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Abstract 

Background: Kawasaki disease (KD) is the most common acute coronary vasculitis to occur in children. 
Although we have uncovered global DNA hypomethylation in KD, its underlying cause remains uncertain. In 
this study, we performed a survey of transcript levels of DNA methyltransferases and demethylases in KD 
patients.  
Materials and Methods: We recruited 145 participants for this study. The chip studies consisted of 18 KD 
patients that were analyzed before undergoing intravenous immunoglobulin (IVIG) treatment and at least 3 
weeks after IVIG treatment, as well as 36 control subjects, using Affymetrix GeneChip® Human Transcriptome 
Array 2.0. An additional study of 91 subjects was performed in order to validate real-time quantitative PCR. 
Results: In our microarray study, the mRNA levels of DNMT1 and DNMT3A were significantly lower while 
TET2 was higher in acute-stage KD patients compared to the healthy controls. Through PCR validation, we 
observed that the expression of DNMT1 and TET2 are consistent with the Transcriptome Array 2.0 results. 
Furthermore, we observed significantly lower DMNT1 mRNA levels following IVIG treatment between those 
who developed CAL and those who did not. 
Conclusion: Our findings provide an evidence of DNA methyltransferases and demethylases changes and are 
among the first report that transient DNA hypomethylation is induced during acute inflammatory phase of 
Kawasaki disease. 

Introduction 
Kawasaki disease (KD) is an acute vasculitis 

syndrome that covers multiple systems, has an 
unknown etiology, and primarily occurs in children 
under the age of 5 years old. In 1974, Tomisaku 
Kawasaki first published 50 cases of KD in the English 
language [1]. KD is characterized by prolonged fever, 
conjunctivitis, diffuse mucosal inflammation, 
polymorphous skin rashes, indurative edema of the 
hands and feet associated with peeling of finger tips, 
and nonsuppurative lymphadenopathy [2]. Vascular 
involvement in KD occurs in small and medium-sized 

blood vessels, particularly the coronary arteries. The 
most serious complication of KD is coronary artery 
lesions (CAL), including myocardial infarction and 
coronary artery aneurysms. A sequela of vasculitis, 
coronary artery aneurysms are developed in 20% of 
untreated children [3]. A U.S. multicenter study group 
established that a single high-dose of 2 g/kg intrave-
nous immunoglobulin (IVIG) plus aspirin could lower 
the incidence of aneurysm from 20%-25% to 3-5% [4]. 

Epigenetic lesions result in changes to both the 
chromatin structure and the DNA methylation and 
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acetylation pattern of the genome [5]. In general, the 
DNA methylation alteration of CpG sites is a 
powerful transcription inhibitor [6]. DNA methyla-
tion status is established by DNA methyltransferases 
(DNMTs) [6] and the Ten-eleven translocation (TET) 
family [7]. The three active DNA methyltransferases 
are DNMT1, DNMT3A, and DNMT3B, and three 
DNA demethylase, TET1-3, have been identified in 
mammals [7, 8]. We have previously shown 
considerably increased mRNA expressions in toll-like 
receptors [9], hepcidin [10, 11], matrix metallo-
proteinases [12], inflammasome sensors of NOD-like 
receptors [13], and hypomethylation at the gene 
promoters of these genes, as well as that IVIG 
treatment can drastically alter these methylation 
patterns in the WBC cells of KD patients [9-14]. 
Consistently, we have demonstrated that 87.8% of the 
most of the significant CpG markers between KD 
patients and controls are hypo-methylation of CpG 
markers by genome-wide screening on DNA meth-
ylation patterns with Illumina HumanMethylation450 
(M450K) Bead-Chip microarray assay [15]. 

Chen et al. reported that, of the 3193 CpG 
methylation regions with a methylation difference ≥ 
20% between KD and controls, 3096 CpG loci revealed 
hypomethylation (97%) and only 3% hypermethyla-
tion [16], which indicates that more than 97% of genes 
in KD patients have a hypomethylation status, as well 
as a potential increase in gene expression levels. KD is 
a specific disease with an activated status of most 
genes, most of which have the condition of 
overexpression, including T helper 1 (Th1), Th2, Th17, 
innate immunity, adaptive immunity, inflammatory 
cytokines, chemokines, etc. Like the etiology, the 
reason why most genes are activated during the acute 
stage of KD is still unknown. Regulation of DNA 
methylation by DNA methyltransferases and TET 
may be key factors of this condition. This study is the 
first to evaluate the change of DNA methyltransfer-
ases and TET in KD and subsequent disease outcome.  

Materials and Methods 
Patients 

We recruited 145 participants for this study 
(Table 1). The recruited KD patients met the American 

Heart Association diagnosis criteria of KD, which is 
characterized by fever for more than 5 days, oral 
mucosal inflammation with fissure lips or strawberry 
tongue, bilateral non-exudative conjunctivitis, non- 
suppurative lymphadenopathy over the neck, 
polymorphous skin rashes over the body surface, and 
indurative edema of the hands and feet associated 
with peeling of the finger tips [17, 18], and were 
treated with high-dose IVIG treatment (2 g/kg) over 
12 hours at our hospital. In this study, we quantified 
and compared the gene expressions of DNA methyla-
tion status established by DNA methyltransferases 
(DNMTs) and the Ten-eleven translocation (TET) 
family in 18 KD patients (both before and at least 3 
weeks after IVIG treatment), as well as in 18 healthy 
and 18 febrile controls using Affymetrix GeneChip® 
Human Transcriptome Array 2.0. Then, we validated 
the mRNA levels of genes in 39 KD patients and 52 
controls using real-time quantitative PCR. The 
patients in the fever control group were diagnosed 
with acute tonsillitis, bronchitis, otitis media, 
bronchopneumonia, enterovirus, or urinary tract 
infection. We also used peripheral blood samples 
from KD patients before they underwent IVIG 
treatment (pre-IVIG) and then at least 3 days or 3 
weeks after completing the IVIG treatment, as 
previously described in one of our previous studies 
[19]. CAL was identified through echocardiography 
and defined as a coronary artery with an internal 
diameter of at least 3 mm (4 mm if the patient was 
more than 5 years old), a segment with an internal 
diameter at least 1.5 times larger than that of an 
adjacent segment, as [20, 21], or a Z score ≧ 2.5, and 
the severity of the coronary was classified using Z 
scores according to the 2017 AHA statement [22, 23]. 
This study received approval from the Chang Gung 
Memorial Hospital’s Institutional Review Board, and 
we also obtained written informed consent from the 
parents or guardians of all subjects. All of the 
methods used herein complied with the relevant 
guidelines established. The enrolled children were 
allowed to withdraw at any time during the study 
period, and all experimental results were anonymized 
before analysis. 

 

Table 1. Basal characteristics of patients with KD and controls 

 Healthy controls Febrile controls Patients with KD 
Characteristic (HTA 2.0=18 / qRT-PCR = 17) (HTA 2.0 =18 /qRT-PCR = 35) (HTA 2.0 = 18 /qRT-PCR = 39) 
Male gender, n(%) 9(50) / 11(64.7) 8(44.4) / 22(62.9) 9(50) / 32(82.1) 
Mean (SEM), age (y) 3.5±0.6 / 6.9±1.3 2.0±0.3 / 3.1±0.3 1.9±0.3 / 2.1±0.5 
Age range (y) 1-10 / 1-16 0-4 / 0-12 1-5 / 0-18 
CAL formation   6(33.3%) / 22(56.4%) 
IVIG resistance   1(6%) / 3(8%) 
CAL, coronary artery lesion; IVIG, intravenous immunoglobulin; KD, Kawasaki disease. 
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Experiment design 
For this study, we collected whole blood samples 

from the subjects and submitted them to white blood 
cell (WBC) enrichment, as we have previously 
described in other studies [11, 14].  

Gene expression profiling with microarray 
To obtain unbiased results, we created pooled 

RNA libraries by evenly pooling six RNA samples, 
which resulted in three pooled healthy control, three 
fever control, three pre-IVIG, and three post-IVIG 
libraries, as previous described [9]. We performed 
microarray assay on the pooled RNA samples to 
establish the gene expression profiles and then further 
performed profiling with GeneChip® Human 
Transcriptome Array 2.0 (HTA 2.0, Affymetrix, Santa 
Clara). We used the WT PLUS Reagent kit to prepare 
the RNA samples and carry out hybridization on the 
HTA 2.0 microarray chips. Adhering to the 
Affymetrix instruction manual, we subjected the HTA 
2.0 chips’ raw data to quality control examination, as 
previously described in another study [9, 15].  

RNA isolation and real-time quantitative 
RT-PCR 

To quantify the mRNA levels of DNMT1, 
DNMT3A, DNMT3B, and TET1-3, we adopted the 
LightCycler® 480 Real-Time PCR System (Roche 
Molecular Systems, Inc., IN, USA) to perform real- 
time quantitative PCR. We separated the total mRNA 
from the WBC using an isolation kit (mirVana™ 
miRNA Isolation Kit, Catalog number: AM1560, Life 
Technologies, Carlsbad, CA) and then calculated both 
the quality (RIN value) and quantity of the RNA 
samples using Bioanalyzer (ABI) and Qubit (Thermo) 
in accordance with the manufacturer’s instructions. 
All RNA samples passed the criterion of RIN≧7. We 
performed PCR using a SYBR Green PCR Master Mix 
containing 10 μM of specific forward and reverse 
primers. We performed the relative quantification of 
gene expression based on the comparative threshold 
cycle (CT) method, which allowed us to determine the 
target amount as 2−(ΔCT target − Δ CT calibrator) or 2−ΔΔCT [24]. 
Primers were designed to amplify the target genes, as 
demonstrated in Table 2.  

Statistical Analysis 
All data are presented as mean ± standard error. 

Once chips passed the quality control criteria, we 
evaluated them with Partek (Partek, St. Louis), 
commercial software specifically designed to analyze 
microarray data. We adopted one-way ANOVA or 
Student’s t-test as necessary to evaluate the quantita-
tive data, while we used the paired sample t-test to 
evaluate any data changes before and after IVIG 

treatment [9]. We carried out all statistical analyses 
with SPSS version 12.0 for Windows XP (SPSS, Inc., 
Chicago, USA), and we considered a two-sided 
p-value less than 0.05 statistically significant. 

 

Table 2. Primers list 

Gene 
symbol 

Accession 
number 

Hybridization Primers (5’ to 3’) 

RNA18S5 NR_00328
6.2 

forward GTAACCCGTTGAACCCCATT 
 reverse CCATCCAATCGGTAGTAGCG 
DNMT1 NM_0011

30823  
forward CCAAAGAACCAACACCCAAAC 

 reverse CTCATCTTTCTCGTCTCCATCTTC 
DNMT3A NM_1756

30 
forward ACGATTGCTAGACTGGGATAATG 

 reverse AGTAAGCAGGCCAGGTAGA 
DNMT3B NM_1758

50 
forward GGAGCCACGACGTAACAAATA 

 reverse GTAAACTCTAGGCATCCGTCATC 
TET1 NM_0306

25 
forward GGTCCTAGCAAATCAGACAGAG 

 reverse GTCGGTAGCAAAGTGGTATAGG 
TET2 NM_0176

28 
forward CTTCCTCACTTAGCTCGTCATATC 

 reverse TAACCCTACAGTGGCCTCTAA 
TET3 NM_0012

87491.1 
forward TTGGTTCCACACCTGTCTTC 

 reverse CCTGGCTATGAGAATGCCTATC 
 

Results  
Significantly altered expressions of DNMTs 
and TETs’ mRNA levels in KD patients and 
controls and changes following IVIG treatment 

 This study included 145 participants. At the 
beginning of this study, we used Affymetrix Gene-
Chip® Human Transcriptome Array 2.0 to identify 
the expression profiling of DNMTs and TETs in both 
the KD patients and the control subjects. As shown in 
Figures 1 and 2, we observed differential expressions 
of DNMT1, DNMT3A, and TET2 in KD patients when 
compared to both the febrile and healthy control 
subjects. The mRNA levels of both DNMT1 and 
DNMT3A were significantly lower, while TET2 was 
higher, in acute-stage KD patients compared to the 
healthy controls (p=0.047, 0.022, 0.176, respectively) 
and febrile controls (p = 0.011, 0.045, 0.044, 
respectively). Furthermore, DNMT1 expression 
values were significantly lower in KD patients after 
they underwent IVIG treatment (p<0.05).  

Significantly decreased DNMT1 and increased 
TET2 expressions in the WBCs of KD patients  

Using real-time PCR, we investigated the mRNA 
levels of DNMT1, DNMT3A, and TET2 in a separate 
cohort of 39 KD patients, 17 health and 35 febrile 
controls. We found decreased DNMT1 in the WBCs of 
KD patients compared to those of the health and 
febrile control subjects, as shown in Figure 3 (p =0.018, 
p =0.001, respectively) and increased TET2 mRNA 
levels in the KD patients compared to those of febrile 
controls (p <0.001). Both the DNMT1 and TET 2 
findings were consistent with the Affymetrix 
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GeneChip® Human Transcriptome Array 2.0 results. 
Furthermore, the mRNA level of TET2 decreased 
following IVIG treatment (p =0.001) (Figure 3). 
Notably, in KD patients who had already been treated 
with IVIG, we observed significantly lower DMNT1 
mRNA levels between those who developed CAL and 
those who did not (p = 0.037) (Figure 4). 

Discussion 
Our particularly noteworthy observations 

include that KD patients demonstrated differential 

expressions of DNMT1, DNMT3A, and TET2 when 
compared to both the febrile and healthy control 
subjects. The mRNA levels of DNMT1 and DNMT3A 
were significantly lower, while TET2 was significantly 
higher, in the acute stage of KD patients than in the 
healthy controls. Of particular note, we observed 
significantly lower DMNT1 mRNA levels following 
IVIG treatment between those who developed CAL 
and those who did not. 

 

 
Figure 1. Comparison of DNA methyltransferases (DNMTs) mRNA 
expressions by GeneChip® Human Transcriptome Array 2.0 between 
acute-stage Kawasaki disease (KD) patients and control subjects. * indicates 
significance (p < 0.05). Data are expressed as mean ± standard error for the 
three replications. 

 
Figure 2. Comparison of Ten-eleven translocation (TET) family mRNA 
expressions by GeneChip® Human Transcriptome Array 2.0 between 
acute-stage Kawasaki disease (KD) patients and control subjects. * indicates 
significance (p < 0.05). Data are expressed as mean ± standard error for the 
three replications. 

 

 
Figure 3. Analyses of DNA methyltransferases (DNMTs) and demethylases (TETs) mRNA in the peripheral white blood cells of 39 patients with KD before and after 
intravenous immunoglobin administration as well as 52 controls using a real-time quantitative polymerase chain reaction. Data are expressed as mean ±standard 
error. *indicates a p < 0.05 between the groups. 

 

 
Figure 4. Comparison of DNMT1, 3A, and TET2 mRNA in KD patients with (n = 20) and without (n = 19) coronary artery lesion (CAL). Data are presented as mean 
±standard error. *indicates a p < 0.05 between the groups 
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KD is a systemic vasculitis that primarily affects 
children under the age of 5 years old that can result in 
life-threatening complications. Vasculitis represents a 
group of systemic inflammatory diseases of the blood 
vessels. Despite recent progress with regard to 
understanding the genetic basis and the underlying 
pathogenic mechanisms of vasculitis, the etiology and 
pathogenesis of vasculitis, like the etiology of KD, 
remain unknown. Epigenetic dysregulation plays a 
crucial role in immune-mediated diseases, and the 
contribution of epigenetic aberrancies in vasculitis is 
being increasingly recognized [25]. Previous studies 
have revealed important epigenetic contributions to 
vasculitides, including KD, Behçet’s disease, giant cell 
arteritis, and IgA vasculitis [26]. More recently, 
genome-wide epigenomic studies have been 
performed for several vasculitides [25]. Our results of 
a decreased expression of DMNT1 and an increased 
expression of TET2 are consistent with our previous 
reports of hypomethylation of promotor of β-catenin 
[16], NOD-like receptors [13], matrix metalloprotein-
ases [9], toll-like receptors [9] and HAMP [11] in KD 
patients when compared to age-matched controls that 
presented with fever/without fever and no history of 
KD. Global genomic hypomethylation in PBMCs has 
been observed not only in our recent studies of 
Kawasaki disease, but also in a number of 
inflammatory and autoimmune diseases, such as 
systemic lupus erythematous (SLE), rheumatoid 
arthritis (RA), etc., where it also correlates with 
aberrant gene expression that likely contributes to 
pathogenesis [27-30]. However, many aspects of DNA 
hypomethylation in their pathology are still lacking 
research.  

 The DNMT family consists of a conserved set of 
DNA-modifying cytosine methylases that have a vital 
role in epigenetic regulation [6]. DNMT activity is 
highly regulated in humans. Key genetic regulatory 
mechanisms include molecular interactions, post- 
translational modifications, alternative splicing, and 
gene duplication or gene loss [31]. DNMTs have an 
important role in the epigenetic alteration of immune 
cells, as well as potentially in the pathogenesis of 
disease through gene expression dysregulation [32] . 
DNMT1 was the most significantly and consistently 
decreased DNA methyltransferase in comparison to 
both healthy and febrile controls in this study. Since 
KD has generally been considered an autoimmune- 
like systemic vasculitis, this result also agrees with 
observations made in several inflammatory and 
autoimmune diseases [27-30]. For example, impaired 
DNMT1 expression contributes to global DNA 
hypomethylation, and autoimmunity has been best 
studied in drug-induced SLE [29]. Furthermore, 
global DNA hypomethylation was specifically 

observed in T cells and monocytes of RA patients, 
together with a lower expression of DNMT1 [27]. The 
global DNA hypomethylation in the PBMCs of KD 
patients was primarily observed in our previous 
study using HumanMethylation27 BeadChip assay, in 
which we identified an increase of FCGR2A 
associated with its hypomethylation and a 
susceptibility to IVIG resistance [33]. We further 
illustrated a more comprehensive study using 
HumanMethylation27 BeadChip assay, which 
showed that 97% of CpG regions with a methylation 
difference ≥ 20% between KD and controls were 
hypomethylated [16]. We determined that a 
significant decrease of β-catenin was associated with 
its hypomethylation in the promoter, as well as in the 
pathogenesis and cause of coronary arterial lesions in 
KD. Interestingly, global DNA hypomethylation can 
relapse after IVIG treatment, which indicates that a 
dynamic balance in enzymatic regulation for DNA 
methylation may still exist (data not shown). In our 
present study, the down-regulation of DNMT1 seems 
to be a major factor in DNA hypomethylation. 
However, the decrease of DNMT1 was not affected by 
IVIG treatment in KD patients. The expression level of 
DNMT3A was even reduced in KD patients 3 days 
after receiving IVIG treatment. Therefore, the 
significant increase of demethylation enzyme TET2 
and its concomitant decrease after KD patients 
undergo IVIG treatment may also be responsible for 
and participate in the dynamic regulation of global 
DNA methylation in KD patients. The TET family of 
enzymes has recently been discovered to oxidize 5mC 
to hydroxymethyl cytosine (5hmC) and subsequently 
trigger passive, DNA replication-dependent DNA 
demethylation and contribute to the dynamics of 
DNA methylation [34-36]. One previous study has 
suggested that TET proteins play a protective role 
against abnormal methylation caused by oxidative 
stress by interacting with DNMTs in a Yin-Yang 
relationship toward targeted transcription events [37]. 
However, little is known regarding the mechanisms 
with which both methyltransferases and demethyla-
tion enzymes were dysregulated, contribute to global 
DNA hypomethylation in PBMCs, and are associated 
with disease progression in KD.  

Conclusion 
 This report is the first to provide an epigenetic 

and genetic study of the changes of DNA methyl-
transferases and demethylases and among the first to 
suggest transient DNA hypomethylation during KD’s 
acute inflammatory phase. 
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