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Abstract. – OBJECTIVE: Kawasaki dis-
ease (KD) is an acute vasculitis in young chil-
dren, with ambiguous etiology. Early diagnosis 
will decrease the risk of coronary artery aneu-
rysms and contributes to the favourable progno-
sis. This work aimed to identify disease modules 
that accurately predict clinical outcome using a 
systemic module tracking method.

PATIENTS AND METHODS: Based on the 
transcriptional data and protein-protein interac-
tion (PPI) data, we constructed the differential 
co-expression network for KD. Then, a system-
ic module tracking method was performed to ex-
tract KD-related modules that accurately predict 
clinical outcome from the differential co-expres-
sion network, according to two steps: key genes 
identification and module inference by key gene 
expansion.

RESULTS: 16 key genes were identified based 
on their importance in differential co-expres-
sion network and most of them were ribosom-
al protein-related genes. With each key gene as 
initial gene, we identified 10 disease modules 
with high predictive accuracy. Function analysis 
found that these disease modules were related 
to one common pathway-ribosome pathway.

CONCLUSIONS: Our study for the first time in-
dicated that disturbed ribosome-related disease 
modules might contribute to the development of 
KD. These modules could be considered as nov-
el contributors to the progression of KD, and po-
tential diagnostic biomarkers for predicting the 
clinical outcome.
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Introduction

Kawasaki disease (KD), an acute vasculitis mo-
stly affecting young children, is recognized as a 
serious and potentially life-threatening condition. 
Approximately 25.0% cases untreated with intra-

venous immunoglobulin would develop coronary 
artery aneurysms1. In the developed world, KD is 
the predominant cause of pediatric acquired heart 
disease2. In North America, Australia and Europe, 
present incidence is about 4-25 per 100,000 chil-
dren younger than 5 years old, and presents a stable 
incidence from 2000 to 20123,4. In China, the inci-
dence is high and increasing during the last 10-20 
years based on studies conducted in different pro-
vinces; however, there is still no accurate national 
epidemiology4. Despite advances on epidemiology, 
genetic susceptibility and pathogenesis of KD, the 
etiology of this enigmatic disease remains ambi-
guous5,6. Because of the absence of specific and 
sensitive diagnostic test, the symptomatic diagno-
sis and treatment may be not completely reliable 
and be delayed. A comparison study has indicated 
that delayed diagnosis of KD increases the risk of 
coronary artery aneurysms7. Current documents 
believe that KD is a complex interplay of genetic 
factors, infections, and immunity8,9. Hence, a bet-
ter understanding of the underlying genetic factors 
may contribute to early diagnosis and efficient the-
rapeutic interventions for KD.

The development of high-throughput technolo-
gy and bioinformatics has driven the investigators 
to shift the way of recognizing complex diseases. 
Previous transcriptome analyses have yielded 
many genes influencing the likelihood of develo-
ping and treating KD10,11. While disease develop-
ment always refers to the dysregulation of a set of 
genes, interpreting that the consequences by gene 
sets may facilitate a better understanding of how 
gene perturbations are responsible for disease12. It 
is well known that genes with related functions are 
often co-expressed and interact with each other to 
form a biological network13. Network analysis has 
been widely used to predict pathogenic genes and 
gene sets involved in complex diseases14. Moreo-
ver, several computational algorithms have been 
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developed to excavate significant sub-networks 
for predicting clinical phenotypes15,16. While exi-
sting algorithms are usually heuristic, the derived 
sub-networks are ambiguous without a formal to-
pological feature. It is necessary to develop a sub-
network prediction method that not only embo-
dy disease-related genes but also predict clinical 
outcome accurately. 

Here, we proposed a systemic module tracking 
method to extract KD-related modules that could 
accurately predict clinical outcome from the dif-
ferential co-expression network. A schematic dia-
gram was described in Figure 1. This study might 
give a better understanding of the underlying mo-
lecular mechanism of KD and contribute to early 
diagnosis and therapy for KD.

Materials and Methods

Transcriptome Data 
In this work, the whole blood transcriptional 

data of KD were recruited from GEO database 

(http://www.ncbi.nlm.nih.gov/geo/), under the 
accessing number of GSE68004. The microarray 
data were presented on Illumina HumanHT-12 
V4.0 expression beadchip. In dataset GSE68004, 
whole blood RNA samples were obtained from 
76 pediatric patients with complete KD, 13 with 
incomplete KD, 19 patients with adenovirus in-
fection, 17 patients with Group A streptococcal 
disease, 18 patients with fever of undetermined 
origin, and 37 age- and sex-matched healthy con-
trols. To extract KD-related modules that could 
accurately predict clinical outcome, only 76 pe-
diatric patients with complete KD and 37 age- 
and sex-matched healthy controls were included 
in this study. The whole blood transcriptional 
data and annotation files of KD subjects and he-
althy controls were downloaded and preprocessed 
via standard procedure17,18. After mapping gene 
expression data onto probe level into gene sym-
bol level, a total of 21,043 genes and their expres-
sion data were obtained. This study was approved 
by the ethics committee of Jinan Maternity and 
Child Care Hospital.

Figure 1. A schematic diagram for the systemic module tracking method.
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General Network
The general protein-protein interaction (PPI) 

network was constructed on basis of the PPI 
data from the Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) databa-
se (http://string-db.org/). In STRING database, 
there are a total of 1,048,576 human interactions. 
The self-loops and duplicated PPIs were removed 
from this study, and 787,896 interactions were re-
mained for subsequent analysis.  

Differential Co-Expression Network 
This work attempted to identify KD-rela-

ted modules from a differential co-expres-
sion network view. Thus, we combined genes 
in transcriptional data with the general PPI 
network, and obtained a KD-related network, 
including 8387 genes and 52,425 PPIs. To 
obtain the differential co-expression network 
for KD, the gene co-expression values were 
firstly calculated using Pearson correlation co-
efficients (PCC)19 based on the transcriptional 
data, and only the highly co-expressed PPIs 
(|PCC| > 0.8) under KD condition were remai-
ned for the differential co-expression network. 
Then, the gene differential expression analysis 
was performed to determine the differential 
levels between KD and healthy control condi-
tions using one-side t-test, and the p-value was 
adjusted using Benjamini-Hochberg fault de-
tection rate (FDR). Based on the co-expression 
and differential values, each interaction was 
given a weight value to reflect the degrees of 
co-expression and differential expression. Gi-
ven an interaction between genes i and j, the 
weight value was calculate as follows:

the differential co-expression network, according 
two steps: key genes identification, and module 
inference by key gene expansion.

Key Genes Identification 
In this study, the key genes were determined 

based on the topological parameter of the genes in 
the differential co-expression network. The diffe-
rential co-expression network was visualized as 
an adjacency matrix A = (aij)n×n, and the impor-
tance of gene i in the differential co-expression 
network was defined as, 

where N(i) was the neighbor set of gene i in 
the differential co-expression network, A’ repre-
sented the degree normalized adjacency matrix, 
and A’g stood for the information propagation on 
network through the interactions, reflecting that 
the importance of a gene was determined by the 
neighbor numbers, co-expression values and the 
importance of its neighbors. Then, we calcula-
ted the z-scores20 according to the importance of 
genes in the differential co-expression network. 
Based on the z-scores, all genes in the differential 
co-expression network were ranked in descen-
ding order, and the genes with top 5% z-scores 
were defined as key genes for KD.

Module Inference 
In this study, module inference was performed 

using a snowball sampling strategy21. Specifically, 
with each key gene as initial gene, genes were in-
volved in the level-one network based on how well 
the collection of genes predicted the clinical outco-
me. Then, it progressively spread outward from the 
initial gene to scan more genes in the predictive 
model. Through the iterative procedure, module 
inference by key gene expansion stopped until the 
prediction accuracy dropped. Here, support vector 
machines (SVM)22, a machine-learning method, 
was implemented to assess the power of the disease 
module to predict clinical outcome. For prediction 
accuracy, the area under the receiver operating 
characteristic curve (AUC) was used as the metric 
to evaluate the performance. Modules with AUC > 
0.95 and gene number > 5 were considered as can-
didate modules for KD. Finally, module significan-
ce was determined by permutation test. Modules 
with Benjamini-Hochberg adjusted p-value < 0.05 
were defined as disease modules for KD.

where pi and pj represented p-values of diffe-
rential expression for genes i and j. V stood for 
the gene set of the co-expression network. In this 
case, we constructed the KD-related differential 
co-expression network with each interaction assi-
gned a weight value.

Disease Modules
Here a systemic module tracking method was 

presented to extract KD-related modules that 
could accurately predict clinical outcome from 



Disturbed ribosome-related modules were associated with Kawasaki disease

6399

Function Inference
Generally, co-expressed genes are inclined to 

involve in similar functions. Thus, after identi-
fying disease modules, we performed the function 
inference for each disease module. Here, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathway database was utilized to reveal biological 
functions related to KD. In this study, the statisti-
cal significance was determined by Fisher’s exact 
test, and pathways with Benjamini-Hochberg 
adjusted p-values < 0.05 were regarded as signifi-
cant pathways. The most significant pathway was 
defined as the optimal function for each disease 
module.

Statistical Analysis
The gene differential expression analysis betwe-

en two groups was performed using one-side t-test. 
Module significance and function inference signi-
ficance were determined by permutation test and 
Fisher’s exact test, respectively. p-value < 0.05 
were regarded to be statistically significant.

Results

Differential Co-Expression Network
From transcriptional data of KD, we obtained 

the expression data of 21,043 genes under KD and 
healthy conditions. From STRING, we screened 
a total of 787,896 human interactions (covering 
16,730 genes). Integrating genes in transcriptio-
nal data with the general PPI network, a KD-re-
lated network, including 8387 genes and 52,425 
PPIs, was obtained. Via PCC-based co-expres-
sion analysis, only interactions with |PCC| > 0.8 
were remained for the co-expression network. 
Then gene differential expression analysis betwe-
en KD and healthy control conditions was per-
formed using one-side t-test. The differential 
co-expression network was constructed based 
on the co-expression and differential expression 
analyses, in which each interaction was allotted a 
weight value to reflect the degrees of co-expres-
sion and differential expression. 

Key Genes
From the differential co-expression network, 

key genes were identified based on the importan-
ce of genes in the network. Based on the z-scores, 
all genes were ranked in descending order, and 
the top 5% genes were defined as key genes for 
KD. In this study, a total of 16 key genes were 

determined, as shown in Table I. Among them, 
RPS13 showed the highest z-score (z = 433.8), in-
dicating its most important role in the differential 
co-expression network.

Disease Modules 
To uncover the hidden genes with no signifi-

cance by themselves, we performed a module 
inference procedure to find genes as a collection 
that could accurately predict the clinical outcome. 
With each key gene as initial gene, the module 
inference was performed by a snowball sampling 
strategy. Starting from 16 key genes, we identi-
fied 16 candidate disease modules. Among them, 
there were a total of 11 modules with AUC > 0.95 
and gene number > 5. Permutation test identified 
10 modules with p-value < 0.05, that were defined 
as disease modules for KD, named as module 1- 
module 10. The details of disease modules was 
shown in Table II. Among them, module 1 and 
module 2 showed a predictive accuracy of 1, indi-
cating that they could accurately predict the clini-
cal outcome. The graph of module 1 and module 
2 was shown in Figure 2.

Pathway Inference
After obtaining disease modules, each disease 

module was given a related pathway by function 
inference. Based on KEGG pathway database, 
the most significant pathway of each disease mo-
dule was defined as the optimal function. Our 
result showed that ten disease modules were 
related to one common pathway-ribosome pa-
thway (Table III), including RPL30, RPS16, 
RPL18, RPL18A and so forth, indicating its im-
portant role in the development of KD. Especial-
ly, RPL30 and RPS16 were involved in module 
1 and module 2, implying they might be signifi-
cant to KD progression.

Table I. Key genes with top 5% z-scores for Kawasaki 
disease.

Key gene	 z-score	 Key gene	 z-score

RPS13	 433.8	 EEF1B2	 289.5
RPL6	 411.8	 RPL19	 283.3
RPL18A	 408.6	 RPL4	 277.6
RPS5	 387.6	 RPS6	 272.8
RPL36	 363. 1	 RPL22	 271.3
RPL35	 338.7	 RPS8	 269.2
RPL18	 323.7	 RPL27	 262.5
RPS16	 316.3	 RPL7A	 261.3
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Discussion

It has been largely accepted that KD is a conse-
quence of combined action of genetics, infections, 
and immune dysregulation, where genetic factors 
play a crucial role in the pathogenesis of KD. KD 
presents a racial predilection to Asian populations, 
also implying a genetic predisposition to this di-
sease. In addition, a Japanese nationwide survey 
documented that parents with a history of KD had 
increased offspring and sibling risk in KD23. Se-
veral studies24-26 have investigated this theory in 
different populations and found several genes as-
sociated with susceptibility to KD. Unfortunately, 
KD is still a difficult medical challenge. Current 
diagnosis is mainly based on clinical signs and 
symptoms, and there are no specific diagnostic te-
sts for KD. It is imperative to identify diagnostic 

biomarkers to help clinicians correctly classify 
clinical phenotype or predict clinical outcomes. 
Thus, we attempted to identify KD-related modu-
les that could accurately predict clinical outcome 
using a systemic module tracking method.

In this investigation, a total of 16 key genes 
were identified from the differential co-expres-
sion network, and almost all of them had di-
rect correlations with ribosomal protein except 
for EEF1B2. EEF1B2 encodes a translation 
elongation factor, which is a guanine nucleo-
tide exchange factor mediating the transfer of 
aminoacylated tRNAs to the ribosome. Thus, 
all key genes were related to ribosome. Star-
ting from these key genes, we identified ten 
KD-related disease modules, which could ac-
curately distinguish KD subjects from healthy 
controls. Functional inference indicated that 

Table II. The details of disease modules for Kawasaki disease.

Module	 Initial gene	 Gene number	 Accuracy	 p-value

1	 RPL18A	 13	 1	 0
2	 RPS16	 12	 1	 0
3	 RPL35	 9	 0.98	 0.007
4	 RPS5	 11	 0.98	 0.038
5	 RPS13	 10	 0.98	 0.012
6	 RPL36	 8	 0.98	 0.013
7	 RPL4	 14	 0.98	 0.013
8	 RPL22	 10	 0.98	 0.02
9	 RPL18	 8	 0.98	 0.02
10	 RPL7A	 8	 0.98	 0.032

Figure 2. The Kawasaki disease-related modules with a predictive accuracy of 1. Yellow node represented key gene.
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these disease modules were related to one com-
mon pathway, i.e., ribosome pathway, implying 
that these disease modules might promote the 
progression of KD by regulating ribosome pa-
thway.

The ribosome, as a cellular organelle respon-
sible for protein synthesis, is essential for all 
organisms. Evolutionary and genetic conside-
rations prompt investigators to predict the roles 
of ribosomal protein-related genes in human 
disease27. It seems probable that defective ribo-
somal proteins will lead to the dysfunction of 
ribosome, resulting in pathological conditions. 
Dysregulated ribosomal function is involved in 
the decreased expression of ribosomal proteins, 
decreased protein synthesis, and increased RNA 
oxidation27. It is indicated that the decrease of 
protein synthesis in KD subjects is driven by 
decreased expression of ribosomal proteins, wi-
thout increased expression of genes identified to 
inhibit protein synthesis28. It would be of great 
interest to uncover the specific ribosomal pro-
teins whose aberrance disturbs normal cell fun-
ction and lead to the development of KD.

KD is an acute systemic vasculitis syndrome 
primarily affecting infants and young children. 
It has been documented that suppression of ri-
bosomal function leads to initiation of inflam-
matory activation by interleukin (IL)-1β and 
inflammation29. Gan et al30 also indicated that 
ribosome-related genes and ribosome pathway 
were involved in systemic vasculitis. Hoang et 
al10 illustrated that ribosomal protein-related ge-
nes were prominently downregulated in acute 
KD subjects relative to convalescent KD sam-
ples. Fukazawa et al31 showed that RPL6 was 
differentially expressed in KD-induced coro-
nary artery aneurysm. A genome-wide associa-
tion study of Han Chinese population has iden-
tified that a mitochondrial ribosomal gene S22 
showed the strongest association with KD32. In 
our study, all KD-related disease modules that 
could accurately predict clinical outcome were 
associated with ribosomal protein-related genes 
and ribosome pathway. The findings led to a spe-
culation that dysregualtion of ribosome function 
might promote inflammation activation, thus re-
sulting in the progression of KD. 

Conclusions 

We found for the first time that impairments 
in ribosomal proteins may be important genetic 

factor in the development of KD. These riboso-
me-related disease modules could be considered 
as novel contributors to the progression of KD, 
and potential diagnostic biomarkers for predi-
cting the clinical outcome. 
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