treated with six hours of hypoxia and assessed 
using the same invasion assay. While both age 
groups benefited from hypoxia pretreatment, 
only neonatal CPCs exhibited a statistically sig-
nificant improvement in chemotactic response 
to SDF-1α (Figure 6B).

Figure 3. Short-term hypoxia upregulates Akt pathway activity in adult CPCs. RT-PCR experiments (A) demonstrated 
that hypoxia preconditioning resulted in a significant increase in expression of Akt-related genes in adult CPCs 
(n=5). Akt phosphorylation was then measured using flow cytometry (B; n=3). Western blot was used to confirm the 
increase in P-Akt (C; n=3) from normoxia (N) to hypoxia (H). Positive (+) and negative (-) controls are shown. (D) Adult 
CPCs were treated with SDF-1α alone or in combination with hypoxia. P-AKT expression was resolved using western 
blot, and fold changes in phosphorylated Akt, relative to β-actin, were quantified using ImageJ. *P < 0.05. Values 
reported as the average ± S.E.M.
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Hypoxia-pretreated CPCs retain an early car-
diac phenotype and exhibit no alterations in 
cell cycling 

We measured changes in the expression of 
Brachyury, OCT4, and PDGFRA, as well as in cell 

cycling. In neonatal clones, a significant down-
regulation of Brachyury and upregulation of 
PDGFRA were noted (Figure 6C), while only 
PDGFRA expression increased between pre-
treated and non-treated adult CPCs (Figure 
6D). Since PDGFRA is involved in the PI3K/AKT 

Figure 4. HSP expression in response to short-term hypoxia. RT-PCR indicated a significant induction of HSP70 
expression and a general increase in HSP40 and HSP90 expression in neonatal (A) and adult (B) CPCs following 
pretreatment with short-term hypoxia (n=6 neonatal clones, n=4 adult clones). Flow cytometry-based analysis of 
HSP40, HSP70, and HSP90 (C), indicating a significant increase in expression of HSP40 in neonatal and adult CPCs 
and a significant increase in expression of HSP70 in neonatal CPCs (n=3 for each age group). Adult CPCs endog-
enously express lower levels of HSP70 compared to neonatal CPCs (D). Since HSP40 induction was found to be sig-
nificant by flow cytometry, but not by RT-PCR, western blot analysis was used to assess the induction of HSP40 (E) as 
well as HSP90 (F) in both neonatal and adult CPCs. *P < 0.05; **P < 0.01. Values reported as the average ± S.E.M. 
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pathway, we performed cell cycle analysis to 
assess if this increase in PDGFRA expression 
was relevant to developmental status changes 
or instead a response to PI3K/AKT pathway 
activation. Cell cycle analysis was performed 
on non-treated and pre-treated neonatal and 
adult CPCs. No significant differences were 

identified between control and experimental 
groups (Figure 6E, 6F). Upon inspection of a 
representative cell cycle profile, as determined 
by flow cytometry, no apparent differences 
between normoxic and hypoxic groups, wheth-
er adult and neonatal, were observed in cell 
cycle progression (Figure 6G).  

Figure 5. Cell survival improves following CPC treatment with short-term hypoxia. Expression of genes associated 
with cell survival increased after hypoxia pre conditioning in both neonatal (A; n=3) and adult (B; n=3) CPCs. To 
assess cell survival, apoptosis was induced using 0.5 mM H2O2 in both control and hypoxia-treated CPCs and rela-
tive DNA fragmentation was measured using Brd-U. Flow cytometry (C) of BrdU-DNA binding within a representative 
clone, with and without hypoxic pretreatment, is shown. CPCs treated with short-term hypoxia exhibited an approxi-
mate 50% decrease in apoptotic cells after induction of cellular death by 0.5 mM H2O2. Quantification of TUNEL 
assay results obtained using three neonatal (D) and three adult (E) adult clones is shown. Apoptosis in response to 
oxidative stress trends downward in the hypoxia-pre-conditioned group. *P < 0.05, **P < 0.01. Values reported as 
the average ± S.E.M. 
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Figure 6. CPCs experience improvements in invasive ability without a change in developmental status. Invasiveness 
in response to SDF-1α, a chemoattractant, was assessed using the Transwell® invasion assay. In response to SDF-
1α, CPCs invade through matrigel into a reservoir, where they are then stained with calcein AM and measured by 
spectrophotometry in quadruplicate. (A) Quantification of the invasiveness of a representative CPC clone following 
exposure to hypoxia for various lengths of time. A significant increase in cell invasion was noted for each time point, 
with six hours of hypoxia inducing the greatest level of invasive activity. While both neonatal and adult CPCs that 
are pretreated with hypoxia exhibit improved invasiveness (B; n=10), only neonatal CPCs experienced significant 
improvements. RT-PCR was used to examine the effects of short-term hypoxia on the expression of differentiation 
markers present in neonatal (C; n=4) and adult (D; n=3) CPCs. Flow cytometry of propidium iodine-stained CPCs 
revealed no significant change in the cell cycle profile of neonatal (E; n=6) or adult (F; n=9) CPCs following treatment 
with hypoxia. A representative histogram (G) of flow cytometry-based cell cycle analysis. *P < 0.05. Values reported 
as the average ± S.E.M. 
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Prostaglandin receptors 1 and 4 are induced 
in neonatal CPCs after short-term hypoxia 

Previous reports have demonstrated that AKT 
induces prostaglandin receptor (PTGER) 
expression [26], whose ligand, prostaglandin 
E2, has been studied for its ability to promote 
cardiomyocyte replenishment [27]. For this rea-
son, we assessed the effect of hypoxia on pros-
taglandin receptor expression. After six hours 
of hypoxia pre-treatment, neonatal CPCs 
expressed significantly higher levels of PTGER1 
and PTGER4 (n=9, p<0.05; Figure 7A). This was 

not observed in adult CPCs (Figure 7B). Gel 
electrophoresis confirmed the increased 
expression in neonatal CPCs (Figure 7C). 

Discussion

In this study, early CPCs were expanded as 
clonal populations and used as a model to test 
the hypothesis that short-term hypoxia expo-
sure enhances CPC function in vitro. The results 
presented here show that short-term hypoxia is 
a feasible and practical pretreatment that ben-
efits CPC invasive capabilities in vitro.

Figure 7. PTGER induced following short-term hypoxia. Following hypoxia pre-treatment, neonatal (A) and adult (B) 
CPCs were assessed for changes in PTGER1-4 gene expression. Significant changes were observed in neonatal, but 
not adult, PTGER1 and PTGER4 expression, which was confirmed using gel electrophoresis (C). This is supported 
by previous reports and IPA modeling, wherein AKT induces PTGER4 expression, which subsequently induces HIF-
1α expression (D). This prostaglandin-mediated induction of HIF-1α can then promote subsequent hypoxia-like cell 
responses. Data are presented as the average ± S.E.M. *p<0.05; n=9 for each neonatal and adult experiments.
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Recent studies lend credence to the efficacy of 
cardiac stem cell transplants for the ameliora-
tion of cardiac dysfunction in mouse models [7, 
28]. However, improvements in cardiac func-
tion - typically measured using left ventricular 
ejection fraction - are thought to be a result of 
paracrine signaling stemming from the growth 
factors secreted by newly transplanted cells [7, 
29]. Additionally, the functional capabilities of 
CPCs are known to vary greatly between age 
groups with neonatal CPCs consistently outper-
forming their adult counterparts [8]. Hence, the 
administration of autologous CPCs for treat-
ment of the majority of cardiac injuries is limit-
ed and appears to stimulate repair indirectly. 
Cell-based therapies for the human heart - of 
all ages - may be augmented via the use of a 
novel cell type or pre-treatment method, such 
as hypoxic exposure. If pre-conditioning indeed 
improves CPC function, behavior of adult-
derived clones could be improved to reflect that 
of the functionally superior neonatal counter-
parts. Additionally, the supplemental imple-
mentation of novel early CPC populations may 
also aid in the effort to optimize autologous 
cell-based therapies for regeneration of the 
heart.

Once believed to be found mainly within fetal 
progenitor populations [30, 31], early CPCs that 
co-express Isl1 and c-Kit were recently de- 
scribed within endogenous cardiac progenitor 
populations in the adult human heart [8]. Isl1 is 
a transcription factor that is required early in 
development for the survival, proliferation, and 
migration of cardiac progenitors into the pri-
mordial heart and, as a result, the developed 
heart is largely a product of Isl1+ cells [12]. One 
of the most widely studied progenitor cell types, 
however, is the c-Kit+ cardiac progenitor. While 
current clinical trials using c-Kit+ cells show 
promise, the role of c-Kit+ cells in the develop-
ment and regeneration of the heart remains 
controversial [32-36]. The combined benefits of 
using other progenitor cell types, such as those 
characterized by Isl1, cKit, PDGFRA, and KDR, 
and pre-treatment to prepare these transplant-
ed cells for the hypoxic environment of the 
damaged heart, may allow for improved cardiac 
regeneration in vivo.

The idea that preconditioning cells prior to 
transplantation may benefit donor cell function 
in vivo, has gained a significant following in 
recent years [16-18, 37-39]. However, although 

this research is gaining momentum, the genetic 
analysis and functional assays presented in 
this study have never been performed on early 
CPCs co-expressing Isl1 and c-Kit. Using other 
models, previous studies have established that 
hypoxia induces a persistent increase in phos-
phorylation of Akt for up to 24 hours, with the 
effect peaking at six hours [20]. Activation of 
Akt, a versatile kinase that regulates several 
cellular functions, may result in CPC functional 
improvements and enhanced cardiac repair. In 
the present study, enhanced Akt phosphoryla-
tion was indeed observed after only six hours of 
hypoxia. While both age groups displayed 
increased phosphorylation of Akt after the six-
hour time point, only neonatal CPCs exhibited a 
statistically significant increase. Notably, adult 
clones are notoriously difficult to stimulate and, 
in response to SDF-1α after starvation, Akt is 
not phosphorylated. Short-term hypoxic pre-
conditioning, on the other hand, elevated levels 
of phosphorylated Akt in adult CPCs. Hypoxia 
pre-conditioning induces the expression of 
CXCR4, the receptor of SDF-1α [40]. In this way, 
hypoxia pre-conditioning may enhance both 
regenerative potential via Akt pathway activa-
tion while also enhancing its ability to respond 
to paracrine factors secreted by the damaged 
myocardium. 

Nonetheless, hypoxia is a stressor that, as 
demonstrated here, triggers a physiological 
response in CPCs. As oxygen levels decline, the 
mitochondria within a cell increase the produc-
tion of reactive oxygen species [41, 42]. The 
accumulation of such oxygen species after 
short periods of hypoxia has been shown to 
confer resistance against future oxygen short-
ages [43]. However, longer periods of hypoxia 
coincide with excessive accumulation of these 
reactive oxygen species that are known to pro-
mote cell death via caspase activation and 
DNA damage [44-47]. Altogether, chronic oxida-
tive stress has the potential to impair the func-
tional capacity and overall health of a popula-
tion of cells [16]. The extent of this stress 
response in CPCs was evaluated by measuring 
the impact of short-term hypoxia on the expres-
sion of several HSPs. The induction of the heat-
shock pathway during hypoxia has been well 
documented in other cell types [48]. Both neo-
natal and adult CPCs exhibited a trend towards 
hypoxia-mediated activation of several heat 
shock proteins. HSP40 is known to repair pro-
teins denatured by hypoxic stress and supports 
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HSP70 function [49, 50]. A deep proteomic 
analysis of the secretome of neonatal and adult 
CPCs found several HSPs, including HSP70 and 
HSP90, to be highly represented in the secre-
tome of neonatal CPCs [51]. They found that 
this may be integral to the high proliferative 
capacity of neonatal CPCs. Indeed, other stud-
ies have found that HSP70 has been shown to 
stimulate growth in both adult mesenchymal 
stem [52] and mouse mesoangioblast stem 
cells [53]. Meanwhile, HSP90 directly interacts 
with Akt to help maintain its phosphorylated 
state [54-56] and associates with the alpha 
subunit of HIF-1 to protect it from degradation 
[57]. HIF-1 is a transcription factor that is 
induced by hypoxia-mediated shifts in HIF-1α 
expression, is stabilized by ROS, and is ulti-
mately responsible for adaptation to hypoxic 
stress [58, 59]. Interestingly, the activation of 
prostaglandin receptor 4, whose expression is 
induced under hypoxic conditions, promotes 
HIF-1 translocation to the nucleus, thereby fur-
ther augmenting the AKT-mediated effects of 
hypoxia [60, 61]. Future studies should consid-
er the effects of co-treating CPCs with prosta-
glandin E2, the ligand of prostaglandin receptor 
4, and hypoxia. It is possible that the AKT-
mediated effects of hypoxia are augmented by 
prostaglandin E2 treatment, which may be an 
avenue to further pre-treat adult CPCs for use 
in myocardial repair.

Accordingly, pro-survival gene expression was 
found to be significantly upregulated in hypoxic 
CPCs. Bcl-2 encodes its mitochondrial protein 
counterpart that inhibits apoptosis and extends 
the survival of cells [62, 63]. Preconditioned 
CPCs displayed a dramatic increase in tran-
scripts encoding Hmox1, a pro-survival gene 
that becomes upregulated in response to hy- 
poxia and affords protection against future oxi-
dative damage [64]. Although a significant dif-
ference in apoptosis was not observed, hy- 
poxia-preconditioned CPCs indeed exhibited 
significantly enhanced invasion capabilities wh- 
en compared to their normoxic counterparts. 
Similarly, pretreated CPCs displayed signifi-
cantly improved chemotaxis in response to 
SDF-1α [15, 16, 18, 40].

Depending on the cell type, however, hypoxic 
exposure may either enhance proliferation [16, 
19, 65, 66], lead to G1 arrest [67, 68], or influ-
ence the differentiation process [19, 68, 69]. 
After treatment with hypoxia, human mesen-
chymal stem cells acquire enhanced prolifera-

tive abilities [66] while, on the other hand, 
murine embryonic fibroblasts encounter G1 
arrest [70]. Since the length of exposure to 
hypoxia may influence cell cycle progression, 
the timeframe for enhancing cellular function 
using hypoxia must be optimized to achieve the 
desired effect. Ideally, in the early stages after 
transplantation, donor cells must survive, con-
tinue to divide, migrate to the damaged myo-
cardium, and remain multipotent as they en- 
graft. CPCs indeed migrate more readily, prog-
ress normally through the cell cycle, and retain 
expression of markers of an early cardiac phe-
notype after short-term hypoxic treatment. 
While PDGFRA expression increased, it likely is 
involved in Akt activation [71] rather than in 
developmental changes in the context of hypox-
ia pre-treatment since the cell cycle profile 
remained unchanged. Furthermore, the fate of 
other cell types appears to be influenced, at 
least in part, by PTGER4 receptor activation 
[72, 73]. Similarly, the increased expression of 
PTGER4 by hypoxia may contribute to the main-
tenance of pluripotency in neonatal CPCs. The 
results reported herein using CPC clones sug-
gest that pretreatment with short-term hypoxia 
can enhance the functional efficacy of cardio-
vascular stem cell transplantation for the repair 
of the heart. 

In conclusion, short-term hypoxia, as a pretreat-
ment, is a viable approach for supporting cell 
survival and enhancing migratory capabilities 
in CPCs, possibly through enhanced Akt signal-
ing. These findings, if implemented in vivo, may 
improve cardiac repair after infarction. There- 
fore, hypoxia-preconditioned CPCs warrant fur-
ther investigation in animal models. These 
positive effects of short-term hypoxia include: 
1) increased Akt phosphorylation and signal-
ing, which supports several pro-survival and 
developmental processes; and 2) enhanced 
chemotaxis, which would render the cells more 
likely to reach damaged tissues and success-
fully engraft. Future experiments, comparing in 
vivo cellular performance and additional pre-
treatment methods for CPCs, are planned to 
validate the efficacy of short-term hypoxia as a 
part of an effective pretreatment strategy to 
optimize cell-based repair.
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Table S1. Primer pairs used in RT-PCR (reported 5’ to 3’)
Gene Forward sequence Reverse sequence
ACTIN TTTGAATGATGAGCCTTCGTCCCC GTCTCAAGTCAGTGTACAGGTAAGC
BCL2 TGCACCTGACGCCCTTCAC AGACAGCCAGGAGAAATCAAACAG
CCND1 TGCTGGAGTCAAGCCTGCGC AGGACATGCACACGGGCACG
HMOX1 CTCTCGAGCGTCCTCA ACTATCAGACAATGTTGT
HSP40 TTTTCGGAGGGTCCAACCCCT TCTTGTTTGAGGCGGGATGGCC
HSP70 TGACCAAGATGAAGGAGATCG GTCAAAGATGAGCACGTTGC
HSP90 GGATTTGAGGGGAAGA TGAGCTTTCATGATTC
JUN GTCCGCACTGATCCGCTCCG GGGCTGCGCGCACAAGTTTC
MYC AAGACAGCGGCAGCCCGAAC TGGGCGAGCTGCTGTCGTTG
PDGFRA GCGCAATCTGGACACTGGGA ATGGGGTACTGCCAGCTCAC
PIK3CA AACAATGCCTCCACGACCAT TCACGGTTGCCTACTGGTTC
POU5F1 (OCT-4) AACCTGGAGTTTGTGCCAGGGTTT TGAACTTCACCTTCCCTCCAACCA
PTGER1 CTTGTCGGTATCATGGTGGTGTC GGTTGTGCTTAGAAGTGGCTGAGG
PTGER2 ATGGGCAATGCCTCCAATGAC GCACGCGCGGCTCTCGGGCGCCAG
PTGER3 GCATAACTGGGGCAACCTTTTCTTCGCC CTTAACAGCAGGTAAACCCAAGGATCC
PTGER4 CGCTGTCCTCCCGCAGACGA CCACCCCGAAGATGAACATC
RELA GCGAGAGGAGCACAGATACC GGGGTTGTTGTTGGTCTGGA
T (Brachyury) ACTGGATGAAGGCTCCCGTCTCCTT CCAAGGCTGGACCAATTGTCATGGG


