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Integrative gene ontology and network analysis of
coronary artery disease associated genes suggests
potential role of ErbB pathway gene EGFR
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Abstract. Coronary artery disease (CAD) is a major cause
of mortality in India, more importantly the young Indians.
Combinatorial and integrative approaches to evaluate pathways
and genes to gain an improved understanding and potential
biomarkers for risk assessment are required. Therefore, 608
genes from the CADgene database version 2.0, classified into
12 functional classes representing the atherosclerotic disease
process, were analyzed. Homology analysis of the unique list
of gene ontologies (GO) from each functional class gave 8 GO
terms represented in 11 and 10 functional classes. Using disease
ontology analysis 80 genes belonging to 8 GO terms, using
FunDO suggested that 29 of them were identified to be associ-
ated with CAD. Extended network analysis of these genes using
STRING version 9.1 gave 328 nodes and 4,525 interactions of
which the top 5% had a node degree of =75 associated with
pathways including the ErbB signaling pathway with epidermal
growth factor receptor (EGFR) gene as the central hub.
Evaluation of EFGR protein levels in age and gender-matched
342 CAD patients vs. 342 control subjects demonstrated
significant differences [controls=149.76+2.47 pg/ml and CAD
patients stratified into stable angina (SA)=161.65+3.40 pg/ml
and myocardial infarction (MI)=171.51+4.26 pg/ml]. Logistic
regression analysis suggested that increased EGFR levels
exhibit 3-fold higher risk of CAD [odds ratio (OR) 3.51, 95%
confidence interval [CI] 1.96-6.28, P<0.001], upon adjustment
for hypertension, diabetes and smoking. A unit increase in
EGFR levels increased the risk by 2-fold for SA (OR 2.58,
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95% CI 1.25-5.33, P=0.01) and 3.8-fold for MI (OR 3.82,
95% CI 1.94-7.52, P<0.001) following adjustment. Thus, the
use of ontology mapping and network analysis in an integra-
tive manner aids in the prioritization of biomarkers of complex
disease.

Introduction

Coronary artery disease (CAD) is a complex multifacto-
rial condition and is considered to be the leading cause of
morbidity and mortality worldwide (1). CAD is particularly
prevalent in India, where the prevalence of CAD has increased
4-fold in the last 40 years (2). Various clinical risk factors,
including hypertension, diabetes, metabolic disorder, lifestyle,
dyslipidemia and heredity are accepted as contributing to this
rising threat to public health in India (3). Several genome-wide
associations and global gene expression studies have been
performed to improve the understanding of the underlying
causal factors for CAD (4-6). The resulting data from these
studies have confirmed the association of hundreds of genes.
However, biological validation of all the genes is impractical
and identifying individual disease-specific genes from these
complex data sets is difficult. However, the use of informatic
approaches may aid the prioritization of molecules that may
have biological and functional relevance to CAD.

Therefore, network-based approaches have been exten-
sively used for candidate gene prioritization, prioritizing drug
targets and identification of regulatory genes (7-10). Network
approaches use protein-protein interaction (PPI) to identify the
inter-dependencies between biological functions and this aids
in the identification of molecules associated with the pheno-
type. Previous studies used novel network-based approaches to
identify key genes involved in cardiovascular diseases (9,11-13).
These studies have used genome-wide association studies
or gene expression profiles along with network analysis to
comprehensively explain the cardiovascular disease process. A
study conducted by Makinen ef al (9) and a recent study by
Zhao et al (10) used an integrative approach to identify novel
biological processes and their key regulatory genes in CAD.
Alexander et al (14) used network centrality measures, such as
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node degree, shortest path, and clustering coefficient to predict
the candidate biomarker. The Approach for Candidate Gene
Retrieval method by Yilmaz ez al (15) was developed to unravel
the gene-disease associations and for selection of candidate
genes. In this approach, a similarity value is assigned to each
gene based on the number of gene ontology (GO) terms shared
between diseases. Thus, prompted by all these studies, the
present study integrated GO term and network based approach
for candidate gene prioritization followed by validation of the
key protein on a case-control cohort.

In the current study of biomarker prioritization, the
following steps were undertaken. As an initial step, the
CAD-associated genes were selected from a CADgene
database used for identifying common GO terms across
the CAD functional categories. The genes that were part of
common GO and disease ontology (DO) formed the seed
genes for network construction. The network was based on the
analysis of topological parameters to understand the backbone
network and the hub molecules. Finally, pathway enrichment
analysis and validation in laboratory settings on samples
were performed. The findings of the present study revealed
that the ErbB signalling pathway and EGF receptor (EGFR)
had a central role. The measurement of the protein level of
EGFR in biological samples also confirmed its increased level
in CAD subjects compared with controls. This confirmed that
the combined approach of ontology and network analysis may
be effectively used for the identification of key molecules in
complex diseases such as CAD.

Materials and methods

The present study delineated the approach that may be adopted
for the identification of key molecules involved in disease
conditions based on the ontological filtration method. The
workflow diagram presented in Fig. 1 depicts the steps taken
for the identification of key genes.

Selection of CAD-associated genes. The CADgene database was
used toretrieve the list of genes that are associated with CAD. The
database contained 604 candidate gene lists categorized based
on the 12 functional categories, including endothelial integrity,
gender difference, homocysteine metabolism, immune and
inflammation, lipid lipoproteins metabolism, metalloproteinase
and ECM, oxidation-reduction state, renin-angiotensin system,
glucose metabolism, thrombosis, vascular smooth muscle cell
abnormalities and an uncategorized group (consisting of genes
which are not part of above mentioned categories) associated with
the development of atherosclerotic processes (16). Constructing
a disease-specific network and using its topological parameters
to rank the hub genes is one of the widely used approaches in
biomarker prioritization studies. The present study adopted a
different approach, of selecting genes based on common GO
terms. This method may improve the current understanding the
most important molecular and biological processes that, upon
dysregulation, affect the atherosclerotic function. Thus, gene
filtration based on GO terms was used in the present study.

Gene filtration
GO filter. The GO terms of all the 604 genes belonging to
12 functional categories were extracted from UniProtKB
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(http://www.uniprot.org). The common GO IDs across all
12 categories were identified. The gene ontologies that were
present in a minimum of 10 common functional categories
were used as a cut-off. The genes belonging to these ontologies
were identified and subjected to next level of filtration subse-
quent to selecting the common genes across all the ontologies.

DO filter. The overlapping genes obtained following GO filtra-
tion were subjected to DO enrichment analysis using FunDO
(http://fundo.nubic.northwestern.edu/) (17). The FunDO
enriches each gene to its corresponding disease phenotype and
statistical significance of the enrichment was calculated and
corrected by Bonferroni test. The genes enriched for coronary
artery disease, hypertension, diabetes mellitus, and obesity were
used as a seed set for network construction and further analysis.

Construction and analysis of network

Network generation. The 29 seed genes obtained following
DO filtration were used for extended network construction.
The PPI network was constructed using STRING version
9.1 (https://string-db.org/) (18) with a confidence score of 0.7.
STRING is a functional PPI database, which uses data from
heterogeneous sources, such as the neighborhood, gene fusions,
co-occurrence, co-expression, experiments, databases and
literature mining. The PPIs obtained were used for the construc-
tion and analysis of the network using Cytoscape version 3.0.2.
The network was analyzed using ‘Network analyzer’ and
‘CentiscaPe’ plugins available in Cytoscape (19,20). The highly
connecting nodes were identified as hub genes.

Topology-based gene prioritization. The extended PPI network
for the seed genes was constructed using STRING version 9.1
and visualized using Cytoscape version 3.0.2. The topological
parameters such as node degree (ND), betweenness centrality
(BC) and eigenvector measures were used for prioritization
and identification of the hubs. The nodes in the PPI network
represented genes or proteins and the edges represented the
type of interactions, which revealed the functional association
between two nodes. ND denotes the number of direct inter-
acting partners in the network. BC denotes essentiality of the
node in a given network and it is quantified using the number
of shortest paths passing through it. Eigenvector ranks the
node based on the importance of the interacting neighbors
considering the quantity and quality of the connections.

Pathway enrichment analysis. In order to understand the
biological importance of the hubs, pathway analysis was
performed using ClueGO version 1.8 (21). ClueGO aids in the
clustering and visualization of functionally connected genes
and presents as a chart. The right-sided hypergeometric test
was used for the enrichment with a Benjamini-Hochberg
correction and a k score of 0.3 to link the terms.

Biomarker evaluation. The key gene, namely EGFR, which
was identified based on this approach was biologically validated
using western blot analysis and ELISA in a case-control cohort.

Selection of study population. The study subjects included
342 CAD patients and 342 age and gender-matched controls
were selected from the ongoing Indian Atherosclerosis
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Figure 1. An overview of the biomarker prioritization method. The method
of biomarker prioritization involves the following: Step 1, selection of CAD
related genes from CADgene database; Step 2, gene filtration based on GO and
DO; Step 3, the gene set obtained was used for network construction, analysis,
identification of hub and pathway enrichment analysis; and, Step 4, biological
validation using WB, ELISA and statistical assessment of the biomarker. GO,
gene ontology; DO, disease ontology; WB, western blot analysis; CAD, coro-
nary artery disease; EGFR, epidermal growth factor receptor.

Research Study (IARS) (22). Patients were recruited between
October 2005 and February 2012. CAD patients at age
<45 years at onset for males and <50 years for females were
selected. The presence of disease condition was evaluated
based on angiogram and subjects with >70% stenosis in any
one of the coronary artery or >50% in two or more arteries
or subjects undergoing coronary artery bypass graft surgery
were selected for the study. The controls subjects were healthy
volunteers without clinical signs of CAD as confirmed by
normal electrocardiogram pattern. None of the participants
enrolled in the study had inflammatory disorders, concomitant
infections or any other major illness, such as cancer, liver or
renal disease. Written informed consent was obtained and
ethical approval was granted by the Ethics Committee of the
Thrombosis Research Institute (Bengaluru, India).

Clinical assessment. A total of 5 ml of venous blood samples
were collected after 12 to 14 h of fasting in the morning h with
minimum stasis, using evacuated collection tubes (Vacuette®;
Greiner Bio-One International GmbH, Vienna, Austria). To
separate the plasma, the collected blood samples were centri-
fuged at 2,000 x g for 20 min at 25°C. A total of 500 ul aliquots
of plasma samples were stored at -80°C. The level of total
cholesterol was investigated using a Total Cholesterol assay kit
(cat. no. CH200; Randox Laboratories Ltd., Antrim, UK) and
the level of triglycerides was investigated using a Triglycerides
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assay kit (cat. no. TR210; Randox Laboratories Ltd.), and both
total cholesterol and triglyceride levels were then determined
using a Cobas-Fara II Clinical Chemistry Auto analyzer (Roche
Diagnostics GmbH, Mannheim, Germany). For the estimation
of high density lipoprotein-cholesterol (HDL-c), the non-HDL
fractions were precipitated with a mixture of 2.4 mmol/l phos-
photungstic acid and 39 mmol/l magnesium chloride (Bayer
Diagnostics India Ltd., Baroda, India) prior to estimation.
Low density lipoprotein (LDL) concentration was calculated
using Friedewald's formula as previously described (23). The
inter-assay coefficient of variation for commercial controls
and normal human pool serum/plasma was 4.9-7.0% for total
cholesterol, 6.1-7.7% for triglycerides, and 7.1-12.2% for HDL-c.

Estimation of EGFR expression levels in plasma samples. The
hub protein EGFR was validated following three independent
western blot analyses, where patients with CAD (n=20) and
an equal number of age and gender matched controls were
included. Total plasma protein levels were estimated using
Bradford reagent (cat. no. 500-0205; Bio-Rad Laboratories, Inc.,
Hercules, CA,USA). An equal amount of 50 g of protein mixed
with gel loading buffer (cat. no. ERO7; Genei Laboratories, Pvt.,
Ltd., Bengaluru, Karnataka, India) and then heat denatured at
95°C for 5 min prior to being loaded on to 10% SDS PAGE and
subsequently transferred onto a PVDF membrane. Membranes
were blocked via incubation for 1 h at 4°C with 5% non-fat
milk solution with gentle agitation. The membranes were then
incubated with EGFR primary antibodies (cat. no. 352901;
1:1,000; BioLegend, Inc., San Diego, CA, USA) overnight at
4°C. Following this, the membranes were then incubated with
horseradish peroxidase conjugated secondary antibodies for
1 h at room temperature (cat. no. sc-2005; 1:10,000; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) following several
washes using 1X Tris-buffered saline-Tween-20. The same blot
was reprobed for loading control GAPDH (cat. no. sc-48167,
Santa Cruz Biotechnology, Inc.). Images were scanned using
ChemiDoc XR Plus (Bio-Rad Laboratories, Inc.). The densi-
tometric analysis of bands was performed by using ImageJ
software version 1.49 (National Institutes of Health, Bethesda,
MD, USA) and a ratio for EGFR/GAPDH was calculated. The
plasma level of EGFR was quantified in 342 CAD patients and
342 control samples using an ELISA kit (cat. no. SEK10001;
Sino Biological Inc., Beijing, China).

Statistical analysis. Statistical analysis was performed using
SPSS version 17.0 (SPSS, Inc.,Chicago,IL,USA) and GraphPad
Prism version 5.0 (GraphPad Software, Inc., La Jolla, CA,
USA) was used for plotting the data. Results are presented as
frequencies for categorical variables and mean + standard error
for all continuous variables. P<0.05 was considered to indicate
a statistically significant difference. Probability-probability
plot and Shapiro-Wilks test were used to evaluate the distri-
butions of continuous variables. Independent Student's t-test,
univariate analysis and one-way analysis of variance followed
by Tukey's post hoc analysis were performed on continuous
variables. Categorical variables were analyzed by Pearson's
¥* and Fisher's Exact test. The Pearson's partial correlation
analysis was performed to investigate the correlation between
EGFR and risk factors of CAD. The association of biomarkers
with CAD was assessed using logistic regression analysis.



4256

Results

Selection of CAD-associated genes. The GO enrichment for
604 genes from the CADgene database yielded 4,547 GO
(biological process and functions). The GO similarity search
between all 12 functional categories led to the identification of
1,516 corresponding GO terms.

Identification of conserved molecular functions across
different functional classes associated with CAD. The GO
homology of 604 genes (4,547 terms of biological processes
and functions) across 12 different functional categories asso-
ciated with disease yielded 1,516 terms shared between =2
classes. Further identification of highly conserved GO terms
resulted in 8 GO terms of which GO:0008270 was associ-
ated with 11 functional disease categories. The following GO
IDs: GO:0046872, GO:0045944, GO:0043066, GO:0008284,
G0O:0008285, GO:0042803 and GO:0006805 were associated
with 10 functional disease categories (Table I). The search for
associated genes in these 8 GO terms yielded 268 genes, 80 of
which were overlapping across the 8 GO terms.

Molecular enrichment of disease-associated genes. DO
filtration using FunDO analysis revealed that 80 genes
were significantly enriched for 153 different diseases, with
29 genes being significantly enriched (P<0.05) for CAD
and were considered as seeds for the network construction
and analysis. The DO analysis identified 29 genes associ-
ated with CAD, 21 genes associated with diabetes mellitus,
14 genes associated with obesity and 9 genes associated
with hypertension. The Venn analysis (Fig. 2) revealed 23
genes were shared between these 4 disease phenotypes
(CAD + obesity=4; CAD + diabetes=6; CAD + hypertension=2;
CAD + obesity + diabetes=5; CAD + obesity + hypertension=1;
CAD + hypertension + diabetes=2; CAD + obesity + hyper-
tension + diabetes=3) and 6 genes, including GATA binding
protein 2, cystathionine-f-synthase, insulin like growth
factor 1 (IGF1) receptor, alcohol dehydrogenase 1B (class
I), p polypeptide, S100 calcium binding protein B and pros-
taglandin-endoperoxide synthase 2 were specific for CAD,
5 genes, such as purinergic receptor P2X 7, ATP binding
cassette subfamily G member 1, glutathione S-transferase pi
1, nicotinamide phosphoribosyltransferase and heat shock
protein family A (Hsp70) member 1A were specific for
diabetes mellitus, interleukin-6 (IL-6) was specific for obesity
and gene GCLC was specific for hypertension.

Network analysis for hub nodes identification. The extended
network constructed with 29 seed genes had 328 nodes and
4,525 interactions, of which 5% of nodes (16 genes; Fig. 3 and
Table IT) with degree =75, BC=1,194.82 and eigenvector=0.124
were considered to be the backbone of the network. The EGFR
node was the top scoring based on the centrality measures and
formed the central hub of the network. Thus, the CAD network
was observed to be EGFR centered with 16 key genes forming
the backbone of the network.

Pathway enrichment analysis. To gain an improved
understanding of the pathways that may be affected by
the top 105 genes having node degree >25, BC >123.09
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and eigenvector >0.045, pathway enrichment analysis was
performed. It was observed that 16 pathways were signifi-
cantly enriched. The top 10 pathways were as follows: ErbB
signaling pathway, advanced glycation endproducts/receptor
for advanced glycation endproducts signaling pathway in
diabetic complications, hypoxia-inducible factor 1 signaling
pathway, Janus kinase/signal transducers and activators of
transcription signaling (STAT) pathway, forkhead box protein
Ol signaling pathway, prolactin signaling pathway, T cell
receptor signaling pathway, estrogen signaling pathway, tumor
necrosis factor signaling pathway and neurotrophin signaling
pathway (Fig. 4).

Clinical summary of study subjects. Table II1 shows the
complete details of clinical profiles and matching age distribu-
tion, with a higher frequency of males (70.2%) than females
(29.8%). Hypertension, diabetes mellitus and current smoking
were significantly higher in the patient population compared
with the control. The frequency of metabolic syndrome was
higher in CAD patients (44.7%) in comparison to controls
(26.4%). Total cholesterol and LDL levels were significantly
lower in CAD patients, which may be attributed to higher
statin usage (68.5%) in the group.

EGFR validation. The hub protein was validated using
western blot analysis (Fig. SA and B). The EGFR level was
significantly (P<0.05) upregulated in CAD patients compared
with controls. EGFR levels were measured in 342 CAD
patients and 342 controls using an ELISA, which identi-
fied a significant increase of EGFR levels in CAD patients
(Fig. 5C and D). Comparison of EGFR levels between controls
(149.76+2 .47 pg/ml) and CAD patients stratified into stable
angina (SA; 161.65+3.40 pg/ml) and myocardial infarction
(MI; 171.51+4.26 pg/ml) demonstrated significant increase in
the patient groups (Fig. 5C). Gender-based analysis demon-
strated that the EGFR levels remained higher in male CAD
patients (SA: 152.39+2.93 vs. 157.99+3.78 pg/ml and MI:
152.39+2.93 vs. 170.92+4.70 pg/ml) and female CAD patients
(SA: 143.16+4.54 vs. 168.21+£6.64 pg/ml and MI: 143.16+4.54
vs. 173.92+9.99 pg/ml). However, the difference between
control and SA in males was not statistically significant
(Fig. 5D).

Correlation of EGFR levels with risk factors. The correlation
of EGFR levels with lipids, body mass index, waist circumfer-
ence and fasting blood sugar was performed using correlation
analysis. EGFR did not show any correlation with any of the
above-mentioned risk factors (data not shown) prior to and
following adjustment for the conventional risk factors.

Association of EGFR with CAD. Logistic regression analysis
was adopted to estimate the association of EGFR with CAD.
Higher EGFR levels demonstrated a 3-fold higher risk of
CAD [OR 3.51 (95% CI 2.09-5.87); P<0.001], which remained
unaffected following adjustment for the conventional risk
factors [hypertension, diabetes and current smoking; OR 3.51
(95% CI 1.96-6.28); P<0.001]. Stratified analysis demonstrated
that a unit increase in EGFR levels increased the risk 2-fold in
SA patients [OR 2.73 (95% CI 1.47-5.07); P<0.001] and risk in
MI subjects increases four times [OR 4.25 (95% CI 2.28-7.89);
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Table I. Gene ontology-based similarities between 12 CAD functional classes.

Categories

No. of
GO ID GO term categories

Endothelial integrity + gender difference + glucose
metabolism + homocysteine metabolism + immune
and inflammation + lipid lipoproteins metabolism +
metalloproteinase and ECM + uncategorized group +
Oxidation-reduction state + renin-angiotensin

system + thrombosis

Endothelial integrity + glucose metabolism +
homocysteine metabolism + immune and
inflammation + lipid lipoproteins metabolism +
metalloproteinase and ECM + uncategorized

group + oxidation-reduction state + thrombosis +
VSMCA

Endothelial integrity + gender difference + glucose
metabolism + immune and inflammation + lipid
lipoproteins metabolism + metalloproteinase and
ECM + uncategorized group + oxidation-reduction
state + renin-angiotensin system + VSMCA
Endothelial integrity + homocysteine metabolism +
immune and inflammation + lipid lipoproteins
metabolism + metalloproteinase and ECM +
uncategorized group + oxidation-reduction state +
renin-angiotensin system + thrombosis + VSMCA
Endothelial integrity + gender difference + glucose
metabolism + immune and inflammation + lipid
lipoproteins metabolism + metalloproteinase and
ECM + uncategorized group + oxidation-reduction
state + renin-angiotensin system + thrombosis
Endothelial integrity + glucose metabolism + immune
and inflammation + lipid lipoproteins metabolism +
metalloproteinase and ECM + uncategorized group +
oxidation-reduction state + renin-angiotensin system +
thrombosis + VSMCA

Endothelial integrity + gender difference +
homocysteine metabolism + immune and
inflammation + lipid lipoproteins metabolism +
uncategorized group + oxidation-reduction state +
renin-angiotensin system + thrombosis + VSMCA
Endothelial integrity + gender difference +
homocysteine metabolism + immune and
inflammation + lipid lipoproteins metabolism +
metalloproteinase and ECM + uncategorized group +
oxidation-reduction state + renin-angiotensin

system + thrombosis

G0:0008270 Zinc ion binding 11

G0:0046872 Metal ion binding 10

G0:0045944 Positive regulation of 10
transcription from RNA
polymerase II

G0:0043066 Negative regulation of 10
apoptotic process

G0:0008284 Positive regulation of 10
cell proliferation

G0:0008285 Negative regulation of 10
cell proliferation

G0:0042803 Protein homodimerization 10
activity

GO:0006805 Xenobiotic 10
metabolic process

The first column contains the CAD disease functional classes; second and third column represents the common GO ID/Term. The fourth
column represents the number of common functional categories for the GO ID. CAD, coronary artery disease; ECM, extracellular matrix;

VSMCA, vascular smooth muscle cell activation.

P<0.001] prior to adjustment. Upon adjustment, the ratio
remained same for SA [OR 2.58 (95% CI 1.25-5.33); P=0.01]
cases and demonstrated a decrease in risk in subjects with MI
[OR 3.82 (95% CI 1.94-7.52); P<0.001]. Details are presented
in Table I'V.

Discussion

Network-based approaches for the identification of biomarkers
for different diseases have been previously investigated (24,25).
These approaches used the genes associated with the specific
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Table II. Key hub genes selected using topological parameters
like BC, degree, and Eigen vector.

Gene Node degree BC Eigenvector
EGFR 115 5399.54 0.1574
ESRI1 114 9262.62 0.1403
SRC 111 4376.24 0.1564
AKT1 110 4054.04 0.1615
STAT3 103 3077.36 0.1585
IL6 103 2919.17 0.1480
EGF 96 2784.97 0.1405
VEGFA 95 2948.25 0.1407
IGF1 85 1561.65 0.1385
JUN 84 1996 .45 0.1276
PIK3CA 83 1194.82 0.1343
INS 82 2582.59 0.1274
MAPKI1 82 1891.13 0.1316
GRB2 82 1494.86 0.1235
PIK3R1 80 1238.81 0.1261
PTPN11 75 1476.50 0.1239

BC, node degree, and eigenvector were the topological parameters
considered for selection of candidate genes. A cut-off of node degree
=75, BC =1194.82 and eigenvector =0.124 were considered as key
genes forming backbone of the network. EGFR was the super-hub
with the highest centrality. BC, betweenness centrality; EGFR,
epidermal growth factor receptor; ESR1, estrogen receptor 1; SRC,
Src protein—tyrosine kinase; AKT1, Akt serine-threonine kinase;
STAT3, signal transducer and activator of transcription 3; IL,
interleukin; EGF, epidermal growth factor; VEGFA, vascular endo-
thelial growth factor A; IGF1, insulin-like growth factor 1; JUN, Jun
proto-oncogene, AP-1 transcription factor subunit; PIK3CA, phos-
phatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha
isoform; INS, insulin; MAPK1, mitogen-activated protein kinases 1;
GRB2, growth factor receptor-bound protein 2; PIK3R1, phosphati-
dylinositol 3-kinase regulatory subunit a; PTPN11, protein tyrosine
phosphatase, non-receptor type 11.

condition to construct the network and selected the hub
molecules that may potentially be associated with the disease
condition. The current study proposed a two step approach to
filter the CAD genes based on functional similarities of genes
using GO and DO to identify specific genes associated with
CAD. The information thus obtained was then translated to
prioritize genes and identify possible underlying molecular
pathways. CAD genes that were associated with 12 functional
categories associated with the development of atherosclerotic
process were selected from the CADgene database (16). The
initial analytical step involved the identification of 8§ common
ontologies (Table I) across these 12 functional groups. The 8
common ontologies identified interactions between the func-
tional categories involved in disease development (Table I).
The top zinc ion binding (GO:0008270) ontology was
enriched across 11 functional categories, which is in agree-
ment with a previous study that demonstrated that zinc ion
binding has a crucial role in signal transduction in its protein
bound form or the unbound form (26). The zinc ion (Zn*?) is
demonstrated to maintain endothelial integrity by regulating
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Figure2.Vennanalysisof genes associated with CAD,obesity,diabetes mellitus
and hypertension. CAD shared 23 genes with obesity, diabetes mellitus and
hypertension (CAD + obesity=4; CAD + diabetes=6; CAD + hypertension=2;
CAD + obesity + diabetes=5; CAD + obesity + hypertension=1; CAD + hyper-
tension + diabetes=2; CAD + obesity + hypertension + diabetes=3) and 6
genes were CAD-specific. The seed gene set selected for the analysis has
been highlighted in red. CAD, coronary artery disease.

nuclear factor-kB (NF-«kB), which expresses focal adhesion
molecules on endothelial cells, a characteristic feature of
CAD initiation (27-29). A previous study also suggested
that deficiency in Zn** may lead to the abnormal production
of superoxide dismutase and result in impaired removal of
reactive oxygen species (ROS) from the system, leading
to oxidative stress (30). However, if present in excess Zn*
increases the concentration of phosphorylated EGFR, which is
followed by NF-kB-mediated endothelial dysfunction (31,32).
These previous findings emphasize the importance of Zn*
binding function in CAD.

The other top ontologies that were observed to be shared
between the CAD functional categories were ‘dysregula-
tion in cell proliferation’ [positive (GO:0008284) and
negative regulation (GO:0008285) of cell proliferation] and
‘negative regulation of the apoptotic process’ (GO:0043066).
Disruptions in these processes have been demonstrated to have
an important role in manifestation of atherosclerosis. Previous
studies have demonstrated that excessive cell proliferation leads
to the local accumulation of cells (hypercellularity) in the intima
of the arterial wall and macrophage apoptosis is an important
feature of atherosclerotic plaque development (33,34). The
ontology ‘protein homodimerization activity’ (GO: 0042803) is
a characteristic feature of vascular smooth muscle cell (VSMC)
death receptor while exposed to ROS-generated oxLDL (35,36).

CAD is a multifactorial condition and based on the
current evidence, CAD is associated with at least 3 major
risk factors: Hypertension, diabetes mellitus and obesity. It
is expected that genes common between these risk factors
and CAD are major contributors to disease development.
Therefore, in the second step of the present study, genes
commonly enriched between CAD and its risk factors were
selected as the seed set (29 genes; Fig. 2). The extended main
network was constructed using 29 seed genes, which had
4,525 interactions between 328 nodes. The top 5% nodes,
with node degree =75, BC =1,194.82 and eigenvector =0.124
were considered as key genes, forming the backbone of the
network (Fig. 3). Topological measures of PPI networks are
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Figure 3. CAD backbone network. The backbone network involved 16 hub genes interacting with 294 genes. The hub genes are colored in red and rest of
the interactors are in violet. EGFR appears to have the largest centrality measures. CAD, coronary artery disease; EGFR, epidermal growth factor receptor.

Toll-like receptar

differentiation

Figure 4. Gene and pathway interaction networks obtained after functional enrichment analysis using ClueGO, a Cytoscape plug-in. The red nodes are the hub
genes; remaining genes are presented in violet color. The same color code was used for pathway nodes and their corresponding edges to highlight the cross talk
between the pathways. All the represented pathways here are highly significant following a Benjamini-Hochberg correction. Pathway enrichment analysis and

visualization was performed in Cytoscape version 3.0.2.

widely used for understanding the disease process and the
identification of key disease genes. Our previous study used
topological measures in identification of key inflammatory
genes and regulators of inflammation in CAD (7). Similarly,
in a previous study by Sarajlic et al (11) topological measures
were used to identify key drug targets and driver genes in
cardiovascular disease. In an integrative bioinformatics
analysis Zhang et al (37) applied topological analysis on
significantly differentially regulated genes. Furthermore,
Zhang et al (37) used BC and stress centrality to determine
the importance of genes and modules were used for the

functional validation. The centrality-lethality rule suggests
that the node with the highest number of connections in
the network is more functionally essential and may have
lethal effects upon elimination (38,39). The network was
constructed and analyzed considering these topological
parameters in the present study, which demonstrated EGFR
to be the central hub along with 15 genes [estrogen receptor 1
(ESR1), Src protein-tyrosine kinase (Src), Akt serine-thre-
onine kinase (AKT1), STAT3, interleukin (IL)6, epidermal
growth factor (EGF), vascular endothelial growth factor A
(VEGFA), IGF1, Jun proto-oncogene, AP-1 transcription
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Table III. Baseline characteristics of the study population used for EGFR validation experiment.

Characteristics Control (n=342) CAD patients (n=342) P-value
Age, (years) 41.51+0.26 41.51+0.26 1
Males, n (%) 240 (70.2) 240 (70.2) 1
Females, n (%) 102 (29.8) 102 (29.8)
BMI (kg\m?) 26.07+0.26 25.84+0.22 0.481
Waist Circumference (cm) 91.68+0.65 87.94+0.55 <0.001
SBP (mmHg) 122.24+0.89 117.76+0.82 <0.001
DBP (mmHg) 81.11+0.58 77.75+0.47 <0.001
FBS (mg/dl) 94.31+1.92 114.70+£3.41 <0.001
Age at onset (years) 40.88+0.297
Stable angina, n (%) 182 (53.2)
Myocardial infarction, n (%) 160 (46.8)
Number of diseased vessels, n (%)

0 36 (10.5)

1 93 (27.2)

2 88 (25.7)

3 125 (36.5)
Current Smoking, n (%) 62 (18.3) 148 (43.3) <0.001
Alcohol habit, n (%) 68 (20.1) 89 (26) 0.065
Hypertension, n (%) 38 (11.3) 127 (37.1) <0.001
Diabetes, n (%) 48 (14.2) 118 (34.7) <0.001
Total cholesterol (mg/dl) 171.58+2.03 152.36+2.99 <0.001
Triglyceride (mg/dl) 154.95+5.42 170.71+4.69 0.03
HDL-c (mg/dl) 40.11+£0.498 34.76+0.596 <0.001
LDL-c (mg/dl) 101.28+1.65 83.88+2.72 <0.001
Metabolic syndrome, n (%) 90 (26.4) 153 (44.7) <0.001
Statins, n (%) - 226 (68.5) -
EGFR (pg/ml) 154.11+2.68 161.93+2.54 0.007

Continuous variables are presented as mean + standard error and categorical variable as frequencies. CAD, coronary artery disease; BMI,
body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBS, fasting blood sugar; HDL-c, high density lipid cholesterol;
LDL-c, low density lipid cholesterol; EGFR, epidermal growth factor receptor.
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Figure 5. EGFR levels confirmed by western blot analysis and ELISA in CAD patients and control subjects. (A) Western blotting images of plasma EGFR and
loading control GAPDH were assayed in CAD patients and controls. (B) Quantification of relative intensity levels of EGFR in CAD patients and controls adjusted
for loading control. ImagelJ software was used. (C) ELISA-based comparison of mean EGFR levels between the CAD patients and control groups. A significantly
higher level of EGFR was observed in the MI and SA groups in comparison with controls. (D) EGFR levels were only significantly different between male MI
groups in comparison with male control group. The EGFR levels were significantly different between female MI and SA groups when compared with controls.

“P<0.05, “P<0.001. EGFR, epidermal growth factor receptor; CAD, coronary artery disease; MI, myocardial infarction; SA, stable angina.
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Table IV. Association of risk between high EGFR levels and CAD based on OR.
A,CAD

Unadjusted Adjusted
Model OR 95% CI P-value Model OR 95% CI P-value
EGFR 351 2.09-5.87 <0.001 EGFR 351 1.96-6.28 <0.001
B, Stable angina

Unadjusted Adjusted
Model OR 95% CI P-value Model OR 95% CI P-value
EGFR 2.73 1.47-5.07 <0.001 EGFR 2.58 1.25-5.33 0.01
C, Myocardial infarction

Unadjusted Adjusted
Model OR 95% CI P-value Model OR 95% CI P-value
EGFR 4.25 2.28-7.89 <0.001 EGFR 3.82 1.94-7.52 <0.001

Association of EGFR levels with CAD, stable angina, and myocardial infarction. The logistic regression models were adjusted for hyperten-
sion, diabetes mellitus and current smoking status. EGFR, epidermal growth factor receptor; CAD, coronary artery disease; OR, odds ratio;

CI, confidence intervals.

factor subunit (JUN), phosphatidylinositol 4,5-bisphosphate
3-kinase catalytic subunit alpha isoform (PIK3CA), insulin
(INS), mitogen-activated protein kinase 1 (MAPKI1), growth
factor receptor-bound protein 2 (GRB2), phosphatidylinositol
3-kinase regulatory subunit o (PIK3R1) and protein tyrosine
phosphatase, non-receptor type 11 (PTPN11); Table II]. This
backbone network of EGFR and 15 genes had 4,346 interac-
tions with 294 nodes out of 328 nodes, indicating that 96% of
the interactions were formed by these genes (Fig. 3).

The central role of EGFR in atherosclerosis has been
supported by previous studies (40,41). Activated EGFR is
involved in regulating multiple cellular aspects, such as cell
proliferation, migration and apoptosis (31,32,35,36,42.,43).
Lamb et al (44) demonstrated the presence of EGFR on
peripheral monocytes and its co-localization in the athero-
sclerotic lesion, causing chemotaxis of monocytes and
monocytes-derived macrophage proliferation in high choles-
terol diet rabbits. It has also been previously reported to be
expressed on smooth muscle cells (SMC) localized in intima
and media of aorta in subjects with advanced disease (45). In
a retrospective case-control study, EGFR (R497K) polymor-
phism has been demonstrated to be associated with acute
coronary syndrome (46).

ESR1 is a key member of nuclear receptor family and
expressed in wide variety of cells including endothelial cells,
VSMCs and macrophages (47). ESR1 was demonstrated
to have an atheroprotective role by stimulating endothelial

nitric oxide (NO) production and re-endothelialization (48).
However, the non-functional ESR1 has been demonstrated
to be associated with premature CAD (49). Src is a tyrosine
protein kinase that acts downstream of the EGFR signaling.
It is considered to be a focal adhesion molecule and has been
demonstrated to regulate vasoconstriction (50). Higher serum
levels of Src have been detected in CAD subjects (51). AKT
serine/threonine kinase 1 (Aktl) acts downstream to the
Src and its active form are highly abundant in heart tissue,
endothelial cells, platelets and SMC (52-54). Triple knockout
mice for apolipoprotein E”, scavenger receptor class B type
I~ and Src” demonstrated reduced ROS generation and lipid
oxidation compared with Src** suggesting a pro-atherogenic
role for the Aktl gene (52).

MAPKI belongs to the Ser-Thr kinases protein family and
has been previously reported in different features of cardiac
modeling and regulation of inflammation, cell proliferation
and differentiation (55,56). The high activity of Erk1/2 has
been observed in T-lymphocytes from CAD patients, including
ST-elevation myocardial infarction (STEMI), Non-STEMI
and unstable angina (57). A previous study demonstrated
the EGFR-mediated cross-talk between MAPK and Aktl
signaling, which combined had an important role in abnormal
vascular remodeling (58).

IGF1 is a survival factor hormone peptide, which
interacts with IGFIR and insulin receptor. IGF1 maintains
endothelial integrity by stimulating NO expression; however,
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upon endothelial dysfunction, it stimulates SMC prolifera-
tion (59-61). Although, SMC proliferation provides stability to
damaged endothelium, uncontrolled proliferation leads to
vascular complications. Higher levels of IGF1 have been
identified in patients with heart failure on ACE inhibitors with
ejection fraction <40%. An association of increased levels of
IGF1 with cardiovascular disease risk was identified previ-
ously (62).

PTPNI11 is a cytoplasmic protein tyrosine phospha-
tase expressed throughout multiple tissue types. PTPN11
enhances the cell proliferation under the influence of EGF,
platelet-derived growth factor (PDGF) and INS. INS facilitates
binding of PTPNI11 with insulin receptor substrate 1 (IRS1)
and works as an adaptor for the insulin receptor and IRS1 (63).
PDGEF stimulates binding of PTPN11 with GRB2 and may
subsequently enhance SMC proliferation with a decrease in
endothelial cell migration and proliferation (63-65) that may
lead to the acceleration of atherosclerosis.

PIK3CA and PIK3R1 were identified to be novel genes as
to the best of our knowledge, no previous studies have identi-
fied their association with atherosclerosis. However, PIK3R1
has been demonstrated to have a role in insulin resistance in
high-fat diet-obese mice (66), which has been identified to be
an underlying process involved in atherosclerosis. The other
molecules (IL-6, VEGFA, JUN and STAT3) in the network
were primarily associated with inflammatory processes.
These genes were also observed to be the hub genes based on
our previous inflammatory driven network study (7).

In order to investigate the class of pathways being regulated,
the pathway mapping of the top 105 genes with node degree
>25, BC >123.09 and eigenvector >0.045 was performed. A
significant enrichment of 16 pathways was observed (Fig. 4).
Previous studies have demonstrated the involvement of these
pathways in the atherosclerotic process (67-76). The pathway
enrichment network revealed the interaction with key 16
genes that are colored as red nodes, 8 out of the 16 key genes
were involved in the ErbB signaling pathway. This revealed
the importance of EGFR and its regulating pathway in CAD
conditions. Finally, the biological validation of EGFR was
performed using a protein estimation assay. EGFR protein
expression levels were significantly higher in CAD cases when
compared with the control, specifically in terms of patients
with MI complications. To understand the possible contribu-
tors to the EGFR expression levels, correlation analysis was
performed.

In conclusion, the present study combined multiple methods
in a stepwise manner to unravel the complexity of CAD and
identify the key coronary artery disease genes. Ontology-based
gene filtration was used in the process, which is a fundamental
strength of the present study as constructing the network
from an unfiltered gene set may lead to false positive reports.
However, the limitation of the present study is that it requires
a prior knowledge of the disease process. This issue could be
addressed by utilizing disease ontological information in gene
filtration. The topological parameters revealed that 16 hub
genes formed the backbone of the network, with EGFR as a
central molecule. The roles of EGFR and the remaining 15 hub
genes were validated based on evidence in the literature and
the biological validation of EGFR expression levels supported
its role in CAD patients.
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