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Kawasaki disease (KD) is an acute vasculitis, which leads to 20% of sufferers developing
coronary artery aneurysm in children if not appropriately treated. Therefore, the early
diagnosis of KD is essential for alleviating the risk of developing heart disease. MicroRNAs
(MiRNAs) are a large class of small non-coding RNAs which post-transcriptionally
regulate gene expression and have been shown to play critical roles in numerous
biological processes and diseases. In this study, we used high-throughput miRNA
sequencing and found dozens of MIRNAs are highly expressed in platelets. By comparing
the miRNA expression profile of platelets of acute KD patients and other febrile patients,
miR-222-3p is validated to be significantly upregulated in platelets of acute KD patients.
Furthermore, KEGG pathway analysis shows that targets of miR-222-3p are enriched in
immune-related signaling pathways. Our study uncovers the potential of miR-222-3p in
platelets as biomarker for early diagnosis of Kawasaki disease.
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INTRODUCTION

Kawasaki disease (KD) is also known as mucocutaneous lymph node syndrome (1), which is a
systemic vasculitis and its etiology remains obscure. Asian children and those younger than 5 years
are more prone to be afflicted with Kawasaki disease (2). Approximately 15-25% cases of Kawasaki
disease children may develop coronary artery abnormalities if not treated appropriately (3). It turns
out to be the leading cause of pediatric acquired heart disease and increases the risk of myocardial
infarction (4).

According to previous studies, intravenous immunoglobulin (IVIG) and aspirin can
significantly reduce the incidence of coronary artery lesions (CALs) to ~5% if treated in the first
10 days of KD (5, 6). However, the diagnosis of KD can be very challenging. Kawasaki disease is
presented by prolonged fever for at least 5 days and coupled with at least four of the following
clinical criteria: (1) bilateral non-exudative conjunctival injection; (2) changes in the mucosa of the
oropharynx, including injected pharynx, dry fissured lips and strawberry tongue; (3) polymorphous
exanthema; (4) changes of the peripheral extremities such as indurative oedema or erythema of
hands and feet in the acute phase, and later membranous desquamation starting around the nail
bed; (5) cervical lymphadenopathy >1.5cm usually unilateral (7-11). Children with inadequate
diagnostic criteria are classified as incomplete KD or atypical KD patients (8, 12), who are easily
misdiagnosed and their treatment may be subsequently delayed, which greatly increases the risk
of CALs. Thus, the identification of reliable biomarkers may facilitate early diagnosis and effective
treatment of KD.
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Some attempts have been made to identify protein biomarkers
for KD. A study indicated that fibrinogen-related plasma protein
(fibrinogen, alpha-1-antitrypsin, clusterin, and CD5L) levels are
highly elevated during acute KD (13), among which plasma
clusterin, also known as apolipoprotein J, has been recognized as
a prognostic biomarker for CAL sequelae in KD (14). Besides,
N-terminal pro-BNP (NTpro-BNP) was found to be elevated
in the acute phase of KD (13, 15) and possess diagnostic
utility and predictive value (16, 17). Kim et al. reported serum
cardiac troponin I (cTnl) and creatinine kinase (CK)-MB as
two biomarkers, occurring at higher level in KD patients in
comparison to age-matched, non-KD control patients (18).
Furthermore, nitric oxide synthases (iNOS) in neutrophils have
also been identified as a promising biomarker, and have been
found at higher expression levels during acute KD (19). Another
important finding is that CXCL10 (IP-10) levels were significantly
increased in KD patients, and there was IP-10 receptor CXCR3
activation in T cells of the acute KD cohort (20), providing
insight into the use of cytokines as biomarkers for KD (21).
Moreover, Yayoi et al. proved the potential of LRG1 as a
biomarker to facilitate KD diagnosis by mass spectrometry
(MS) (22).

Although various biomarkers have been reported, the
consistency between different studies remains challenged.
Besides, the low sensitivity to quantify low-abundant proteins
and antibody-based detection limits the utility of protein
biomarkers (23). Therefore, much easier detected and more
delicate biomarkers are necessary.

Recent studies on cancer have revealed the potential
importance of platelets in biomarker assessment from blood
samples (24). Circulating platelets were reported to crosstalk
with various cells such as leukocyte, endothelial cell et al. and
molecules like ATP, thus serving as active media of intracellular
communication. Furthermore, the transcriptome of platelets is
swift altered responding to extracellular queues (25). Apart
from mRNAs, platelet transcriptome contains various non-
coding RNAs, including microRNAs and circular RNAs. These
non-coding RNAs involve in multifarious biological processes,
including vascular homeostasis, inflammation and contribute to
platelet function (14).

To date, whether these non-coding RNAs, especially miRNAs
in platelets have the potential as diagnostic biomarkers is still
not clear. MicroRNAs (miRNAs) are a class of small RNA
transcripts ranging from 18 to 25 nucleotides which post-
transcriptionally regulate gene expression through destabilizing
mRNA and/or translation inhibition. Previous studies have
demonstrated that miRNAs play critical roles in numerous
biological processes and diseases such as tumorigenesis (26—
30), immune responses (31-34), differentiation (35-39), and
apoptosis (40, 41). Furthermore, miRNA profiles are specific
to various physiological and pathological conditions (42).
Additionally, miRNA profiling has been shown to be more
accurate than mRNA expression profiling in characterizing
the difference of multiple human cancers (43), which
postulates the possibility of platelets miRNAs as predictive
biomarkers (44). In the current study, we investigated
the potential of platelet miRNAs as biomarker for early

diagnosis of Kawasaki disease and identified miR-222-3p as a
distinguishing marker.

METHODS

Platelets Isolation

This study was carried out in accordance with the principles
of the Basel Declaration and recommendations of guidelines
for good clinical practice (GCP). The protocol (N0.2018LW001)
was approved by Children’s Hospital of Soochow University
ethics committee. Peripheral blood from KD patients and
other febrile controls was obtained at initial diagnosis from
Children’s Hospital of Soochow University, Suzhou. Platelets
were isolated from plasma at room temperature. In brief, a total
of 1 ml peripheral whole blood was collected from the patients,
anticoagulated with EDTA in purple-cap BD Vacutainers. The
blood was centrifuged at 120 g for 20 min to collect platelet-rich
plasma. The platelet-rich plasma was further centrifuged at 360 g
for 20 min, after which the platelet pellet was washed twice in PBS
(Gibco). The isolated platelet pellets were snap-frozen at —80°C
for future use.

RNA Isolation

The mirVana™ miRNA isolation kit (P/N: AM1560, Applied
Biosystems) was chosen for the isolation of platelet miRNAs,
and used according to the manufacturer’s instructions with some
modifications. Briefly, the platelet pellet was lysed and vortexed
to obtain a homogenous lysate. A tenth volume of miRNA
homogenate additive was added to the lysate and the sample was
mixed rigorously by vortex before incubation on ice for 10 min.
The mix was purified with acid-phenol: chloroform, followed
by filter through solid-phase cartridge. The flow-through was
discarded and the column was subjected to washing steps. 1001
of nuclease-free water, preheated to 95°C, was used to elute
platelet miRNA and centrifuged at 11,000 g for 45s. The RNA
was quantified with Nanodrop spectrophotometer (ND1000).
RNA sample quality was evaluated by Agilent 2100 Bioanalyzer
(Agilent Technologies).

Small RNA Library Construction and
Sequencing

All small RNA libraries were prepared using NEBNext Multiplex
Small RNA Library Prep Set (NEW ENGLAND Biolabs). Briefly,
100 ng of total RNA was prepared from each sample to ligate
diluted 3’ SR adaptor directly. Subsequently excessed 3’ SR
adaptors were hybridized with SR RT primer to prevent adaptor-
dimer formation, followed by ligation of 5 SR adaptor with
T4 RNA ligase and reverse transcription to generate single-
strand ¢cDNA. To enrich the products for sequencing, 15-cycle
PCR amplification was performed on the first cDNA strands
using [llumina compatible multiplexed primer sets. The resulting
library was subjected to size selection and purification with 10%
PAGE gel (Solarbio). The concentration and quality of each small
RNA library was examined by Qubit 2.0 (Invitrogen) and DNA
High Sensitivity Chip (Agilent). High quality libraries with size
between 150 and 160bp were pooled in equimolar concentration
and sequenced for SE50 on Hiseq 2500 (Illumina).
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Quantitative Real-Time PCR (qRT-PCR)
Validation of miRNAs

The cDNA was synthesized in a 25 pl volume containing 50
ng total RNA, 5 ul 5 x PAP/RT buffer, 1 ]l RTase mix and 1
il 2.5 U/ul Poly A Polymerase included in the All-in-One™
miRNA First-Strand ¢cDNA Synthesis kit (GeneCopoeia). RT
reactions were incubated at 37°C for 1h, followed by 85°C
for 5min to inactivate reverse transcriptase mix and placed
on ice. The resultant cDNAs were diluted to 1 ng/pl before
use. MiRNA qPCR primers were designed based on mature
miRNA sequences from miRBase v20. For has-miR-222-3p the
primer sequence is AGCTACATCTGGCTACTGGGTAA
and for C.elegans miR-39-3p the primer sequence is:
TCACCGGGTGTAAATCAGCTTGAA. Quantitative  real-
time PCR reactions were conducted on the 7500 Real-Time PCR
system (Applied Biosystems) using the All-in-OneTM miRNA
qRT-PCR Detection kit (GeneCopoeia).

Bioinformatics

MiRNA sequencing reads were matched to the miRBase miRNA
hairpin precursors by mapper.pl provided by miRDeep2, after
trimming the adapter sequence with fastx_clipper from fastx
toolkit. CPM was obtained with the raw read count of each
miRNA normalizing to library size of corresponding sample. R
3.5.1 was used for the generation of venn diagram, heatmap
and violin plot. Python 3.5.5 was used to build random forest
classifier model and generate receiver operating characteristic
(ROC) curve and histogram.

RESULTS

Sets of miRNAs Are Differentially
Expressed in Platelets of Kawasaki

Disease and Other Febrile Patients

To identify candidate miRNAs differentiating Kawasaki disease
(KD) and other febrile illness (OFI), we enrolled 32 pediatric
patients, including 16 children diagnosed with KD and 16
diagnosed with pneumonia, Bronchitis et al. which were
grouped into OFI (Supplementary Table 1). Patients included
in KD and OFI were matched for age and prolonged fever
time (Supplementary Figure 1). Total RNA was extracted from
platelets after elaborating isolation of platelets from whole blood.
The platelet RNA was subjected to small RNA sequencing library
construction and sequenced. Count per million (CPM) was used
for expression level quantification. MiRNAs with CPM higher
than 100 in at least half samples were considered expressed for
further analysis (Supplementary Table 2).

The most abundant microRNAs in platelets of KD patients
are members of the let-7 microRNA family, which represented
42.84% of the platelet microRNA content (Figure 1A), consistent
with previous identified miRNA profile in human platelets (45-
47). The data pertaining to the 10 most abundant platelet
microRNA families are compiled (Supplementary Table 3) and
show that individual microRNAs, such as miR-21-5p, miR-
30a/d-5p, miR-92a-3p, miR-103a-3p, miR-148a-3p, miR-26a-5p,
miR-222-3p, and miR-151a-3p also accounted for an important

proportion of human platelet microRNAs. 123 and 121 miRNAs
were detected in platelets of OFI and KD patients, respectively,
and the majority of miRNAs (78.1%) were both expressed in
different disease states (Figure 1B), including key miRNAs in
innate immune responses such as miR-146a and miR-155 (48).
Among the expressed miRNAs in either KD or OFI patients’
platelets, volcano plot showed that 35 miRNAs were differentially
regulated with average CPM change for more than 2 folds and
p-value < 0.01 (Figures 1C,D). 12 miRNAs were upregulated in
KD patients’ platelets while 23 miRNAs were downregulated.

MiR-222-3p Is Identified as a
Distinguishing Marker in KD and OFI

Patients

We reasoned that these differentially expressed miRNAs may
largely contribute to the distinguished bio-signatures of KD and
OFI patients, and thus may play important roles in the early
diagnosis of Kawasaki disease. A random forest classifier (RFC)
model was built with a training set containing 22 samples (11
KD and 11 OFI) using differentially expressed 35 miRNAs as
features. Parameters were optimized by Bayesian Optimization
(49) and used to train the model. Furthermore, we examined
the generalization ability of the model by interrogating the
remaining 10 samples (5 KD and 5 OFI). The receiver operating
characteristic (ROC) curve was generated by comparing the
predicted result with true sample class and the area under
curve (AUC) reached 0.94 (Figure2A), which suggested the
high quality of this model in distinguishing KD from OFI
samples. These data showed that the differentially expressed
platelet miRNAs hold great potential in distinguishing KD
patients from other febrile illness patients. To determine the
most important miRNA in differentiating KD and OFI patients,
the relative rank (i.e., depth) of miRNAs was used as decision
node in the RFC model. As a result, miR-222-3p was shown as
the miRNA feature with greatest importance (Figure 2B). MiR-
222-3p shares identical seed sequence “GCUACAU” with miR-
221-3p, both of which belong to miR-221 family of miRNAs,
are highly expressed in platelets of KD patients (Figure 1A),
which denotes it as a potent distinguishing marker in KD
and OFI.

MiR-222-3p Is Validated to Be Upregulated

in Platelets of KD Patients

With the high throughput miRNA sequencing data, we found
that miR-222-3p expression was significantly upregulated in KD
patients comparing with OFI patients (Figure 2C). Quantitative
real time PCR (qRT-PCR) was performed to validate the
expression change of miR-222-3p in KD patients. Due to the
limited amount of platelet RNA available from patients, we only
performed qPCR on 6 samples with platelet RNA remained (3
KD and 3 OFI). With C.elegans miR-39-3p as exogenous miRNA
normalization control as suggested by Nicholas et al. (47), miR-
222-3p was upregulated for 2.41 fold (Figure 2D), which was
consistent with the small RNA sequencing data. These data
demonstrate that miR-222-3p is upregulated in platelets of KD
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patients, which may act as a potential biomarker for the diagnosis
of Kawasaki disease.

KEGG Pathway Enrichment of Predicted
Target Genes of miR-222-3p

To further understand the biological significance of the
upregulation of miR-222-3p in platelets of KD patients, we
conducted KEGG pathway enrichment analysis of predicted miR-
222-3p target genes. Three target prediction tools were chosen
to identify authentic target genes of miR-222-3p, including
TargetScan (50), miRanda (51) and MirTarget2 (52). A total of
165 common target genes of hsa-miR-222-3p were identified
by comparing three sets of predicted target genes (Figure 3A).
DAVID (53) was used for KEGG pathway enrichment analysis
and the top 10 pathways were listed (Figure 3B). Surprisingly, the
predicted target genes of miR-222-3p were most enriched in the T

cell receptor signaling pathway, as well as B cell receptor signaling
pathway, suggesting the involvement of platelet miRNAs in
immune dysfunction. Consistently, KD is characterized with
down-regulation of T cell receptor and B cell receptor signaling
pathways by several studies (54-56).

DISCUSSION

Due to the long-lasting and detrimental coronary effects that
Kawasaki disease may cause (11), accurate early diagnosis
is necessitated for early recognition of the disease. To
our knowledge, this is the first study showing potential of
implementing platelet miRNAs in clinical practice for the
diagnosis of Kawasaki disease. Here we show that human platelets
express dozens of miRNAs, including miRNA families reported
previously, such as let-7, miR-21, miR-25, miR-203 et al. (45). We
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further identify 35 miRNAs differentially expressed in platelets  pathway analysis revealed that the targets of miR-222-3p were
of KD patients and other febrile patients, among which miR-  enriched in T-cell receptor pathway, indicating the crosstalk
222-3p was validated to be upregulated in KD platelets. KEGG  of miRNA between immune pathways. Further interactome
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HECTD2

FIGURE 4 | Gene interactions of miR-222-3p predicted targets. Genes related to T cell receptor signaling pathway were denoted red.

GNAI2

CAMKK1

analysis suggested that the predicted target genes of miR-222-3p
constituted a network of signaling pathways.

A few studies have been focusing on miRNA biomarkers
for Kawasaki disease. Jia et al. reported that two pairs of
serum exosomal miRNAs, including miR-1246/miR-4436b-5p,
and miR-197-3p/miR-671-5p, distinguish KD patients from
healthy individuals and those with viral infection as candidate
diagnostic biomarkers (57). Another study uncovered seven
miRNAs were significantly upregulated (hsa-let-7b-5p, hsa-miR-
223-3p, hsa-miR-4485, hsa-miR-4644, hsa-miR-4800-5p, hsa-
miR-6510-5p, and hsa-miR-765) and three were significantly
downregulated (hsa-miR-33b-3p, hsa-miR-4443, and hsa-miR-
4515) in plasma of acute KD compared with the healthy controls
(58). A similar study claimed that miR-200c and miR-371-5p
were elevated in serum in children with Kawasaki disease (59).
In our study, hsa-let-7b-5p and hsa-miR-223-3p were slightly
downregulated, while miR-200c, miR-197-3p and miR-671-5p
was upregulated in KD for 2.09, 2.09 and 2.43 fold, respectively,
and the rest of the above mentioned miRNAs were detected in
neither KD nor OFI platelet samples. The discrepancy lies in
the different background of starting material, indicating specific
miRNA expression profile in exosome, plasma and platelets.

There were 35 miRNAs differentially expressed for more
than 2 fold, among which miR-222-3p was the top miRNA
with highest expression. Previous study revealed that serum
miR-221/222 level was significantly elevated in patients with
coronary artery disease, suggesting they might be potential
diagnostic biomarkers (60). Another important finding is that
pathway significance analysis of blood lymphocyte-specific gene
markers revealed that T cell receptor signaling pathway is down-
regulated in KD, compared to febrile controls (55). Intriguingly,
the overlapped miR-222-3p predicted targets were enriched in
the T cell receptor signaling pathway and the B cell receptor
signaling pathway. Thus, the upregulation of miR-222-3p in
KD platelets may partially explain the downregulation due
to the crosstalk between platelets and leukocytes. However,
more delicate validations are imperative of whether these target
genes are indeed regulated by miR-222-3p. These data indicated
the involvement of platelet miRNAs in regulation of essential
signaling pathways in immune response, which is worthy of
further mechanistic investigations.

To understand the interactome of predicted targets of
miR-222-3p, the total 165 targets overlapped by the three
prediction tools were used to construct the interaction network
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with STRING (61). The core sub-network was shown with
default settings (Figure4). The genes involved in T and B
cell receptor signaling pathway were denoted red, including
PIK3R1, FOS, NFATC2, NFATC3, PPP3R1, and PAKI. These
genes also interacted with many other factors involved in
various signaling pathways, resulting in a network influenced
by miR-222-3p.

This study brings the possibility of miR-222-3p as potential
diagnostic biomarker for Kawasaki disease. MiR-222 has been
reported to participate in the pathogenesis of many inflammatory
diseases, including rheumatoid arthritis, atherosclerosis and
obesity-related inflammation (62, 63). Comparing to the
miRNAs merely enriched by bioinformatics, miR-222-3p was
more biological. Besides, even in the KD group, miR-222-
3p was lower in those suffering with coronary artery lesion
(Supplementary Figure 3), indicating the potential of using
miR-222-3p as predictor of CAL. Future work shall be focused
on application of this miRNA in clinical diagnosis of KD, such as
developing easily handled in vitro diagnostic kits and exploring
combinatory diagnostic miRNA sets. Besides, it turns out that
the KD group patients are prone to have high CRP levels and
platelet count at initial diagnosis (Supplementary Figure 2),
which has been reported as inflammatory biomarkers for
Kawasaki disease (64). Incorporating clinical manifestations
such as CRP and/or platelet count with miRNAs as
combinatory biomarkers to facilitate diagnosis is worthy of
further investigation.

HUMAN SUBJECTS/INFORMED CONSENT
STATEMENT

All procedures followed were in accordance with the ethical
standards of the responsible committee on human
experimentation (institutional and national) and with the
Helsinki Declaration of 1975, as revised in 2000. Informed
consent was obtained from all patients for being included in
the study.

ANIMAL STUDIES

No animal studies were carried out by the authors for this article.

DATA AVAILABILITY

The normalized CPM of miRNAs expressed in the clinical
samples are listed in Supplementary Figure 2. The original
miRNA sequencing data can be available upon request.
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