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shRNA-mediated NP knockdown inhibits the apoptosis of
cardiomyocytes induced by HIN1pdm2009 influenza virus
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Abstract. Acute influenza-associated myocarditis varies in
clinical severity ranging between asymptomatic and fulminant
varieties. The most severe cases can result in impaired cardiac
function-associated mortality; however, the mechanism under-
lying the development of viral myocarditis has yet to be fully
elucidated. The present study investigated the apoptosis induced
in H9C2 cardiomyocytes by infection with the HIN1pdm2009
virus. The H9C2 cells were transfected with nucleoprotein
(NP)-specific short hairpin (sh) RNA, and viral replication was
re-evaluated in H9C2 cells infected with the HIN1pdm2009
virus, as was the apoptosis induced by the virus. Reverse tran-
scription-quantitative polymerase chain reaction and western
blot analysis were performed to measure the expression of
NP and apoptosis-associated molecules. A plaque forming
assay was used to quantify viral replication in HOC2 cells. An
MTT assay and flow cytometric analysis were performed to
determine the virus-associated alterations in cellular viability
and apoptosis, respectively. Results demonstrated that the
HINI1pdm2009 virus replicated effectively in H9C2 cells
and promoted apoptosis in association with the viral infec-
tion. The expression levels of apoptosis-associated markers,
including released cytochrome ¢ and activated caspase-3 were
markedly promoted in the HIN1pdm2009-infected HOC2
cells. However, the NP-specific shRNA-mediated NP knock-
down significantly inhibited viral infection in the cells. The
virus-induced apoptosis of the HOC2 cells was also signifi-
cantly reduced by the shRNA, which occurred via a decrease
in the number of apoptotic cells through downregulating the
levels of apoptosis-associated markers. Taken together, the
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present study demonstrated the key pathogenic role of NP in
HIN1pdm2009-induced apoptosis of cardiomyocytes, and this
marker of the influenza virus may be important in influenza
virus-associated acute myocarditis. In addition, NP-specific
shRNA may be an effective agent for inhibiting influenza
virus-induced apoptosis in cardiomyocytes or in influenza
virus-associated acute myocarditis.

Introduction

The influenza A/California/07/2009 (HIN1) virus outbreak in
Mexico and the United States in 2009 was found to be geneti-
cally correlated with swine influenza viruses (1). The HIN1
virus subsequently spread to other countries and caused severe
outbreaks around the world. Up to 10% of severe influenza
infections cause pneumonia with myocarditis or acute myocar-
dial infarction (2-4). Individuals with underlying chronic
cardiovascular diseases are at higher risk of influenza A virus
(IAV)-induced myocarditis (5). However, the mechanism
underlying the viral myocarditis remains to be fully elucidated.

The whole genome of TAV contains eight negative-sense
RNA segments, comprising PB1, PB2, PA, HA, nucleoprotein
(NP), neuraminidase (NA), (M1 and NS1), which encode
>10 proteins. The IAV genome is variable for the low fidelity
of RNA polymerase and recombination between strains (6),
allowing viruses to evade host immunity and outbreak
cyclically. Influenza virus infection leads to the activation
of various intracellular signaling pathways, which not only
partially increase the antiviral response, but also support viral
replication simultaneously (7,8). Several IAV proteins have
been implicated in apoptosis in infected cells. Previous studies
have indicated the NS1 protein of IAV downregulates apop-
tosis in early infection to support virus replication (9). NA can
activate transforming growth factor (TGF)-h, a known inducer
of apoptosis (10,11). PB1 and PB2 are also considered to be
involved in the induction of apoptosis in infected cells (12). NP
is phosphorylated and cleaved by proteases in infected cells,
and IAVNP (56 kDa; NP56) is converted proteolytically into
a 53-kDa form (NP53) (13), NP cleavage appears to prevent
packaging of viral ribonucleoprotein into virus particles, with
only uncleaved NP56 found assembled into virions (14). To
date, the association between the level of NP and apoptosis
remains to be fully elucidated.
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In the present study, the replication of IAV in HOC2 cells
was suppressed using short hairpin (sh) RNA against NP,
and the apoptosis induced by virus infection was examined.
The results aimed to determine whether viral replication is
associated with the level of apoptosis induced.

Materials and methods

Cell culture and production of the shRNA-NP lentivirus.
Cardiomyoblast H9C2 cells (American Type Culture
Collection; ATCC; Manassas, VA, USA) and 293T cells were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
supplemented with 10% fetal calf serum (FCS; Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin/streptomycin
and 2 mM L-glutamine (growth medium), and were main-
tained at 37°C in a humidified 5% CO, atmosphere. For the
production of the shRNA-NP lentivirus, cells were seeded
in a T25 tissue culture plate at a density of 2x10° cells/ml,
when 50-70% confluent, and were transfected for 6 h with
an shRNA-NP plasmid and a control-shRNA plasmid, using
Lipofectamine 2000 as the transfection reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C in a humidified 5% CO,
atmosphere. After 48 h, the supernatant was harvested, filtered
using a 0.2 um filter and stored at -80°C.

IAV virus propagation. The influenza A/HIN1pdm2009
virus (CAO7) was propagated in Madin Darby canine kidney
cells (line CV-1; ATCC). The cells were passaged in DMEM
containing 10% bovine FCS. For infection of the HOC2 cells,
2-day-old confluent cell monolayers were incubated with the
virus at the indicated multiplicity of infection (MOI) for 1 h
at 37°C. Following infection, the cells (2x10* cells/well) were
washed and incubated with DMEM at 37°C for different dura-
tions (0, 8, 12,24 and 48 h) and were then prepared for further
examination. The titers of infectious virus in the supernatants
were determined using common plaque assays, as described
previously (15,16).

Evaluation of NP mRNA levels using reverse transcription-
quantitative polymerase chain reaction (RT-gPCR) analysis.
The mRNA level of NP was determined using RT-qPCR
analysis, as described previously (2). Briefly, total RNA
was isolated from cells (1x10° cells/sample) using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. The cDNA was
then synthesized by RT using a Reverse Transcription kit
(Thermo Fisher Scientific, Inc.) with the NP-specific primer
(5'-caccaaacgatcatatgaac-3'). qPCR was performed using
the following primers (10 nM): NP, forward 5'-ccagaatgtgct
ctctaatg-3', reverse 5'-tcctttcaccgcageacctg-3', as previously
described (2). The quantification cycle (Cq) values (17) of the
target gene were normalized to (3-actin (forward 5'-gtaccctgg
cattgccgaca-3', reverse 5'-ggactcgtcatactcctgettget-3') from
the same sample as relative mRNA levels. Each sample was
assessed in triplicate.

Western blot analysis. The HOC2 cells were collected and
lysed with lysis buffer (Thermo Scientific, Rockford, IL,
USA) on ice for 20 min. The cell lysates were centrifuged at
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15,000 x g at 4°C for 30 min. The supernatant was collected
as the total cellular protein extract. Protein concentration was
determined using the BCA Protein Assay kit (Kangwei Shiji
Biotechnology Co., Ltd., Beijing, China). The samples of total
cellular protein (5 ug) were loaded onto a 10% SDS-PAGE.
The separated proteins were electrophoretically trans-
ferred onto polyvinylidene difluoride membranes (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The membranes were
blocked overnight in blocking buffer containing PBS-T and
5% non-fat milk. The membranes were then incubated with
primary antibodies against NP (1:800; cat. no. 11675-VO8B-50;
Sino Biological, Inc., Beijing, China), caspase-3 (1:500; cat.
no. 3CSPO03), cytochrome ¢ (CytC; 1:500; cat. no. sc-7159),
B cell lymphoma-2-associated X protein (Bax; 1:500; cat.
no. sc-493) and (3-actin (1:500; cat. no. sc-81178), obtained from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), for 1 h at
37°C, and then washed with PBS-T four times. Following incu-
bation with the secondary horseradish peroxidase-conjugated
antibody (1:400; cat. no. Ab131366; Abcam, Cambridge, UK)
for 1 h at room temperature, the membranes were washed four
times, treated with enhanced chemiluminescence reagent and
exposed to X-ray film. Protein bands were semi-quantified
using ImageJ software version 1.43b (National Institutes of
Health, Bethesda, MD, USA).

Determination of apoptosis. The percentages of apoptotic cells
weredeterminedusingan Annexin V-FITC Apoptosis Detection
kit (EMD Millipore, Billerica, MA, USA). Briefly, the cells
were incubated for 15 min in the dark with Annexin V-FITC
and PI, according to the manufacturer's protocol. A total of
1.0x10° cells were washed twice with ice-cold PBS and incu-
bated for 10 min in binding buffer, containing 5 1 Pl and 5 ul
Annexin V-FITC. To quantify the apoptotic rate of cells in
each group, at least 100,000 cells from each treatment group
were examined using flow-cytometry, and the percentage of
Annexin V-positive cells or Annexin V-plus-PI positive cells
were calculated. All experiments were performed in triplicate.
The activity of caspase-3 was analyzed using a caspase-3
activity assay kit (Cell Signaling Technology, Inc., Danvers,
MA, USA).

MTT cell viability assay. The viability of the HOC2 cells
was measured using the MTT method in 96-well plates.
Briefly, following infection with the A/HIN1pdm2009 virus
(multiplicity of infection=1) for 12, 24 or 48 h, H9C2 cells
(1x10* cells/well) at 80% confluence, were treated with 20 ul
of MTT solution (at a final concentration of 5 mg/ml) for 4 h at
37°C. The cell supernatant was carefully removed, and 200 ul
of DMSO was added to each well and mixed. The plate was
placed in a 37°C incubator to dissolve air bubbles and the
optical density (OD) 50 value of each well was measured at a
570 nm wavelength using a microplate reader (Thermo Fisher
Scientific, Inc.). The results were calculated as follows: (A570
control wells-A570 treated wells)/(A570 control wells-A570
blank wells) x100%.

Statistical analysis. Data are presented as the mean + stan-
dard deviation calculated from three independentexperiments.
For comparison between two groups, Student's t-test was
used. For multiple comparisons among three or more groups,
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Figure 1. HINIpdm2009 virus infects HOC2 cardiomyocytes. (A) Relative mRNA levels of influenza NP in HOC2 cardiomyocytes infected with 1 MOI
HINIpdm?2009 virus for 2, 4, 8 or 12 h. (B) Western blot analysis of NP in the HINIpdm2009 virus-infected (1 MOI) HOC2 cells. (C) Plaque-forming and
(D) plaque counting of the HIN1pdm2009 virus in H9C2 cells at a dilution of 1:10%, 1:10° or 1:10°. Photomicrographs were captured under x1 magnification.
Quantitative data are the average of three independent results. "P<0.05, “P<0.01, ““P<0.001 and "“P<0.0001. NP, nucleoprotein; MOI, multiplicity of infec-
tion; H.P.I, h post-infection.

one-way analysis of variance was used followed by a post  Results

hoc Newman-Keuls test. Analysis was performed using the

SPSS software version 16.0 (SPSS, Inc., Chicago, IL, USA). HINIpdm2009 infection induces the apoptosis of cardio-
P<0.05 was considered to indicate a statistically significant  myocytes. The HOC2 cells were infected with the 1 MOI
difference. HIN1pdm2009 strain. The relative mRNA and protein
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Figure 2. Apoptosis is induced by proliferation of the HIN1pdm2009 virus in HOC2 cells. (A) Growth curve of HIN1pdm2009 virus in H9C2 cells (MOI of
0.01 and 0.001). Vital titer was quantified at 12, 24 and 48 h using a plaque-forming assay. Results of MTT assays for (B) cellular viability, (C) induction of
apoptosis and (D) activity of caspase-3 in the H9C2 cells infected with 1 MOI HIN1pdm2009 virus for 12, 24 and 48 h, respectively. Quantitative data are
presented as the average of independent experiments performed in triplicate. “P<0.05, “P<0.01 and ““P<0.001 vs. control. ns, no significance; NP, nucleopro-

tein; MOI, multiplicity of infection.

levels of NP to (-actin were measured at 2, 4, 8 and 12 h
post-infection. As shown in Fig. 1A, the expression level of
NP increased 4-fold at 12 h post-infection, compared with
the level at 4 h post-infection (P<0.001). In addition, the
level of NP increased 2-fold at 8 h post-infection, compared
with that at 2 h post-infection (P<0.01). Similar results were
observed in the expression level of NP (Fig. 1B). The plaque
forming ability of HIN1pdm2009 in the HOC2 cells was also
assessed at dilutions of 1:10%, 1:10° and 1:10°, respectively.
As shown in Fig. 1C and D, the PFU number per-field at the
10* dilution was the highest among the groups with statistical
significance.

Subsequently, the growth curve of the HIN1pdm2009 virus
in HOC2 cells was examined using an MOI of 0.01 and 0.001,
and the viral titer at each time point was determined using a
plaque-forming assay. As shown in Fig. 2A, the group with an
MOI of 0.01 presented with a higher titer, compared with that
at the MOI of 0.001 at each time point. In addition, the relative
cellular viabilities at each time point were assessed using an
MTT assay; it was found that the cell viabilities were decreased
by 30 and 50% at 24 and 48 h post-infection, respectively, and
these differences were statistically significant (Fig. 2B).

Regarding the apoptosis induced by HINI infection, the
present study quantified the HIN1 infection-induced apop-
tosis using an Annexin V kit, and observed a time-dependent

increase in the percentage of Annexin V(+) cells and AMC
intensity (Fig. 2C and D), indicating that HINI1 infection
induced the apoptosis of HOC2 cells.

ShRNA efficiently inhibits the replication of HINIpdm2009.
The cells infected with 1 MOI of the HIN1pdm2009
virus were then infected by 1 MOI of Lenti-shRNA-NP-1,
Lenti-shRNA-NP-2 or Lenti-shRNA-Con virus, and the rela-
tive mRNA levels of NP were measured at 12 h post-infection.
The relative mRNA levels of NP in the shRNA-NP-treated
groups were decreased by 60 and 65%, compared with that in
the shRNA control group, respectively (Fig. 3A). The results
of the western blot analysis results also confirmed that shRNA
transfection inhibited the expression of NP by 75 and 80%,
respectively (Fig. 3B and C).

Subsequently, the HOC2 cells were infected with an MOI
of 0.01 or 0.001 viral titer following the infection with 1 MOI
Lenti-shRNA-NP-1, Lenti-shRNA-NP-2 or Lenti-shRNA-Con
virus. A growth curve was mapped at each time point, which
was quantified using the plaque-forming assay. As shown in
Fig. 4. A, no statistically significant differences were found
among the groups at 12 h post-infection, however, the viral
titers of the Lenti-shRNA-NP-1 and Lenti-shRNA-NP-2
groups were downregulated by >40%, compared with that of
the Lenti-shRNA-con group (P<0.01). In addition, the relative
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Figure 3. shRNA-mediated knockdown of NP in HINIpdm2009
virus-infected H9C2 cells. (A) Relative mRNA level and (B) results of
western blot analysis of NP in HIN1pdm2009 virus-infected (1 MOI)
HOC2 cells, which were also infected (1 MOI) with the Lenti-shRNA-NP-1,
Lenti-shRNA-NP-2 or Lenti-shRNA-Con virus for 12 h. (C) NP is presented
relative to f-actin. Quantitative results are of independent experiments
performed in triplicate. "P<0.05, “P<0.01 and “"P<0.001 vs. shRNA-Con. ns,
no significance; NP, nucleoprotein; MOI, multiplicity of infection; shRNA,
short hairpin RNA; Con, control.

cellular viabilities of the Lenti-shRNA-NP-treated groups
were significantly improved, compared with that in the control
group at 24 or 48 h post-infection (Fig. 4B).

shRNA inhibits HINIpdm2009-induced apoptosis. In order to
examine the apoptosis inhibited by shRNA, the apoptotic rate
of shRNA-treated cells were determined using an Annexin V
kit, which revealed that apoptosis was significantly inhibited
by >20% s at 24 h post-infection (Fig. 4C). Similar results
were observed in the fluorescence intensity of AMC (Fig. 4D).
The key apoptosis-associated proteins, including released
CytC, cleaved caspase-3 and Bax, were examined using
western blot analysis (Fig. 5A). Treatment with ShRNA-NP-1
and shRNA-NP-2 inhibited the expression levels of released
CytC, cleaved caspase-3 and Bax. Following quantification of
each band, it was found that SARNA-NP-1 and shRNA-NP-2
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downregulated the expression of released CytC by 50%
(P<0.05; Fig. 5B). shRNA-NP-1 and shRNA-NP-2 treatment
also downregulated the expression of cleaved caspase-3 by at
least 40% (P<0.05; Fig. 5C). The expression of Bax was signifi-
cantly decreased by ~50% by shRNA-NP-1 and shRNA-NP-2
(Fig. 5D).

Discussion

In the present study, the apoptosis of cardiomyocytes infected
with HIN1pdm2009 was investigated. It was found that
HIN1pdm2009 viral infection promoted the apoptosis of
the HIN1pdm2009-infected HO9C2 cells. The NP-specific
shRNA significantly inhibited the viral infection and the
virus-induced apoptosis of the HOC2 cells. The results of
the present study indicated the key pathogenic role of NP in
HIN1pdm2009-induced apoptosis of the cardiomyocytes,
and NP-specific shRNA may be an effective agent to prevent
influenza virus-induced myocarditis.

It has been reported that influenza viruses can induce apop-
tosis in various cell types (18,19), and several viral proteins,
including M1, NS1 and PB1-F2 have also been shown to
induce or inhibit apoptosis in human cells (20,21). A previous
report showed that the TAV may utilize its NS1 protein to
interact with cellular B-tubulin to induce apoptosis (22). To
date, few studies have been performed to investigate the role
of NP in influenza-induced apoptosis. In the present study, it
was found that shRNA targeting NP efficiently disrupted the
production of HIN1pdm2009 virus, and markedly reduced
the apoptotic rates of the infected H9C2 cells. In addition,
key apoptosis-associated molecules, including released
CytC, cleaved caspase-3 and Bax, were downregulated.
These results indicated that NP has a key pathogenic role in
HIN1pdm2009-induced apoptosis of cardiomyocytes.

Caspase-3 has been reported to be essential for viral repli-
cation in MDCK cells (23), and another study reported that the
caspase-mediated cleavage of influenza NP in apoptosis has an
antiviral effect (24). The results obtained in the present study
indicated that shRNA against NP decreased the viral titer and
effectively downregulated the level of cleaved caspase-3, and
consequently suppressed the apoptotic rates of the cells. These
results are in accordance with the previous conclusions that
apoptosis may exert its protective effects not only by the elimi-
nation of infected cells, but also by the NP cleavage-mediated
suppression of viral multiplication (24).

Numerous studies have indicated that cytokines are crucial
in the induction of apoptosis in the heart (25), and it type I
interferons are considered to cause influenza-induced apop-
tosis via a caspase-8-dependent mechanism (26). However,
the exact pathogenic roles of cytokines during HINI-induced
apoptosis remain to be fully elucidated. The present study
did not examine the apoptosis-associated cytokines in
HINIpdm2009 virus-infected animals; further investigations
are required in animal models.

In conclusion, the present study demonstrated the vital
pathogenic role of NP in the HINIpdm2009-induced
apoptosis of cardiomyocytes; NP-specific sSiIRNA may be
used as a potential therapeutic strategy to inhibit the influenza
virus-induced apoptosis in cardiomyocytes and prevent
influenza virus-associated acute myocarditis.
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