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Abstract. Gene expression profiles of CD133-positive cells 
from patients with coronary artery disease (CAD) were 
analyzed to identify key genes associated with cardiac therapy. 
Furthermore, the effect of exercise on gene expression was 
also investigated. Gene expression data set (accession number: 
GSE18608) was downloaded from the Gene Expression 
Omnibus, including blood samples from four healthy subjects 
(H), and from 10 patients with coronary artery disease at 
baseline (B) and after 3 months (3M) of exercise. Differential 
analysis was performed for H vs. B and H vs. 3M using limma 
package of R. Two-way cluster analysis was performed using 
the expression levels of the differentially expressed genes 
(DEGs) by package pheatmap of R. Functional enrichment 
analysis was applied on the DEGs using the Database for 
Annotation, Visualization and Integrated Discovery. Relevant 
small molecules were predicted using the Connectivity map 
database (cMap). A total of 131 and 71 DEGs were identi-
fied in patients with CAD prior to and following 3 months 
of exercise. The two groups of DEGs were compared and 
44 genes overlapped. In cluster analysis with the expression 
levels of the common DEGs, patients with CAD could be well 
separated from the healthy controls. Functional enrichment 
analysis showed that response to peptide hormone stimulus 
and anti-apoptosis pathways were significantly enriched in the 
common DEGs. A total of 12 relevant small molecules were 
revealed by cMap based upon the expression levels of common 
DEGs, such as 5252917 and MG-262. Three months of exer-
cise in part normalized the gene expression in CAD patients. 

The genes not altered by exercise may be the targets of small 
molecules, such as 5252917 and MG-262.

Introduction

Coronary artery disease (CAD) is the most common type 
of heart disease and cause of heart attacks. Despite the 
improvement of pharmacological therapy and coronary 
revascularization procedures, there remains a requirement for 
novel therapeutic approaches (1,2). Stimulation of vascular 
and cardiac repair mechanisms, such as those mediated by 
stem/progenitor cells, has become a focus of cardiovascular 
research (3).

Experimental and clinical studies have suggested the 
feasibility and safety of cell-based therapies in patients with 
ischemic cardiomyopathy (4,5). To date, different autologous 
adult stem and progenitor cells, in particular several subtypes 
of bone marrow-derived cells, isolated adipose tissue-derived 
and cardiac-derived stem/progenitor cells have gained atten-
tion from researchers. CD133-positive cells have shown 
the ability to home to injured myocardium (6) and promote 
cardiac recovery (7-9). The molecular mechanisms under-
lying the cardiac repair process mediated by CD133-positive 
cells have also been investigated. Ahmadi et al (8) suggested 
that they may induce myogenesis as well as angiogenesis. 
Bonanno et al (10) reported that CD133-positive cells differ-
entiate into endothelial- and cardiomyocyte-like cells in vitro. 
However, several studies have reported that the numbers of 
bone marrow-derived progenitor cells with endothelial differ-
entiation potential are reduced in patients with CAD (11,12). 
Therefore, it is necessary to determine the impact of CAD 
on the gene expression of CD133-positive cells, which may 
advance the understanding regarding the potential therapeutic 
mechanism of CD133-positive cells.

Although Liu et al (13) determined certain alterations in 
the gene expression of CD133-positive progenitor cells from 
CAD patients, the present study aimed to obtain more infor-
mation via currently available bioinformatic tools, such as 
cluster analysis and functional enrichment analysis. Relevant 
small molecules were also predicted, which could provide 
clues for future drug development. In addition, the effect of 
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exercise on the gene expression of CD133-positive cells was 
also investigated.

Materials and methods

Gene expression data. Gene expression data set (accession 
number GSE18608) (13) was downloaded from public Gene 
Expression Omnibus database (GEO, http://www.ncbi.nlm.
nih.gov/geo/). This dataset included blood samples from 
four healthy subjects (H), and from 10 patients with coronary 
artery disease at baseline (B) and after 3 months of exer-
cise (3M), which was used for isolation of CD133-positive 
cells. Gene expression levels were measured using GPL570 
[HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 
2.0 Array (Affymetrix Inc., Santa Clara, CA, USA). Probe 
annotations were also acquired. 

Pre‑treatment and differential analysis. The 54,675 probes 
were all mapped to genes. A log2 transformation was applied 
on the gene expression levels (14). Differential analysis was 
performed for H vs. B and H vs. 3M using limma (Linear 
Models for Microarray Analysis) (15) package of Bioconductor 
R (available at http://www.bioconductor.org/packages/release/
bioc/html/ limma.html). Multiple testing correction using the 
Benjamini-Hochberg method (16) was performed to adjust the 
P-value to the false discovery rate (FDR). FDR<0.25 was set as 
the cut-off to screen for the significant DEGs.

DEGs of H vs. B were compared with those of H vs. 3M to 
screen out unique genes differentially expressed prior to and 
following exercise. In addition, Student's t-test was performed 
for unique DEGs between the groups. P<0.05 was set as the 
cut-off.

Cluster analysis. Two-way cluster analysis was performed using 
the expression levels of the DEGs by package pheatmap (17) 
in statistical software R (R version, 2.15, pheatmap version, 
0.6.1; R Core Team, Vienna, Austria). Euclidean distance was 
adopted to cluster the genes and produce the dendrograms.

Functional enrichment analysis. Functional enrichment 
analysis was performed for the DEGs using Database for 
Annotation, Visualization and Integration Discovery (DAVID, 
http://david.abcc.ncifcrf.gov/) (18) online tools. The statistical 
method was performed based upon the hypergeometric distri-
bution. P<0.05 was selected as the cut-off.

Prediction of relevant small molecules. Connectivity map 
database (CMap; http://broad.mit.edu.rpa.skh.org.tw:81/cmap) 
is designed to link gene patterns associated with disease to 
corresponding patterns produced by drug candidates (19,20). 
Relevant small molecules were predicted using the DEGs of H 
vs. 3M and those with |score| >0.8 were retained.

Results

Differentially expressed genes. Normalized gene expression 
data are shown in Fig. 1. A total of 131 and 71 DEGs were 
identified in patients with CAD prior to and following exer-
cise, respectively. Fewer DEGs were observed in patients after 
3 months of exercise. The two groups of DEGs were compared 
and 44 common genes were identified (Fig. 2A).

A t-test was performed using the expression levels of the 
DEGs for H vs. B and H vs. 3M (Fig. 3 and Table I). The 
difference was significant, which confirmed the reliability of 
the DEGs.

Cluster analysis result. The cluster analysis result is shown in 
Fig. 2B. CAD samples could be well separated from healthy 
controls, confirming the reliability of the DEGs. In addition, 
CAD samples prior to and following exercise were clustered into 
one group with expression levels of common DEGs, suggesting 
that 3 months of exercise would not bring significant improve-
ments in patients and further drug treatment may be required.

Functional enrichment analysis. Functional enrichment anal-
ysis showed that response to peptide hormone stimulus was 
most significantly enriched in the common DEGs (Table II), 

Figure 1. Box plots for normalized gene expression data. Healthy (H) samples are in blue, while coronary artery disease samples prior to (B) and following 
3 months of exercise (3-M) are shown in pink and orange, respectively. Black lines in the boxes represent medians.
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including protein kinase C α (PRKCA), protein kinase C ι 
(PRKCI) and phosphodiesterase 3B (PDE3B). In addition, 
anti-apoptosis and regulation of glucose transport pathways 
were also significantly over-represented by the common DEGs.

Relevant small molecules. A total of 12 relevant small 
molecules were revealed by CMap based upon the expression 
levels of common DEGs (Table III). 5252917 [corresponding 
to N-(2-benzooxazol-2-yl-phenyl) -4-methyl-benzenesulfon-
amide] was the most negatively correlated small molecule.

Discussion

In the present study, a total of 131 and 71 DEGs were identi-
fied in patients with CAD prior to and following 3 months of 
exercise. The fewer DEGs identified after 3 months of exer-
cise suggested that exercise may normalize the expression of 
certain genes in CD133-positive cells collected from patients 
with CAD. However, further comparative study indicated 
44 common genes prior to and following 3 months of exer cise, 
illustrating that these genes were not altered by exer cise and 
further treatment for these genes is necessary. 

Functional enrichment analysis showed that response to 
peptide hormone stimulus was the most significant functional 
term enriched in the common DEGs, including PRKCA, 
PRKCI, and PDE3B. Protein kinase C (PKC) is a family of 
serine- and threonine-specific protein kinases that can be 
activated by calcium and the second messenger diacylglyc-
erol. PKC family members phosphorylate a wide variety of 
protein targets and are known to be involved in diverse cellular 
signaling pathways. Braz et al (21) first reported that PRKCA 
regulates cardiac contractility and propensity towards heart 
failure. Hambleton et al (22) further indicated that inducible 
and myocyte-specific inhibition of PRKCA enhances cardiac 
contractility and protects against infarction-induced heart 

Figure 2. (A) Venn diagram describing the number of differentially expressed genes in patients with coronary artery disease prior to (H-B) and following 3 
months of exercise (H-3M). (B) Heatmap demonstrates hierarchical clustering analysis result based on the common differentially expressed genes. (C) Box 
plot for the expression levels of the common differentially expressed genes among the three groups.

  C  B  A

Figure 3. Box plots for expression levels of the unique differentially expressed genes (A) in patients with coronary artery disease prior to exercise and (B) in 
patients with coronary artery disease after 3 months of exercise.

  B  A

Table I. Student's t-test result based upon the expression levels 
of differentially expressed genes.

Comparison Baseline specific 3M specific Common

H vs. B 8.82E-05 4.81-04 4.21E-03
H vs. 3M 6.15E-04 1.70E-04 5.36E-02

H, healthy controls; B, patients with coronary artery disease before 
exercise; 3M, patients with coronary artery disease after 3 months 
of exercise.
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failure. Hambleton (23) drew a similar conclusion. PRKCI is 
involved in the regulation of myocardial coherence and remod-
eling during cardiac morphogenesis (24). Phosphodiesterase 
type 3 (PDE3) is an important regulator of cAMP-mediated 
responses within the cardiovascular system. Sun et al (25) 
indicated that PDE3A is the main subtype of PDE3 expressed 
in platelets and cardiac ventricular myocytes, and is respon-
sible for the functional changes caused by PDE3 inhibition. 
PDE3B may exhibit a different role in the cardiovascular 
system, however, further studies are required to determine 
this. Apoptosis is important in cardiovascular diseases, such 
as atherosclerosis, ischemic heart disease and congestive heart 
failure. It was demonstrated that three DEGs were involved 
in anti-apoptosis pathways: Serpin B9 (SERPINB9), PRKCI 
and DNA polymerase β. SERPINB9 is a member of the serpin 
family that has been found to be an intrinsic inhibitor of 
granzyme B, which is associated with apoptosis and thus is 
involved in cardiovascular diseases (26). A protective role of 
SERPINB9 against apoptosis has been reported in in vivo and 
in vitro models (27,28). All of these findings suggest that the 
above genes involved in hormone response and apoptosis may 
serve as crucial therapeutic targets for CAD.

To further examine the underlying treatment approaches 
for the 44 genes, which were not altered by exercise, the 
CMap database was used to predict the small molecules. As 

a result, 12 small molecules were obtained, such as 5252917 
and MG-262. 5252917 was previously described as a mitotic 
inhibitor and thus induces cell apoptosis (29), and MG-262 
is a proteasome inhibitor (30). Zheng et al (31) indicated that 
pharmacologically induced proteasome inhibition is sufficient 
to activate autophagy in cardiomyocytes. Stangl et al (32) 
reported that inhibition of the ubiquitin-proteasome pathway 
induces differential heat shock protein responses in cardio-
myocytes and results in early cardiac protection. These studies 
suggest that proteasome inhibitors may be used in the treat-
ment of cardiovascular diseases.

In conclusion, a number of DEGs were revealed in 
CD133-positive cells obtained from patients with CAD. These 
findings may advance the understanding of the molecular 
mechanisms underlying cardiac repair and thus benefit 
cell-based therapy development. Exercise showed a positive 
effect on the gene expression of CD133-positive cells, but did 
not completely reverse it. The non-altered genes may require 
treatment with small molecules drugs..

Acknowledgements

The authors wish to thank Fenghe (Shanghai) Information 
Technology Co., Ltd (Shanghai, China) for their ideas and 
help, which gave a valuable added dimension to our research.

Table II. Functional enrichment analysis result for the common differentially expressed genes.

Term Count P-value Genes

GO:0043434~response to peptide hormone stimulus 3 1.57E-02 PRKCA, PRKCI, PDE3B
GO:0006916~anti-apoptosis 3 2.70E-02 SERPINB9, PRKCI, POLB
GO:0046324~regulation of glucose import 2 4.07E-02 PRKCA, PRKCI
GO:0010827~regulation of glucose transport 2 4.19E-02 PRKCA, PRKCI
GO:0009187~cyclic nucleotide metabolic process 2 4.67E-02 PDE3B, GUCY1A3
GO:0019899~enzyme binding 4 1.37E-02 PDE3B, NBEA, POLB, GGA2

PRKCA, protein kinase C α; PRKCI, protein kinase C ι; PDE3B, phosphodiesterase 3B; SERPINB9, Serpin B9.

Table III. Relevant small molecules.

CMap name Enrichment P-value

5252917 -0.98 6.80E-04
MG-262 -0.91 1.30E-03
DL-thiorphan -0.90 1.91E-02
Biotin -0.90 2.08E-03
CP-944629 -0.86 6.80E-04
AH-6809 -0.86 4.15E-02
5230742 -0.85 4.58E-02
Alsterpaullone -0.82 1.17E-02
PNU-0251126 -0.80 1.40E-04
Alfadolone 0.82 1.20E-02
Ketoconazole 0.82 1.93E-03
5211181 0.92 1.37E-02
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