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target genes of the 46 miRNAs, we looked for intersections 
of these genes with 3371 differentially expressed mRNAs; 
719 intersection genes were identified. Based on the GO 
or KEGG databases, we attained GOs or pathways for all 
of the above intersection genes. Fisher’s and χ2 test were 
used to calculate p value and false discovery rate (FDR), 
and according to the standard of p < 0.001, 241 GOs and 
76 pathways were filtered. Based on these data, miRNA–
gene, miRNA–GO, and miRNA–pathway networks were 
built. We then extracted three classes of GOs (related to 
inflammatory and immune response, cell cycle, prolifera-
tion and apoptosis, and signal transduction) to build three 
subgraphs, and pathways strictly related with H1N1 influ-
enza virus infection were filtered to extract a subgraph 
of the miRNA-pathway network. Last, according to the 
pathway analysis and miRNA-pathway network analysis, 
17 miRNAs were found to be associated with the “influ-
enza A” pathway. This study provides the most complete 
miRNAome profiles, and the most detailed miRNA regu-
latory networks to date, and is the first to report the most 
important 17 miRNAs closely related with the pathway of 
influenza A. These results are a prelude to advancements in 
mouse H1N1 influenza virus infection biology and the use 
of mice as a model for human H1N1 influenza virus infec-
tion studies.
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Introduction

Influenza A viruses are negative-stranded RNA viruses that 
belong to the Orthomyxoviridae family. They can cause 
localized outbreaks and worldwide pandemics, owing to 

Abstract  Influenza A viruses can cause localized out-
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their high transmissibility and wide host range. Even in 
non-pandemic years, influenza A viruses infect 5–15 % of 
the global population and result in >500,000 deaths yearly 
(Stöhr 2002). H1N1 influenza viruses are strong patho-
genic subtype of influenza A viruses and H1N1 influenza 
viruses infecting humans are responsible for various ill-
nesses, ranging from mild infection to severe pneumonia 
associated with acute respiratory distress syndrome. In 
2009, human infection with a novel swine-origin H1N1 
influenza virus spread rapidly to countries worldwide, 
leading the World Health Organization (WHO) to declare 
on 11 June 2009 the first influenza pandemic in more than 
40  years (Butler 2010). Understanding the pathogenesis 
of H1N1 influenza virus infection is essential to prevent-
ing and controlling future outbreaks, but the molecular bio-
logical mechanisms of disease development are not entirely 
clear. Hence, it is crucial to explore molecular signaling 
pathways in H1N1 influenza virus infection. Influenza A 
virus infection has been shown to alter miRNA expression 
in cultured cells and animal models (Li et al. 2010, 2011; 
Loveday et al. 2012; Rogers et al. 2012; Wang et al. 2009, 
2012; Skovgaard et al. 2013; Song et al. 2010; Terrier et al. 
2013). Therefore, it is very important to explore the mech-
anism of miRNAs in H1N1 influenza virus infection and 
seek out miRNAs associated with influenza virus infection.

MicroRNAs (miRNAs) are noncoding single-stranded 
RNA molecules with a length of about 22nt, and are wide-
spread in eukaryotic genomes. As a class of naturally 
occurring small and noncoding RNA molecules, miR-
NAs bind to the 3′ untranslated regions (3′-UTR) of target 
mRNAs, and either block translation or initiate transcript 
degradation (Cuellar and McManus 2005). miRNAs play 
a role in post-transcriptional regulation of gene expression 
through complementary binding to target mRNAs, and it is 
becoming increasingly evident that miRNAs are essential 
in many cellular processes, including cell proliferation, dif-
ferentiation, apoptosis, and tumor formation. Host miRNAs 
can affect pathogenic processes through regulating host 
gene expression during influenza A virus infection (Li et al. 
2010). In addition, because of the unique pathways of miR-
NAs, they have become a hot area of genetic research for 
the treatment of viral diseases.

In this study, we profiled miRNAs from the lung tis-
sue of mice infected with H1N1 influenza virus at various 
time points. A total of 82 miRNAs were found to be dif-
ferentially expressed in response to H1N1 influenza virus, 
including 46 miRNAs revealed by the series test of clus-
ter (STC) analysis to play important roles and 17 miRNAs 
closely related to influenza A pathway. The 17 miRNAs 
have important value for further study of biological mecha-
nisms, and some may be potential therapeutic targets for 
H1N1 influenza virus infection.

Materials and methods

Ethics statement

All procedures involving animals were approved by the 
Institutional Animal Care and Use Committee at the China 
Academy of Chinese Medical Sciences. The animal study 
was carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Ani-
mals of the China Academy of Chinese Medical Sciences.

Virus

The virus strain used in this study was A/Puerto Rico/8/34 
(PR8, H1N1) (ATCC, USA), a well-characterized, mouse-
adapted laboratory strain of influenza A virus used as the 
genetic backbone for viruses from which inactivated influ-
enza virus vaccines are generated. The virus was grown in 
the allantoic cavities of 10-day-old embryonated chicken 
eggs. Virus containing allantoic fluid was harvested 
and stored in aliquots at −80 °C until use. The 50 % tis-
sue culture infections dose (TCID50) was determined by 
serial dilution of the virus in Madin–Darby canine kidney 
(MDCK) cells (ATCC) and calculated by the method devel-
oped by Reed and Muench (Neumann and Kawaoka 2001). 
All experiments with live influenza viruses were performed 
in a biosafety level-2 (BSL-2) laboratory.

Viral infections in mice

Specific pathogen-free 13–15 g male and female ICR mice 
were provided by the Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. PR8 virus infections in mice 
were conducted as described previously (Sun et al. 2011). 
Briefly, the mice were anesthetized with ether and were 
intranasally inoculated with 104 TCID50 of PR8 virus in 
physiological saline. Based on a pilot study, for the present 
study the weight loss, lung damage and histopathological 
changes were observed in mice infected with 104 TCID50 
of PR8 virus. In addition, a normal control group was given 
intranasal physiological saline.

RNA isolation

For total RNA extraction, entire lungs from mice infected 
with PR8 virus (n = 12 per group) were randomly selected 
and harvested on the 2nd and 5th day. Entire lungs from 
12 control mice were also randomly selected and harvested 
on the 5th day. Whole mouse lung tissues were homog-
enized in liquid nitrogen. Total RNA was extracted from 
mouse lungs using Qiagen miRNeasy Mini Kit (Qiagen, 
Germany).
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MiRNA and mRNA microarray analysis

Total RNA was processed with miRNA and mRNA micro-
array analysis, using Affymetrix miRNA 4.0 and Affymetrix 
GeneChip Mouse 1.0 (Affymetrix, USA). There were three 
pools per group; each pool consisted of four mice. The ran-
dom-variance model (RVM) F test was applied to filter differ-
entially expressed genes for the control and infected groups, 
because the RVM F test is an efficient analysis method in 
cases of small samples. After the significance analysis and 
false discovery rate (FDR) analysis, differentially expressed 
genes were selected according to their p value threshold 
(Wright and Simon 2003; Yang et al. 2005; Clarke et al. 2008).

Bioinformatics analysis

A comprehensive bioinformatics analysis approach was used 
to enrich the dataset for genes, including the series test of 
cluster (STC) analysis, gene ontology (GO) analysis, path-
way analysis, and gene, GO and pathway network analysis.

STC analysis

The STC algorithm of gene expression dynamics was used 
to profile the gene expression time series and to identify the 
most probable set of clusters. This method explicitly took 
into account the dynamic nature of temporal gene expres-
sion profiles during clustering, and identified a number of 
distinct clusters.

We selected differentially expressed genes accord-
ing to RVM corrective analysis of variance (ANOVA). In 
accordance with different signal density changes tendency 
of genes under different situations, we identified a set of 
unique expression tendencies. The raw expression values 
were converted into a log2 ratio. Using a strategy for clus-
tering time series gene expression data, we defined unique 
profiles. The expression profiles are related to the actual or 
expected number of genes assigned to each profile. Profiles 
that are significant have higher probability than expected 
by Fisher’s exact test and multiple comparison tests (Xiao 
et al. 2010; Miller et al. 2002; Ramoni et al. 2002).

GO analysis

GO analysis was applied to analyze the main functions 
of genes with differential expression, according to Gene 
Ontology (the key functional classification of NCBI). GO 
analysis can organize genes into hierarchical categories and 
uncover the gene regulatory network based on biological 
processes and molecular functions (Gene Ontology Con-
sortium 2006; Ashburner et al. 2000).

Two-sided Fisher’s exact test and χ2 test were used to 
classify GO categories, and FDR was calculated to correct 
the p value (Dupuy et al. 2007) (the smaller the FDR, the 
smaller the error in judging the p value). The FDR was 
defined as FDR = 1 − Nk/T, where Nk refers to the num-
ber of Fisher’s test p values that are less than χ2 test p 
values. We calculated p values for the GOs of every dif-
ferential gene. Enrichment provides a measure of the sig-
nificance of the function: as the enrichment increases, the 
corresponding function is more specific, which helps us to 
find GOs with more concrete functions in the experiment. 
Within the significant category, the enrichment Re was 
given by: Re =  (nf/n)/(Nf/N), where “nf” is the number 
of flagged genes within the particular category, “n” is the 
total number of genes within the same category, “Nf” is 
the number of flagged genes in the entire microarray, and 
“N” is the total number of genes in the microarray (Schlitt 
et al. 2003).

Pathway analysis

Pathway analysis was used to determine the significant 
pathway of the differential genes, according to KEGG, Bio-
carta, and Reactome. We used Fisher’s exact test and the χ2 
test to select the significant pathway, and the threshold of 
significance was defined by p value and FDR. The enrich-
ment Re was calculated as above (Kanehisa et al. 2004; Yi 
et al. 2006; Draghici et al. 2007).

MicroRNA–gene network

To build a miRNA–gene network, the relationships 
between miRNAs and genes were counted by their differ-
ential expression values, and according to their interactions 
in the Sanger miRNA database.

An adjacency matrix of miRNAs and genes A = [ai, j] 
was made by the attribute relationships among genes and 
miRNA, where ai, j represents the weight of the relation-
ship between gene i and miRNA j. In the miRNA–gene 
network, genes were represented by circles, miRNAs 
were represented by squares, and interactions were rep-
resented by edges. Using the methods of graph theory, 
we evaluated the regulatory status of miRNAs and genes; 
the evaluation criteria were the degrees of miRNAs and 
genes in the network. The degree of each miRNA was 
the number of genes regulated by that miRNA, and the 
degree of each gene was the number of miRNAs which 
regulated the gene. In this type of analysis, key miR-
NAs and genes in the network are those with the biggest 
degrees (Joung et  al. 2007; Shalgi et  al. 2007; Enright 
et al. 2003).
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MicroRNA–GO network

A miRNA–GO network was built according to the rela-
tionships of significant GOs and genes, as well as the rela-
tionships among miRNAs and GOs. An adjacency matrix 
of miRNAs and genes A =  [ai, j] was made by the rela-
tionships among GOs and miRNAs, where ai, j represents 
the weight of the relationship between GO i and miRNA 
j. In the miRNA–GO network, a circle represents a GO, 
a square represents a miRNA, and relationships between 
them are represented by edges. Using the methods of 
graph theory, we evaluated the regulatory status of miR-
NAs and GOs; the evaluation criteria were the degrees 
of miRNAs and GOs in the network. The degree of each 
miRNA was the number of GOs regulated by that miRNA, 
and the degree of each GO was the number of miRNAs 
which regulated the GO. Key miRNAs and GOs in the net-
work had the biggest degrees.

MicroRNA–pathway network

A miRNA–pathway network was built according to the 
relationship of significant pathways, genes, and the rela-
tionships among miRNAs and pathways. An adjacency 
matrix of miRNAs and genes A = [ai, j] was made by the 
relationships among pathways and miRNAs, where ai, j 

represents the weight of the relationship between path-
way i and miRNA j. In the miRNA–pathway network, a 
circle represents a pathway, a square represents a miRNA, 
and relationships between them are represented by edges. 
Using the methods of graph theory, we evaluated the reg-
ulatory status of miRNAs and pathways; the evaluation 
criteria were the degrees of miRNAs and pathways in the 
network. The degree of each miRNA was the number of 
pathways regulated by that miRNA, and degree of each 
pathway was the number of miRNAs that regulated the 
pathway. Key miRNAs and pathways in the network had 
the biggest degrees.

Histopathologic analysis

Lungs were fixed in 4 % formalin, dehydrated in ascend-
ing ethanol concentrations, embedded in paraffin, sectioned 
into 4 μm slices, and stained with hematoxylin and eosin 
(H&E). Histopathology photos were taken using a phase 
inverted microscope (Olympus, Japan).

Real‑time RT‑PCR

Real-time reverse-transcription polymerase chain reaction 
(RT-PCR) was performed to measure the levels of miR-
3473f in profile 1, miR-21a-3p in profile 11, and miR-
92b-3p in profile 15. A total of 0.5 μg of total RNA was 
reverse transcribed using M-MLV reverse transcriptase 
(Thermo, USA) with a special stem-loop primer (Genep-
harma, China) for miR-3473f, miR-21a-3p and miR-
92b-3p. Real-time RT-PCR was performed on a Thermo 
PikoReal Real-Time PCR system (Thermo, USA) using 
the Hairpin-it miRNA detection kit (Genepharma, China). 
All samples were analyzed in triplicate, including a 
no-template control. The relative expression level was 
determined by the 2−ΔΔCt method and normalized to U6 
expression.

Table 1   Lung index of mice after PR8 virus infection

** vs. control group, p < 0.01; ## vs. 2-day group, p < 0.01

Groups Survival  
rate (%)

Weight  
loss rate (%)

Lung index (%)

Average Standard 
deviation

Control 100 – 0.77 0.05

2-day 100 25 0.97** 0.07

5-day 100 38 1.93**, ## 0.47

Fig. 1   Hematoxylin and eosin staining to evaluate histopathological inflammatory changes. Compared with the control group, significant 
inflammatory infiltration appeared in the 2-day and 5-day groups
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Fig. 2   MiRNA profiles differentiate the lung of mice with PR8 viral infection (2-day and 5-day) from the lung of mice with no viral infection 
(control). Both down-regulated (green) and up-regulated (red) miRNAs were identified in infected lungs (color figure online)
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Statistical analysis

The lung index results were expressed as mean ± standard 
deviation (SD). Statistical analysis was done with ANOVA 
for multiple comparisons. Differences with p < 0.05 were 
considered statistically significant.

Results

Mouse model of PR8 virus infection

Survival rate, weight loss rate, lung index, and histopathol-
ogy were used to evaluate the degree of mouse lung dam-
age by the PR8 virus. Survival rate was calculated by the 
following formula: survival rate (%)  =  (number of sur-
viving mice/number of test mice) ×  100  %. Weight loss 
was calculated by the following formula: weight loss rate 
(%) = [weight (control) − weight (infection)]/weight (con-
trol) × 100 %. The lung index of mice was calculated by 

Table 2   Sixteen of STC profiles

Significant STC is marked in bold

Profile 
number

Control 2-day 5-day Genes_
assigned

Adj_p value

1 0 1 2 17 1.82E−06

2 0 2 3 10 0.078567

3 0 1 1 3 1

4 0 −1 −2 4 1

5 0 2 1 0 1

6 0 −1 0 0 1

7 0 −2 −3 0 1

8 0 −2 −1 0 1

9 0 −1 −3 8 0.606619

10 0 −1 1 0 1

11 0 1 3 15 2.12E−06

12 0 1 0 4 1

13 0 −1 −1 3 1

14 0 0 1 2 1

15 0 0 −1 14 0.029759

16 0 1 −1 2 1

Table 3   MiRNAs included in profile 1

miRNA Control 2-day 5-day Profile 
number

mmu-miR-1946a 0 1.028305 2.00168 1

mmu-miR-1946b 0 1.187406 2.151776 1

mmu-miR-2137 0 0.911687 2.063735 1

mmu-miR-21a-5p 0 0.886565 1.870083 1

mmu-miR-3473a 0 0.951963 1.661932 1

mmu-miR-5622-3p 0 0.695266 1.602789 1

mmu-miR-3473e 0 1.09161 2.068612 1

mmu-miR-3473b 0 0.964588 1.849079 1

mmu-miR-7666-3p 0 0.673894 1.46227 1

mmu-miR-147-3p 0 1.211252 2.833279 1

mmu-miR-92a-1-5p 0 1.462468 2.880418 1

mmu-miR-3473f 0 0.855149 1.60495 1

mmu-miR-6980-5p 0 1.050828 2.04166 1

mmu-miR-7667-3p 0 0.981042 1.816474 1

mmu-miR-7a-5p 0 1.39438 3.144593 1

mmu-miR-6955-3p 0 0.58184 1.337931 1

mmu-miR-7052-5p 0 0.698893 1.320691 1

Table 4   MiRNAs included in profile 11

miRNA Control 2-day 5-day Profile 
number

mmu-miR-5099 0 0.4963 1.662804 11

mmu-miR-21a-3p 0 1.688131 4.185962 11

mmu-miR-6931-5p 0 0.491164 1.556557 11

mmu-miR-6968-5p 0 0.799548 2.049541 11

mmu-miR-7002-5p 0 0.539259 2.322859 11

mmu-miR-5128 0 0.567899 1.902259 11

mmu-miR-711 0 1.066991 2.997127 11

mmu-miR-7671-3p 0 0.618608 1.494586 11

mmu-miR-7003-5p 0 0.436771 1.9175 11

mmu-miR-6908-5p 0 0.324857 1.685382 11

mmu-miR-3093-3p 0 0.553106 2.009915 11

mmu-miR-6988-5p 0 0.667645 1.703633 11

mmu-miR-6910-5p 0 0.468667 1.359976 11

mmu-miR-6909-5p 0 0.480588 1.469696 11

mmu-miR-3087-5p 0 0.395531 0.975955 11

Table 5   MiRNAs included in profile 15

miRNA Control 2-day 5-day Profile 
number

mmu-miR-30c-1-3p 0 −0.12143 −1.26038 15

mmu-miR-34b-3p 0 −0.08411 −1.74717 15

mmu-miR-92b-3p 0 0.129891 −1.08129 15

mmu-miR-149-5p 0 −0.03333 −1.79601 15

mmu-miR-375-3p 0 0.317032 −0.97915 15

mmu-miR-34c-3p 0 −0.1853 −1.31436 15

mmu-miR-449a-5p 0 0.074039 −1.37899 15

mmu-miR-449c-5p 0 −0.03664 −1.71842 15

mmu-miR-411-3p 0 0.218616 −1.22654 15

mmu-miR-431-5p 0 0.184807 −0.82167 15

mmu-miR-744-3p 0 −0.26914 −1.60234 15

mmu-miR-205-5p 0 0.665344 −2.83009 15

mmu-miR-208a-5p 0 0.431046 −1.30526 15

mmu-miR-299a-3p 0 −0.04044 −1.15337 15
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the following formula: lung index (%) = (lung weight/body 
weight) × 100 %. The survival rate of both the 2-day and 
5-day groups was 100  %, and the weight loss rate of the 
2-day and 5-day groups were 25 and 38  %, respectively. 
The lung index of the control, 2-day, and 5-day groups 
were 0.77 ± 0.05, 0.97 ± 0.07, and 1.93 ± 0.47, respec-
tively. Compared with the control group, the lung index of 
both infection groups was significantly higher (p < 0.01); 
compared with the 2-day group, the lung index of the 5-day 
group was also significantly higher (p  <  0.01) (Table  1). 
H&E staining was performed to compare histopathological 
inflammatory changes. Compared with the control group, 
significant inflammatory infiltration appeared in 2-day and 
5-day groups (Fig. 1). The results showed that when mice 
were infected with 104TCID50 of PR8 virus, the mortality 

rate is zero at both 2 and 5 days after infection, and weight 
loss and lung damage increased with time.

Microarray data

A total of 82 miRNAs and 3371 mRNAs were significantly 
expressed (p  <  0.05), and differences in miRNA (Fig.  2) 
and mRNA (data not shown) expression among groups 
were found.

Significant STC

The STC algorithm of miRNA expression dynamics 
was used to profile the 82 differentially expressed miR-
NAs (p  <  0.05) and to identify the most probable set of 

Fig. 3   Real-time RT-PCR was performed to verify the levels of miR-3473f (profile 1), miR-21a-3p (profile 11), and miR-92b-3p (profile 15). 
Expression changes are in the same direction as determined by the miRNA microarray (n = 3, *p < 0.05, **p < 0.01)

Fig. 4   A miRNA–gene network was built according to interactions 
between miRNAs and genes. Red box nodes denote miRNAs, blue 
circle nodes denote genes, and edges show the inhibitory effect of 
miRNAs on genes. Left graph full map of relationship between miR-

NAs and genes. Right graph miRNA–gene network subgraph. MiR-
NAs were derived from the influenza A pathway. The larger the area 
of the box or circle, the bigger is the degree of the miRNA or gene 
(color figure online)
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clusters generated in the time series. STC analysis was 
used to place the 82 differentially expressed miRNAs into 
16 expression pattern profiles (Figure S1; Table  2). The 
horizontal axis represents time points, 2-day located in 
1.0 and 5-day located in 2.0; the vertical axis represents 
expression change (log2 ratio). Profile 1, profile 11 and 
profile 15 were confirmed to be significant STC clusters 
(p < 0.05). The p value of profile 1, which includes 17 miR-
NAs, was 1.82E −  06, and the expression change of the 
control, 2-day, and 5-day groups was 0, 1, and 2, respec-
tively (Figures S1, S2; Tables 2, 3). The p value of profile 
11, which includes 15 miRNAs, was 2.12E − 06, and the 
expression change of the control, 2-day, and 5-day groups 
was 0, 1, and 3, respectively (Figures S1, S3; Tables 2, 4). 
The p value of profile 15, which includes 14 miRNAs, was 

0.029758, and the expression change of the control, 2-day, 
and 5-day groups was 0, 0, and −1, respectively (Figures 
S1, S4; Tables 2, 5). The STC method explicitly took into 
account the temporal nature of the miRNA expression pro-
files during clustering, and identified the number of dis-
tinct clusters. As a result, miRNAs in profile 1, profile 11 
and profile 15 were confirmed to be more significant and 
valuable.

Verification of miRNAs microarray with real‑time 
RT‑PCR

We chose one miRNA per significant profile to validate 
by real-time RT-PCR: miR-3473f in profile 1, miR-21a-3p 
in profile 11, and miR-92b-3p in profile 15. The real-time 

Fig. 5   A miRNA–GO network was built according to interactions 
between miRNAs and GOs. Red box nodes denote miRNAs, blue 
circle nodes denote GOs, and edges show the inhibitory effect of 
miRNAs on GOs. Left network miRNA–GO subgraph pertaining to 
inflammatory and immune response, with the histogram of signifi-
cant GOs below. The vertical axis represents the GO category, and 

the horizontal axis represents –lg (p value) of the GO (the higher the 
value, the greater the GO significance level). Right network extracted 
from the network on the left, and including miRNAs which are 
derived from the influenza A pathway. The larger the area of box or 
circle, the bigger is the degree of the miRNA or GO
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RT-PCR results showed that the expression changes of 
these three miRNAs are in the same direction as deter-
mined by the miRNA microarray (p < 0.05) (Fig. 3).

Gene ontology (GO) and pathway analysis

GO and pathway analyses were applied to analyze the main 
functions and significant pathways of the genes that were 
differentially expressed. Using bioinformatics algorithms, 
we searched for potential target genes of 46 differentially 
expressed miRNAs that were identified in the STC analy-
sis. We then looked for intersections of these genes with 
3371 differentially expressed mRNAs; 719 intersection 
genes were identified. The mRNAs that had a negative cor-
relation with the above miRNAs were analyzed and listed 
(Table S1). According to the GO or KEGG databases, we 
gained GOs or pathways for all 719 intersection genes. 
Fisher’s exact test and χ2 test were used to calculate the 
p value and FDR of each GO and pathway. According to 
the standard of p < 0.001, 241 GOs and 76 pathways were 

filtered (Tables S2, S3), indicating that these GOs and path-
ways could be key in influenza A infection.

MiRNA regulatory networks of genes, GOs,  
or pathways

Building miRNAs regulatory networks could be very 
important for high-throughput analysis of interactions 
among miRNAs and genes, GOs, or pathways.

A miRNA–gene network was built according to interac-
tions between miRNAs and genes in the Sanger miRNA 
database (Fig. 4). MiRNAs were derived from the signifi-
cant STC profiles and genes were identified from the inter-
section between potential target genes of these miRNAs 
and 3371 differentially expressed mRNAs.

A miRNA–GO network was built according to rela-
tionships among significant GOs and genes and relation-
ships among miRNAs and genes (Figure S5). MiRNAs 
were derived from the significant STC profiles and the 
241 GOs were derived from the GO analysis. In addition, 

Fig. 6   A miRNA–GO network was built according to interactions 
between miRNAs and GOs. Red box nodes denote miRNAs, blue cir-
cle nodes denote GOs, and edges show the inhibitory effect of miR-
NAs on GOs. Left network miRNA–GO subgraph pertaining to cell 
cycle, proliferation and apoptosis, with the histogram of significant 
GOs below. The vertical axis represents the GO category; the hori-

zontal axis represents –lg (p value) of the GO (the higher the value, 
the greater the GO significance level). Right network extracted from 
the network on the left, and including miRNAs which are derived 
from the influenza A pathway. The larger the area of box or circle, the 
bigger is the degree of the miRNA or GO
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three classes of GOs related to inflammatory and immune 
response, cell cycle, proliferation and apoptosis, and sig-
nal transduction were extracted to build three subgraphs 
(Figs. 5, 6, 7).

A miRNA–pathway network was built according to rela-
tionships among significant pathways and genes and rela-
tionships among miRNAs and genes (Figure S6). MiRNAs 
were derived from the significant STC profiles, the 76 path-
ways were identified through the pathway analysis. In addi-
tion, pathways related to influenza A infection were filtered 
to develop a subgraph miRNA–pathway network (Fig. 8). 
Some pathways related to influenza A infection are asso-
ciated with inflammatory and immune responses, such as 
cell adhesion molecules (CAMs), cytokine–cytokine recep-
tor interactions, influenza A (http://www.genome.jp/dbget-
bin/www_bget?pathway:map05164), chemokine signal-
ing, NF-kappa B signaling, Toll-like receptor signaling, 
and TGF-beta signaling, and some pathways are associated 

with pathological processes of lesions in lung tissue, such 
as MAPK signaling, calcium signaling, PI3K-Akt signal-
ing, and apoptosis.

These networks provided a large amount of information 
about the regulation of miRNAs in mouse lung infected 
with PR8 virus.

Analysis of miRNAs related to the influenza A pathway

In the miRNA–pathway network, there were 17 edges out 
of influenza A, so the influenza A pathway was regulated 
by 17 miRNAs (Table  6). Based on these 17 miRNAs, 
we extracted a miRNA–gene network subgraph (Fig.  4), 
miRNA–GO network subgraphs (Figs.  5, 6, 7), and a 
miRNA–pathway network subgraph (Fig.  8). These net-
work subgraphs provide clues for in-depth study of the reg-
ulation of miRNAs, genes, and GOs related to the influenza 
A pathway.

Fig. 7   A miRNA–GO network was built according to interactions 
between miRNAs and GOs. Red box nodes denote miRNAs, blue 
circle nodes denote GOs, and edges show the inhibitory effect of 
miRNAs on GOs. Left network miRNA–GO subgraph pertaining to 
signal transduction, with the histogram of significant GOs below. The 
vertical axis represents the GO category; the horizontal axis repre-

sents –lg (p value) of the GO (the higher the value, the greater the GO 
significance level). Right network extracted from the network on the 
left, and including miRNAs which are derived from the influenza A 
pathway. The larger the area of box or circle, the bigger is the degree 
of the miRNA or GO

http://www.genome.jp/dbget-bin/www_bget?pathway:map05164
http://www.genome.jp/dbget-bin/www_bget?pathway:map05164
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Discussion

An influenza pandemic could bring great damage to human 
health and the global economy. Since the 19th century, 
there have been five global influenza pandemics, and dur-
ing the “Spanish flu” H1N1 pandemic of 1918, nearly 50 
million people died. The most recent influenza pandemic 
happened in 2009, and it was the first in more than 40 years 
(Butler 2010). Changes in miRNA expression occur in 
many pathological and physiological processes, and many 
previous studies have revealed that H1N1 virus infection 
can alter host miRNA expression. In this study, we inves-
tigated miRNA and mRNA expression induced by H1N1 
influenza virus infection, and found that 82 miRNAs and 
3371 mRNAs were expressed differently. We further 

analyzed the 82 miRNAs with STC analysis, and found that 
the expression of 46 miRNAs was significantly changed 
upon influenza infection. In addition, we found poten-
tial target genes of the 46 miRNAs using bioinformatics 
algorithms, and obtained 719 genes. Based on the GO and 
KEGG databases, we identified 241 GOs and 76 pathways. 
From these data we built miRNA–gene, miRNA–GO, and 
miRNA–pathway networks. Furthermore, 17 miRNAs were 
found to regulate the pathway of influenza A. This study 
provided the most comprehensive data to explore the mech-
anism of miRNAs in influenza A virus infection, and is the 
first to discover 17 miRNAs closely related to the pathway 
“Influenza A”. These results lay a foundation and provide 
ideas for future in-depth studies, particularly related to the 
17 miRNAs closely related with the influenza A pathway.

Fig. 8   A miRNA–pathway network was built according to interac-
tions between miRNAs and pathways. Red box nodes denote miRNA, 
blue circle nodes denote pathways, and edges show the inhibitory 
effect of miRNA on pathways. Left graph pathways strictly related to 
influenza A infection were filtered to identify a miRNA–pathway net-
work subgraph. The histogram of significant pathways is below. The 

vertical axis represents the pathway category; the horizontal axis rep-
resents –lg (p value) of the pathway (the higher the value, the greater 
the pathway significance level). Right network extracted from the left 
network, and including miRNAs which are derived from the influ-
enza A pathway. The larger the area of box or circle, the bigger is the 
degree of the miRNA or pathway (color figure online)
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Tan et  al. profiled miRNA and mRNA expression lev-
els following lung injury and tissue regeneration using a 
murine influenza pneumonia model. They found that miR-
290 and miR-505 at 7 dpi and let-7, miR-21, and miR-30 
at 15 dpi were highly involved in targeting gene functions 
related to tissue repair (Tan et  al. 2014). Tambyah et  al. 
used blood samples of influenza-infected patients and 
healthy controls, and found 14 highly dysregulated miR-
NAs that provided a clear distinction between infected 
and healthy individuals. Of these, expression of miR-
1260, miR-26a, miR-335*, miR-576-3p, miR-628-3p and 
miR-664 were consistently dysregulated in both whole 
blood and H1N1-infected cells. These highly dysregu-
lated miRNAs may have crucial roles in influenza patho-
genesis, and are potential biomarkers of influenza (Tam-
byah et  al. 2013). To further understand the molecular 
pathogenesis of the 2009 pandemic H1N1 influenza virus, 
Wu et al. profiled cellular miRNA of lungs from BALB/c 
mice infected with wild-type 2009 pandemic influenza 
virus A/Beijing/501/2009 (H1N1), and also included PR8 
virus for comparison. Wu et  al. reported 47 differentially 
expressed miRNAs from infections of both virus strains, 
including 29 for BJ501 and 43 for PR8. Among these, 15 
miRNAs had no reported function, and 32 (including miR-
155 and miR-233) are known to play important roles in 
cancer, immunity and antiviral activity (Wu et  al. 2013). 
Li et al. (2010) found that a group of miRNAs, including 
miR-200a and miR-223, were differentially expressed in 
response to influenza virus infection and that r1918 and A/
Texas/36/91 infection induced distinct miRNA expression 
profiles. However, previous studies have not systematically 

investigated the regulatory role of miRNA for pathways, 
but simply studied the enrichment of pathways. In H1N1 
virus infection biology, the role of pathways is just as 
important as functions, and the regulation of miRNAs to 
GOs and pathways should be performed simultaneously. In 
this study, based on the three significant clusters of 46 dif-
ferentially expressed miRNAs, we performed GO and path-
way analysis to identify significant GOs and pathways, and 
built miRNA–gene, miRNA–GO, and miRNA–pathway 
networks to reveal miRNA regulation of genes, GOs, and 
pathways. Of note, 17 miRNAs that regulate the pathway 
of influenza A were identified. Although the expression of 
some of the 17 miRNAs or the family members of the 17 
miRNAs were reported to significantly change in H1N1 
virus infection, such as miR-21, miR-7a, miR-449a, and 
miR-34a (Wu et  al. 2013; Li et  al. 2010), the regulatory 
mechanism on pathways has not been studied previously; 
thus, we focused on the 17 miRNAs for further analysis. 
Based on these 17 miRNAs, we generated subgraphs of 
miRNA–gene, miRNA–GO, and miRNA–pathway net-
works. These subgraphs can clarify the biological effects 
of these 17 miRNAs in H1N1 virus infection and provide 
research ideas for further study.

This study provides not only the most complete miR-
NAome profiles for evaluating miRNAs abundance; it 
also provides the most detailed miRNA regulatory net-
works, targeting genes, GOs, and pathways for exploring 
the miRNA mechanisms in H1N1 influenza virus infection 
at specific time points in mice. Identification of these key 
miRNAs through bioinformatics analysis provides an ini-
tial group of expressed miRNAs that change in abundance 
during specific developmental stages and, therefore, may 
target on genes that regulate this process. It is worth noting 
that this is the first report of these 17 miRNAs being able 
to regulate the pathway “influenza A”, and all or some of 
these 17 miRNAs are of great research value. These results 
are a prelude to advancements in mouse H1N1 influ-
enza virus infection biology, as well as the use of mice as 
model organism for human H1N1 influenza virus infection 
studies.
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