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Abstract
Background: Kawasaki disease (KD) leads to coronary artery damage and the etiology of KD is unknown.
The present study was designed to explore the differentially expressed genes (DEGs) in KD serum-
induced human coronary artery endothelial cells (HCAECs) by RNA-sequence (RNA-seq).

Methods: HCAECs were stimulated with serum (15% (v/v)), which were collected from 20 healthy children
and 20 KD patients, for 24 hours. DEGs were then detected and analyzed by RNA-seq and bioinformatics
analysis.

Results: The expression of SMAD1, SMAD6, CD34, CXCL1, PITX2, and APLN was validated by qPCR. 102
genes, 59 up-regulated and 43 down-regulated genes, were signi�cantly differentially expressed in KD
groups. GO enrichment analysis showed that DEGs were enriched in cellular response to cytokines,
cytokine-mediated signaling pathway, and regulation of immune cells migration and chemotaxis. KEGG
signaling pathway analysis showed that DEGs were mainly involved in cytokine−cytokine receptor
interaction, chemokine signaling pathway, and TGF−β signaling pathway. Besides, the mRNA expression
levels of SMAD1, SMAD6, CD34, CXCL1, and APLN in the KD group were significantly up-regulated
compared with the normal group, whilePITX2 was signi�cantly down-regulated.

Conclusion: 102 DEGs in KD serum-induced HCAECs were identi�ed, and six new targets were proposed
as potential indicators of KD.

Background
Kawasaki disease (KD) is also known as mucocutaneous lymph node syndrome and predominantly
occurs in young children that under the age of 5 years old[1].The main manifestations of KD are
persistent fever, cervical lymphadenopathy, polymorphous skin rashes, bilateral non-purulent
conjunctivitis, peripheral extremity alterations, diffuse mucosal in�ammation, and non-speci�c
in�ammatory syndrome of small and medium blood vessels in the body[2].KD caused permanent
vascular complications, especially coronary artery damage including coronary artery dilation, coronary
artery aneurysms (CAAs), and myocardial infarction, are the major causes of its morbidity and
mortality[3, 4].CAAs progress in 25% of untreated cases, which can be reduced to 4% with treatment of
intravenous immunoglobulin and aspirin[5].However, the etiology of KD-induced coronary artery damage
is unknown. And these highlight the importance and urgency of unravelling the mechanisms of KD-
induced coronary artery damage. Endothelial cells play an indispensable role in maintaining the normal
functions of vessels. And dysfunction or in�ammatory activation of coronary artery endothelial cells lead
to the disruption of endothelial cell homeostasis, which are the initiating factors for the damage of
coronary artery in patients with KD[6–8].Therefore, a better understanding of alterations in coronary
artery endothelial cells underlying KD is required to develop targeted treatments. RNA-sequencing (RNA-
seq) has been widely used to analyze gene expression offering a cheap, e�cient and high throughput
method to investigate global gene expression patterns. This method isalso widely used to predict and
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offer new potential gene targets for disease pathogenesis. However, there is a limited report about the
transcriptomic study of coronary artery endothelial cells under the condition of KD.

In the present study, differentially expressed genes (DEGs)of human coronary artery endothelial cells
(HCAECs)induced by KD serum were detected and analyzed using RNA-seq and bioinformatics analysis.
And six DEGs were validated, which may assist in the prevention and treatment of coronary artery injury
in the progress of KD.

Materials And Methods
Human subjects and serum sample collection

A total of 40 subjects, including 20 normal children (average age:1.90 years and the ratio of male/female:
11/9) and 20 KD patients (average age:1.80 years and the ratio of male/female: 11/9), were recruited
from Shenzhen Children’s Hospital. Serum samples were separated by centrifugation at 1,000 × g for
10 min and aliquots were stored at − 80℃.The diagnostic criteria of KD were according to the Japanese
Circulation Society Joint Working Groups performed in 2012.
Hcaecs Culture And Treatment

HCAECs were brought form ScienCell (San Diego, CA, USA) and cultured with endothelial cell growth
medium containing growth factors, supplements, and 10% fetal bovine serum at 37℃ in 5%CO2. Cells
were then stimulated with culture medium containing 15% serum (15% (V/V)) from KD patients or healthy
donors for 24 h. The cells were then used in subsequent studies. Each measurement was performed in
triplicate (n = 3).

Rna Isolation And Rna-seq Analysis

After treatments, total RNA was extracted using a Trizol reagent (Illumina, San Diego, CA, USA) according
to the manufacturer’s protocol and isolated RNA was used for following studies. The MGI Easy mRNA
library was used to construct the mRNA library and the MGI0seq 2000 platform was used for sequencing.
Data with less than 17 bases will be eliminated. The data were compared with the human mRNA
database (reference database: human_hg19-refMrna20150317as) by the FANse2 algorithm. After being
standardized by the RPKM (read per kilo bases per million mapped reads) method, the differentially
expressed genes were analyzed from two aspects of different multiple and signi�cant level. The
threshold value was set up as follows: |log2 (Fold Change) | > 1 and p value < 0.01. The DEGs was drawn
into heat map using R language.

Bioinformatics Analysis

To further elucidate the role of DEGs in KD-induced coronary artery endothelial cells, GO (Gene Ontology)
enrichment analysis was performed to predict the function of DEGs and KEGG (Kyoto encyclopedia of
genes and genomes) pathway analysis were performed to determine the involvement of DEGs in different
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biological pathways. FDR < 0.01 were selected as threshold values for GO and KEGG pathway
enrichment. And P < 0.05 were considered statistically signi�cant.

Quantitative Real Time-polymerase Chain Reaction (qpcr)

qPCR was conducted to measure the mRNA expression levels of SMAD1, SMAD6, CD34, PITX2, CXCL1,
APLN, and GAPDH (used as the internal control), and primer information listed in the Table 1. cDNA was
synthesized from isolated RNA using the PrimeScript RT Reagent Kit according to the manufacturer’s
instructions. qPCR was performed using the SYBR Green PCR Master Mix (Applied Biosystems) in the ABI
7500 RT-PCR System (Applied Biosystems).Thermal cycling conditions were as follows: pre-denaturation
for the 30 s at 95℃, followed by 40 cycles and denaturation for 5 s at 95℃, annealing for 30 s at 60℃.

Table 1
Primer sequences of SMAD1, SMAD6, CD34, PITX2, CXCL1

and APLN.
Genes Primer sequence (5’-3’)

SMAD1 Forward: 5’-CAGAGGAGATGTTCAGGCGGT-3’

Reverse:5’-AGGCATGGAACGCTTCACCC-3’

SMAD6 Forward: 5’-CGCGACGAGTACAAGCCACT-3’

Reverse:5’-GGAGACATGCTGGCGTCTGA-3’

CD34 Forward: 5’-GAAAGGCTGGGCGAAGACCC-3’

Reverse:5’-GTCCCGTTTTCCTGAGCCCC-3’

PITX2 Forward: 5’-CGAGTCCGGGTTTGGTTCAAGA-3’

Reverse:5’-TGGTGGATAGGGAGGCGGAT-3’

CXCL1 Forward: 5’-ACCGAAGTCATAGCCACACTCA-3’

Reverse:5’-TTCAGGAACAGCCACCAGTGA-3’

APLN Forward: 5’-GAATGGGCTGGAAGACGGCA-3’

Reverse:5’-TTCAGTCCTGCTTCAGAAAGGCA-3’

GAPDH Forward: 5’-CCTTCCGTGTCCCCACT-3’

Reverse:5’-GCCTGCTTCACCACCTTC-3’

 

Statistical analysis

Results are presented as the mean ± standard deviation (SD). To con�rm a signi�cant difference between
speci�c treatment groups, group comparisons were performed using the Student’s t-test. In all cases, P-
value < 0.05 was considered a statistically signi�cant difference.
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Results
Analysis of DEGs expression pro�les in normal serum or KD serum-treated HCAECs

DEGs expression pro�les are presented in the form of a heat map (Fig. 1a). And the differences in DEGs
expression pro�les between normal and KD groups are further shown as a volcano plot including 59 up-
regulated and 43 down-regulated mRNAs(Fig. 1b) (supplementary table 1).Venn diagram comparisons
for all DEGs respectively illustrate the overlap of expressed genes among normal (N) serum or KD (A)
serum-stimulated HCAECs and each group was repeated three times (Fig. 1).Results showed that there
were 12159, 11058 and 11676 DEGs in A1, A2 and A3 of normal group, respectively and a total of 10933
genes were expressed in all three normal groups (Fig. 2a). And there were 11729, 10995 and 11556 DEGs
in A1, A2 and A3 of KD group, respectively a total of 10859 genes were expressed in all three KD groups
(Fig. 2b). Furthermore, 10509 putative genes were shared by all comparison samples (Fig. 2c).
Enrichment Analysis Of The Biological Function Of Degs

The GO analysis showed that the DGEs were signi�cantly enriched in the biological process including
cellular response to chemical, organic substance or cytokines, cytokine-mediated signaling pathway, and
regulation of immune cells migration and chemotaxis (Fig. 3a). And the most signi�cantly enriched
pathways of the DEGs in the KEGG analysis were cytokine-cytokine receptor interaction, chemokine
signaling pathway, TNF signaling pathway, in�uenza A, malaria, and TGF-β signaling pathway (Fig. 3b).

Qpcr Validation Of The Transcriptomic Data

To validate the RNA-seq results, the RNA expression of 6 DEGs, including three up-regulated (SMAD1,
CD34 and APLN) and three down-regulated (SMAD6, PITX2 and CXCL1), were analyzed by qPCR. Five of
six DEGs (SMAD1, SMAD6, CD34, CXCL1, and APLN) RNA expression were upregulated under KD
condition compared to normal conditions (Fig. 4a-e).While, the expression of PITX2was signi�cantly
downregulated (Fig. 4f).

Discussion
KD is the leading cause of acquired heart disease in children, given its coronary artery complications[9,
10], and there is still no effective therapy to prevent or treat the occurrence of coronary artery damage due
to the limited information. It has been shown that coronary artery endothelial dysfunction plays an
important role in the development of coronary artery damage under KD condition [11, 6]. Therefore, it is
meaningful to �gure out the changes in endothelial cells with or without KD condition, which might
provide novel indicators and potential therapeutic targets for KD. In the present study, DEGs following
treatment of coronary artery endothelial cells with KD plasma were investigated by RNA-sEq. Moreover,
the biological functions of these DEGs were also analyzed by bioinformatics analysis to unravel the
molecular mechanisms underlying KD.
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The results of RNA-seq showed that 102 DEGs were signi�cantly expressed, including 59 up-regulated
and 43 down-regulated, in the KD group compared with the control group. And these genes are enriched in
multiple biological processes and pathways, including cellular response to cytokines, cytokines-mediated
signaling pathways, regulation of immune cells migration and chemotaxis, immune responses, cytokine-
cytokine receptor interaction, chemokine signaling pathway, and TNF signaling pathway. And these
biological processes and pathways is associated with vascular in�ammation and activation of immune
systems, which are two major contributors of the development of KD [12, 13].Therefore, genes relevant to
above mentioned biological processes and pathways expressed in KD serum stimulated coronary artery
endothelial cells were expected and partly veri�ed by previous studies. For instance, the severity of TNF-
mediated vascular in�ammation and concurrent coronary artery damage were found in KD patients [14].

To validate the results of RNA-seq, six DEGs (SMAD1, SMAD6, CD34, PITX2, CXCL1, and APLN), which are
signi�cantly differentially expressed in KD group compared with control group and are closely associated
with cardiovascular system, were analyzed by qPCR. SMADs family consists of 10 members (SMAD1-10)
and activated by transforming growth factor (TGF)-β signaling pathway. TGF-β pathway is involved in
in�ammation and tissue remodeling mediated by endothelial cells, and immune activation, which support
the importance of TGF-βpathway in KD occurrence and outcomes[15, 16].CD34 positive cells with
enhanced adhesive and homing properties facilitates immune cells homing to the in�ammatory sites and
mediates in�ammatory and immune responses [17].CXCL1, as the chemokine ligand, presents on
endothelial surface and mediates immune responses by recruitment of neutrophils and monocytes [18,
19].APLN(apelin) is a vasoactive peptide and an endogenous ligand for APJ receptors. APLN/APJ
receptor system plays a vital role in regulation of vascular function, including vascular tone,
angiogenesis, proliferation, and permeability [20, 21].In addition, APLN/APJ system also mediates the
anti-in�ammatory effects of 1,25(OH)2D3 by reduction of pro-in�ammatory mediators and adhesion
molecules in LPS-stimulated macrophages [22]. PITX2 plays an important role in regulating the
differentiation of endothelium and angiogenesis [23, 24].Although these studies provide insights into
these biomarkers involved in regulation of cardiovascular and immune system, it is yet unknown whether
these alterations can be considered as potential indicators for prevention and treatment of coronary
artery damage in KD, which needs further investigations. Besides, some differences in levels of gene
regulation between the RNA-seq and PCR data were noted. For example, the down-regulated expressions
of SMAD6 and CXCL1 in RNA-seq results were shown to be reregulated in qPCR results, which were
possible due to primer speci�city, alternatively spliced forms of the genes, RNA integrity, and/or PCR
conditions[25].

Conclusion
In the present study identi�ed the differential expressed genes in KD serum treated coronary endothelial
cells using RNA-sEq. And these genes are involved in cellular response to cytokines, cytokines-mediated
signaling pathways, regulation of immune cells migration and chemotaxis, cytokine-cytokine receptor
interaction, chemokine signaling pathway, and TNF signaling pathway, which have been reported to be
associated with development of KD. Besides, 6 DEGs expression levels were veri�ed by qPCR, and these
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DEGs may be considered as potential indicators of KD. And this study is much more like a descriptive
research and further studies still need to con�rm the functions of these DEGs in KD-induced coronary
artery damage.

Abbreviations
CAAs coronary artery aneurysms; DEGs differentially expressed genes; GO Gene Ontology; HCAECs
human coronary artery endothelial cells; KD Kawasaki disease; KEGG Kyoto encyclopedia of genes and
genomes; qPCR Quantitative Real time-polymerase chain reaction; RNA-seq RNA-sequence; TGF
transforming growth factor
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Figures

Figure 1

DEGs expression pro�le in the KD serum treated cells relative to the normal serum treated cells. a.
Hierarchical clustering of DEGs. Each group consisted of three individual experiments. DEGs are
presented by single rows and samples by single columns. b. Volcano plot of DEGs. The value on the X-
and Y-axes represent normalized fold changes and P values, respectively. The color scale demonstrates
relative expression, upregulation (red), downregulation (green), and no signi�cant difference (gray). DEGs
with fold change <1 and P<0.01 were regarded as differentially expressed.
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Figure 2

Venn diagram depicting the number of DEGs in KD or normal serum-stimulated HCAECs. a. Comparison
of the number of DEGs expressed in all normal (N) samples (A1, A2, and A3). b. Comparison of the
number of DEGs expressed in all KD samples (A1, A2, and A3). c. Comparison of the number of DEGs
expressed in all six samples. The numbers shown in the Venn diagram indicate the overlap genes
expressed in normal and KD samples or genes that only expressed in normal or KD samples.
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Figure 3

GO and KEGG analysis for DEGs. a. GO enrichment analysis; b. KEGG pathway analysis. GO: Gene
Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Figure 4
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Expression of representative genes in control and KD serum-stimulated HCAECs validated by qPCR. Each
experiment was separately repeated three times (n=3). **P<0.01.
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