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ARTICLE INFO ABSTRACT

Swine are reservoirs for anthropogenic/zoonotic influenza viruses, and the prevalence and repeated introduction
of the 2009 HI1N1 pandemic influenza virus (pdm/09) into pigs raises the possibility of generating novel swine
influenza viruses with the potential to infect humans. However, studies aiming to identify miRNAs involved in
the transfer of novel swine influenza virus infection to human cells are rare. In this investigation, from the view
of small RNA, microarrays and high-throughput sequencing were used to detect differentially expressed miRNAs
and mRNAs after human lung epithelial cells were infected with the following three stains of influenza viruses: a
novel H3N2 swine influenza virus reassorted with pdm/09 fragments, pdm/09 and classical swine influenza
virus. A miRNA-mRNA interaction map was generated to show the correlation between miRNAs related to
infection by the viruses with human infective potential/capability. The expression of 4 miRNAs (hsa-miR-96-5p,
hsa-miR-140-5p, hsa-miR-30a-3p and hsa-miR-582-5p) and 5 relevant mRNAs (RCC1, ERVFRD-1, RANBP],
SCARB2 and RPS29) was determined. The integration analysis indicated that these candidates have rarely been
reported to be associated with influenza virus. Focusing on miRNA expression changes could reveal novel re-
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assortant viruses with human infective potential that may provide insight into future pandemics.

1. Introduction

The 2009 HIN1 pandemic influenza virus (pdm/09) caused the
2009 pandemic, which was the first influenza pandemic of the 21st
century. This swine-origin virus was generated via multiple reassort-
ments of swine, human and avian influenza viruses (Garten et al., 2009;
Smith et al., 2009). Pdm/09 not only infects humans but also infects
swine and further reassorts with the enzootic swine influenza virus
(SIV) (Pereda et al., 2010; Weingartl et al., 2010). New gene reassortant
viruses with gene segments of pdm/09 and other SIVs have repeatedly
occurred in Eurasia, North America and Southern China, indicating that
swine-origin pdm/09 can be passed back to swine after human epi-
demics and become a component of the SIV gene pool (Ducatez et al.,
2011; Howard et al., 2011; Kitikoon et al., 2011; Starick et al., 2011).
Pigs are considered intermediate hosts and “mixing vessels,” facilitating
the genesis of pandemic influenza viruses, as demonstrated by the
emergence of pdm/09. If a novel virus is generated via reassortment
between pdm/09 and other influenza A viruses in pigs, other animal
species or even humans, such a virus might possess high transmissibility
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in addition to causing high mortality (Ma et al., 2011). Our previous
study found that over 50% of the pigs tested positive for pdm/09-like
viruses. More importantly, we isolated and identified several strains
that were reassorted with H3N2 SIVs and pdm/09 in Guangxi Province,
China between 2010 and 2014 (Fan et al., 2012; Liang et al., 2014).
One swine virus, i.e.,, A/Swine/Guangxi/NS2783/2010(H3N2)
(SW2783), infected humans potentially because the genetic analysis of
SW2783 hemagglutinin (HA) and neuraminidase (NA) genes showed
that these genes clustered together and were closely related to an H3N2
swine virus as represented by Swine/Binh Duong/03_06,/2010. This
virus had seasonal human virus-like surface genes and TR-like internal
genes and was isolated from a two-year-old girl in Vietnam in February
2010 (Ngo et al., 2012). In addition, the six internal genes of SW2783
originate from pdm/09. Animal experiments have shown that this virus
is effectively transmitted from pig to ferret and can replicate in ex vivo
human lung tissue. The continuing prevalence of the pdm/09 virus in
pigs could lead to the genesis of novel swine reassortment viruses with
the potential to infect humans.

Therefore, research should focus on infection by new reassortant
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viruses in terms of both the evolution of viruses and the development of
infection. MicroRNAs (miRNAs) are small endogenous (21-23 nucleo-
tides), noncoding RNAs that are highly conserved and control the
translation and transcription of their target genes through the RNA
interference pathway. These molecules play important roles in the
regulation of various biological processes and viral infection. Several
previous studies have reported an interactional correlation between
miRNA profile alterations and influenza virus infections with various
models, such as different types of cells, patient serum samples or throat
swabs, and multiple kinds of mammals (Loveday et al., 2012; Lam et al.,
2013; Wu et al., 2013). However, due to the diversity in the study
methods or models, the results lack a uniform trend, and because of a
wide range of miRNAs, more evidence is needed , thus, the miRNAs
associated with the infection of the emergent H3N2 SIV as a virus with
human infective potential/capability are unclear. Therefore, in this
study, we used reassorted H3N2 SIV (A/Swine/Guangxi/NS2783/
2010(H3N2), SW2783), the 2009 H1N1 pandemic influenza virus (A/
California/07/09(H1N1), CA09) and a classical HIN1 SIV (A/Swine/
Guangxi/3861/2011(H1IN1), SW3861) to infect human lung epithelial
cells (A549). SW2783 is a virus with human infective potential, and its
gene reassorted the H3N2 SIV surface gene and pdm/09 internal genes.
CAOQ9 is the vaccine strains of pdm/09 recommended by the WHO.
SW3861 is a classical swine HIN1 influenza virus that never re-
combined with any extraneous lineages since infecting pigs in 1978.
SW3861 is less likely to accomplish cross-species infection in humans
(Liang et al., 2014). The miRNAs and mRNAs were extracted and then
used in miRNA microarrays and transcriptome sequencing during the
acute stage of infection after 24h. We identified several aberrantly
expressed miRNAs in the SW2783 and CAQ9 infection groups. By per-
forming an interaction analysis of the miRNA-mRNA network and a
Gene Ontology (GO)/Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment function analysis, these candidate miRNAs and
relevant mRNAs were presumed to play certain roles in influenza virus
infection. This finding demonstrates that global miRNA and related
transcription profiling is an innovative strategy for uncovering new
sensitive measures of response to novel reassortant SIV infection in
humans. The differential response signatures obtained in our data are
indicative of certain miRNAs that may play an important role in reg-
ulating influenza virus with human infective potential/capability.

2. Results

2.1. Analysis of common miRNA and mRNA profiles in response to
influenza virus infection

To investigate the changes in the host gene expression profile oc-
curring during influenza virus infection in humans, the global cellular
miRNA expression patterns in A549 cells infected with the influenza
virus strains SW2783, SW3861 and CA09 were compared with those in
uninfected cells (negative control, NC). We defined the differential
expression of miRNAs based on normalized reads according to the
criteria of a fold change > 2.0 and a P-value < .05.

The miRNAs were identified and classified as upregulated and
downregulated in comparison to the miRNA levels in the uninfected
cells. Compared with the NC, 53 miRNAs were differentially expressed

Table 1
The numbers of differentially expressed miRNAs and mRNAs in different in-
fected groups compared with the uninfected group.

Different infected groups Up-regulated Down-regulated

miRNA mRNA miRNA mRNA
SW2783 vs NC 17 1491 36 643
SW3861 vs NC 11 1326 24 548
CA09 vs NC 26 2197 37 1365
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in A549 cells infected with SW2783, including 17 upregulated and 36
downregulated miRNAs. 63 miRNAs were differentially expressed in
the sample infected with CA0Q9, including 26 upregulated and 37
downregulated miRNAs. 35 miRNAs were differentially expressed in
the sample infected with SW3861, including 11 upregulated, and 24
downregulated miRNAs. The variation in the miRNA expression levels
is demonstrated by volcano plots (Supplementary Fig. Sla).
Hierarchical clustering was conducted to cluster the differentially ex-
pressed miRNAs (DEMs), each sample was subjected to triplicate ana-
lyses, and the results are shown by heat maps (Supplementary Fig. S1b).
As shown in the volcano plots and heat maps, comparing with the NC,
most miRNAs were downregulated, especially groups infected with
SW2783 and CA09, and the number of downregulated miRNAs were
comparable (Supplementary Fig. S3a).

The identification of differentially expressed genes (DEGs) between
the infected and uninfected groups was performed on the basis of a fold
change > 2.0 and a P-value < .05. The volcano plot and heat map
based on gene expression (Supplementary Fig. S2) indicate the SW2783
infection increased the expression of 1491 DEGs and decreased the
expression of 643 DEGs, while the CA09 infection upregulated 2197
and downregulated 1365 DEGs. Additionally, 1874 DEGs were differ-
entially regulated by SW3861, including 1326 up- and 548 down-
regulated DEGs. This finding suggests that different gene regulation
characteristics exist among influenza virus strains with different viru-
lence and species (Supplementary Fig. S3b). The numbers of DEMs and
DEGs are displayed in Table 1.

2.2. Cellular miRNAs and transcriptome signatures in response to the
pandemic 2009 HIN1 (CA09) and the novel reassortant virus (SW2783)
infection in A549 cells

As a novel reassortant swine virus with segments of pandemic 2009
HIN1, SW2783 has the ability of trans-species infection of humans;
however, as a classic swine virus with a conserved gene, SW3861 can
hardly establish effective infection and transmission to humans.
Therefore, it is assumed that certain small RNAs produced by host cells
participate in the viral infection with human infective potential/cap-
ability. To identify these small RNAs, a Venn diagram was generated to
display the DEMs and DEGs among the SW2783, CA09 and SW3861
infection groups compared to the NC. The DEMs that were present in
SW2783 and CAQ9 groups but absent in SW3861 group were identified
as the list of interest. As shown in the Venn diagram (Fig. 1a, red circle),
19 downregulated and 9 upregulated miRNAs were identified in
SW2783 infection group. However, these miRNAs were differentially
regulated by the three strains of viruses with various genetic reassort-
ment and infective affinity levels (Fig. 1b). All selected DEMs (uniquely
present in SW2783, uniquely present in CA09, and present in both
SW2783 and CA09) are shown in Fig. 2a, and the pattern of the DEMs
was similar between SW2783 and CA09 (Fig. 2b). While focusing on the
DEGs during infection, following the same selection criteria, 514 up-
and 253 downregulated DEGs were present in SW2783 group. Ac-
cordingly, the expression of 344 DEGs was significantly altered in
SW2783 and CAOQ9 groups (Fig. 1a). The DEMs and DEGs profiles in the
infections are shown (Fig. 1b). In total, 52 DEMs and 2543 DEGs were
present in SW2783 and CA09 groups, which have the ability or po-
tential of human infection, but absent in SW3861 group, which is not
capable of human infection (Fig. 1a).

2.3. Functional annotation and pathway enrichment analysis of DEGs
during infection

Three databases (TargetScan, microRNAorg, and PITA) were used to
predict the target genes of 52 candidate miRNAs, and the 2543 candi-
date mRNAs of SW2783 and CA09 infection were in the predicted set of
target genes. Subsequently, to clarify the regulatory pathways and
functions of the miRNAs in humans in response to influenza virus
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Fig. 1. Specific differentially expressed miRNAs and mRNAs during infection. a. A Veen diagram was generated to display the differentially expressed miRNAs and
mRNAs uniquely present in SW2783, uniquely present in CA09, and present in both SW2783 and CA09 compared to the NC in lists of interest for infection. (red
circle). b. Heap map of all differentially expressed miRNAs and mRNAs regulated by three strains of viruses. All experiments (n = 3) were performed in triplicate.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

infection, the intersectional DEGs in infection were subjected to a gene
functional analysis. To further characterize the roles of the mRNAs
differentially expressed during SW2783 and CAQ9 infection, GO
(http://www.geneontology.org/) and KEGG (https://www.kegg.jp/)
pathway annotations were performed using R language to explore the
distribution and potential biological functions of these candidate target
genes. The GO method divides all genes into the following three clas-
sifications: biological process (BP), cellular component (CC) and mo-
lecular function (MF). According to the GO terms assigned to the target
mRNAs identified in this study, we analyzed the top 10 significantly
enriched GO terms among the three classifications (Fig. 3a), and these
target mRNAs were involved in all three categories (P < 0.05). Among
these processes, in the BP classification, the terms related to the target
mRNAs during virus infection included viral transcription, which

showed a very high enrichment (top 2, P < 0.05), and the candidates
included RPS10, RPS12, RPS29, RPLP1, RPS17, RPS28 and RPS21, all
of which are components or functional genes of the ribosome
(Kenmochi et al., 1998; Mirabello et al., 2014). This interesting finding
indicates that the ribosome might play a significant role during viral
transcription in infection induced by the influenza viruses, which have
the ability to infect human cells. The CC GO terms further support our
results as small ribosomal subunit (P < 0.01) and cytosolic small ri-
bosomal subunit (P < 0.01) were significantly enriched and involved
in the DEGs RPS10, RPS12, RPS29, RPS17, RPS28, RPS21, RPS29,
RPS28 and RPS21. Additionally, the viral envelope (P < 0.01) was
distinctly enriched, and ERVFRD-1 (Morozov et al., 2013) was involved
(not shown in the top 10 GO terms). In summary, the DEGs related to
viral transcription and the viral envelope have high specificities and
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Fig. 2. Strain-specific differentially expressed miRNAs induced by SW2783 and CA09. a. Strain-specific differentially expressed miRNAs regulated by SW2783 and
CA09 during the acute infection (24 h). b. Numbers of abnormally expressed miRNAs in SW2783 and CA09 compare with the NC. Variation tendency of specific

DEMs was similar in both SW2783 and CA09 infection.

were correlated with A549 cell infection by SW2783 and CA09. The
candidate targets involved in the most important genetic information
processing, environmental information processing and cellular pro-
cesses were identified using KEGG pathway mapping. The selected
DEGs were imported into KEGG databases, and 271 pathway terms
were produced. The 20 most prominent KEGG pathways (P < 0.05)
were identified (Fig. 3b). The immune-related pathway, metabolism
and ribosome were the most represented subunits among these groups.
Complement and coagulation cascades, the ribosome, and the meta-
bolism of certain amino acids were implicated. The significant enrich-
ment of the ribosome in the KEGG pathways analysis shows the same
results as the GO terms analysis, which suggests that during viral
transcription, some genes in the ribosome pathway may play an im-
portant role in response to the invasion of influenza viruses with human
infective potential/capability.

2.4. Integrated network of the host cell miRNA-mRNA interactome

An interaction network analysis of miRNAs and mRNAs was per-
formed as follows: we focused on strain-specific differentially expressed
small RNAs induced by SW2783 and CAQ9 (viruses with human in-
fective potential/capability). In total, 10 DEGs were associated with
viral infection or host antiviral responses in the analysis of the GO
function annotations and KEGG pathway enrichment. These DEGs,
namely, ANPEP, ERVFRD-1, ANBP1, RCC1, RPLP1, RPS21, RPS28,
RPS29, SCARB2 and TRIM27, were identified on the basis of Venn
diagram selection (Fig. 1a). These selected DEGs mainly participate in
biological processes, including the GO terms viral transcription, nega-
tive regulation of the adaptive immune response, signal transduction,
and viral envelope; CC, including the GO term small ribosomal subunit;
and the KEGG pathways ribosome, host defense inflammatory immune
response, metabolism, and transcription. A PPI map was constructed to
perform a conjoint analysis of the 10 DEGs and their relevant miRNAs,
and these miRNAs were examined as candidates in a Venn diagram
selection of differentially expressed miRNAs (Fig. 1a). As shown in the
PPI map (Fig. 4), 34 of 52 miRNAs targeting 10 mRNA pairs were
identified. Some miRNAs targeted more than one mRNA, such as hsa-
miR-582-5p, which targets RCC1, TRIM27, RPS29 and SCARB2, and
hsa-miR-140-5p, which targets ERVFRD-1 and SCARB2. Accordingly,
several miRNAs played roles in multiple pathways. For example, hsa-
miR-582-5p and hsa-miR-96-5p were involved in the negative regula-
tion of the adaptive immune response and interferon-gamma secretion
in the BP, and these molecules also belong to the ribosome pathway.
Additionally, we analyzed the expression level of these relevant
miRNAs based on a miRNA microarray of all three virus infections and
examined whether these 34 miRNAs meet the screening requirements
of DEMs in the microarray. Eight miRNAs targeting 10 mRNA pairs

were chosen for further validation.

2.5. Validation of miRNA and mRNA expressions by quantitative RT-PCR
and selection analyses

In total, we selected 8 miRNAs, namely, hsa-miR-96-5p, hsa-miR-
140-5p, hsa-miR-196a-5p, hsa-miR-224-3p, hsa-miR-30a-3p, hsa-miR-
664a-3p, hsa-miR-582-5p and hsa-miR-200c-3p, for the validation.
After quantitative RT-PCR, we constructed a histogram of the relative
expression ratio of 8 miRNAs between SW2783, CA09 and SW3861
(SW2783/SW3861, CA09/SW3861) as shown in Fig. 5a. A relative
expression ratio change <0.67 or = 1.5 was considered to have a high
confidence level. Four miRNAs (hsa-miR-96-5p, hsa-miR-140-5p, hsa-
miR-30a-3p and hsa-miR-582-5p) met this requirement in both SW2783
and CAOQ9 infection, indicating that 4 miRNAs were significantly ex-
pressed in the SW2783 and CA0Q9 infections than SW3861 infection. A
quantitative expression analysis of these 4 miRNAs was performed
(Fig. 5b), and the statistical analysis (paired t-test) showed that all four
miRNAs were significant in the influenza virus infection groups com-
pared with the NC (P < 0.05). The validation by quantitative RT-PCR
was consistent with the microarray results. Moreover, by performing
the integrated analysis of the miRNA-mRNA interaction network, 5
mRNAs were identified as the target genes of the expression of the 4
miRNAs (Table 2). A quantitative RT-PCR analysis was also performed
to validate the 5 selected mRNAs (RCC1, ERVFRD-1, RANBP1, SCARB2
and RPS29), and the relative expression is shown in Fig. 5c. The vali-
dation of these DEGs was consistent with the sequencing results.

3. Discussion

Our previous research revealed the isolation and genetic char-
acterization of over 10 strains of the novel reassortment of H3N2 swine
virus from 2010 to 2014 in Guangxi, China, and these strains have
surface genes derived from a seasonal H3N2/triple reassortant (TR)
swine virus and internal genes from pdm/09-like viruses. SW2783 has
been considered a strain of virus with human infective potential/cap-
ability, indicating that SW2783 has the ability to establish the cross-
species infection in humans (Fan et al., 2012). This is considered a
special process of infection induced by viruses with human infective
potential/capability, where miRNAs may play important roles. There-
fore, this research focuses on the global host response to infection
caused by novel reassortant SIVs and a pandemic strain, with the em-
phases on the correlation between influenza virus infection and miRNA
expression changes in host cells.

To answer this question, we performed an integration analysis of
differentially expressed miRNAs and mRNAs involved in the following
three strains of influenza virus infected in the A549 cells at an acute
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Fig. 3. GO and KEGG analyses of differentially expressed mRNAs in infection with viruses with human infective potential/capability. a Bar diagram displaying the
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L. Gao, et al.

Infection, Genetics and Evolution 74 (2019) 103922

hsa-‘1428

\

hsa-| m.4a 5p
hsa-n‘85 5p

Fig. 4. Conjoint analysis of a DEMs and DEGs integrated network in the infection. Yellow circles represent the abnormal changed DEGs, and green circles represent
the miRNAs that target those genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

infection time point (24 h): SW2783, a novel reassortant H3N2 swine
virus with internal genes from pdm/09-like virus; CA09, a vaccine
strain of the pandemic 2009 HIN1 influenza virus; SW3861, a classical
H1N1 swine virus with a low potential of human infection. In total, 52
miRNAs and 2543 related mRNAs were significantly differentially ex-
pressed in human lung epithelial cells infected by SW2783 and CA09
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compared to those infected by SW3861. The expression of 4 miRNAs
and 5 relevant mRNAs were verified and they are consistent with mi-
croarray and high-throughput sequencing. In addition, an interaction
analysis was performed to describe their relationship and potential
functions by GO term and KEGG pathway analyses, and the results in-
dicated that these miRNAs are stimulated by ‘human-infecting’ viruses
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Fig. 5. Validation by RT-qPCR of the differentially expressed miRNAs and mRNAs in infection. a. Histogram of the relative expression ratio of 8 miRNAs among
SW2783, CA09 and SW3861 (SW2783/SW3861, CA09/SW3861); a relative expression ratio change <0.67 or =1.5 is considered as the high confidence. #
Ratio < 0.67. b and c. Quantitative expression analysis of 4 miRNAs and 5 relative mRNAs. The level of expression in the uninfected samples is set to one, and the
relative expression values were normalized to internal standards. The data are expressed as the means + SD. All experiments (n = 3) were performed in triplicate. *

P <0.05, ** P < 0.01 , statistical analysis was performed using one-way ANOVA.
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Table 2
Relationships between 4 miRNAs and 5 inversely correlated target genes se-
lected in gRT-PCR.

miR_name Regulation Target gene
hsa-miR-96-5p Down RCC1, SCARB2
hsa-miR-140-5p Down ERVFRD-1, SCARB2
hsa-miR-30a-3p Down RANBP1, SCARB2
hsa-miR-582-5p Down RCC1, RPS29, SCARB2

that have rarely been reported to be affiliated with influenza virus. This
finding may indicate that some miRNAs could be sensitive measures of
the host response to acute infection by viruses with human infective
potential/capability.

Previous studies investigating the same abnormally expressed
miRNAs found in our study were summarized and reviewed. The ex-
pression of miR-140-5p decreases during the infection with
EV71(human enterovirus 71) and RSV (respiratory syncytial virus
pneumonia) and, can affect the inflammatory response and im-
munoreaction (Cui et al., 2011; Zhang and Shao, 2018). Several studies
found that the decreased expression of miR-30a-5p could benefit the
viral replication in EV71 and HCV (hepatitis C virus) infection (Fu et al.,
2015; El-Ekiaby et al., 2017). Our results showed similar trends in
performance changes as follows: the expression of miR-140-5p and
miR-30a-5p decreased significantly in the SW2783 and CAQ9 infection
groups compared with that in the SW3861 or NC, suggesting that ex-
pression of these two miRNAs were more highly suppressed in human
cells after infection of viruses with human infective potential/cap-
ability. The overexpression changes of miR-96 in HBV (hepatitis B
virus), HSV (herpes simplex virus) and HCMV (human cytomegalo-
virus) have been identified (Stark et al., 2012; Majer et al., 2017; Singh
et al., 2018). Intriguingly, the expression of miR-96 was upregulated in
most previous studies. In contrast, miR-96-5p was downregulated in the
influenza virus infection in the current research, indicating that the
regulation of miR-96-5p expression in infection with influenza viruses
with human infective potential/capability differs from that infection
with other viruses. The transfection of miR-582 enhanced staurosporine
and TNF-a-induced apoptosis and affected genes related to apoptotic
pathways (Shen et al., 2018). Nevertheless, studies investigating the
involvement of miR-582 in viral infection are rare; Tuddenham re-
ported that human herpesvirus 6 may encode viral miRNAs and one of
them is a seed ortholog of the human miRNA miR-582-5p (Tuddenham
et al., 2012). Our results show that the downregulation of miR-582-5p
during influenza virus infection was a remarkable change specifically
induced by influenza viruses with human infective potential/capability.
This study was the first to reveal that miR-582-5p is involved in the
interaction between viral invasion and human cells. However, whether
the decreased expression of such miRNAs will could benefit viral in-
fection or enhance host antiviral responses in influenza virus infection
are is still worthy of further investigation is needed.

The functional analysis of the related DEGs was performed ac-
cording to the statistical computing of GO terms and KEGG pathways
after obtaining the miRNAs and mRNAs from the three influenza virus
infection groups. SCARB2 belong to scavenger receptor class B and has
virus receptor activity. SCARB2 has already been confirmed to be a
cellular receptor for EV71 and coxsackie viruses A7, Al4, and Al6
(Yamayoshi et al., 2012). In addition, the overexpression of SCARB2 in
cells can significantly enhance EV71 and HCV replication and in-
fectivity (Li et al., 2013) (Grove et al., 2007). SCARB2 has been found to
participate in the biological process of ‘viral entry into the host cell’ in
the GO term analysis in our study. Therefore, SCARB2 may regulate the
process of influenza virus entry into the host cell in the endosome
(Czabotar et al., 2004; Samji, 2009). All 4 DEMs could regulate
SCARB2, indicating that this regulation might be involved in compli-
cated interacting networks. In addition to SCARB2, the ERVFRD-

Infection, Genetics and Evolution 74 (2019) 103922

1(Endogenous retrovirus group FRD envelope protein member 1) gene
also mediates viral fusion with host cell membranes and is implicated in
the biological process involving the GO term “syncytium formation”
based on our results. ERVFRD-1 can induce cell-cell fusion when ex-
pressed in cells possessing appropriate receptors (Blaise et al., 2003).
Endogenous envelope proteins can make pseudo types with MLV, HIV-1
or SIV-1 virions, confer infectivity, and mediate receptor recognition
and membrane fusion during early viral infection (Blaise et al., 2004).
In addition, endogenous envelope proteins can suppress T-cell pro-
liferation and LPS-induced TNF-a and IL-12 release (Hummel et al.,
2015), which may increase the ability of viral infection. Our results
suggest that ERVFRD-1 may facilitate influenza virus invasion into
human cells by mediating the fusion of the viral and the cell membrane
or, by reducing the host antiviral immune response, yet more evidence
is needed to support this hypothesis. The ‘human-infecting’ viruses may
stimulate host cells, resulting in the production of particular miRNAs or
infection enhancement by miRNA and mRNA interaction networks. In
addition, the proteins encoded by the two membrane fusion function
genes (SCARB2 and ERVFRD-1) attracted our attention. The function of
the 40S ribosomal protein S29 (RPS29) during influenza virus infection
also worth exploration. This gene encodes a protein which is a com-
ponent of the small 40S ribosomal subunit and is essential for rRNA
processing and ribosomal biogenesis (Kenmochi et al., 1998). The ex-
pression of RPS29 gene in the SW2783 group was the highest compared
with that of the other 4 DEGs. Interestingly, a previous study showed
that the content of the S29 protein in the ribosomes of A549 cells was
distinctly low (Zhou et al., 2003). As a 40S ribosomal subunit, RPS29
can affect the protein synthesis, such as the synthesis of Polymerase II
(Pol II) and some viral proteins(including PB2, PB1, PA and NP pro-
tein), which are obligatory for viral transcription (Martinez-Alonso
et al., 2016; Bauer et al., 2018; Oymans and Te Velthuis, 2018). RPS29
has been postulated to participate in the gene transcription of influenza
viruses, and the BP of RPS29 was enriched in “viral transcription” ac-
cording to the GO term analysis. According to the target gene prediction
results, we focused on the regulatory network and the effects of hsa-
miR-582-5p and hsa-miR-140-5p and their target genes. Functional
experiments investigating the specific pathways of hsa-miR-582-5p and
hsa-miR-140-5p could represent a future research endeavor. It is pos-
sible that hsa-miR-582-5p and hsa-miR-140-5p are potential note-
worthy biomarkers of infection with influenza viruses with human in-
fective potential/capability.

The other two candidate mRNAs, RCC1 (regulator of chromosome
condensation 1) and RANBP1 (Ran-specific binding protein 1), were
both regulatory factors of the small GTPase Ran enzyme. However,
RCC1 and RANBP1 are believed to have opposite functions in viral
replication (Plafker and Macara, 2000). It can be speculated that during
other virus infection, RCC1 and RANBP1 are in a dynamic change
during vRNPs transport between the nucleus and cytoplasm of the host
cell (Chen et al., 2014; Deschamps et al., 2017). Surprisingly, the ex-
pression of RCC1 and RANBP1 was upregulated in the SW2783 and
CAQ9 infection, implying the relationship between the expression
change and viral infection remains ambiguous.

In summary, multiple miRNAs and mRNAs function in the same
biological processes, and in the course of host cell invasion by viruses
with human infective potential/capability. The interactions of certain
miRNAs and mRNAs drive viral replication and infection. The current
study performed an overall analysis of miRNA and relevant mRNA
profiles by microarray and high-throughput sequencing in human lung
epithelial cells infected with three different strains of influenza virus,
including one strain with the ability of human infection as a new re-
assortant SIV. The current study provides biomarkers candidates for the
interference or control the influenza virus outbreaks in the human
population.
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4. Materials and methods
4.1. Virus isolates and cell lines

The influenza viruses A/Swine/Guangxi/NS2783/2010(H3N2)
(SW2783), A/Swine/Guangxi/3861/2011(HIN1) (SW3861) and A/
California/07/2009(H1N1) (CA09) were maintained in our laboratory.
SW2783 was isolated and identified in Guangxi, China in 2010 (Fan
et al., 2012). For comparison, a classical SIV HIN1 strain isolated in
2011, i.e., A/Swine/Guangxi/3861/2011(H1N1) (SW3861), and a
vaccine strains recommended by the WHO for the pandemic 2009
HIN1 influenza virus, i.e., A/California/07/2009(H1N1) (CA09), were
used in this study. All experiments involving live influenza viruses were
performed at Guangxi Medical University under biosafety level 3 con-
ditions. Mandin-Darby canine kidney cells (MDCK, ATCC) were main-
tained in Eagle's Minimal Essential Media (MEM) supplemented with
10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin (Gibco, Life
Technologies). Human lung epithelial cells (A549, ATCC) were main-
tained in Ham's F-12 medium (Kaign's modification) supplemented with
10% FBS, 100 U/ml penicillin and 100 pug/ml streptomycin (Gibco, Life
Technologies). The cells were cultured at 37 °C in a 5% CO, incubator.
All viruses were titrated by HA titer on 7-day-old chick embryos and the
TCIDs, were tested on MDCK cells, as previously described (Weingartl
et al., 2010).

4.2. Virus infections and RNA isolation

A549 cells are widely applied in studies investigating respiratory
effects in vitro (Roggen et al., 2006; Kim et al.,, 2011). It was also
commonly used as an in vitro model to study host cellular small RNA
changes in response to diverse viral infections. Briefly, the cells were
seeded onto T-75 flasks until reaching 80% to 90% confluency in tri-
plicate for each virus. Prior to the viral infection, the flasks were wa-
shed with PBS to remove traces of FBS. Confluent A549 cells were in-
fected with influenza viruses at a MOI of 1 (10° PFU/ml of SW2783 and
10° PFU/ml of SW3861 and CA09) to infect a monolayer of 10° cells.
After 1h of infection, the viruses were removed, the cells were washed
3 times with PBS, 2 ml of fresh Ham's F-12 medium supplemented with
100 U/ml penicillin, 100 ug/ml streptomycin and 1 ug/ml L-1-tosyla-
mido-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (all
from Gibco, Life Technology), and incubated at 37 °C in a 5% CO, in-
cubator for up to 24 h post infection (hpi). Then, the supernatant and
cells were collected, treated with lysis/binding buffer (Invitrogen,
Thermo Scientific) and immediately frozen in liquid nitrogen for the
RNA isolation. As the negative control, A549 cells were mock-infected
in parallel and processed in same way. The total RNA was isolated using
a miRvana miRNA Isolation Kit (Invitrogen, Thermo Scientific) ac-
cording to the manufacturer's instructions and quantified by the Na-
noDrop ND-2000 (Thermo Scientific).

4.3. miRNA microarray construction and expression profiling

The RNA integrity was assessed using an Agilent Bioanalyzer 2100
(Agilent Technologies). For miRNA microarray construction, the
Agilent Human miRNA Microarray Release 21.0 (8*60K, Design
ID:070156) was used. The sample labeling, microarray hybridization
and washing were performed based on the manufacturer's standard
protocols (Oebiotech, Shanghai, China). Next, the arrays were scanned
with the Agilent G2505C Scanner (Agilent Technologies). Feature
Extraction software (version 10.7.1.1, Agilent Technologies) was used
to analyze the array images and obtain the raw data. Then, GeneSpring
(version 14.8, Agilent Technologies) was employed to complete the
basic analysis with the raw data. First, the raw data were normalized
with the quantile algorithm. Later, the differentially expressed miRNAs
were identified in the infected cells and normalized to those in the
uninfected control cells through fold changes and P-values were
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calculated by using t-tests. The threshold for the up- and downregulated
genes was set to a fold change > 2.0 and a P-value < .05.

4.4. mRNA sequencing and expression profiling

Samples with RNA Integrity Numbers (RINs) = 7 were subjected to
the subsequent analysis. The libraries were constructed using a TruSeq
Stranded mRNA LTSample Prep Kit (Illumina, San Diego, US) according
to the manufacturer's instructions (Oebiotech, Shanghai, China). These
libraries were sequenced on an Illumina sequencing platform (HiSeq™
2500 or Ilumina HiSeq X Ten). The raw data (raw reads) were pro-
cessed using the NGS QC Toolkit (Makkoch et al., 2016). Reads con-
taining ploy-N and the low-quality reads were removed to obtain clean
reads. Then, the clean reads were mapped to the reference genome
using hisat2 (Kim et al., 2015). The FPKM (Trapnell et al., 2010) and
read count values of each transcript (protein coding) were calculated
using Bowtie2 (Langmead and Salzberg, 2012) and eXpress (Roberts
and Pachter, 2013). The DEGs were identified using the DESeq R
package functions estimateSizeFactors and nbinomTest. A P-value <
.05 and a fold change > 2 or < 0.5 were set as the thresholds for
significantly differential expression.

4.5. Biological function analysis

For the miRNAs, the target genes of the DEMs were the intersections
predicted with databases (TargetScan: http://www.targetscan.org/vert_
72/, microRNAorg: http://www.microrna.org/, and PITA: https://
genie.weizmann.ac.il/pubs/mir07/mir07 data.html). GO enrichment
and KEGG pathway analyses were applied to determine the roles of
these target genes. Hierarchical clustering was performed to show the
distinguishable miRNA expression patterns among the samples. For the
mRNAs, a hierarchical cluster analysis of the DEGs was performed to
explore the transcript expression patterns. The GO enrichment and
KEGG pathway enrichment analyses of the DEGs were performed using
R based on the hypergeometric distribution.

4.6. Correlation analysis of miRNAs and mRNAs

To build a comprehensive miRNA-mRNA network with positive and
negative correlations, we constructed a miRNA-mRNA regulatory net-
work. The DEMs and DEGs were collected from the miRNA and mRNA
list. Then, we used miRanda (http://www.microrna.org/microrna/
home.do), TargetScan and DAVID (https://david.ncifcrf.gov/) to con-
firm the correlations between the miRNAs and mRNAs. All potential
mRNA targets among the assayed protein-coding genes were identified
to be associated with miRNAs differentially expressed after virus in-
fection, and we focused on those exclusively expressed in the viruses
with human infective potential/capability. Finally, the infecting-
human-specific DEMs and related DEGs were verified.

4.7. Quantitative RT-PCR analysis of DEMs and relevant DEGs

To validate the microarray and sequencing data of our candidate
miRNAs and mRNAs, quantitative RT-PCR was performed. The total
RNA was isolated at 24 hpi after virus infection using the miRvana
miRNA Isolation Kit (Invitrogen, Thermo Scientific) according to the
instructions and quantified by a NanoDrop ND-2000 (Thermo
Scientific). The integrity was evaluated using agarose gel electrophor-
esis and ethidium bromide staining. RT reactions were performed on a
GeneAmp® PCR System 9700 (Applied Biosystems, USA). The real-time
PCR analysis was performed using QuantiFast® SYBR® Green PCR
Master Mix (Qiagen , Germany) on a LightCycler® 480IIReal-time PCR
Instrument (Roche, Swiss). Each sample was run in triplicate for ana-
lysis. At the end of the PCR cycles, a melting curve analysis was per-
formed to validate the specific generation of the expected PCR pro-
ducts. The miRNA/mRNA-specific primer were designed based on the
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miRNA sequences obtained from the miRBase database (Release 20.0)
and the mRNA sequences obtained from the NCBI database (the primers
are listed in Supplementary Tables 1 and 2). Primers were synthesized
by Generay Biotech (Generay, China). The miRNA expression levels
were normalized to U6, and the mRNA expression levels were nor-
malized to ACTB. The expression levels were calculated using the 244
method.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.103922.
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