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Background: Kawasaki disease (KD) is the most common 
systemic vasculitis syndrome primarily affecting medium-sized 
arteries, particularly the coronary arteries. Though KD may be 
associated with immunological problems, the involvement of 
microRNAs (miRs) has not been fully described.
Methods: We enrolled 23 KD patients and 12 controls. We 
performed miR and mRNA microarray analysis of peripheral 
blood mononuclear cells (PBMCs) isolated from acute KD 
patients and controls. Continuously, we measured specific 
miRs, mRNA and the expression of proteins by using reverse-
transcriptase PCR (RT-PCR) and enzyme-linked immunosor-
bent assay (ELISA).
results: We identified strikingly high levels of miR-182 and 
miR-296-5p during the acute febrile phase, and of miR-93, miR-
145-5p, miR-145-3p, and miR-150-3p in the defervescence 
stage, especially in refractory KD patients. The expression of 
vascular endothelial growth factor A (VEGFA) mRNA, previously 
reported to be controlled by miR-93, was significantly elevated 
during the febrile phase and normalized upon treatment, 
negatively correlating with the expression of miR-93. Further, 
plasma levels of VEGF-A correlated with PBMC VEGFA mRNA 
expression.
conclusion: Several miRs are highly specific to the acute 
phase of KD, and may participate in regulating the expression 
of genes in pathways associated with KD. In particular, miR-93 
may participate in regulating expression of VEGF-A and con-
tribute to the pathogenesis of arteritis in acute KD.

kawasaki disease (KD) is the most common systemic vascu-
litis syndrome primarily affecting medium-sized arteries, 

particularly the coronary arteries (1). KD may be associated with 
dysregulation of innate immunity and peripheral blood mono-
nuclear cells (PBMCs)-derived vascular endothelial growth 
factor A (VEGF-A) may contribute to later vascular injury and 
remodeling in KD (2,3). Although the etiology of KD is not yet 
clear, current theories center on innate immunological problems 

(4–8), and several signaling pathways, including transforming 
growth factor-β (TGF-β), Nuclear factor of kappa B (NF-κB), 
and VEGF, have been reported to be involved in immune dys-
regulation and the pathogenesis of acute KD (2,9). VEGF-A is 
well known to have a role in angiogenesis, in vasodilation by 
indirect nitric oxide release, and in the chemotactic function of 
macrophages and granulocytes (10,11). We previously reported 
that serum levels of VEGF-A correlate with the development of 
coronary arterial lesions (CAL) in KD patients (3).

MicroRNA (miRs) are small noncoding RNAs, 18–25 nucle-
otides in length, that mediate gene silencing through imperfect 
hybridization to 3’ untranslated regions in target mRNAs and 
modulate a variety of biological activities including immunolog-
ical reactions. MiRs influence gene expression post-transcrip-
tionally via translational repression and/or mRNA degradation. 
Although the prevalence and sway of miR-mediated regulation 
in diverse cellular processes has become increasingly apparent, 
elucidation of miR regulatory mechanisms is often challenging 
due in part to miRs commonly exhibiting slight effects on an 
array of targets. The human genome encodes more than 1000 
different miRs that are expressed in a highly dynamic manner 
in many organs (12–14). For example, miR-146 and miR-150 
regulate NF-κB-related inflammation (15). Arteritis in KD is 
known to be involved NF-κB signaling (9,16) but the involve-
ment of miRs in KD has not been fully described.

We hypothesized that miRs have a role in regulating PBMC-
related immune responses during the acute phase of KD and 
analyzed the expression of miRs and mRNAs during this phase 
of KD to determine if we could identify miRs that modulate 
gene expression involved in key signaling pathways and could 
be related to pathogenesis.

RESULTS
Patient Characteristics and Demographics
The demographic data of the KD patients, the febrile group 
and the healthy controls are shown in Table 1. There were 
no significant differences between the KD and febrile control 
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groups except duration of fever and C-reactive protein levels. 
There were no significant differences between responders and 
refractory KD patients except for duration of fever, which was 
longer in refractory KD patients. All of the KD patients ulti-
mately improved after intravenous immunoglobulin (IVIG) 
treatment without any adverse effects, albeit after the second 
IVIG doses or third line therapy using Infliximab in the four 
refractory KD patients. Only one patient, who had been refrac-
tory to the second IVIG treatment, developed CAL during the 
convalescent stage (Table 1).

Analysis of miR and mRNA Expression
Part 1: preliminary study. Analysis of the initial four KD 
patient samples revealed nine miRs that were significantly dif-
ferent from healthy controls (Table 2). Three (miR-93, miR-
150-3p, and miR-877) were down-regulated, while the other 
six (miR-92b, miR-182, miR-296-5p, miR-320d, miR-494, 
and miR-1826) were up-regulated. All of them normalized 
by the convalescent phase (data not shown). Six of the miRs 
(miR-93, miR-150-3p, miR-877, miR-92b, miR-182, and miR-
296-5p) were specific to the KD group while the other three 
were dysregulated in both the KD and febrile groups.

Part 2: Follow-up comparison study between refractory KD 
patients and responders. We classified three stages for the 
responder KD patients, during the febrile stage before the ini-
tiation of IVIG treatment (Stage-1), immediately after IVIG 
infusion during the defervescence stage (Stage-2), and finally 
during the convalescent phase at 2–4 wk after disease onset 
(Stage-3). In the refractory patients, all patients were referred 
to our hospital for second IVIG or third line therapy. Therefore, 
Stage-1 blood samples were collected before second IVIG or 
third line therapy during the fever stage, Stage-2 blood samples 
were collected after these therapies during the defervescence 
phase, and Stage-3 blood samples were collected during the 
convalescent phase at 4 wk after disease onset.

Four of the six miRs (miR-93, miR-150-3p, miR-182, and 
miR-296), which were differentially expressed in the prelimi-
nary study, and an additional two miRs (miR-145-5p and miR-
145-3p) previously implicated in KD (17), were selected for 
further analysis by reverse-transcriptase PCR in the full KD 
cohort. Each of these miRs have been reported to be involved 
in immune dysregulation, endothelial damage, and were more 
highly expressed in the refractory KD patients than in respond-
ers (Figures 1a, 2a,b,3a,c) during at least one stage. Of note, miR-
150-3p levels were not significantly elevated either in responders 
or refractory KD patients compared with controls during Stage-
1, but were significantly elevated in refractory KD patients dur-
ing Stage-2, and then normalized by Stage-3 (Figure 3a). These 
high levels of miRs in refractory KD patients lasted even after 
alleviation of fever although they peaked at Stage-2.

table 1. Demographic data of Kawasaki disease (KD) patients and two control groups

KD (n = 23)

Febrile (n = 6) Healthy (n = 6)Responder (n = 19) Refractory (n = 4)

Age at onset (m) 3–47 (19) 19–91 (40) 8–49 (21) 12–40 (24)

Male/female 11/8 3/1 3/3 2/4

CAL (+/−) 0/19 1/3 0/6 0/6

CRP (mg/dl) 2.1–22.8 (6.3) 9.2–30.2 (11.4) 0.1–3.1(1.6) ND

White blood cell count, (/mm3) 9,300–27,300 (15,060) 11,600–34,400 (21,615) 5,100–24,100 (9,900) 7,230–13,060 (9,155)

Neutrophils (%) 36–86 (63) 73–92 (75) 20–78 (51) 31–60 (37)

Platelet count ( ×104/mm3) 22.5–82.4 (34.7) 10.7–39.9 (22.7) 24.2–44.0 (27.2) 25.3–42.7 (33.4)

Na (mmol/l) 129–140 (135) 135–136 (136) ND ND

AST (IU/l) 16–260 (40) 24–45 (30) 24–63 (32) 29–51 (44)

Duration of fever (d) 3–10 (6) 10–15 (12)* 2–7 (5) ND

Demographic data of each group shows there were no significant differences between the KD patients and the control groups except that CRP levels were higher and durations of 
fever were longer in the KD patients. Numbers indicates range (median) in each variable.
CAL, coronary arterial lesions; CRP, C-reactive protein; AST, aspartate transaminase.
*Indicates P < 0.01 between responders and refractory KD patients, and ND indicates no data. P values were obtained using a two-sample t test or Fisher’s exact test.

table 2. Analysis of microRNAs (miRs) in the preliminary study

Group
Systematic  

name
Fold change 

(log1.5) P-value
Down-/

upregulation

KD hsa-miR-93 −0.64 0.0222 Down

KD hsa-miR-150-3p −0.59 0.1144 Down

KD hsa-miR-877 −0.53 0.0638 Down

KD hsa-miR-92b 0.66 0.0005 Up

KD hsa-miR-182 0.59 0.0160 Up

KD hsa-miR-296-5p 0.60 0.0036 Up

KD and Febrile hsa-miR-320d 1.00 0.0002 Up

KDand Febrile hsa-miR-494 0.75 0.0025 Up

KD and Febrile hsa-miR-1826 0.68 0.0129 Up

Analysis of the initial four Kawasaki disease (KD) patient samples revealed the expression 
of nine of 847 human miRs (1.1%) that were significantly different from healthy controls. 
Three (miR-93, miR-150-3p, and miR-877) were down-regulated, while the other six (miR-
92b, miR-182, miR-296-5p, miR-320d, miR-494, and miR-1826) were up-regulated. All of 
them normalized by convalescent phase. Six of the miRs (miR-93, miR-150-3p, miR-877, 
miR-92b, miR-182, and miR-296-5p) were specific to the KD group while the other three 
(miR-320d, miR-494, and miR-1826) were dysregulated in both the KD and febrile disease 
groups.
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mRNAs: Functional Category and Pathway Analysis
The hierarchical clustering of differentially expressed gene 
in PBMCs in KD showed that 669 of the 54,680 genes ana-
lyzed (1.22%) were significantly up- or down- regulated at 
the time of diagnosis. Most of these returned to normal after 
defervescence. The functional category and pathway analysis 
of the mRNAs identified by the hierarchical clustering of the 
differentially expressed genes were explored using Ingenuity 
Pathways Analysis (IPA). This analysis identified networks 
with known functional relationships and there were several 
interesting interactions between mRNAs and miRs which 
were identified to be dysregulated. The expression of SGCZ, 
EIF4G3, PBX3, ANO4, FAM129B, and LIMCH1 were up- 
regulated and MAPKBP1, AUTS2, DEPDC1 and HIVEP3 
were down-regulated: these are associated with coronary 
artery disease. WASF1, TEC, ITGB1, and CD44 were up-
regulated, whereas PI3 was down-regulated: these have a role 
in leukocyte rolling and docking on the endothelial surface 
of capillaries, or leukocyte transmigration through capillary 
endothelial layer (Table 3). Analyzing them with IPA indi-
cated VEGF and SGCZ (Sarcoglycan zeta) are directly regu-
lated by miR-93 (Table 4), whereas there are data supporting 
a role for VEGF in KD and coronary artery disease, we are not 
aware of a role for SGCZ.

Notably, in the KD patients, the changes in expression of 
VEGFA mRNA were inversely related to the changes in miR-
93 expression, i.e. mRNA levels were initially elevated but fell 
Stage-2 while miR levels were initially lower than controls but 
increased after alleviation of fever (Figures 1a,b,4).

Analysis on Plasma Level of VEGF-A (ELISA)
To prove that the changes in PBMC mRNA levels of VEGFA 
influenced the plasma level of VEGF-A protein, plasma levels of 
VEGF-A were quantitated by enzyme-linked immunosorbent 

assay (ELISA). As shown in Figure 1c, the plasma levels of 
VEGF-A were elevated before treatment, but decreased imme-
diately after defevescence in responders, while these levels 
continued to be high until the recovery stage in the refractory 
KD group.

DISCUSSION
In this study, we identified key miRs that modulate gene 
expression during signaling networks and potential interac-
tions between mRNAs and miRs in patients with acute KD. 
In addition, gene expression profiling of mRNA was similar to 
those reported before, which described gene expression pro-
filing in the presence of high-dose IVIG in patients with KD 
(18).

We identified a small number of miRs that were signifi-
cantly higher or lower in acute KD patients, and normalized 
after defervesence. It is interesting that such a small number 
of known miRs (<0.7% (6/847) of those investigated) are asso-
ciated with KD and that changes in their expression, and the 
network of mRNAs they control, occur temporally with the 
response to treatment. In addition, these levels of miRNAs 
were strikingly high, especially in refractory KD patients, 
suggesting these miRNAs are associated with disease severity 
and may have potential role for the disease progression and 
responsiveness to the IVIG treatment.

miR-93 and VEGF-A Signaling and Coronary Arteritis
The expression of miR-93 and VEGFA mRNA in PBMCs 
showed a strong negative correlation and plasma levels of 
VEGF-A changed in response to the changes in transcrip-
tion (Figures 1a–c,4). These findings suggest that miR-93 is 
inversely related to VEGFA mRNA and plays an important role 
in pathogenesis in acute KD. The patient with CAL who had 
the longest duration of fever also had the highest expression of  

Figure 1. Relationship between miR-93 and VEGFA. The data are presented as mean ± SD. Dots are mean and whiskers are SD. *P < 0.05 and **P < 0.01 by 
t-test. Open circle is responder (n = 19), closed circle is refractory Kawasaki Disease (KD) (n = 4) and closed diamond is control (n = 12). (a) The sequen-
tial change of microRNA-93 (miR-93)/RNU48. We normalized the expression of miR-93 to the expression of RNU48. miR-93 expression was higher in the 
refractory KD patients than in responders and lasted even after alleviation of fever. Especially, miR-93 in the refractory KD patients was significantly higher 
than that in responders in Stage-2. (b) Change of vascular endothelial growth factor A (VEGFA)/glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
mRNA. VEGFA mRNA in refractory KD patients was higher than it in responders. The level of VEGFA mRNA was decreasing at Stage-2 and became normal 
at Stage-3. The changes in expression of VEGFA mRNA were inversely related to the changes in miR-93 expression, i.e., mRNA levels were initially elevated 
but fell at Stage 2, while miR levels were initially lower than controls but increased after alleviation of fever. (c) The sequential change of expression of 
VEGFA. The plasma levels of VEGF-A in the refractory KD patients were significantly higher than that in responders in all Stage.
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VEGFA mRNA, highest plasma levels of VEGF-A in Stage-1 
and Stage-2, and highest levels of miR-93 at Stage-2, suggest-
ing miR-93 and VEGFA mRNA contribute to pathogenesis of 
coronary artery involvement in acute KD patients. We previ-
ously reported that plasma levels of VEGF-A correlate with 
the development of CAL in KD patients (3). VEGF-A binds to 
VEGF receptor-1 or VEGF receptor-2 on the surface of vascu-
lar endothelium leading to angiogenesis, chemotactic attrac-
tion of macrophages, neutrophils, and vasodilation, indirectly 
by nitric oxygen release (19,20). The human VEGF family has 
five members, VEGF-A, B, C, D and placenta growth factor, 
and each of them has tissue-specific roles. The function of 
VEGF-A has been studied mostly on cells of the vascular endo-
thelium, although it does have various effects on a number of 

other cell types, such as stimulating monocyte/macrophage 
migration, neurons, cancer cells, and kidney epithelial cells. 
In vitro, VEGF-A has been shown to stimulate endothelial cell 
mitogenesis and cell migration. VEGF-A is also a vasodilator, 
which increases microvascular permeability and was origi-
nally referred to as vascular permeability factor called VEGF 
before discovering other members (19,20). We have developed 
a model showing that down-regulation of miR-93 during the 
acute phase of KD results in increased expression of VEGFA 
mRNA which inversely related to miR-93.

miR-145-5p, miR-145-3p, and TGF-β Signaling Pathway
In our study, two miRs (miR-145-5p and miR-145-3p) expres-
sion was significantly high in refractory KD patients at Stage-2 

Figure 2. Sequential changes of microRNA (miR)-145-5p and miR-145-3p. The data are presented as mean ± SD. Dots are mean and whiskers are SD. 
*P< 0.05 by t-test. Open circle is responder (n = 19), closed circle is refractory Kawasaki Disease (KD) (n = 4) and closed diamond is control (n = 12). 
(a) The sequential change of miR-145-5p/RNU48. (b) The sequential change of miR-145-3p/RNU48. Two miRs (miR-145-5p, and miR-145-3p) expression 
was significantly high in refractory KD patients at Stage-2 and becoming normal at Stage-3.

Stage-1 Stage-2 Stage-3Stage-1

15

10
R

el
at

iv
e 

qu
an

tit
y

1,500

1,000

500

0

−500

R
el

at
iv

e 
qu

an
tit

y

5
*

*
*

0

−5

Stage-2 Stage-3

a b

Figure 3. Sequential changes of microRNA (miR) miR-150-3p, miR-182, and miR-296. The data are presented as mean ± SD. Dots are mean and whiskers 
are standard deviation. *P < 0.05 and **P < 0.01 by t-test. Open circle is responder (n = 19), closed circle is refractory Kawasaki Disease (KD) (n = 4) and 
closed diamond is control (n = 12). (a) The sequential change of miR-150-3p/RNU48. miR-150-3p in refractory KD patients was significantly higher than 
that in responders in Stage-2. (b) The sequential change of miR-182/RNU48. miR-182 in refractory KD patients was higher than in responders in all stages. 
(c) The sequential change of miR-296/RNU48. miR-296 in refractory KD patients was significantly higher than in responders in Stage-1 and Stage-2.
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and becoming normal at Stage-3 (Figure 2a,b). Previous studies 
have implicated the TGF-β pathway in disease pathogenesis and 
generation of myofibroblasts in the arterial wall (17,21). They 
reported that miR-145-5p, which plays a critical role in the dif-
ferentiation of neutrophils and vascular smooth muscle cells, 
was expressed at high levels in blood samples from acute KD but 
not adenovirus-infected control patients (P = 0.005). Pathway 
analysis of the predicted targets of the six differentially expressed 
miRs identified the TGF-β pathway as the top pathway regulated 
by miRNAs in KD. Therefore, they concluded that miR-145-5p 
may participate, along with other differentially expressed miRs, 
in regulating expression of genes in the TGF-β pathway dur-
ing the acute illness. In our study, miR-145-5p and miR-145-3p 
expression was especially high in refractory KD patients, sug-
gesting that these participate in the regulation of genes which 
may control responsiveness to the treatment and disease severity 
of vasculitis.

miR-150 and NF-κB Signaling
In our study, miR-150-3p levels both in responders and refractory 
KD were not significantly elevated as compared with controls 
during Stage-1. However, miR-150-3p levels in refractory KD 
elevated significantly during Stage-2 and normalized by Stage-3 
(Figure 3a). MiR-150 regulates NF-κB-related inflammation 
(15). Arteritis in KD is known to involve NF-κB signaling (9,16). 
MiR-150 is reported to control inflammation through NF-κB 
signaling by acting on IRAK3, MAPK, SGCZ, C10ORF14, and 
ACCN2 resulting in negative feedback signaling (9,16).

We have previously studied that coronary arteritis in KD 
patients and the roles of proteins such as VEGF-A, the S100 
protein family, and inducible nitric oxide synthase (3,17–24). 
Myeloid-related protein8 (also known as S100 calcium-binding 
protein A8), Myeloid-related protein14 (S100 calcium-binding 
protein A9), and S100 calcium-binding protein A12 are Damage-
Associated Molecular Pattern molecules, which are associated 

table 3. mRNAs: Functional category

Gene symbol (protein)
Kawasaki disease 

(Stage-1) Control
Fold change 

(log2)
Up-/down 
regulation

SGCZ (Sarcoglycan zeta) 23.4 10.1 2.33 Up

EIF4G3 (Eukaryotic translation initiation factor 4 gamma 3) 115.9 51.3 2.26 Up

PBX3 (Pre-B-cell leukemia transcription factor 3) 17.7 7.5 2.35 Up

ANO4 (Anoctamin 4) 18.9 9.0 2.09 Up

FAM129B (Family with sequence similarity 129, member B) 498.0 192.8 2.58 Up

LIMCH1 (LIM and calponin homology domains-containing protein 1) 25.1 11.7 2.13 Up

MAPKBP1 (mitogen-activated protein kinase binding protein 1) 32.3 40.0 0.80 Down

AUTS2 (autism susceptibility candidate 2) 31.7 38.2 0.83 Down

DEPDC1 (DEP domain containing 1) 64.4 181.8 0.35 Down

HIVEP3 (Human immunodeficiency virus type I enhancer binding protein 3) 26.7 49.4 0.54 Down

WASF1 (WAS protein family, member 1) 473.2 211.7 2.24 Up

TEC (tec protein tyrosine kinase) 21.1 11.7 1.80 Up

ITGB1 (Integrin, beta 1) 22.3 9.14 2.44 Up

CD44 51.7 18.9 2.74 Up

PI3 (peptidase inhibitor 3) 87.4 272.0 0.32 Down

The expression of SGCZ, EIF4G3, PBX3, ANO4, FAM129B, and LIMCh1 were up-regulated and MAPKBP1, AUTS2, DEPDC1 and hIVEP3 were down-regulated: these are associated with 
coronary artery disease. WASP, TEC, PKC, ITGB1 and CD44 were up-regulated, and PI3 was down-regulated: these have a role in leukocyte rolling and docking on the endothelial surface 
of capillaries, or leukocyte transmigration through capillary endothelial layer.

table 4. mRNAs related to differentially expressed microRNAs (miRs)

miRs Gene symbol (protein) Stage-1 Stage-2 Fold change(log2) Regulated mRNA

miR-93 SGCZ (sarcoglycan zeta) 23.4 4.2 −2.48 Down

TSHZ3 (teashirt zinc finger homeobox 3) 604.5 406.9 −0.57 Down

VEGFA (vascular endothelial growth factor A) 72.6 28.8 −1.33 Down

C10orf140 (chromosome 10 open reading frame 140) 6.3 13.4 1.09 Up

ICK (intestinal cell (MAK-like) kinase) 3.9 12.6 1.69 Up

OTUD7A (OTU domain containing 7A) 6.8 15.8 1.21 Up

miR-182 BNC2 (basonuclin 2) 33.5 14.6 −1.20 Down

Note: Targets of miR-92b, 150-3p, 296-5p, and 877 have not been identified.
Among the many RNAs whose expression was altered in the Kawasaki disease (KD) patients, several have been reported to be regulated by the miRs that were differentially expressed. 
Examples of these are listed here.

Volume 80  |  Number 3  |  September 2016      Pediatric RESEARCh 429



Copyright © 2016 International Pediatric Research Foundation, Inc.

Articles         Ichida et al.

with intracellular signaling pathways by acting as endogenous 
ligands in the innate immune responses (23–29). Myeloid-related 
protein8/ Myeloid-related protein14 hetero-dimmers are released 
in high concentrations at local sites of inflammation and have 
been described as one of the endogenous ligands of Toll-like 
receptor 4. Binding of ligand to Toll-like receptor 4 leads to acti-
vation of NF-κB and induces expression of many proinflamma-
tory cytokines. The serum concentration of receptor for advanced 
glycation end products may be associated with reactivity to IVIG 
(23,28,29). Our study showed that miR-150 may play a significant 
role regulating NF-κB-related inflammation in acute KD.

miR-182 and Immune Dysfunction
In our study, miR-182 levels were high in refractory KD 
patients, and subsequently decreased during the convalescent 
phase (Figure 3b). MiR-182 was shown to be a key effector of 
the suppressor activity of regulatory T-cells during an immune 
response (30). It has been suggested that dysfunctional regula-
tory T-cells are associated with immune dysfunction in KD, 
but the mechanisms resulting in T-cell dysfunction remain 
unknown. Several studies have reported that the numbers of 
regulatory T-cells decrease and their functional properties 
are compromised during the acute phase of KD, and partially 
recover in response to IVIG treatment (31).

miR-296 and Angiogenic Signaling Pathways
In our study, MiR-296 in refractory KD patients was sig-
nificantly higher than in responders in Stage-1 and Stage-2 
(Figure 3c). MiRNAs, such as miR-132, miR-126, miR-296, 

miR-145, and miR-92a, have been shown to play pro and anti-
angiogenic roles in the vasculature of both endothelial cells 
and perivascular cells, acting as key regulators of angiogen-
esis. However, in pathological situations such as cancer or 
inflammation, the same angiogenic signaling pathways and 
miRs are dysregulated and exploited, typically resulting in 
poorly organized vessels with leaky and tortuous properties 
(32). miR-296 directly decreased the levels of hepatocyte-
growth factor regulated tyrosine kinase substrate, indirectly 
affected the levels of VEGFR2 and PDGFRβ by altering their 
trafficking to the cell surface. Thus, miR-296 may have indi-
rectly affected the levels of VEGFR, resulting in vascular leak 
of small vessels which is an essential pathological component 
of vasculitis in acute KD.

Limitations and Suggestion for Further Work
The major limitation of this study is the small patient cohort. 
Therefore, it will be important to study larger cohorts, as 
well as KD patients who develop CAL, to confirm the role of 
these miRs and mRNAs in KD progression and pathogenesis. 
However, we believe these data indicate a significant role for 
miRs in controlling gene expression and suggest they represent 
a novel area of investigation.

In this study, we identified key miRs that may modulate gene 
expression during essential signaling networks in acute KD, 
however we could not confirm target genes for each of miRs 
except for VEGF, and we have not established clear causal and 
mechanistic relationships between the changes in miR and 
gene expression. If the predicted target genes for each miRs are 
confirmed, potential interactions between mRNAs and miRs 
would be clarified in arteritis of KD.

Conclusions
In conclusion, we have identified changes in miR profiles in 
human circulating PBMCs in patients with acute KD. Several 
miRs appeared to be highly specific to the acute phase of KD, 
and may participate in regulating expression of genes in the 
known pathways, such as TGF-β, VEGF, and NF-κB signal-
ing. In particular miR-93 appears to control the expression of 
VEGF-A, and may have an important role in signaling, that 
results in arteritis in KD.

METHODS
Subjects and Treatment
The study population comprised a total of 23 KD patients, six chil-
dren with unrelated febrile disease (four with viral infections and 
two with bacterial infections), and six healthy, age-matched children 
from April 2009 to September 2012 in Toyama University Hospital 
and related facilities (Table 1-1). All of them were Japanese. Patients 
were diagnosed with KD if they had five or more of the following six 
diagnostic criteria (1,33):

1. High-grade fever that lasted for more than 5 d if left untreated
2. Red eyes (conjunctivitis) without pus or drainage, also known 

as “conjunctival injection” 
3. Bright red, chapped, or cracked lips, red mucous membranes 

in the mouth, or strawberry tongue
4. Rash, which may take many forms, but not vesicular (blister-like)

Figure 4. Correlation between normalized vascular endothelial growth 
factor A (VEGFA) mRNA expression and normalized microRNA-93 (miR-93) 
expression. We normalized the expression of miR-93 to the expression of 
RNU48 and then calculated the ratio of expression between patients and 
controls at each time point. Similarly we normalized the expression of 
VEGFA to the expression of GAPDH mRNA and then calculated the ratio of 
expression between patients and controls at each time point. There was 
a significantly negative correlation between mRNA VEGFA and miR-93. 
Closed square is Stage-1 and open diamond is Stage-2.
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5. Changes in the extremities: Acute phase—Red palms of the 

hands and soles of the feet; Later phase—Peeling (desquama-
tion) of palms and soles; peeling may begin around the nails, 
increased peeling on palms of the hand

6. Swollen lymph nodes (frequently only one lymph node is swol-
len), particularly in the neck area

Upon diagnosis patients were initially treated with IVIG: 2 g/kg/24 h  
and oral aspirin (ASA: 30 mg/kg/d) with the dose of ASA being 
decreased to 5 mg/kg/d, once the fever subsided (34). The patients who 
responded to IVIG, with recovery from fever within 48 h, are designated 
responders, while those who did not respond to first or second doses of 
IVIG are designated refractory patients. These refractory patients were 
enrolled in the study during this period, as they were referred to our 
hospital for the second IVIG or third-line treatment. Venous blood 
samples (4 ml) were obtained three times (Stage-1, Stage-2, and Stage-
3) from the KD patients. Whole blood was collected into sodium EDTA 
vacuum tubes. Echocardiography and electrocardiograms (ECGs) were 
performed in the KD patients each time blood was collected to deter-
mine whether the patients had coronary artery lesions (CAL, coronary 
artery diameter Z-score > 2.5). The study was approved by the Ethics 
Committee of the University of Toyama, performed in accordance with 
the Declaration of Helsinki, and informed consents were obtained from 
the parents of the participants.

Isolation of Total RNA from PBMCs
PBMCs were isolated from whole blood by centrifugation through 
Histopaque-1077 (Sigma, St. Louis, MO) according to the manufac-
turer’s instructions. Total RNA was extracted from the PBMCs using 
RNeasy mini kits (Qiagen, K.K., Tokyo, Japan), according to the man-
ufacturer’s instructions. Each RNA sample was quality-controlled 
using a NanoDrop 1,000 (Thermo Fisher Scientific, Wilmington, DE) 
and the samples were stored at −150 °C until further processing.

Analysis of miR and mRNA Expression (Part1: Preliminary Study 
for Four Patients with KD)
Gene and miR expression were analyzed using GeneChip systems 
with the Human Genome U133 Plus 2.0 arrays (Affymetrix, Santa 
Clara, CA), which were spotted with 54,680 probe sets, and GeneChip 
miRNA Arrays, which were spotted with 846 probe sets, respectively. 
A total of 48 arrays were performed: 24 for the KD patients (two 
arrays per time point, three time points (Stage-1, Stage-2, and Stage-
3) for each of four patients), 12 for the febrile patients and 12 for 
healthy controls. Sample preparation for array hybridization was car-
ried out according to the manufacturer’s instructions. In short, more 
than 1 µg of total RNA was used to synthesize double-strand cDNA 
with a 3’IVT Express kit. Biotin-labeled cRNA was then synthesized 
from the cDNA using FT10AFYB Flash Taq Biotin RNA Labeling Kit 
(Affymetrix, Santa Clara, CA). After fragmentation, the biotinylated 
cRNA was hybridized to arrays (35). The arrays were washed, stained 
with streptavidin-phycoerythrin and scanned with a probe array 
scanner. The scanned chip was analyzed using GeneChip Analysis 
Suite software (AGCC 4.3). Hybridization intensity data were con-
verted into a presence/absence call for each gene, and changes in 
gene expression between experiments were detected by comparison 
analysis. The data were further analyzed using GeneSpring GX 11.0 
software (Silicon Genetics, Redwood City, CA) (35).

Microarray Data Analysis and Statistical Analysis
In order to identify mRNAs and miRs with expression levels that 
were different in KD patients, by comparison with the febrile group 
and healthy controls, normalized signal intensities were subjected to 
 two-sample t-test statistics (applying a nominal significance level of 
P < 0.01). Quantitative log2 metrics were used for the mRNA data 
and log1.5 for the miR data to quantify expression changes. Probes for 
nonhuman miRs were omitted.

The data were analyzed using IPA tools (Ingenuity Systems, 
Mountain View, CA), a web-based application that enables the discov-
ery, visualization and exploration of molecular interaction networks 
in gene expression data. The gene lists identified by GeneSpring, con-
taining Affymetrix gene ID and natural legalism, were uploaded into 
IPA. Several algorithms, namely TargetScan 4.1, PicTar, miRanda, 

and DIANA microT were used for analyzing miR targets. In addition, 
miRBase, miRGen, and TarBase were used if needed (36–38).

The Replication Study of miR and mRNA Expression (Part2: 
Sequential Comparison Study Between Responders and 
Refractory KD Patients)
Four miRs (miR-93, miR-150-3p, miR-182, and miR-296), which were 
determined to be differentially expressed in the preliminary study and 
two miRs (miR-145-5p and miR-145-3p) previously implicated in KD 
(17), were selected for further analysis. KD patients were divided into 
two groups: responders to IVIG, n = 19 and refractory KD patients, 
n = 4. The sequential changes of miR and mRNA expression were 
evaluated at three time points (Stage-1, Stage-2, and Stage-3) for each 
patient and compared with RNA isolated from six healthy controls. 
In this case, miR expression was analyzed using TaqMan miR Assays 
while VEGFA mRNA was analyzed by reverse-transcriptase PCR: 
forward primer (GAGCCTTGCCTTGCTGCTCTAC) and reverse 
primer: (CACCAGGGTCTCGATTGGATG).

Analysis on Plasma Level of VEGF-A by ELISA
Plasma concentrations of VEGF-A were determined by a sand-
wich ELISA using commercial kits (Immuno-Biologic Laboratories, 
Fujioka, Japan), according to the manufacturer’s instructions, in all 
KD patients and controls.

Statistics
Statistical analyses were performed using t-test and ANOVA with 
GraphPad Prism 6.04 (GraphPad Software, La Jolla, CA). The results 
were considered statistically significant at P < 0.05. The data are pre-
sented as mean ± SD.
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