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A comparative analysis of gene expression profiles between early and advanced 
carotid atherosclerotic plaque was performed to identify key genes and pathways 
involved in the progression of carotid atherosclerotic plaque. Gene expression 
data set GSE28829 was downloaded from Gene Expression Omnibus, including 13 
early and 16 advanced atherosclerotic plaque samples from human carotid. Dif-
ferentially expressed genes (DEGs) were identified using the package limma of 
R. Principal component analysis was carried out for the DEGs with package rgl 
of R. A gene coexpression network was constructed with information from 
COXPRESdb and then visualized with Cytoscape. Functional enrichment analy-
sis was performed with DAVID and pathway enrichment analysis was done with 
KEGG. A total of 319 DEGs were identified in the advanced atherosclerotic 
plaque samples compared with early atherosclerotic plaque samples, including 267 
up-regulated genes and 52 down-regulated genes. In the gene coexpression net-
work, TYRO protein tyrosine kinase binding protein was the hub gene with a 
degree of 23. Functional enrichment analysis and pathway enrichment analysis 
suggested that the immune response played a critical role in the progression of 
carotid atherosclerotic plaque. A number of key genes were revealed in carotid 
atherosclerotic plaque, and are potential biomarkers for diagnosis or treatment.
These findings may also guide future research to better decipher the progression 
of atherosclerosis.
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INTRODUCTION

Atherosclerosis is a chronic immunoinflammatory dis-
ease elicited by the accumulation of lipids, inflammatory 
cells, smooth muscle cells, and extracellular matrix in the 
arterial intima (Galkina and Ley, 2009). Chronically 
expanding atherosclerotic plaque can occlude arteries 
completely and thus lead to severe outcomes, such as 
infarction and stroke (Li et al., 2010; Polak et al., 2011).
In addition, carotid atherosclerosis is associated with a 
high risk of developing coronary heart disease (Hallerstam 

et al., 2004). These complications of atherosclerosis cause 
high mortality and a heavy economical burden. Thus, it 
is necessary to discover biomarkers for early diagnosis or 
treatment of atherosclerosis.

Cytokines, such as interleukin-10 (Hansson et al., 2002; 
Pinderski et al., 2002) and transforming growth factor-β
(Mallat et al., 2001; Grainger, 2004), within atheroscle-
rotic plaque play a key role in both the development and 
progression of atherosclerosis. Cytokines provoke mono-
cyte/lymphocyte recruitment and infiltration into the sub-
endothelium (Frieri, 2012). Targeted deletion of genes 
encoding costimulatory factors and proinflammatory 
cytokines results in milder disease symptoms in mouse 
models, whereas interference with regulatory immunity 
accelerates disease (Hansson and Hermansson, 2011).
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Besides, growing evidence supports the critical role of oxi-
dative stress in atherosclerosis (Singh and Jialal, 2006; 
Bonomini et al., 2008; Victor et al., 2009). A main source 
of reactive oxygen species in vascular cells is the reduced 
nicotinamide adenine dinucleotide/nicotinamide adenine 
dinucleotide phosphate oxidase system (Sorescu et al., 
2001; Sheehan et al., 2011). However, the mechanisms 
contributing to the formation of atherosclerotic plaque 
remain poorly understood.

To globally identify key genes and pathways associated 
with atherosclerotic plaque, especially those contributing 
to its progression, a comparative analysis of gene expres-
sion profiles between early and advanced carotid athero-
sclerotic plaque was performed with various bioinformatic 
tools. Using the same gene expression profiles, Döring et 
al. (2012) identified an increase in expression of the plas-
macytoid dendritic cell marker LL37 in advanced carotid 
artery specimens compared with early lesions, but the 
gene’s function and its interaction remain uninvestigated.
We aimed to further screen differentially expressed genes 
(DEGs) between advanced and early carotid artery lesions 
and explore their underlying function by Gene Ontology 
(GO) and pathway enrichment analysis. A gene coex-
pression network was also constructed with information 
from COXPRESdb. These findings may advance our 
understanding of the pathogenesis of atherosclerotic 
plaque and provide potential biomarkers for early diagno-
sis or treatment of atherosclerotic plaque.

MATERIALS AND METHODS

Gene expression data A gene expression data set 
(accession number GSE28829) deposited by Döring et al. 
(2012), based on the GPL570 [HG-U133_Plus_2] Affyme-
trix Human Genome U133 Plus 2.0 Array platform 
(Affymetrix, Santa Clara, CA, USA), was downloaded 
from Gene Expression Omnibus. Annotation files were 
also acquired. GSE28829 includes 13 early and 16 
advanced atherosclerotic plaque samples from human 
carotid from the Maastricht Pathology Tissue Collection.

Pretreatment and differential analysis Probes were 
mapped to genes and we normalized the microarray data 
using the Support Vector Regression method (Fujita et 
al., 2006). Differential analysis between early and 
advanced atherosclerotic plaque was performed using the 
package limma (Smyth, 2005) of R. Multiple testing cor-
rection was performed using the Benjamini & Hochberg 
method (Benjamini and Hochberg, 1995; Reiner-Benaim, 
2007). False discovery rate (FDR) < 0.05 and |log2Fold 
Change (FC)| > 1 were set as the thresholds for selecting 
DEGs.

Principal component analysis (PCA) PCA is a com-
monly used clustering algorithm that can minimize errors 

by simplifying the multivariate data matrix (Abdi and 
Williams, 2010). In the present study, PCA was carried 
out using the function prcomp in the package rgl (Adler 
and Murdoch, 2012) of R.

Construction of gene coexpression networks Co-
regulation of genes by the same transcription factor is 
termed gene coexpression. Coexpressed genes may have 
closely related biological functions. In the present study, 
DEGs were divided into two groups, up-regulated and 
down-regulated genes. Gene coexpression networks 
were constructed with information from COXPRESdb 
(Obayashi et al., 2008), and were then visualized with 
Cytoscape (Smoot et al., 2011). Coexpression with score 
> 0.8 was retained in the networks.

GO enrichment analysis Functional enrichment analy-
sis is helpful in revealing altered biological functions. In 
the present study, functional enrichment analysis was 
applied to the DEGs using DAVID (Database for Annota-
tion, Visualization and Integration Discovery, http://
david.abcc.ncifcrf.gov/) (Huang et al., 2008). FDR < 0.05 
was set as the cut-off for selecting significantly enriched 
functional terms.

Pathway enrichment analysis Pathway enrichment 
analysis was performed using GenMapp from Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa 
et al., 2004, 2006). FDR < 0.05 was set as the cut-off for 
selecting significantly over-represented pathways.

RESULTS

Differentially expressed genes After data pretreat-
ment (Fig. 1), 42,450 genes were obtained from the raw 
data. In comparison to early atherosclerotic plaque, a 
total of 319 DEGs (FDR < 0.05 and |log2FC| > 1) were 
identified in advanced atherosclerotic plaque, comprising 
267 up-regulated genes and 52 down-regulated genes.

PCA The PCA result is shown in Fig. 2. Axes repre-
sented functional values, and each column value could be 
regarded as a factor. The factors were then arranged 
according to their effects, and the top three factors were 
used as axes of a three-dimensional diagram. The three 
factors could well separate early carotid atherosclerotic 
plaque samples from advanced carotid atherosclerotic 
plaque samples, suggesting the validity of the DEGs 
between the two groups of carotid atherosclerotic plaque 
samples.

Gene coexpression network of the DEGs A total of 
84 coexpressions (score > 0.8) were revealed in the DEGs 
by COXPRESdb. They were all up-regulated genes.
The network was visualized by Cytoscape (Fig. 3), and 
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consists of 48 nodes including CD14, CD163 and comple-
ment component 1, q subcomponent, chains A, B and C 
(C1QA, C1QB and C1QC, respectively), as well as 84 
edges. The hub gene was TYRO protein tyrosine kinase 
binding protein (TYROBP) with a degree (the number of 
interactions between genes) value of 23.

Functional enrichment analysis Functional enrich-
ment analysis was applied to the genes from the gene 
coexpression network using DAVID. The top 10 gene 
ontology (GO) terms are listed in Table 1, including 
immune response, defense response and adaptive 
immune response. All three of these GO terms are 
closely related to immunity.

Pathway enrichment analysis Pathway enrichment 
analysis was performed for the genes from the gene coex-
pression network using GenMApp from KEGG. Only 
one significant pathway was revealed: antigen processing 
and presentation (hsa04612, FDR = 0.019). Six genes
were involved in this pathway: interferon gamma-inducible 
protein 30 (IFI30), cathepsin S (CTSS), major histocom-

Fig. 1. Box plots for the normalized gene expression data. The x-axis represents 13 early (blue, GSM714086-
GSM714098) and 16 advanced (red, GSM714070-GSM714085) atherosclerotic plaque samples, and the y-axis rep-
resents the gene expression level in the samples. The black lines in the boxes represent medians and they are 
almost at the same level, suggesting a good performance of normalization.

Fig. 2. Result of PCA analysis of the differentially expressed 
genes. Early and advanced carotid atherosclerotic plaque sam-
ples are in red and green, respectively. PC1 and PC2 represent 
the first two principal components.
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patibility complex class II DM beta (HLA-DMB), HLA-
DMA, CD74, and HLA class II histocompatibility antigen 
DR alpha chain (HLA-DRA). This pathway is also 
closely associated with the immune response. Both func-
tional enrichment analysis and pathway enrichment 

analysis showed that the immune response plays an 
important role in the development of atherosclerotic 
plaque.

Fig. 3. The gene coexpression networks of the differentially expressed genes.

Table 1. Gene Ontology terms significantly enriched in the genes from the coexpression network

Term Count FDR

GO:0006955~immune response 18 7.11E-11

GO:0002252~immune effector process 10 3.28E-08

GO:0006952~defense response 15 7.60E-08

GO:0002443~leukocyte mediated immunity  8 1.82E-06

GO:0050778~positive regulation of immune response  9 2.36E-06

GO:0016064~immunoglobulin mediated immune response  7 4.60E-06

GO:0002684~positive regulation of immune system process 10 5.50E-06

GO:0019724~B cell mediated immunity  7 5.76E-06

GO:0002449~lymphocyte mediated immunity  7 2.27E-05

GO:0002250~adaptive immune response  7 4.06E-05

GO: Gene Ontology; FDR: false discovery rate.
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DISCUSSION

In the present study, a total of 319 DEGs were identi-
fied in advanced carotid atherosclerotic plaque compared 
with early carotid atherosclerotic plaque, including 267 
up-regulated genes and 52 down-regulated genes. The 
PCA result confirmed that these DEGs could well distin-
guish advanced atherosclerotic plaque from early athero-
sclerotic plaque, i.e., these genes exhibited differential 
expression during the progression of atherosclerotic 
plaque. Functional enrichment analysis revealed that 
the immune response was over-represented in the 
DEGs. Pathway enrichment analysis showed that anti-
gen processing and presentation played an important role 
in the development of atherosclerotic plaque. This was 
consistent with previous findings that the immune 
response plays a critical role in the pathogenesis of 
atherosclerosis (Hansson and Libby, 2006; Hansson and 
Hermansson, 2011). Some DEGs have been implicated 
in atherosclerosis. CTSS is a lysosomal cysteine protei-
nase that may participate in the degradation of antigenic 
proteins to peptides for presentation on MHC class II 
molecules. CTSS has been implicated in the pathogene-
sis of atherosclerosis and it is overexpressed in athero-
sclerotic lesions (Sukhova et al., 1998). A study by Cerne 
et al. (2011) indicates that CTSS-mediated atherogenesis 
is associated with a CD40-mediated inflammatory and 
immune response. Inhibition of CTSS decreases athero-
sclerotic lesions in mice, suggesting a potential therapy 
for atherosclerotic plaque. CD74 participates in several 
key processes of the immune system, including antigen 
presentation, B-cell differentiation and inflammatory sig-
naling (Borghese and Clanchy, 2011). Its level is 
increased in atherosclerotic plaque (Martín-Ventura et 
al., 2009), enhancing the inflammatory response and thus 
promoting the formation of atherosclerotic plaque.
Therefore, it may be a novel therapeutic target. Comple-
ment C1q is involved in apoptotic cell removal (Ogden et 
al., 2001) and thus contributes to containing the size and 
complexity of early lesions in atherosclerosis (Bhatia et 
al., 2007). All three members of C1q (C1QA, C1QB and 
C1QC) showed differential expression between early and 
advanced atherosclerotic plaque. They may therefore be 
indicators, reflecting the size and complexity of the 
plaque. Moreover, CD14 polymorphisms have been asso-
ciated with atherosclerosis (Vainas et al., 2006). CD163 
is a plasma marker of coronary atherosclerosis, positively 
correlated with the extent of coronary atherosclerosis 
(Aristoteli et al., 2006). Moreno et al. (2009) reported 
that the CD163-TWEAK (tumor necrosis factor-like weak 
inducer of apoptosis) plasma level is a potential bio-
marker of clinical and subclinical atherosclerosis. There-
fore, DEGs identified in the present study are worthy of 
future studies and may reveal more potential biomarkers.

A gene coexpression network was constructed for the 

DEGs, revealing TYROBP as the hub gene. TYROBP 
(also known as DAP12) is a transmembrane signaling 
polypeptide which contains an immunoreceptor tyrosine-
based activation motif. It plays a role in the inflamma-
tory response (Turnbull et al., 2005) and the immune 
response (Lanier, 2009), and can interact with a large 
family of receptors in hematopoietic cells. It is reported 
that TYROBP can either activate or inhibit immune 
responses via different signaling pathways (Lanier, 
2009). A study by Bakker et al. (2000) showed that 
DAP12 signaling is required for optimal antigen-present-
ing cell function or inflammation. Further research is 
needed to disclose its role in plaque formation.

Overall, our study further demonstrated the critical 
role of the immune response in the progression of athero-
sclerotic plaque. Some DEGs are therapeutic targets, 
such as CTSS and CD74. Future research on these and 
other relevant genes (according to the gene coexpression 
network) should advance our understanding of the devel-
opment of plaque, and subsequently benefit early diagno-
sis or treatment.
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