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ARTICLE INFO ABSTRACT

Keywords: Although several miRNAs have been demonstrated to be involved in the influenza virus replication cycle, the
Influenza A identification of miRNAs and mRNAs that are expressed in A549 cells infected with influenza A viruses (IAVs)
Different host species from different host species has remained poorly studied. To investigate the molecular mechanisms associated
MicroRNAs with the differential expression of miRNAs during influenza A virus infection, we performed global miRNA and
ﬁﬁﬁrray mRNA expression profiling in A549 cells infected with human-origin seasonal influenza A virus H3N2

(Human_Br07), swine-origin influenza A virus HIN1 (SW_3861) or avian-origin influenza A virus H3N2
(AVI_9990). The miRNA and mRNA expression profiles were obtained by microarray and high-throughput se-
quencing analyses, respectively. The integrated analysis of differentially expressed miRNAs (DEMs) and differ-
entially expressed genes (DEGs) was performed using bioinformatics tools, and the expression of miRNAs and
mRNAs was validated by real-time quantitative polymerase chain reaction (RT-qPCR). We identified 20 miRNAs
(6 upregulated and 14 downregulated) and 1286 mRNAs (935 upregulated and 351 downregulated) exhibiting
the same differential expression trends in three infected groups of cells compared with an uninfected control. An
integrated analysis of these expression profiles identified 79 miRNA-mRNA pairs associated with the influenza A
reference pathway, and 107 miRNA-mRNA interactions were correlated with the defense of the virus.
Additionally, the obtained results were supported by an RT-qPCR analysis of 8 differentially expressed miRNAs
(hsa-miR-210-3p, hsa-miR-296-5p, hsa-miR-371a-5p, hsa-miR-762, hsa-miR-937-5p, hsa-miR-1915-3p, hsa-miR-
3665, and hsa-miR-1290) and 13 differentially expressed mRNAs (IFNL1, CXCL10, RSAD2, MX1, OAS2, IFIT2,
IFI44 L, MX2, XAF1, NDRG1, FGA, EGLN3, and TFRC). Our findings indicate that dysregulated miRNA ex-
pression plays a crucial role in infection caused by IAVs originating from different species and provide a
foundation for further investigations of the molecular regulatory mechanisms of miRNAs involved in influenza A
virus infection.

High-throughput sequencing

1. Introduction

Influenza A virus (IAV) is an enveloped negative-sense single-
stranded RNA virus belonging to the Orthomyxoviridae family.
Individuals infected with this virus exhibit several respiratory symp-
toms, including fever, cough, headache, fatigue, runny nose and sore
throat, and in some cases such infections can be fatal (Nicholson et al.,
2003), especially in instances of interspecies transmission (Short et al.,
2015). Generally, IAV exhibits species specificity, but viruses from
other species, including avian and swine viruses, can also infect humans
by crossing the species barrier (Kuiken et al., 2006; Van Reeth, 2007).
In recent years, IAVs of avian- and swine-origin have caused death in
several cases and present a severe threat to human health (Sun et al.,

2018; Zhou et al., 2018). Besides, IAVs of human-origin cannot be ig-
nored, as the seasonal virus may cause 290,000-650,000 deaths each
year (http://www.who.int/news-room/detail/14-12-2017-up-to-650-
000-people-die-of-respiratory-diseases-linked-to-seasonal-flu-each-
year, Accessed 9 January 2019) and has resulted in serious physical and
economic burdens on the human population. Although the pathogenic
mechanisms of IAVs have continued to be studied, few investigations
have simultaneously studied the pathogenicity of IAVs from different
species. In this study, three IAVs from different species were used to
infect human lung carcinoma cells (A549) to study common aspects of
their pathogenicity.

MicroRNAs (miRNAs) are endogenous, small (17-24 nucleotides in
length) noncoding RNAs that have been identified in animals, plants
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and some viruses (Bartel, 2004; Carthew and Sontheimer, 2009;
Grundhoff and Sullivan, 2011), regulating target gene expression at the
posttranscriptional level via mRNA degradation or translational re-
pression (Turchinovich et al., 2012). As of March of 2018, 48,885
human mature miRNAs were registered in the miRBase 22 release, and
the number of newly discovered miRNAs is still growing. For influenza
virus, only one study has reported on an IAV-encoded microRNA-like
small RNA (miR-HA-3p), which is encoded by an H5N1 virus (Li et al.,
2018), with most miRNAs involved in influenza virus infection being
produced by host cells. Previous studies showed that miRNAs have key
regulatory roles in cellular biological processes, including cell pro-
liferation, differentiation, metabolism and apoptosis (Bartel, 2004;
Zhang et al., 2018b) as well as in regulating disease development, such
as cancer formation, and pathogen infection (Hill and Tran, 2018; Holla
and Balaji, 2015; Trobaugh and Klimstra, 2017). Recently, many stu-
dies have reported that the expression profiles of host miRNAs are al-
tered upon infection by IAVs, demonstrating that some miRNAs may
participate in the influenza virus infection process. For example, let-7c,
miR-323, miR-491, miR-654, miR-3145, miR-584-5p and miR-1249
have been reported to target the viral genes M1, PB1 or PB2 to directly
inhibit viral replication (Khongnomnan et al., 2015; Ma et al., 2012;
Song et al., 2010; Wang et al., 2017). In addition, miR-21-3p, miR-144,
miR-146a, miR-203, miR-302 and miR-483-3p were shown to target
host genes to indirectly mediate the antiviral response by inducing the
generation of immune factors (Chen et al., 2017; Deng et al., 2017;
Maemura et al., 2018; Rosenberger et al., 2017; Xia et al., 2018; Zhang
et al., 2018a). In 2012, Emma-Kate Loveday et al. provided the first
experimental evidence demonstrating the complex temporal and strain-
specific regulation of the host microRNAome by pandemic S-OIV and
deadly A-OIV-host infections in human cells (Loveday et al., 2012).
Subsequently, Jarika Makkoch et al. investigated the miRNA expression
profiles of A549 cells infected with different influenza virus subtypes
(pH1IN1, H3N2 and H5N1) (Makkoch et al., 2016). However, to date, a
comprehensive analysis of miRNAs and mRNAs that are commonly
expressed in A549 cells infected with different typical influenza viruses
from a variety of species sources has not been reported.

In this study, we performed global miRNA and mRNA expression
profiling in A549 cells infected with three types of IAVs from different
host species (human, swine and avian origin) and explore the molecular
regulatory pathways of miRNAs with common expression patterns
among the three IAVs infection, which may be involved in the IAV
infection process. In addition, real-time quantitative polymerase chain
reaction (RT-qPCR) was used to test whether the expression of miRNAs
and mRNAs was consistent with the results of the microarray and high-
throughput sequencing analyses. The findings of this study provide
novel insights into anti-IAV mechanisms and may be helpful in guiding
research aimed at delineating broad-spectrum antiviral targets for
pandemic influenza control.

2. Materials and methods
2.1. Cell culture and virus infection

The human lung carcinoma cells (A549) used in this study were
cultured in Kaighn’s modification of Ham’s F-12K Medium (F12K;
Gibco) supplemented with 10% FBS and 1% penicillin-streptomycin in
a 37°C incubator with 5% CO,. The influenza viruses A/Brisbane/10/
2007(H3N2), A/Duck/Shantou/9990/2010(H3N2) and A/Swine/
Guangxi/3861/2011(H1N1) were propagated in specific pathogen-free
(SPF) embryonated eggs. The harvested viruses were stored at —80°C
prior to use. All viruses were titrated on Madin-Darby canine kidney
(MDCK) cells to determine pfu/mL, and the viruses were diluted with
F12 K medium to a multiplicity of infection (MOI) of 1.

A549 cells were seeded in a 6-well plate at a density of 5 x 10° cells
per well. When the cell density reached approximately 80%, the cell
culture medium was removed and cells were washed with 2mL of
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phosphate buffered saline (PBS). Next, suspensions of the three dif-
ferent viruses were added separately into each well (500 pL/well) and
cultured in 5% CO, at 37°C for 2 h. Subsequently, the viral suspensions
were removed from each well and the cells were washed with PBS.
Finally, F12 K medium supplemented with TPCK-treated trypsin (1 pg/
ml) was added to each well and incubated for 24 h.

2.2. Agilent miRNA microarray and miRNA data analyses

After a 24 h infection, the culture medium was removed from each
well and cells were lysed with 600 L of lysis/binding buffer. The total
RNA from the cells was extracted with a mirVanaTM RNA Isolation Kit
(Ambion) following the manufacturer’s protocol. The RNA was spec-
trophotometrically analyzed using a NanoDrop ND-2000 (Thermo
Scientific) and an Agilent Bioanalyzer 2100 (Agilent Technologies) to
assess RNA quality. Next, the total RNA samples from the four groups
(uninfected cells, Human_Br07 infected cells, AIV_9990 infected cells,
and SW_3861 infected cells) were diluted with Tris-EDTA buffer (1 X,
pH 7.5) to a final concentration of 50 ng/pL. Subsequently, the fol-
lowing steps were performed for the miRNA microarray assay. First, the
total RNA sample was dephosphorylated and denatured following to the
manufacturer’s instructions. The miRNAs were labeled with cyanine 3-
cytidine bisphosphate (pCp) by ligation, and the labeled miRNAs were
then purified using a Micro Bio-Spin 6 column (Bio-Rad). Next, the
miRNAs were hybridized to the microarray at 55°C for 20 h, and the
microarray was subsequently washed twice and scanned with an
Agilent scanner.

Feature Extraction (version 10.7.1.1, Agilent Technologies) was
used to analyze array images to obtain the raw data. GeneSpring
(version 14.8, Agilent Technologies) was used to perform basic analyses
with the raw data, and the raw data was normalized using the quantile
algorithm. The probes that were present in at least 100.0% of the
samples from any 1 condition (out of 2 conditions) were flagged as
“Detected” and were used for further analyses. Next, differentially ex-
pressed miRNAs were identified by determining the fold changes, with
p-values calculated using t-tests. The threshold values for differentially
expressed miRNAs were a p-value of < 0.05 and a fold change of > 2
or < 0.5. Next, the target genes of the differentially expressed miRNAs
were predicted using three databases (TargetScan, microRNAorg,
PITA). Finally, hierarchical clustering was performed to assess the
distinguishable miRNA expression pattern among 12 samples.

2.3. Library construction, mRNA sequencing and analysis

After extraction of total cell RNA, DNA were removed by DNase
digestion, the mRNAs were enriched with oligo(dT) magnetic beads,
and short mRNA fragments were generated by adding fragmentation
buffer. Next, we used these short mRNA fragments as template to
synthesize first-strand cDNA using random primers, followed by the
synthesis of second-strand ¢cDNA. Subsequently, the double-stranded
DNA was purified using a Qubit dsDNA assay kit, and the purified DNA
was 3’-adenylated, ligated with sequencing adapters, and used for PCR
amplification. An Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) was used to evaluate RNA integrity, and samples
with an RNA Integrity Number (RIN) of = 7 were used in subsequent
analyses. Finally, the libraries were sequenced on an Illumina sequen-
cing platform (HiSeqTM 2500 or Illumina HiSeq X Ten) and 125 bp/
150 bp paired-end reads were generated.

To analyze the mRNA sequencing data, the NGS QC Toolkit (Patel
and Jain, 2012) was used to process the raw data, and the reads con-
taining poly-N and low quality reads were removed to obtain the clean
reads. The clean reads were mapped to the reference genome using
hisat2 (Kim et al., 2015). Next, the FPKM (Trapnell et al., 2010) value
of each gene was calculated using cufflinks (Roberts et al., 2011), and
the read count for each gene was obtained using htseq-count (Anders
et al., 2015). DEGs were identified using the DESeq (Anders and Huber,
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2012) R package functions estimateSizeFactors and nbinomTest. A p-
value of < 0.05 and a fold change > 2 or < 0.5 was set as the threshold
for significantly differential expression. Finally, GO enrichment and
KEGG (Kanehisa et al., 2008) pathway enrichment analyses of the DEGs
were performed using R based on the hypergeometric distribution, and
the expression patterns of DEGs common to the different samples were
also shown by hierarchical clustering.

2.4. Integrated analysis of miRNA and mRNA expression profiles

The common DEMs and DEGs were screened using the VennDiagram
package based on the DEMs and DEGs identified from three infected
groups compared with the uninfected group. Next, the miRNA-mRNA
interactions related to IAV infection were determined using R based on
the target gene prediction results of miRNAs and the biological function
analyses of DEGs. Finally, the networks of miRNA and mRNA expres-
sion profiles were displayed using Cytoscape version 3.0.1.

2.5. Real-time quantitative PCR of mRNA and miRNA

To validate the results of the microarray and high-throughput se-
quencing analyses, we chose 8 differentially expressed miRNAs and 13
mRNAs for RT-qPCR analysis. Total RNA was extracted from three in-
fected groups and one uninfected group using a mirVanaTM RNA
Isolation Kit (Ambion) following the manufacturer’s specifications. For
the mature miRNAs, cDNA synthesis was performed using a QuantiTect
Reverse Transcription Kit (Qiagen), and for the mRNA, HiScript II Q RT
SuperMix for qPCR (Vazyme) was used to synthesize the cDNA. Real-
time PCR for miRNA and mRNA was performed using a LightCycler®
480 II Real-time PCR instrument (Roche, Swiss). Reactions were in-
cubated in 384-well optical plates (Roche, Swiss) at 95°C for 5min,
followed by 40 cycles of 95°C for 10s and 60 °C for 30s, with each
sample was run in triplicate. At the end of the PCR cycles, melting curve
analysis was performed to validate the specific generation of the ex-
pected PCR product. The microRNA-specific primer sequences were
designed in the laboratory and synthesized by Generay Biotech
(Generay, PRC) based on the miRNA sequences obtained from the
miRBase database (Release 20.0), while the mRNA primer sequences
were designed based on the mRNA sequences obtained from the NCBI
database (Supplementary material). The microRNAs and mRNA ex-
pression levels were normalized to the reference genes (RNU6B and
Human ACTB, respectively) and calculated using the 2-AACt method
(Livak and Schmittgen, 2001).

3. Results
3.1. miRNA expression profiling

To identify changes in miRNA expression in A549 cells infected with
influenza A virus, four groups were assayed, including the Human_Br07
H3N2-infected group, the AVI_ 9990 H3N2-infected group, the SW_3861
H1N1-infected group and an uninfected group. Each group was assayed
in triplicate, and 12 small RNA libraries were constructed for miRNA
expression profiling. Agilent Human miRNA Microarrays (Release 21.0)
provided 2549 human miRNA probes. The DEMs of the three infected
groups were screened and displayed using volcano plots (Fig. 1A),
which showed that compared with the uninfected group, 64, 42 and 35
DEMs were detected in A549 cells infected with the Human_Br07 H3N2
virus (26 upregulated and 38 downregulated), the AVI 9990 H3N2
virus (20 upregulated and 22 downregulated), and the SW_3861 H1N1
virus (11 downregulated and 24 upregulated), respectively. A greater
number of upregulated than downregulated miRNAs were detected in
the three groups, indicating that the miRNAs in A549 cells were pri-
marily downregulated after IAV infection. Furthermore, viruses isolated
from different species exhibited specific DEMs, with 25, 8 and 7 specific
DEMs detected for cells infected with the Human_Br07, AVI_9990, and
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SW_3861viruses, respectively (Fig. 1B). Meanwhile, the DEMs that were
common to the three infected groups compared with uninfected group
were also obtained through a VennDiagram analysis using on the above
data. Twenty identified DEMs were common to the three groups of
A549 cells infected with the three IAVs of different origin, including 14
downregulated and 6 upregulated miRNAs, which were displayed in a
Venn diagram (Fig. 1B). In addition, hierarchical clustering analysis
(HCA) was used for expression profiling of the DEMs common to the
different samples (Fig. 1C). The HCA produced clusters of the 20
miRNAs common to the 12 assayed samples, which were divided into
two major branches comprising one uninfected group and 3 infected
groups. This result suggested that the expression patterns of these DEMs
that were common to the three infected groups were similar and con-
sistent but were distinct from each other.

3.2. mRNA expression profiling

We constructed 12 libraries with different indices for high-
throughput sequencing of mRNAs from the different groups, with these
data analyzed by RNA-Seq analysis in parallel. The DEGs identified
from the three viral infection groups compared with the uninfected
group are shown in volcano plots (Fig. 2A). The results showed that
compared with the uninfected group, A549 cells infected with the
Human_BrO07 H3N2, AVI 9990 H3N2 or SW_3861 HIN1 viruses ex-
hibited 3539 DEGs (2262 upregulated and 1277 downregulated), 2272
DEGs (1405 upregulated and 867 downregulated), and 1874 DEGs
(1326 downregulated and 548 upregulated), respectively. In contrast to
the miRNA expression profiling results, a greater number of upregu-
lated than downregulated mRNAs were detected in the three groups.
After analyzing the DEGs using VennDiagram, we identified 1286 DEGs
that were common to the three infected groups (935 upregulated, 351
downregulated), while each group also has its own specific DEGs, as
clearly observed by a Venn diagram (Fig. 2B). In addition, hierarchical
clustering analysis was performed to assess the expression profiles of
these common differentially expressed mRNAs in different groups, the
results of which are shown in a heatmap (Fig. 2C). The diagrams in-
dicate that the mRNA expression profiles of the viral infected groups
have significant differences compared with the uninfected group but
that the mRNA expression trends observed in the three groups were
concordant.

3.3. Bioinformatic analysis of DEMs and DEGs

Three databases (TargetScan, microRNAorg, and PITA) were used to
predict the target genes of the identified DEMs. Subsequently, with the
goal of elucidating the regulatory pathways and functions of the
miRNAs differentially expressed in humans in response to IAV infec-
tions, the intersectional DEGs of the three groups compared with the
negative control were subjected to further gene function analysis. The
DAVID gene annotation tool was used to predict the functions of the
DEGs and resulted in the identification of 5598 GO terms, including
3966 in biological process, 521 in cellular component and 1111 in
molecular function. The top 10 GO enrichment terms in each category
are shown in a bar diagram (Fig. 3), 10 of which were directly asso-
ciated with the IAV infection, including interferon-beta production, T
cell activation, type I interferon signaling pathway, defense response to
virus, interferon-gamma-mediated signaling pathway, negative regula-
tion of viral genome replication, inflammatory response, 2’-5’oligoa-
denylate synthetase activity, chemokine activity and cytokine activity.
In addition, a KEGG pathway enrichment analysis was performed that
identified 271 KEGG pathway terms, with the top 20 items displayed in
a bubble diagram (Fig. 4). Ten of these items are directly associated
with the infection of IAVs, including the influenza A pathway, TNF
signaling pathway, Jak-STAT signaling pathway, cytosolic DNA-sensing
pathway, RIG-I-like receptor signaling pathway, Toll-like receptor sig-
naling pathway, complement and coagulation cascades, NF-kappa B
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Fig. 1. The expression profiling of miRNAs in the IAV-infected and control groups. A. The volcano plot displaying the distribution of DEMs in different infected
groups compared with the uninfected group. Green and red dots indicate significantly downregulated and upregulated miRNAs, respectively. A(a). 64 DEMs in A549
cells infected with human-origin H3N2 (Human_Br07). A(b). 42 DEMs in A549 cells infected with avian-origin H3N2 (AVI_9990). A(c). 35 DEMs in A549 cells
infected with swine-origin HIN1 (SW_3861).B. Venn diagram shows the 20 DEMs that are common to the three infected groups: AVI_ 9990 vs NC (Red Circle),
Human_Br07 vs NC (Green Circle), SW_3861 vs NC (Yellow Circle). B(a). Six miRNAs were commonly upregulated in three infected groups. B(b). Fourteen miRNAs
were commonly downregulated in three infected groups. C. Heat map showing the hierarchical clustering of common miRNAs of 12 samples. Red and blue indicate
higher and lower expression in A549 cells, respectively. Abbreviations: IAV, influenza A virus; DEMs, differentially expressed miRNAs; NC, normal control; AVI,
avian; SW, swine.
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expression of these mRNAs was upregulated in the three groups.
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Fig. 2. The expression profiling of mRNAs in the IAV-infected and control groups. A. The volcano plot displaying the distribution of DEGs in different infected groups
compared with the uninfected group. Green and red dots indicate significantly downregulated and upregulated genes, respectively. A(a). The 3539 identified DEGs in
A549 cells infected with human-origin H3N2 (Human_Br07). A(b). The 2272 identified DEGs in A549 cells infected with the avian-origin H3N2 (AVI_9990). A(c).
The 1874 identified DEGs in A549 cells infected with swine-origin HIN1 (SW_3861). B. Venn diagram showing the 1286 DEGs that are common to the three infected
groups: AVI_ 9990 vs NC (Red Circle), Human_Br07 vs NC (Green Circle), and SW_3861 vs NC (Yellow Circle). B(a). Nine hundred thirty-five mRNAs were commonly
upregulated in three infected groups. B(b). Three hundred fifty-one mRNAs were commonly downregulated in three infected groups. C. Heat map showing the
hierarchical clustering of mRNAs that are common to the 12 samples. Red and blue indicate higher and lower expression in A549 cells, respectively. Abbreviations:
IAV, influenza A virus; DEGs, differentially expressed genes; NC, normal control; AVI, avian; SW, swine.

3.4. Integrated analysis of miRNA and mRNA expression profiles

We performed an integrated analysis with the above data, including
the target genes of DEMs and the expression profiles of the identified
DEMs and DEGs. The miRNA-mRNA pairs were acquired from the 20
DEMs and 479 overlapping genes common to the three infected groups.
In the three infected groups 1852 common miRNA-mRNA interactions
were identified. These miRNA-mRNA pairs may be closely associated
with numerous signal pathways and biological processes during the IAV
infection. In our study, because numerous miRNAs were observed to be
involved in IAV infection, only two items directly related to IAVs were
selected to display. These two items, the influenza A pathway and the
defense of the virus, were visualized using Cytoscape (Fig. 6), which
showed that 79 miRNA-mRNA pairs participated in the influenza A
reference pathway and 107 miRNA-mRNA pairs were related to the
defense of virus. In Fig. 6, the expression trends of each miRNA and its
target mRNA gene are opposite. Furthermore, these miRNA-mRNA in-
teraction diagrams show complex regulatory relationships between the
miRNAs and mRNAs that are not simple one-to-one regulatory re-
lationships.

3.5. Validation by RT-qPCR

We selected 8 miRNAs (hsa-miR-210-3p, hsa-miR-296-5p, hsa-miR-
371a-5p, hsa-miR-762, hsa-miR-937-5p, hsa-miR-1915-3p, hsa-miR-
3665, hsa-miR-1290) and 13 mRNAs (IFNL1, CXCL10, RSAD2, MX1,
OAS2, TFIT2, IFI44 L, MX2, XAF1, NDRG1, FGA, EGLN3, TFRC) for

further verification. The RT-qPCR results were consistent with the mi-
croarray and high-throughput sequencing results (Fig. 7). Among them,
the expression levels of CXCL10 and IFNL1 were approximately 20,000-
fold higher than in the uninfected control, indicating that they are key
genes for the human response to IAVs. In addition, although the results
showed that four miRNAs (hsa-miR-210-3p, hsa-miR-762, and hsa-miR-
3665) were downregulated and one miRNA (hsa-miR-1290) was upre-
gulated in the three infected groups, the relative expression of these
miRNAs was different in the three groups (p < 0.01, one-way
ANOVA), while the expression of other miRNAs was not significantly
different. At the same time, four mRNAs (IFNL1, CXCL10, OAS2, and
XAF1) were upregulated and FGA was downregulated in the three in-
fected groups (p < 0.05, one-way ANOVA), but the relative expression
of these mRNAs was different in the three groups. These results suggest
that although the expression trends of some miRNAs and mRNAs were
the same in the three infected groups, the relative expression levels
were different due to different sources of the viruses. Moreover, after an
integrated analysis, we observed that these 8 miRNAs and 13 mRNAs
also had a complex regulatory relationship during IAV infection
(Table 1), with the results shown in Table 1 corresponding to those
shown in Fig. 7.

4. Discussion
TAV infection is a constant threat to humans, and many studies have

indicated that miRNAs play key roles in the IAV infection process
(Buggele et al., 2012; Peng et al., 2018). However, there is a lack of
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-1og10P 2% from high to low), the x-axis shows significantly enriched GO terms, and the y-axis shows the -log10”V3!"® of these terms. The red, green and blue bars
represent ‘Biological Process’ (BP), ‘Cellular Component’ (CC), and ‘Molecular Function’ (MF) categories in GO, respectively. Abbreviations: GO, gene ontology;

DEGs, differentially expressed genes.
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KEGG Enrichment top 20

hsa05321: Inflammatiory bowel disease (IBD) -
hsa05168: Herpes simplex infection -

hsa05164: Influenza A -

hsa05162: Measles -

hsa05161: Hepatitis B -

hsa05160: Hepatitis C -

hsa05152: Tuberculosis -

hsa05144: Malaria -

hsa05143: African trypanosomiasis -

hsa05134: Legionellosis -

hsa05133: Pertussis -

hsa04668: TNF signaling pathway -

hsa04630: Jak—STAT signaling pathway -
hsa04623: Cytosolic DNA-sensing pathway -
hsa04622: RIG-I-like receptor signaling pathway -
hsa04620: Toll-like receptor signaling pathway -
hsa04610: Complement and coagulation cascades -
hsa04064: NF-kappa B signaling pathway -

hsa04062: Chemokine signaling pathway -

2.0

hsa04060: Cytokine-cytokine receptor interaction -
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Fig. 4. KEGG pathway analysis for the DEGs identified to be common to the three infected groups. The bubble diagram displays the top 20 items (ListHits > 2 and
sort by -log10” ~ V¥ from high to low), the x-axis shows the score of enrichment, and the y-axis shows significantly enriched pathway terms. The size of each circle
represents the number of genes enriched for the given pathway, where the larger the bubble, the more differentially expressed genes are contained, and the color
corresponds to the p-value, with the bubble color changing from purple-blue-green-red indicating that the enriched p-value gradually decreases and the degree of
significance gradually increases. Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes.

research on miRNAs involved in infections by IAVs originating from
different species, and few integrated analyses of DEMs and DEGs during
IAV infections have been performed. In our study, we identified 20
miRNAs and 1286 mRNAs that are differentially expressed in A549 cells
infected by all three assayed IAVs from different host species. The GO
and KEGG analyses showed that 107 miRNA-mRNA interactions were
correlated with the defense of the virus, and 79 miRNA-mRNA inter-
actions were involved in the influenza A reference pathway. In addi-
tion, we verified that the expression of 8 miRNAs and 13 mRNAs was in
accord with the microarray and high-throughput sequencing results.
These miRNAs may be highly correlated with IAV infection in A549
cells, potentially providing new insights toward the development of
broad-spectrum antiviral targets based on miRNA research.

Numerous studies have shown that human miRNA expression pro-
files are altered after invasion by influenza virus, and several miRNAs
have been shown to participate in the IAV infection process. According
to the results of the present study, most miRNAs target human mRNAs
associated with the immune system (Chen et al., 2017; Lin et al., 2017;
Maemura et al., 2018), with these miRNAs regulating the expression of
target mRNAs at the posttranscriptional level to defend against the
invading virus. The results of a previous study showed that hsa-miR-
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937-5p was downregulated in H7N9 patient serum samples compared
to its expression in healthy controls using a miRNA microarray analysis
(Peng et al., 2017). Another study revealed that hsa-miR-1290 was
upregulated in A549 cells that were infected by HIN1 (A/WSN/33)
virus and invented a method based on an oligonucleotide com-
plementary to a corresponding segment of the nucleotide sequence of
microRNA-1290. This method could be used to diagnose and treat in-
fluenza (Shih, 2017). In our study, the gene expression profiling and
RT-qPCR verification results showed that hsa-miR-937-5p was down-
regulated and hsa-miR-1290 was upregulated dramatically in the three
infected groups, supporting the results of previous studies. However,
other miRNAs have been considered to be regulators that can bind the
target influenza virus genes to degrade or inhibit their mRNA expres-
sion, blocking influenza virus replication or reducing virulence by in-
hibiting the expression of viral proteins (Khongnomnan et al., 2015; Ma
et al., 2012; Zhang et al., 2017). Although the miRNAs identified in this
study that were commonly expressed among the three infected groups
had not previously been reported to target the viral genome, whether
these miRNAs can directly target viral genes should be further studied.

In this study, we obtained the miRNA expression profiles of A549
cells infected with three influenza viruses through a miRNA microarray



J. Gao et al.

Virus Research 263 (2019) 34-46

INFLUENZA A
Alveolar and bronchial epithelial cells
Alveolar macrophages
Influsnza A virus Type Il prewmocytes
Plasmacytoid dendritic cells
26 SA [Huroan influsnza (HIN1, HIN2, H2N2, H3N2)) 14V proteins
2 s e Exdocytosis Structural proteins Non-structural proteins
@<L. T
I st
! [ |
( ] & Virus-host cell fusion @@
\ Release of viral genetic material -
= 8 =
| -
— L = 2-5' oligo(A
ot ars, ——» VS et
MAPK signaling pathwray)
. M5 535 |
-y +p
_ _p Highfever
= Acute respiratory distress syndrore
[rnFe | [r
O] ]
- I
I - =
4 { Viral myocarditis
A o = -
L)
OxPL { T cell activation
i) DA a Antdbody response
I
Toll-like receptor| | |{
signaling pathway) | )
' N
R Jak-STAT pathway) J'
~ IFNAR] fairsd » e I ro—> I :
: [Ceeny }—{iFnGR} N \ J
I
I \ .- i
O0— > -
I 205 'NOD-ike-receptol \ DNA H
[ [ asc | | sigualivg pathvray \ ]
. (s ;- ———————t—————— *\- P e i e .
i Inflammasore \ [z
| \
1 PBL.F2 \
| O{ VDACI \
‘ i
! Michondion ) \ —
: NERL] eolar epithelial cell death : : \\ =
[ | \ [eB1 |
\ ’ ‘ \\ ["pE2 | ——» Viral RNA synthesis
Inkibited premature apoptosis \\
) \
M O S B T A
Lipidia .~
»
P—= VRNP Viral RNP export st
VElpENG g
% — = Inlibited 3-end processing
Intubited host gene expression
—_
[upoz] Cellular iRNA
— b
Golgetwack Inbdbited RN A export
1B-APS)

05164 10123115
(c) Kanehisa Laboratories

Fig. 5. DAVID KEGG pathway analysis, showing the DEGs (red) that are common to the three infected groups and are involved in the influenza A pathway.
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expressed genes.

analysis. Compared to the miRNA profiling results of previous studies, a
number of differentially expressed miRNAs were identified that were
specific or common to the three infected groups. In the study by Emma-
Kate Loveday et al., A549 cells were infected with swine-origin infA (S-
OIV) pandemic HIN1 (2009) and avian-origin infA (A-OIV) H7N7
(2003) viruses, and a Geniom miRNA Homo sapiens biochip was used to
reveal temporal and strain-specific miRNA fingerprints in these two
groups of infected cells (Loveday et al., 2012). In addition, four dif-
ferentially expressed miRNAs in their A-OIV infection group, including
hsa-miR-224, hsa-miR-21, hsa-miR-29b and hsa-miR-193b, were also
identical in our avian-origin H3N2 (AVI_9990) infection group. The
above results suggest that the differential expression of these miRNAs
may be associated with IAV infection, since these differentially
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expressed miRNAs are expressed in cells infected with different virus
types and may play an important regulatory role in the IAV infection
process. Furthermore, in another study by Jarika Makkoch et al., the
differentially expressed miRNAs in A549 cells infected with different
subtypes of influenza virus (pH1N1, H3N2 and H5N1) were identified
by high-throughput sequencing (Makkoch et al., 2016). Through a
comparison analysis, we observed that hsa-miR-26b and hsa-miR-455
are both differentially downregulated in their human-origin seasonal
H3N2 infection group and our human-origin H3N2 (Human_Br07) in-
fection group. In addition, hsa-miR-222 expression was upregulated to
different degrees in their avian-origin H5N1 infection group and our
avian-origin H3N2 (AVI_9990) infection group. Our results agree with
theirs, showing that viral subtypes have little effect on the differential
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Fig. 6. miRNA-mRNA interaction network and regulatory network in Down syndrome. A. Relationships between miRNAs and inversely correlated mRNAs involved
in the influenza A pathway. B. Relationships between miRNAs and inversely correlated mRNAs involved in the host defense to virus. Green and red represent
downregulated and upregulated genes, while triangles and circles represent miRNAs and target gene mRNAs, respectively.
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expression of some miRNAs, which may have broad-spectrum regula-
tion of target genes. Nevertheless, our research has identified different
miRNAs than those identified in a similar study performed using the
same cell line, with these differences likely being caused by differences
in virus samples, sample processing methods or detection techniques. In
our study, we used cells infected with three different IAV species to
study their differentially expressed miRNAs while also identifying dif-
ferentially expressed mRNAs using high-throughput sequencing to
generate miRNA-mRNA pairs through bioinformatic analyses to screen
for miRNAs associated with influenza A infection.

Moreover, the differences in the miRNA expression profiles ob-
served among the cells infected with IAVs of three different origins
indicates that they have distinct pathogenicity. First, the number of
DEMs identified in the human-origin H3N2 (Human_Br07) infected
group was the highest among the three infected groups, a result that has
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also been observed in numerous previous studies, such as the number of
differentially expressed miRNAs in the A-OIV H7N7-infected cells was
double that observed in the S-OIV H1N1l-infected group (Loveday,
Svinti et al. 2012), and H5N1 HPAI IAV infections can cause the
greatest number of DEMs compared to infections by pHIN1 and H3N2
influenza viruses (Makkoch, Poomipak et al. 2016). The higher number
of DEMs in the human-origin [AV-infected cells suggests that they
trigger more genetic changes and cellular pathways than IAVs of other
origins. Second, the three IAVs of different origins could induce host
cells to produce their own specific miRNAs, which may be highly cor-
related with the molecular mechanisms of IAVs infection. In a recent
report where RT-qPCR was used to detect mature miRNAs from throat
swabs of healthy or influenza-infected individuals (25 HIN1, 20 H3N2,
20 influenza B and 21 healthy controls), miR-29a-3p, miR-30c-5p, miR-
34c¢-3p and miR-181a-5p were identified as potentially useful
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Table 1
Relationships between 8 miRNAs and inversely correlated 13 target genes
selected in RT-qPCR.

miRNA Target gene
Downregulated upregulated
hsa-miR-210-3p MX1, IFNL1

hsa-miR-296-5p
hsa-miR-371a-5p
hsa-miR-762

CXCL10, XAF1, MX2
IF144 L, XAF1, IFIT2
MX1, MX2,RSAD2

hsa-miR-937-5p XAF1
hsa-miR-1915-3p OAS2
hsa-miR-3665 IFIT2, MX2
upregulated Downregulated
hsa-miR-1290 NDRG1, TFRC, EGLN3, FGA

Results were the predictions of three software programs (TargetScan,
microRNAorg, PITA).

biomarkers to differentiate influenza A and B virus-infected patients
from healthy controls (Peng et al., 2016). Therefore, miRNAs expressed
in response to infection by IAVs of different origins have the potential to
be molecular markers for influenza detection. Although this is not the
focus of our research, we will continue to analyze the data and eluci-
date the molecular regulatory mechanisms associated with each specific
miRNA, the results of which will be described in a future study. Third,
although differentially expressed miRNAs and mRNAs were identified
that were common to cells infected by the three assayed IAVs of dif-
ferent origins, the expression levels of some these RNAs differed among
the three groups. For instance, the relative expression of hsa-miR-210-
3p in cells infected with the human-origin IAV (Human_Br07) was the
highest among the three infected groups and was higher in the swine-
origin IAV (SW_3861) infected group than in the avian-origin IAV
(AVI_9990) infected group. This result was observed in previous stu-
dies, where miR-146a was observed to be upregulated in A549 cells
infected with HIN1 and H3N2 influenza viruses but was higher in cells
infected with H3N2 than in those infected with HIN1 (Terrier et al.,
2013). A previous study showed that host genetics may be responsible
for this differential regulation in miRNA expression (Bueno et al.,
2008), indicating that genetic variation can affect cellar miRNA ex-
pression during the influenza virus infection.

Through an integrated analysis of microRNA and mRNA expression,
we identified 1852 miRNA-mRNA pairs common to the three infected
groups. The results showed that one miRNA could target many mRNAs,
and conversely, one mRNA could also be regulated by many miRNAs.
For instance, hsa-miR-1290 could upregulate the expression of NDRG1,
TFRC, EGLN3, and FGA, while MX2 could be downregulated by hsa-
miR-296-5p, hsa-miR-762, and hsa-miR-3665, indicating that these
regulatory processes are part of a complex network. Subsequently, a GO
analysis was performed to investigate the molecular regulatory me-
chanisms associated with the miRNA-mRNA pairs. The GO analysis of
DEGs shows that human cells primarily use two mechanisms to protect
the body from IAV infection: inhibiting viral proliferation and enhan-
cing the immune response by alteration of mRNA expression. The
former includes negative regulation of viral genome replication and
positive regulation of cellular environmental homeostasis, while the
later involves antigen processing and presentation, MHC class I protein
complex production, T cell activation, interferon and cytokine pro-
duction, chemokine activity and the inflammatory response. In our
study, approximately 107 identified miRNA-mRNA pairs participate in
the defense response to virus, and each of these miRNAs may play a key
role in the regulation of specific proteins to inhibit viral infection. Some
of these miRNAs may be involved in the inhibition of viral replication.
For example, the target prediction analysis indicated that hsa-miR-210-
3p may target the IFNL1 gene, and the sequencing and RT-qPCR results
demonstrated that hsa-miR-210-3p is differentially downregulated and
that IFNL1 is dramatically upregulated in three infection groups (the
differential expression of IFNL1 reached 22,746-fold). Interferon
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lambda-1 (IFNL1) belongs to the Type-III interferon family and is one of
the first barriers to influenza virus invasion, interfering with viral re-
plication and gene expression (Killip et al., 2015). Therefore, we hy-
pothesize that miR-210-3p may regulate the expression of IFNL1 to
suppress the replication of influenza viruses. However, previous studies
observed that the levels of miR-210-3p were significantly higher in
patients with congenital cytomegalovirus CMV infection than the con-
trol (Kawano et al., 2016), and hsa-miR-210 was upregulated during
hepatitis B virus infection (Zhang et al., 2010). Therefore, whether the
downregulation of this miRNA during influenza virus infection is un-
ique is worth exploring. In addition, miR-1915-3p may participate as a
molecular regulator of Epstein-Barr virus (EBV)-associated gastric
cancer (EBVaGC) (Jing et al., 2018). The results of our study show that
hsa-miR-1915-3p is differentially downregulated and that its target
gene (RSA2) is upregulated, and numerous studies have shown that
RSA2 can activate RNase L, leading to the degradation of cellular and
viral RNA and inhibiting protein synthesis. Thus, miR-1915-3p may also
target the RSA2 gene to terminate viral replication. In contrast, a
number of miRNAs can enhance the host immune system to defend
against viruses. The target gene prediction analysis showed that
CXCL10 may be a target gene of hsa-miR-296-5p. When A549 cells were
infected by on the three assayed influenza viruses, the level of CXCL10
was notability higher than that of the negative control, while hsa-miR-
296-5p expression was differentially downregulated during this pro-
cess. The C-X-C motif chemokine ligand 10 (CXCL10) encodes a che-
mokine of the CXC subfamily and acts as a ligand for the receptor
CXCR3 to take part in the defense response to viruses. Some studies
have shown that hsa-miR-296-5p suppresses enterovirus 71 replication
by targeting the viral genome (Zheng et al., 2013). The results of our
study suggest that hsa-miR-296-5p may be involved in controlling IAV
infections by indirectly upregulating the expression of CXCL10.
Nevertheless, hsa-miR-3180-5p is upregulated and its target gene
BNIP3L was downregulated in the three infection groups. BNIP3L en-
codes a protein that belongs to the pro-apoptotic subfamily within the
Bcl-2 family of proteins to induce apoptosis. Although there is no evi-
dence that hsa-miR-3180-5p is associated with IAV infection, the results
of our study indicate that hsa-miR-3180-5p may prevent the spread of
the virus by inhibiting BNIP3L expression.

In addition, miRNA-mRNA interaction pairs can affect IAV infection
by affecting molecular signaling pathways. For example, the KEGG
enrichment analysis showed that hsa-miR-296-5p and hsa-miR-3180-5p
may target CXCL10 to participate cytokine-cytokine receptor interac-
tions and that hsa-miR-296-5p, hsa-miR-762, and hsa-miR-3665 may
target MX2 to participate in the type I interferon signaling pathway,
which is essential in the defense against IAV infections. According to
the KEGG analysis of DEMs, approximately 39 mRNAs were involved in
the influenza A reference pathway, which primarily involves three
pathways used to defend against IAV. Notably, hsa-miR-371a-5p, hsa-
miR-937-5p, hsa-miR-1915-3p may upregulate the expression of TLR3
to participate in the RIG-I-like receptor signaling pathway, which can
stimulate an antiviral response and produce large amounts of interferon
to inhibit viral infection. A previous study assessed whether 3p-
mNP1496-siRNA targets the influenza NP gene and induces RIG-I ac-
tivation, the results of which showed that this miRNA can increase the
innate immunity of mice infected with IAV (Lin et al., 2012). Previous
studies have shown that the use of RIG-I agonists as vaccine adjuvants
can enhance the production of anti-influenza virus hemagglutinin (HA)-
specific IgG (Martinez-Gil et al., 2013), indicating that these miRNAs
involved in the RIG-I-like receptor signaling pathway may be valuable
in the exploration of new antiviral targets. In addition, hsa-miR-762,
hsa-miR-1915-3p, and hsa-miR-3665 may participate in the Toll-like
receptor signaling pathway through upregulation of MYD88 expression.
When activated, this pathway has an antiviral role by triggering im-
mune and inflammatory responses. In addition, hsa-miR-1915-3p and
hsa-miR-762 may target SOCS3, hsa-miR-371a-5p may target JAK2 and
IRF9, and hsa-miR-210-3p may target STAT1 and IFNL1 to take part in
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the regulation of the Jak-STAT signaling pathway, which can be sup-
pressed by SOCS-1 to protect cells against viral infection by the over-
expression of IFN-A (Wei et al., 2014). Notably, hsa-miR-296-5p was
observed to participate in all the pathways mentioned above by upre-
gulating the expression of CXCL10. Therefore, hsa-miR-296-5p is an
important potential antiviral target to combat influenza A infection.
In summary, using microarray and high-throughput sequencing, we
performed global miRNA and mRNAs expression profiling in A549 cells
infected by IAVs originating from three different species (human H3N2,
avian H3N2 and swine HIN1). We identified differentially expressed
miRNAs and mRNAs that were common to the three infected groups
compared to the uninfected group. We observed that hsa-miR-210-3p,
hsa-miR-296-5p, hsa-miR-371a-5p, hsa-miR-762 hsa-miR-937-5p, hsa-
miR-1915-3p, hsa-miR-3665 and hsa-miR-1290 were important reg-
ulators that may participate in the human defense of IAV infection by
regulating the expression of their corresponding mRNAs. Although the
mechanisms for the molecular regulation of miRNAs involved in IAV
infection remains to be determined, the results of this study provide a
foundation for further research of the roles of miRNAs in IAV infection.
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