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Kawasaki disease (KD) is a form of acute systemic vasculitis that primarily affects children and has
become the most common cause of acquired heart disease. While the etiopathogenesis of KD remains
unknown, the diagnostic criteria of KD have been well established. Nevertheless, the diagnosis of KD is
currently based on subjective clinical symptoms, and no molecular biomarker is yet available. We have
previously performed and combined methylation array (Illumina HumanMethylation450 BeadChip) and
transcriptome array (Affymetrix GeneChip Human Transcriptome Array 2.0) to identify genes that are dif-
ferentially methylated/expressed in KD patients compared with control subjects. We have found that
decreased methylation levels combined with elevated gene expression can indicate genes (e.g., toll-like
receptors and CD177) involved in the disease mechanisms of KD. In this study, we constructed a database
called KDmarkers to allow researchers to access these valuable potential KD biomarkers identified via
methylation array and transcriptome array. KDmarkers provides three search modes. First, users can
search genes differentially methylated and/or differentially expressed in KD patients compared with con-
trol subjects. Second, users can check the KD patient groups in which a given gene is differentially methy-
lated and/or differentially expressed. Third, users can explore the DNA methylation levels and gene
expression levels in all samples (KD patients and controls) for a particular gene of interest. We further
demonstrated that the results in KDmarkers are strongly associated with KD immune responses. All anal-
ysis results can be downloaded for downstream experimental designs. KDmarkers is available online at
https://cosbi.ee.ncku.edu.tw/KDmarkers/.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Kawasaki disease (KD) is an acute febrile systemic vasculitis
that was first described by Kawasaki et al. in 1974 [1]. It mainly
affects children younger than five years old, especially in Asian
countries. In developed countries, it is the leading cause of
acquired heart diseases in children. The most severe complication
of KD is the occurrence of coronary artery lesions (CAL), including
coronary artery dilatation, coronary artery aneurysm, and coronary
artery fistula formation [2]. These symptoms may lead to myocar-
dial infarction, ischemic heart disease, or even sudden death.
Therefore, broader attention has been given to KD in recent years.

Although the clinical features of KD are recognizable, its under-
lying immuno-pathogenic mechanisms are still under investiga-
tion, particularly with regard to CAL development. Diagnosis of
KD is currently based on subjective clinical symptoms. These diag-
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nosis rules include (1) fever for more than five days and (2) the
occurrence of four of the five major clinical symptoms (diffuse
mucosal inflammation, bilateral conjunctivitis, neck lym-
phadenopathy, indurative edema of the hands and feet associated
with fingertip peeling, and polymorphic skin rashes). However,
no molecular diagnosis kit is currently available for KD. We have
recently found that intravenous immunoglobulin (IVIG) treatment
can significantly alter the methylation landscape and expression
levels of specific genes in KD patients. For example, in gamma Fc
region receptor II-a, toll-like receptors, matrix metalloproteinase
9, macrophage marker expression profiles, CD177, S100A gene
family, and b-catenin, IVIG administration considerably increases
the gene methylation levels in KD [3–10]. These findings provide
epigenetic evidence regarding KD molecular markers. To search
for KD molecular markers, we further conducted experiments
using Illumina Human Methylation450 (M450K) BeadChip and
Affymetrix GeneChip Human Transcriptome Array 2.0 (HTA 2.0)
in order to assess the genome-wide methylation patterns of known
CpG islands and gene expression from the blood samples of KD
patients and control subjects. In general, the DNA CpG methylation
level alteration indicates a corresponding gene expression change
in the opposite direction [11]. By considering the differential
methylation levels and expression fold changes between KD
patients and fever control subjects, we identified the up-
regulation of NLRC4, NLRP12, and IL-1b in KD [12]. All these find-
ings suggest the possibility of genome-wide investigation for
potential molecular markers of KD.

To provide a more panoramic view for the epigenetic methyla-
tion and expression analysis for KD, we constructed the KDmarkers
database based on the M450K BeadChip and HTA 2.0 GeneChip
experiments conducted. The main focus of the KDmarkers database
is to boost the comprehensive examination for potential molecular
KD biomarkers. We first performed suitable data processing for the
methylation chip experiments and the genome-wide microarray
on the blood samples. collected from KD patients and control sub-
jects. Then an easy-to-use KD marker investigation database inter-
face was constructed to deposit these genome-wide gene
expression data and CpG methylation patterns. Researchers can
search for genes with differential epigenetic methylation patterns
and/or differential gene expression levels between KD patients
and control subjects. These extracted genes can serve as potential
KD biomarkers. Three functions were implemented in KDmarkers
to facilitate researchers and clinicians’s investigation of KD-
related genes: (i) Search for KD gene markers; (ii) Search poten-
tially affected KD patient groups for a given gene; (iii) Raw data
visualization of the methylation and expression experiment results
of patient blood samples. Elevated methylation levels combined
with decreased mRNA expression measurement can help indicate
functional genes in KD diagnosis, treatment, and prognostic stud-
ies. We further demonstrated that some of the results provided
by KDmarkers are closely related to KD immune responses. We
believe that KDmarkers can provide novel methylation and gene
expression array data in KD molecular mechanism research.
KDmarkers is available at https://cosbi.ee.ncku.edu.tw/
KDmarkers/.
2. Materials and methods

In this research, we constructed the KDmarkers database to
record the genome-wide methylation and expression probing
experiments from the blood samples of KD patients and control
fever subjects. The construction of KDmarkers can be divided into
3 different parts (Fig. 1): (I) Patient sample collection; (II) Methy-
lation and expression experimental data collection; and (III) Data
processing and differential value comparison of patient groups.
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These three parts are further elucidated in the following
subsections.

2.1. Collection of patient blood samples

The KD patients’ genome-wide methylation data and mRNA
expression data were measured from their whole blood samples.
The diagnosis of KD patients conformed to the American Heart
Association KD criteria [13]. Patients diagnosed with KD were
given a high-dose intravenous immunoglobulin (IVIG) treatment
(2 g/kg) over 12 h. We refer to those patients within 24 h before
IVIG treatment as pre-IVIG KD patients and those recruited at least
3 weeks after IVIG administration as post-IVIG patients. The blood
samples used for genome-wide methylation level probing were
collected from 24 pre-IVIG KD patients, 12 post-IVIG KD patients,
12 healthy children, and 12 fever control subjects. The blood sam-
ples used for expression level analysis were gathered from 50 pre-
IVIG KD patients, 18 post-IVIG KD patients, 18 healthy children,
and 18 fever control subjects. Post-IVIG treatment KD samples
were collected from the same pre-IVIG KD patients. The fever con-
trol group in DNAmethylation experiments consisted of child fever
diagnosed to be caused by acute gastroenteritis, acute otitis media,
allergic purpura, acute bronchitis, acute bronchiolitis, acute tonsil-
litis, or acute gastritis. The fever patient samples used in the
expression analysis were diagnosed to result from acute enteritis,
urinary tract infection, bronchopneumonia, volume depletion,
acute bronchitis, acute bronchiolitis, acute tonsillitis, or acute gas-
tritis. All of the sample symptoms were ensured to be unrelated to
KD development. For KD patients treated with IVIG, no steroids,
immunosuppressive agents or biologics were simultaneously pre-
scribed. The demographic profiles of the patients recruited for
the genome-wide methylation and expression microarrays are
listed in Table 1 and Table 2, respectively. As summarized in Table 1
and Table 2, genders are matched within each patient group, and
the overall ages of the recruited patients all fall around two years
old. Finally, all patients involved in the methylation microarray
experiments and expression analysis are from the Taiwan Han Chi-
nese population. Patient sample collection was approved by the
Institutional Review Board of Chang Gung Memorial Hospital
(IRB No.:101-4618A3 and 101-0680A3). Written informed consent
from the parents/guardians of the patients was also obtained. Col-
lectively, the samples can be categorized into four groups: normal
controls, fever controls, KD samples before IVIG treatment (pre-
IVIG patient group), and KD samples after IVIG treatment (post-
IVIG patient group).

2.2. DNA methylation and gene expression probing

Patient blood samples were first enriched through white blood
cell enrichment [4,14]. The samples gathered for genome-wide
methylation profiling were then treated with bisulfite to convert
non-methylated cytosine into uracil for methylated DNA extrac-
tion. These DNA extracts underwent genomic DNA methylation
probing using Illumina HumanMethylation450 (M450K) BeadChip,
which contains around 450,000 human CpG marker probe beads at
single-nucleotide resolution. For the samples collected for expres-
sion level measurement, we used an isolation kit (mirVana miRNA
Isolation Kit, Catalog No. AM1560, Life Technologies, Carlsbad, CA)
to extract the RNAs from the samples. The quality and quantity of
the total RNAs for the samples gathered for expression level anal-
ysis were estimated by Bioanalyzer (ABI) and Qubit (Thermo) to
ensure that the RIN values were larger than 7. Around six RNA
samples of the same group were evenly pooled to obtain unbiased
expression measurement, resulting in 3 healthy pools, 3 fever
pools, 9 pre-IVIG pools, and 3 post-IVIG pools. These sample pools
were hybridized on the GeneChip Human Transcriptome Array 2.0



Fig. 1. The overall construction of the KDmarkers database. Pre-IVIG KD patients refer to KD patients within 24 h before IVIG treatment, and post-IVIG KD patients indicate
KD patients at least 3 weeks after IVIG treatment.

Table 1
The demographic information of the patient cohorts (Taiwan Han Chinese population) used for the DNA methylation probing experiments collected in KDmarkers.

Healthy Controls Fever Controls Pre-IVIG KD Patients Post-IVIG KD Patients

Patient Number N = 12 N = 12 N = 24 N = 12
Gender 6 male, 6 female 6 male, 6 female 13 male, 11 female 6 male, 6 female
Age 2.25 � 0.2 1.93 � 0.23 1.95 � 0.31 1.52 � 0.27

Table 2
The demographic information of the patient cohorts (Taiwan Han Chinese population) used for the expression level probing experiments gathered in KDmarkers.

Healthy Controls Fever Controls Pre-IVIG KD Patients Post-IVIG KD Patients

Patient Number N = 18 N = 18 N = 50 N = 18
Gender 9 male, 9 female 8 male, 10 female 27 male, 23 female 9 male, 9 female
Age 2.46 � 0.35 1.97 � 0.26 1.36 � 0.14 1.90 � 0.32
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(HTA 2.0, Affymetrix, Santa Clara). This microarray covers more
than 285,000 full-length human transcripts. The microarray exper-
iment quality control was subjected to the criteria proposed in pre-
vious studies [7]. The DNA methylation and expression microarray
data were also deposited in NCBI GEO (GSE109430, GSE109351).

2.3. Identification of differentially methylated/expressed genes
between different patient groups

Genomic methylation profiling for the four sample groups was
measured using M450K BeadChip, as described above. The methy-
lation level of one CpG probe bead is computed using the b value,
which is defined by
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b ¼ M
M þ U þ a

;

where M is the methylated cytosine intensity, U is the unmethy-
lated cytosine probing intensity, and a is the calibration number.
The raw data is processed using Partek. The gene expression profil-
ing for pooled sample groups was measured with Affymetrix HTA
2.0 GeneChip. The mRNA expression levels of different human
genes were also analyzed and calculated by the commercial
microarray data analysis tool Partek. Default settings were used in
the Partek analysis.

We compared the differential methylation/expression among
the patient sample groups. b values and expression measurements
are used to calculate the differential methylation level significance
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and the differential expression analysis, respectively. The compar-
ison was performed for every two sample groups from the five
experimental patient sample groups (the healthy subject group,
the fever patient group, the healthy and fever pooled patient con-
trols, the pre-IVIG KD patient group, and the post-IVIG KD patient
group). In KDmarkers, three statistical test results are available for
users: the one-tailed independent t-test, the one-tailed rank-sum
test, and the one-tailed Kolmogorov–Smirnov test. We calculated
the one-sided p-value against the null hypothesis that the aver-
age/median/distribution of Group 1 is equal to the corresponding
statistic of Group 2, respectively [15–17]. Multiple hypotheses
biases in the analysis process were corrected using two different
approaches: the FDR approach [18] and the Bonferroni method
[19]. After calculating the differential methylation/expression of
each bead/probe on M450K/HTA2.0, we used the Infinium annota-
tion file/HTA annotation file to map the value reads back to the
human genome. Notice that multiple read values may be mapped
to one gene, and one bead read value may be annotated to multiple
genes. This many-to-many relationship between beads/probes and
genes comes from the BeadChip/GeneChip design in which many
short segments were extracted from one gene/transcript for com-
prehensive genome-wide coverage.

2.4. Implementation of KDmarkers

The data pre-processing steps were carried out using the pro-
gramming language Python (version 2.7.6 by Python Software
Foundation, an open-source software). The KDmarkers database
user interface is facilitated by JavaScript and the Python package
Django (version 1.11.1 by Django Software Foundation, an open-
source software). Data used in KDmarkers were deposited using
the MySQL database management system (version 5.7.19 by Oracle
Corporation, Santa Clara, California, U.S).
3. Results and Discussions

KDmarkers integrates methylation and expression data to pro-
vide functions for potential Kawasaki disease biomarker explo-
ration. Three functionalities were implemented in KDmarkers to
facilitate genome-wide KD marker investigation: (I) Function 1:
Search KD Markers. Differential methylation patterns and expres-
sion levels of human genes can help evaluate their suitability as
potential KD molecular diagnostic kits. (II) Function 2: Search
Affected Patient Groups. Users can obtain the KD patient group
pairs that bear differential expression or methylation levels for
an input gene. (III) Function 3: Raw Data Visualization. Boxplots
are drawn to visualize the gene expression or methylation levels
among different patient groups. These three functions help
researchers compare the expression and methylation levels
between KD patients and the control subjects. In the database con-
struction, abbreviations for the KD patient groups are given as fol-
lows: HC refers to the healthy controls, FC stands for the fever
subjects, KD1 is the KD patients within 24 h before IVIG treatment,
and KD2 represents the KD patient samples collected at least
3 weeks after IVIG administration.

3.1. Function 1: search KD markers

Users can find differentially methylated/expressed genes
between KD patients and normal children within this function. In
KDmarkers, any two of the five patient groups (healthy children,
fever control subjects, pooling group for healthy and fever control
subjects, pre-IVIG KD patients, and post-IVIG KD patients) can be
selected to obtain the gene list with differential methylation levels
and/or differential expression levels. First, the search conditions
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and the comparison groups need to be specified (Fig. 2-a). After
choosing the comparison groups, users can type in the fold change
threshold, statistical test (one-tailed independent t-test, one-tailed
rank-sum test, and one-tailed Kolmogorov–Smirnov test), and the
significance level. Upon clicking the search button, the results are
shortly queried out in a tabular format (Fig. 2-b). Bead IDs and their
corresponding genes satisfying the specified differential methyla-
tion/expression levels between the specified two groups are listed
in the table. A heat map of the methylation/expression levels
between the two groups is also provided to visualize the individual
sample measurements between the two groups (Fig. 2-c). In this
function, genes that are differentially methylated, differentially
expressed, or both differentially methylated and expressed are
summarized in the generated tables. Users can click on the tabs
to switch the table listing into differentially methylated genes, dif-
ferentially expressed genes, and genes that are both differentially
methylated and expressed (Fig. 2-d). A detail page of the bead
probes and the measurement results can be found by clicking on
the bead/probe ID or the detail link (Fig. 2-e). Moreover, the gener-
ated tables and heat maps can be downloaded by clicking the
download button in their upper-right corners.

3.2. Function 2: search affected patient groups by a given gene

In this function, users can find potentially affected patient
groups of a given gene. Users first input the gene of interest and
the differential conditions (fold change threshold and the signifi-
cance level) that the given gene should satisfy (Fig. 3-a). Then
any two patient group pairs that conform to these differential con-
ditions are extracted (Fig. 3-b). These patient group pairs are cate-
gorized into three genres: group pairs that satisfy the methylation
differential thresholds, group pairs that meet the expression differ-
ential thresholds, and group pairs that tally all user-specified
methylation and expression conditions. In the resulting patient
group pairs, users can choose the patient group pair of interest.
Then the measurement summary for the selected patient group
pair can be investigated in a table and box-plot (Fig. 3-c). Users
can click on the tabs to switch the table listing into differential
methylation evidence and differential expression evidence
(Fig. 3-d). Details of the bead probes/expression measurement
results can be found by pressing the hyperlink on the bead/probe
ID (Fig. 3-e).

3.3. The Detail page

After clicking on the methylation bead ID or the expression
microarray probe ID, the detail page for the bead ID or the probe
ID is presented. Here, we describe the detail page of a methylation
bead as an example (Fig. 4). The detail page can be divided into
three different parts. In the first part, the details of the selected
bead in M450K BeadChip are shown, and the user-specified fold
change threshold and the significance level are re-printed (Fig. 4-
a). Then the average methylation levels of the selected bead and
its corresponding mapped gene between the two specified patient
groups, the statistical test p-value, and the fold change between
these two patient groups are listed in the differential methylation
summary table (Fig. 4-b). Measurements of the individual samples
within these two groups are further visualized through a boxplot
and a heatmap (Fig. 4-c). These visualization plots can be down-
loaded by clicking the button in the upper-right corner (Fig. 4-d).
Similar contents are presented in the expression detail page.

3.4. Function 3: visualize raw data

Sometimes, users may need to query the rawmethylation levels
or the expression levels of a certain gene between different KD



Fig. 2. Function 1 of KDmarkers. Users can search potential KD biomarkers through specified differential methylation and/or expression levels. (a) Users need to specify two
sample groups and the search conditions to search for differentially methylated/expressed genes between these two groups. (b) Differentially methylated/expressed genes
between the selected two groups. (c) Heat map of the methylation/expression levels between the two groups. (d) Users can click on the tabs to switch the table listing into
differentially methylated genes, differentially expressed genes, and genes that are both differentially methylated and expressed. (e) A detail page containing the experimental
results of the bead/probe/gene can be found by clicking the bead/probe ID or the detail link.
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patient groups. Therefore, we implemented a raw data visualiza-
tion function in KDmarkers. In this function, users can input the
gene of interest and obtain the raw measurements of the methyla-
tion/expression levels of this gene among different sample groups.
Users first key in the gene of interest and click the search button to
initiate the query (Fig. 5-a). Then the listing of the CpG beads/ex-
pression probes mapped to this gene are tabulated (Fig. 5-b).
Detailed information on the chip bead/probe can be viewed by
clicking on the bead/probe ID. Comparison visualization boxplots
among different patient groups for this gene are also generated
(Fig. 5-c). In addition, the ANOVA test p-value is provided to indi-
cate whether the group expression or methylation levels are statis-
tically different from one another for this gene. All these raw
methylation levels, expression measurements, and the comparison
boxplots for this gene can be downloaded by either clicking the
download button on the upper-right corner (Fig. 5-d) or through
the download page.

3.5. A walk-through example

We have previously reported that human toll-like receptor 6
(TLR6) shows hypomethylation and upregulation in KD patients
[7]. We use TLR6 here as a walk-through example for using
KDmarkers. In Function 3 (visualize raw data) of KDmarkers, using
TLR6 as the input gene, we can obtain the output data showing 11
CpG sites with methylation group difference when comparing
the methylation levels among different KD patient groups (See
Fig. 5-a, 5-b). For example, the cg02221520 bead shows signifi-
cantly (one-way ANOVA p = 7.9E-8) lower b values in pre-IVIG
KD patients than healthy control subjects and post-IVIG KD
patients (See Fig. 6-a). The gene expression array (TC04002917)
also reveals a significant expression difference (one-way ANOVA p
= 6.6E-3) among different patient groups for TLR6 (See Fig. 6-b).
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Furthermore, the differences in the methylation array probing
results and expression array values go in the opposite direction,
showing higher methylation levels and higher expression levels in
KD patients before IVIG treatment. We can further confirm the
pair-wise group comparisons through Function 2 (search affected
patient groups) of KDmarkers (Fig. 3-a). As shown in the query result
table of Function 2, TLR6 has five CpG sites with significantly lower b
values (FDR threshold = 0.05) in pre-IVIG KD patients than healthy/
fever controls (See Fig. 3-c). The pre-IVIG KD patients also demon-
strate 4 CpG sites with significantly lower b values in TLR6 than
the KD patients after IVIG treatment. Similarly, in the pair-wise dif-
ferential expression evidence of Function 2, the pre-IVIG KD sample
group reveals significantly higher expression in TLR6 than the
healthy/fever control group and the post-IVIG KD sample group.
From these results, we can infer that TLR6 may trigger the
immunopathogenesis of KD, thus serving as a potential molecular
marker for KD diagnosis.

3.6. An example analysis of the results deposited in KDmarkers

KDmarkers can provide insightful information for KD research-
ers. To search possible KD markers, we set up the b fold change
threshold of 0.82 and expression fold change of 1.05 (Mann–Whit-
ney U/rank-sum test with FDR 6 0:05) between KD patients before
IVIG treatment (pre-IVIG KD patient group) and fever control sub-
jects in Function 1 of KDmarkers. These thresholds were selected to
achieve the top 10% cutoff fold changes in the analysis. The methy-
lation level and expression comparison results between KD
patients before IVIG treatment and fever control subjects extract
a total of 758 differentially methylated and expressed genes. We
further used the DAVID program [20] to perform functional enrich-
ment analysis on these differentially expressed genes (DEGs). The
Gene Ontology categorization showed that the vast majority of



Fig. 3. Function 2 of KDmarkers. Users can search the affected patient groups by the differential methylation and/or expression of a given gene. (a) Users can type in the gene
of interest and the search conditions to find potentially affected patient groups. (b) Patient group pairs that bear differential methylation/expression levels on the given gene.
(c) The list and the boxplot of the experimental results of the gene between the selected two groups. (d) Users can click the tabs to switch the table and boxplot between
differential methylation evidence and differential expression evidence. (e) The detail page of the results for the bead/probe can be found by clicking the bead/probe ID.
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these genes are encoded for a series of membrane-associated pro-
teins in the lipid bilayers of plasma, lysosomal, endosomal, perox-
isomal membranes, membrane-bound Golgi apparatus,
endoplasmic reticulum, phagocytic vesicle, and extracellular exo-
some (See Fig. 7). Moreover, the KEGG pathway analysis reveals
that these DEGs are significantly related to signaling pathways of
mitogen-activated protein kinase (MAPK), tumor necrosis factor
(TNF), toll-like receptor, Foxo, Nod-like receptor, and endocytosis.
By performing INTERPRO enrichment analysis, the 758 differen-
tially methylated and expressed genes also bear patterns in the
protein kinase-like domain, serine/threonine-protein kinase, and
toll/interleukin 1 receptor homology (TIR) domain. Finally, the
top-ranked enriched UniProtKB keywords specific to the 758 DEGs
are alternative splicing, phosphoprotein, membrane, transferase,
endosome, apoptosis, and innate immunity. Taking these enrich-
ment analyses altogether, these up-regulated genes with signifi-
cant hypomethylation in KD patients have annotation results
that indicate a strong association with membrane-associated pro-
teins. Further, these genes are prone to get involved in kinase
and transferase activities for MAPK/TNF/Foxo signaling,
1300
receptors/modifiers for inflammatory responses, and cell death
programs controlled via alternatively spliced variants.

Research has shown that alternative splicing plays a crucial
role in regulating the innate immune response. The innate
immune response is activated by infectious challenges to provide
diversity within the proteome of immune cells [21,22]. Approxi-
mately one-fifth of the genes expressed in dendritic cells
undergo alternative splicing in response to bacterial challenges
and participate directly in antimicrobial defense [23]. Here we
use the TLR gene family, which includes parts of the 758 genes,
as an example. It has been reported that TLR signaling pathways
are subjected to extensive post-transcriptional regulation, in
which more than 250 alternatively processed transcripts encode
variants of receptors, adaptors, modifiers, and signaling regula-
tors [24–29]. Each human TLR gene has numerous spliced vari-
ants within immune cells. From this detailed analysis of the
758 genes extracted by KDmarkers, these gene targets provide
excellent potential markers for further Kawasaki disease immune
regulation investigation. Overall, we conclude that KDmarkers
can help suggest possible genes that help identify novel



Fig. 4. Detail pages in KDmarkers. The detailed methylation information of the selected bead can be viewed in the detail page. The expression detail page contains similar
results to the methylation detail page. (a) Information of the selected bead ID, the specified fold change threshold, and the significance level. (b) The measurement results
between the specified two patient groups. (c) The boxplot and heatmap visualization for the methylation levels of individual samples in each of the specified patient groups.
(d) The heatmap and the boxplot can be downloaded via the buttons in the upper-right corner.
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diagnostic targets for the therapeutic development of Kawasaki
disease treatment.

3.7. Case study

KD patients are usually at risk of cardiovascular complications
that can cause morbidity and mortality [30]. Several molecules
are now known to be closely related to cardiovascular diseases.
We take the matrix metalloproteinase 9 (MMP9) gene as a case
study example to elucidate the applicability of KDmarkers.
Researchers have discovered that MMPs may assist with the main-
tenance of the structures and functions of coronary vascular walls
[31]. Among the MMP protein family, MMP9 is notorious for trig-
gering coronary artery aneurysms [32], leading to 20% of coronary
artery aneurysms in children suffering from these symptoms if not
properly treated [33]. We investigated the results of MMP9 among
the healthy control group, KD patients before IVIG treatment, and
KD blood samples after IVIG treatment using KDmarkers. Accord-
ing to KDmarkers, the gene methylation level of MMP9 in KD
patients is significantly lower than the level of the healthy group
(Fig. 8-a). Furthermore, MMP9 reveals higher expression in KD
patients than in the healthy control group (Fig. 8-b). After IVIG
treatment, the expression level of MMP9 returns to the expected
level of the healthy group while its methylation level increases
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(Fig. 8-a and 8-b). By combining these results, epigenetic
hypomethylation and up-regulation of MMP9 can be observed in
KD patients, indicating the potential molecular diagnosis of KD.
And in previous real-time quantification polymerase chain reaction
(RT-qPCR) experiments on a different cohort of patients, the mRNA
levels of MMP9 were indeed verified to be higher in the white
blood cells of KD patients and to be closely related to coronary
artery lesion formation [10]. From this example, we demonstrated
the bio-medical applicability of KDmarkers in KD biomarker
investigation.

3.8. Comparison with related analysis works on Kawasaki disease

We developed KDmarkers to facilitate researchers to investigate
potential KD biomarkers. Currently, two works related to KD
molecular research are available in the literature: one database
created by Park et al. [19] and one meta-analysis study carried
out by Chang et al. [34]. Since these two works targeted similar
aims as KDmarkers, we have compared them with KDmarkers in
this subsection.

Park et al. [19] reported the first KD database, called Kawasaki
Disease Database (KDD), which includes 1,292 patient cases and
1,283 genomic samples from 449 KD Korean patients from 2016.
KDD includes clinical data of IVIG resistance, CAL formation, labo-



Fig. 5. Function 3 of KDmarkers: raw data visualization. (a) The input form of Function 3. (b) The listing of the beads/probes mapped to this gene. (c) A comparison
visualization on the methylation/expression levels of the selected bead. (d) The comparison boxplot can be downloaded via the upper-right corner button.

Fig. 6. (a)/(b) The methylation/expression levels of TLR6 among KD patient groups using Function 3 of KDmarkers. HC refers to healthy controls, FC stands for fever subjects,
KD1 is the KD patients before IVIG treatment, and KD2 represents the KD samples collected at least 3 weeks after IVIG administration.
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ratory data, genomic DNA data, plasma sample data, and KD geno-
type data. The KDD database helps researchers analyze the effects
resulting from different KD genotypes, clinical lab data, and disease
outcomes. However, KDD does not provide epigenetic and expres-
sion data among KD patients before and after IVIG treatment.
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Therefore, it can not offer any aids for KD prognostic and diagnostic
biomarker investigation.

The previous meta-analysis study carried out by Chang et al.
[34] utilizes a combination of DNA methylation and gene expres-
sion data. In their analysis, two up-regulated and hypomethylated



Fig. 7. DAVID identifications of enriched GO terms, InterPro classes, KEGG pathways, and UniProtKB keywords for the 758 up-regulated genes with significant
hypomethylation in KD are tabulated. P-values here indicate the thresholds of EASE Scores, or modified Fisher Exact p-values, for gene-enrichment analysis. FDR in DAVID
requests adaptive linear step-up to adjust p-values to control the false discovery rate against multiple hypotheses biases.

Fig. 8. The methylation/expression level comparison of MMP9 among KD patient groups. (a) The gene methylation level of MMP9 in KD patients is significantly lower than
the level of the healthy group. (b) MMP9 reveals higher expression in KD patients than in the healthy control group. After IVIG treatment, the expression level of MMP9
returns to the expected level of the healthy group while its methylation level increases. HC refers to healthy controls, FC stands for fever subjects, KD1 is the KD patients
before IVIG treatment, and KD2 represents the KD samples collected at least 3 weeks after IVIG administration.
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genes, MAPK14 and PHLPP1, were identified in the acute phase of
KD patients using both the gathered DNA methylation and gene
expression datasets. Chang et al. further highlighted that these
two genes are associated with innate immunity. However, this
analysis still has weaknesses. First, the gathered gene expression
microarray datasets and DNA methylation datasets in the meta-
analysis are ethnically diverse. Chang et al. downloaded the DNA
methylation data and the expression data from our previous study
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[5] and the work of Jaggi et al. [35], respectively. By further inves-
tigating the demographic information, the DNA methylation
microarrays were performed on samples from the Taiwan Han Chi-
nese population, while the expression probing experiments were
conducted for patients from White, Hispanic, and other races.
While datasets with a mix of racial groups might be beneficial
for finding common molecular mechanisms involved in KD patho-
genesis, the mechanisms underlying the more frequent incidence
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of KD in children of Asian or Pacific Island ancestry may be
excluded. Second, the meta-analysis results by Chang et al. are
not readily available. Further, no integrated platform has been built
for easy comparison investigation on their results, which can hin-
der advanced analysis of the results [36]. In contrast, we con-
structed the KDmarkers database for researchers to compare
different patient groups and extract diagnosis candidate markers.
In addition, our platform is based on DNA methylation and gene
expression datasets of the same race (Taiwan population). We also
verified that KDmarkers provides consistent results with the previ-
ously identified 14 hub genes (genes that are both differentially
methylated and expressed) provided in Chang’s study.

In summary, KDmarkers is the first platform established based
on the methylation array and the gene expression microarray for
functional genetic analysis. Researchers can investigate the func-
tional effect of a specific gene by comparing its methylation and
expression levels among different KD patient groups (normal con-
trols, fever subjects, the pre-IVIG patient group, and the post-IVIG
patient group) at the same time to extract possible KD biomarkers.
In summary, KDmarkers broadens the genomic investigation facil-
ity for the study of Kawasaki disease and can better benefit the
community.
4. Conclusions

In this research, we performed genome-wide methylation level
and expression level experiments for four different groups of
Kawasaki disease (KD) patients (healthy controls, fever control
subjects, pre-IVIG KD patients, and post-IVIG KD patients) and con-
structed the KDmarkers database. KDmarkers aims to provide
potential KD biomarkers to supplement the current subjective KD
clinical symptom diagnosis criteria. Comprehensive data analysis
was conducted on the methylation array and the gene expression
probing results using the blood samples gathered from KD
patients. Based on these results, three main functions were imple-
mented in KDmarkers. Users can find those differentially methy-
lated and/or differentially expressed genes among different KD
patient groups. Furthermore, the KD patient group pairs that carry
differential methylation levels and/or differential expression levels
can be identified. Finally, the experimental results of the methyla-
tion array and the gene expression array for a given gene can be
explored in KDmarkers. Compared with the existing tool KDD
and the analysis results of Chang et al., KDmarkers can additionally
provide differential genetic clues for identifying KD diagnosis and
molecular prognosis kits. We believe that KDmarkers paves the
way for KD-related molecular basis identification and potentially
sheds light on the cure for KD.
Data Availability

KDmarkers and the related datasets are freely available at
https://cosbi.ee.ncku.edu.tw/KDmarkers/.
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