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Viruses have evolved mechanisms designated to potentiate virus replication by modulating the
physiological condition of host cells. The generation of reactive oxygen species (ROS) during infection
with influenza virus A (IAV) is a well-established mechanism in animals, but little is known about the
generation of ROS in in vitro cell culture models and about its role in virus replication. We show here that

Keywords: IAV H1NT1 infected human alveolar cells increased superoxide anion level mainly by suppressing the cop-
:;élsuenza per-zinc superoxide dismutase 1 (SOD1) gene, and that the SOD1-controlled generation of ROS was
SoD1 tightly correlated with virus replication. The transcription factor Sp1, which is a major element of the

spl proximal region of the sod1 promoter, was slightly downregulated at the transcriptional level during
AV infection, and subsequently modulated by post-translational control. A gradual reduction of whole
Sp1 was largely responsible for the repression of sod1 transcription with increasing time post-infection,
and their rescue by the proteasome inhibitor, MG132, proved the involvement of proteasomal degrada-
tion in Sp1 regulation during IAV infection. Furthermore, we observed that expression of viral polymerase
PB1 was inversely proportional to SOD1 level. The antioxidant N-acetyl-cysteine (NAC) neutralized IAV-
mediated oxidative stress, and either NAC treatment or sod1 transfection considerably diminished viral
polymerase activity. These data indicate that IAV-induced SOD1 repression, which may cause impaired

redox balance in host cells, can be attributed, at least in part, to enhance viral replication.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Influenza A virus (IAV) infection is a malicious cause of respira-
tory diseases. However, the underlying mechanisms are still
obscure, although host cell damage of has been intensively studied
from the view of disease development by morbidity of influenza
virus genes [1]. Increasing evidence suggests that viral diseases
are linked to physiological changes directed by the response of
host cells [2]. Influenza virus infection often accompanies the
generation of excess reactive oxygen species (ROS), which leads
to activation of specific oxidative stress-sensitive signaling path-
ways inducing apoptosis in respiratory epithelial cells [3,4]. This
causal relationship has been evidenced by studies in which adding
an antioxidant reduces tissue damage in influenza virus-infected
mice [5].

ROS can be generated by activated monocytes and leukocytes in
virus-infected cells. ROS released from phagocytes may contribute
to cell death or to the pathogenesis of influenza virus-induced dis-
eases [1,6]. In addition, induction of intracellular ROS is triggered
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by a number of external agents including stress from virus infec-
tion [7,8]. Excess ROS may cause oxidative damage by participating
in the modification of macromolecules, which alters gene
expression and modulates cellular signaling pathways. A variety
of cellular enzymes are modulated to defend against oxidative
stress, to cope with injury from oxidative damage, and maintain
redox homeostasis in cells. However, we and others have observed
that IAV induces a significant increase in ROS levels, indicating an
imbalance between ROS generation and antioxidant defense [9]. A
similar report revealed that significant down-regulation of antiox-
idant genes is induced in mice infected with respiratory syncytial
virus which causes oxidative injury [10]. Although ROS have been
implicated in activation of gene expression and cellular signals,
which play a central pathogenic role, the mechanisms underlying
[AV-induced increase in ROS and eventually associated conse-
quences for virus remain unclear.

Superoxide dismutases (SODs) are the major class of enzymes
that catalyze ROS detoxification reactions. Regulation of SOD genes
at both the expression and activity levels plays a critical role bal-
ancing the concentration of ROS [11]. Proximal region of human
SOD genes contains several cis-acting regulatory elements [12],
in which Sp1 is a principal factor for SOD transcription [13]. In
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the present report, we demonstrate that IAV (A/WSN/1933)
induces a Sp1-dependent decrease in Cu-Zn SOD (SOD1) protein
level, thereby contributing to an increase in intracellular ROS in
cultured cells. The ROS generation in the context of Sp1 in IAV-
infected cells is implicated in virus replication, and is tightly
regulated by the level of antioxidants including SOD1 protein
and N-acetyl-cysteine.

2. Materials and methods
2.1. Cell culture

Human alveolar epithelial cell line A549 and canine kidney cell
line MDCK were purchased from ATCC (Rockville, MD, USA) and
cultured as described previously [14].

2.2. Virus production

The recombinant influenza virus (A/WSN/1933) was generated
by DNA transfection as described previously [15]. The required
set of 8 plasmids was generously provided by R.G. Webster
(University of Tennessee, TN, USA).

2.3. Immunoprecipitation and Western blot

All procedures for immunoblotting and immunoprecipitation
were followed as previously described [16]. Antibodies for Spl
and actin were purchased from Santacruz (Dallas, TX, USA). SOD1
antibody was purchased from Sigma Aldrich (St. Louis, MO, USA).
PB1 and NP antibodies were purchased from GeneTex (Irvine, CA,
USA)

2.4. RNA preparation and qRT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). First
strand cDNA conversion by reverse transcriptase was proceeded
according to manufacturer’s instructions (Invitrogen). The primer
set for spl, thioredoxin, catalase, sod1, gapdh, IAV-pb1 and IAV-np
were synthesized by IDT (Coralville, IA, USA). The primer set used
are listed in supplementary Table 1.

2.5. Chromatin immunoprecipitation assay (ChIP) and electrophoretic
mobility shift assay (EMSA)

Briefly, cells were fixed with 1% formaldehyde for 10 min at
room temperature, lysed with lysis buffer containing 1% SDS and
then sonicated for 5 min using Bioruptor™. The solutions were
incubated with Sp1 antibody (each 2 pg) for 18 h at 4 °C. Precipi-
tated DNAs were reverse purified and amplified with primers
containing the sod1 proximal region (—162 to+4) of the promoter.
A549 nuclear extracts were prepared for EMSA as described [17].
The primer set used are listed in supplementary Table 1.

2.6. In vitro polymerase assay

Polymerase I-based luciferase reporter plasmid (pPoll-Luc) was
constructed by flanking the firefly luciferase gene between non-
coding regions of the influenza NP gene. The NP segment of
influenza A/WSN/33 used as the backbone was generously
provided by R.G. Webster. For the influenza virus in vitro polymer-
ase assay, A549 cells were transfected with the pPoll-Luc reporter
plasmid, Renilla luciferase plasmid (pRL-Luc), Flag-tagged SOD1
(pFlag-SOD1) or empty vector, and then subsequently infected
with [AV at an MOI of 0.01. To investigate antioxidant effect, N-
acetyl-cysteine (10 mM) was additionally treated at the end of

infection. After 24 h, cell lysates were prepared, and the luciferase
activity was measured by dual-luciferase assay method with GLO-
MAX™ 20/20 luminometer (Promega).

3. Results

3.1. Influenza virus infection induces oxidative stress in human lung
alveolar epithelial cells

Our first objective was to determine whether IAV infection
contributes to an increase in intracellular ROS in cultured cells.
We therefore measured levels of superoxide anion and hydrogen
peroxide in infected A549 cells. Confluent culture A549 cells
(5 x 10° cells) were infected with IAV at an MOI of 0.01 for 1 h post
infection (hpi), and continuously incubated for 24 hpi after chang-
ing media. At the end of the incubation, fluorescence level was
measured by fluorescence-activated cell sorting (FACS) using
either superoxide anion- or hydrogen peroxide-sensitive dye. As
shown in Fig. 1, the superoxide anion level in infected cells
increased markedly compared to that in mock infected cells, but
the hydrogen peroxide level was slightly increased. These results
suggest that complicating factors may be involved in the increase
in superoxide anion level in infected cells.

3.2. SOD1 is down-regulated by IAV and tightly correlated with viral
gene expression

Next, we assessed expression of key antioxidant genes in
response to IAV infection, although it is known that endogenous
antioxidant proteins are poorly expressed in the lung. The SOD1
mRNA level in infected A549 cells as an endogenous ROS scaveng-
ing enzyme was clearly reduced compared to that in mock infected
cells, whereas transcription of other antioxidant genes, including
SOD2 and thioredoxin, was relatively stable (Fig. 2A). This observa-
tion may explain how IAV infection induces ROS generation, as
superoxide anion can accumulate when SOD1 is depleted [18].
Interestingly the catalase mRNA level was much lower than
expected with the data shown in Fig. 1, so it could be another can-
didate regulatory gene during virus infection. However, superoxide
anion is the well known starting compound in detoxification path-
ways leading to the formation of hydrogen peroxide and ultimately
water. In addition, the catalase reaction may be mainly dependent
upon SOD processes. Therefore, we focused our study on SOD1
repression as one of the causes of IAV-mediated ROS.

We carried out Western blot with a variety of doses and incuba-
tion time to determine the minimal virus titer and incubation time
sufficient to affect the SOD1 level in the culture system. Fig. 2B
shows that SOD1 protein decreased gradually as the MOI increased
in a range from 10~ to 107!, and was significantly lower at an
MOI > 0.01. A time course experiment at an MOI of 0.01 demon-
strated that a significant reduction in the SOD1 protein began as
incubation progressed past 12 hpi and showed the lowest level
after 24 hpi (Fig. 2C). As infection was performed at higher MOIs
than 0.1 or for a longer period than 24 hpi, the population of
infected cells was severely reduced. Therefore, the effect of 1AV
infection on SOD1 regulation was illustrated at an MOI of 0.01
and 24 hpi in A549 cells. On the other hands, we found that the
SOD1 level was tightly correlated with viral gene expression. Wes-
tern blot showed an inverse correlation between SOD1 level and
expression of viral protein, including PB1 and NP. Interestingly,
while viral protein expression was initiated after 6 hpi, a signifi-
cant decrease in SOD1 was detected after 12 hpi (Fig. 2C). Collec-
tively, these results support that IAV infection may downregulate
the SOD1 gene at the transcriptional level, thereby resulting in
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Fig. 1. Influenza virus infection induces oxidative stress in human lung cells. Human lung alveolar epithelial A549 cells were infected with IAV (A/WSN/1933) at an MOI of
0.01 for 1 h. After infection, the media were changed and the cells were incubated for 24 h. After the incubation, the cells were continuously stained with reactive oxygen
species (ROS) sensitive dye for superoxide anion or hydrogen peroxide, respectively. The amounts of superoxide anion (A) and hydrogen peroxide (B) in cells were measured
by detecting ROS-inducible fluorescence level by flow cytometry. Bar graphs are means * standard deviation (SD) for three independent experiments. Statistical significance is

relative to mock and was determined using the t-test (*p < 0.01).
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Fig. 2. Superoxide dismutase 1 (SOD1) is downregulated by influenza virus and tightly correlated with viral gene expression. (A) A549 cells were infected with IAV at an MOI
of 0.01 for 24 h. Total RNA from mock and infected cells were subjected to quantitative reverse transcription-polymerase chain reaction for the indicated genes. (B) A549 cells
were infected with IAV in a dose-dependent manner using various MOIs. After 24 h incubation, total protein was extracted and Western blot analysis was performed to
determine the expression levels of PB1, SOD1 and actin. (C) Upon IAV infection at an MOI of 0.01, cells were harvested after incubation for the indicated period, and total

proteins were analyzed by Western blot analysis for NP, SOD1 and actin.

ROS generation, which may, in turn, facilitate more efficient
expression of viral genes.

3.3. Sp1 is down-regulated at both the transcriptional and post-
translational levels and controls the expression of SOD1 and the viral
gene in IAV infected cells

According to recent reports, the SOD1 gene has complex pro-
moter elements at its proximal region (—70 to +1) [19-21]. We
compared the expression levels of several transcription factors in
infected cells and those of basal expression in mock to identify
which transcription factor during SOD1 gene expression is influ-
enced by virus infection (data not shown). We found that IAV
infection controls expression of Sp1, which is a principal regulatory
factor for SOD1 expression (Fig. 3A). Upon virus infection, down-
regulation of Sp1 initiates slightly at the transcriptional level,
and subsequently a post-translational modification occurs Sp1 pro-
tein levels in a time-dependent manner. As hpi increased, a gradual
shift from whole Sp1 (95/106 kD) to cleaved Sp1 (about 75 kD)
indicated involvement of virus-induced proteolysis in degradation
of both pre-existing and de novo synthesized Sp1. As expected, the
availability of active Sp1 appeared to be reflected accordingly in
both SOD1 mRNA and protein levels. It is likely that cleaved

75 kD Sp1 may not be active enough to contribute to SOD1 expres-
sion, as SOD1 mRNA was definitely proportional to 95/106 kD Sp1
rather than the cleaved Sp1. Taken together, these results suggest
that the decrease in SOD1 protein was due mainly to post-
translational degradation of Sp1 as well as transcriptional down-
regulation at an early stage of infection. The proteasome inhibitor
MG132 was added to infected cells to assess whether activation of
Sp1 proteolysis is involved. As shown in Fig. 3B, MG132 treatment
restored the levels of Sp1 and SOD1, which were almost depleted
by virus infection, suggesting that virus-mediated Sp1 proteasomal
degradation played a critical role in the decrease of IAV-mediated
SOD1. Furthermore, IAV PB1 expression was inversely proportional
to the availability of active Sp1/SOD1 protein in a time course
experiment as well as Western blot using MG132. We did not
investigate exactly how IAV induced the proteolytic process and
post-translational phosphorylation of Sp1. However, we deter-
mined how much Sp1 was active in binding to the core promoter
of the SOD1 gene. EMSA and ChIP assay showed that IAV infection
strongly interfered with binding of Sp1 to the promoter (Fig. 3C).
An interesting observation was that the actual amount of bound
Sp1 was much less than we expected considering the Sp1 level
on the Western blot, indicating the presence of additional activity,
including ROS-mediated modification of binding activity.



714 C.-W. Pyo et al./Biochemical and Biophysical Research Communications 450 (2014) 711-716

A B R
QO
Westen § — AV West & <
esterm 2 6 12 24 () esten & ¥ § ¢
kD Sp1 KD Sp1
100 -| = e e «95/106 kD 100 .| - e - < 95/106 kD
- - # | <cleaved 0l = - S 8 |« cleaved
—— +S0D1 < SOD1
— *% 88 W <IAV-PB1 < PB1
- A A |« Actin S |« Actin
gqRT-PCR qRT-PCR
sod1
(/]
c & 2
e F > N
(4
«&s.» <% 0& & & ChlIP assay
- (espt - FaB-Sp
< Free probe
! * =

Fig. 3. Sp1 controls the expression of SOD1 and viral gene in influenza virus A (IAV) infected cells. (A) A549 cells infected with IAV at an MOI of 0.01 for various hours post
infection (hpi) were subjected to Western blot and quantitative reverse transcription-polymerase chain reaction (qQRT-PCR). (B) Mock and IAV-infected cell at MOI of 0.01
were treated with 10 tM MG132 for 1 h after infection. Total protein and RNA were prepared 24 h after MG132 treatment and subjected to Western blot and qRT-PCR
analysis. (C) Nuclear extracts from mock and infected A549 cells were subjected to electrophoretic mobility shift assay. The proximal region (—70 to —38) of the SOD1 gene
promoter was used as a probe after labeling with [*?P]-yATP-labeled DNA probe (left). Unlabeled Sp1 oligonucleotides were used as the competitor. Chromatin
immunoprecipitation assay was performed with chromosomal DNA extracted from Mock cell and [AV-infected cells as described in Materials and Methods. Un-
immunoprecipitated shared chromosomal DNA was subjected to input PCR amplification (right).

3.4. Antioxidants inhibit IAV-induced ROS generation and attenuate
viral gene expression

In order to investigate whether virus-induced oxidative stress is
responsible for the inverse relationship between expression of Sp1/
SOD1 and PB1, we evaluated the effect of the ROS scavenger NAC
on ROS generation and subsequent viral PB1 gene expression. To
exclude any difference in infection rate after NAC pretreatment,
NAC was added to the media at the end of virus infection. As shown
in Fig. 4A, NAC treatment clearly inhibited superoxide anion for-
mation, and also significantly reduced PB1 expression. These data
are consistent with our previous results demonstrating that 1AV
infection induces intracellular ROS generation via Sp1/SOD1
down-regulation and eventually facilitates viral gene expression.
To support our finding, we monitored viral gene expression by
employing the influenza virus luciferase reporter gene flanked by
the non-coding regions of the IAV NP gene and RNA polymerase I
promoter (pPoll-Luc), as the in vitro polymerase assay can be an
indirect assessment for viral gene expression (Fig. 4B). Viral PB1
polymerase activity was reduced in the presence of NAC in the

media. Furthermore, transient transfection of exogenous SOD1
gene partially overrode IAV-induced polymerase activity. In order
to obtain a better understanding of the roles of SOD1 in viral gene
expression, IAV NP protein level was determined. As shown in
Fig. 4C, SOD1 expression resulted in a decrease in the viral NP
protein level in the infected cells. Therefore, our results strongly
suggest that SOD1 depletion in IAV infected cells is a major cause
of intracellular ROS generation and oxidative stress-induced stim-
ulation of virus replication.

4. Discussion

Although a number of studies have demonstrated that viruses
induce the generation of ROS and alter antioxidants [9,22], the
exact molecular mechanism for influenza virus-induced ROS gen-
eration has not been clearly identified. In the present study, we
show that IAV (A/WSN/1933) infection induced specific downreg-
ulation of Sp1 and SOD1 gene expression, thereby resulting in
accumulation of intracellular ROS in a lung cell culture system.
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Fig. 4. Blocking IAV-induced ROS accumulation by NAC treatment and sod1 transfection. (A) A549 cells were infected at an MOI of 0.01. After 1 h incubation, NAC (10 mM)
was added to fresh media. After 24 h incubation, superoxide anion level was measured by flow cytometry. Using the same samples, total proteins were subjected to Western
blot analysis using antibody against PB1. Bar graphs represent mean + SD from at least three independent experiments. Asterisks indicate statistical significance. *p < 0.05
compared with Mock, **p < 0.01 compared with cells untreated with NAC, respectively. (B) Viral polymerase activity was assayed by an in vitro polymerase assay using RNA
polymerase [-driven luciferase reporter (pPoll-Luc). Cells co-transfected with pPoll-Luc, pRL-Luc, pFlag-SOD1 or empty vector were subsequently infected with IAV at an MOI
of 0.01. NAC (10 mM) treatment was performed continuously 24 h following infection. At 24 hpi, luciferase activity was measured with normalization by the activity of Renilla
luciferase. Results represent mean * SD from at least three independent transfections. *p < 0.05 compared with Mock, **p < 0.01 compared with IAV-infected cell, respectively.
(C) A549 cells were transfected with indicated combination of expression vectors 10 h prior to infection and subsequently infected with IAV. At 24 hpi, cell lysates were

prepared and Western blot analysis were applied to determine IAV NP protein level.

Notably, IAV-induced oxidative stress appeared to be directly
related to viral gene expression.

SODs are ubiquitous components of cellular antioxidant sys-
tems that guard against oxidant toxicity. Cu-Zn SOD1 is one of
three human superoxide dismutases identified in mammals that
detoxifies superoxide radicals primarily in the cytoplasm where
it is highly expressed. While extracellular ROS released from
activated phagocytes cause cellular damage, ROS triggered intra-
cellularly by various mechanisms can severely accumulate within
virus-infected cells. A variety of cellular enzymes including SOD1
are modulated to cope with excess oxidative stress and maintain
redox homeostasis in cells. According to recent studies, the control
mechanism of the generation and elimination of ROS might be of
great interest, as altered SOD1 expression appears to be implicated
in a variety of human diseases and pathological states [21]. In addi-
tion, various SOD1 inducers have been reported, suggesting the
presence of a specific regulatory mechanism in SOD1 gene expres-
sion. The proximal region (—157 to —25) of the SOD1 gene contains

many essential cis-acting elements for basal and inducible expres-
sion of SOD1 [19]. This region includes several transcription factor
binding sites, in which Sp1 is a principal factor for SOD transcrip-
tion [12,20]. Therefore, our interests were focused on the regula-
tion of Sp1 including alteration in the basal level and DNA
binding activity under IAV infection. In this study, we demonstrate
that IAV induces a Sp1-dependent decrease in SOD1 protein level,
leading to a rise in intracellular ROS in cultured A549 cells. Upon
virus infection, downregulation of Sp1 was initiated weakly at
the transcriptional level, and subsequent post-translational modi-
fication occurred gradually. The time-dependent shift to cleaved
Sp1 protein indicates involvement of virus-induced proteolysis in
degradation of both pre-existed and de novo synthesized Sp1. We
do not rule out the possibility of the involvement of proteolysis
in lowering SOD1 protein level in infected cells, but its contribution
was minor compared to the effect of downregulation by Sp1. To
support this result, we showed that infected cells treated with
the proteasome inhibitor MG132 restored the levels of Sp1 and
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SOD1 almost to their basal levels, and that SOD1 expression
depended largely on Sp1 protein level. Therefore, we conclude that
IAV induces downregulation of Sp1 at both the transcriptional and
post-translational levels, thereby leading to diminishing SOD1
expression. In addition, decreased binding activity of Sp1 on the
proximal region of the SOD1 promoter shown in the EMSA and
ChIP assays also contributed to SOD1 downregulation in infected
cells. However, we do not exclude the possible involvement of
Sp1 post-translational modification in its DNA binding activity, as
recent studies have reported that sustained Sp1 phosphorylation
might be correlated with its proteolytic process [23-25], and
DNA binding [20,26].

Furthermore, we observed an inverse relationship between
SOD1 level and viral gene expression. We did not investigate the
mechanism in which ROS induces expression of viral genes includ-
ing PB1 and NP. According to recent studies, apoptosis is beneficial
for viral propagation and replication [27,28]. Presumably, IAV-
mediated ROS generation induces apoptotic cell death after IAV
infection. Many reports have demonstrated that IAV-mediated
excess ROS are implicated in pathogenesis including inflammation
and cell death in respiratory cells and organs [29,30]. The increase
in ROS during IAV infection is believed to be a major cause of viral
diseases. Thus, synthetic antioxidants have been suggested as a
potential therapeutic approach to eliminate ROS or reduce ROS-
derived pathological responses. For this purpose, NAC has been
intensively studied as the most effective antioxidant in laboratory
experiments. In our study, treatment with NAC showed a decrease
in levels of superoxide anion and PB1 in infected cells, indicating a
critical role of SOD1 in viral PB1 expression. To verify the relation-
ship between SOD1 and viral gene expression, we carried out
in vitro polymerase assays, and observed that polymerase activity
was substantially reduced when exogenous SOD1 was overexpres-
sed. We also observed that the viral NP expression was noticeably
suppressed while SOD1 levels were restored to the basal level by
the overexpression of the exogenous SOD1 gene. These results
clearly suggest a possibility of ROS-dependent viral induction
and a pivotal role of SOD1 in viral gene expression. Therefore,
while additional experiments are required, it is likely that certain
ROS-induced signals may serve as a trigger for virus replication.
In conclusion, our results demonstrate a novel mechanism by
which IAV-mediated downregulation of Sp1 results in depletion
of the major antioxidant SOD1, thereby leading to excess intracel-
lular ROS, which are consequently implicated in virus replication.
Overall, our findings contribute to understanding the IAV-medi-
ated pathogenicity and propose a potential target for diminishing
viral infectivity.

Acknowledgments
This study was supported by Grant from the Korea Healthcare

Technology R&D Project of the Ministry of Health and Welfare
(Grant A103001) and by the Korea University Grant.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.06.037.

References

[1] E. Peterhans, M. Grob, T. Burge, et al., Virus-induced formation of reactive
oxygen intermediates in phagocytic cells, Free Radical Res. Commun. 3 (1987)
39-46.

[2] Y. Huang, AK. Zaas, A. Rao, et al., Temporal dynamics of host molecular
responses differentiate symptomatic and asymptomatic influenza a infection,
PLoS Genet. 7 (2011) e1002234.

[3] E.W. Brydon, SJ. Morris, C. Sweet, Role of apoptosis and cytokines in influenza
virus morbidity, FEMS Microbiol. Rev. 29 (2005) 837-850.

[4] T. Finkel, N.J. Holbrook, Oxidants, oxidative stress and the biology of ageing,
Nature 408 (2000) 239-247.

[5] T. Akaike, M. Ando, T. Oda, et al., Dependence on O2-generation by xanthine
oxidase of pathogenesis of influenza virus infection in mice, J. Clin. Invest. 85
(1990) 739-745.

[6] T. Oda, T. Akaike, T. Hamamoto, et al., Oxygen radicals in influenza-induced
pathogenesis and treatment with pyran polymer-conjugated SOD, Science 244
(1989) 974-976.

[7] H.H. Ku, U.T. Brunk, R.S. Sohal, Relationship between mitochondrial superoxide
and hydrogen peroxide production and longevity of mammalian species, Free
Radical Biol. Med. 15 (1993) 621-627.

[8] T. Finkel, Oxygen radicals and signaling, Curr. Opin. Cell Biol. 10 (1998) 248-
253.

[9] Y. Yamada, G.V. Limmon, D. Zheng, et al., Major shifts in the spatio-temporal
distribution of lung antioxidant enzymes during influenza pneumonia, PLoS
One 7 (2012) e31494.

[10] Y.M. Hosakote, P.D. Jantzi, D.L. Esham, et al., Viral-mediated inhibition of
antioxidant enzymes contributes to the pathogenesis of severe respiratory
syncytial virus bronchiolitis, Am. ]. Respir. Crit. Care Med. 183 (2011) 1550-
1560.

[11] V.C. Culotta, M. Yang, T.V. O’Halloran, Activation of superoxide dismutases:
putting the metal to the pedal, Biochim. Biophys. Acta 1763 (2006) 747-758.

[12] LN. Zelko, T.J. Mariani, RJ. Folz, Superoxide dismutase multigene family: a
comparison of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3)
gene structures, evolution, and expression, Free Radical Biol. Med. 33 (2002)
337-349.

[13] Y. Xu, S. Porntadavity, D.K. St Clair, Transcriptional regulation of the human
manganese superoxide dismutase gene: the role of specificity protein 1 (Sp1)
and activating protein-2 (AP-2), Biochem. J. 362 (2002) 401-412.

[14] N. Kumar, Y. Liang, T.G. Parslow, et al., Receptor tyrosine kinase inhibitors
block multiple steps of influenza a virus replication, J. Virol. 85 (2011) 2818-
2827.

[15] E. Hoffmann, S. Krauss, D. Perez, et al., Eight-plasmid system for rapid
generation of influenza virus vaccines, Vaccine 20 (2002) 3165-3170.

[16] C.W. Pyo, J.H. Choi, S.M. Oh, et al., Oxidative stress-induced cyclin D1 depletion
and its role in cell cycle processing, Biochim. Biophys. Acta 2013 (1830) 5316-
5325.

[17] N.C. Andrews, D.V. Faller, A rapid micropreparation technique for extraction of
DNA-binding proteins from limiting numbers of mammalian cells, Nucleic
Acids Res. 19 (1991) 2499.

[18] K. Watanabe, S. Shibuya, H. Koyama, et al, Sodl loss induces intrinsic
superoxide accumulation leading to p53-mediated growth arrest and
apoptosis, Int. J. Mol. Sci. 14 (2013) 10998-11010.

[19] E. Minc, P. de Coppet, P. Masson, et al., The human copper-zinc superoxide
dismutase gene (SOD1) proximal promoter is regulated by Sp1, Egr-1, and
WTT1 via non-canonical binding sites, J. Biol. Chem. 274 (1999) 503-509.

[20] V. Afonso, G. Santos, P. Collin, et al., Tumor necrosis factor-alpha down-
regulates human Cu/Zn superoxide dismutase 1 promoter via JNK/AP-1
signaling pathway, Free Radical Biol. Med. 41 (2006) 709-721.

[21] L. Miao, D.K. St Clair, Regulation of superoxide dismutase genes: implications
in disease, Free Radical Biol. Med. 47 (2009) 344-356.

[22] T. Akaike, Y. Noguchi, S. ljiri, et al., Pathogenesis of influenza virus-induced
pneumonia: involvement of both nitric oxide and oxygen radicals, Proc. Natl.
Acad. Sci. 93 (1996) 2448-2453.

[23] E.R. Mortensen, P.A. Marks, A. Shiotani, et al., Epidermal growth factor and
okadaic acid stimulate Sp1 proteolysis, J. Biol. Chem. 272 (1997) 16540-
16547.

[24] R.D. Watkin, T. Nawrot, R.]. Potts, et al., Mechanisms regulating the cadmium-
mediated suppression of Sp1 transcription factor activity in alveolar epithelial
cells, Toxicology 184 (2003) 157-178.

[25] N.Y. Tan, L.M. Khachigian, Sp1 phosphorylation and its regulation of gene
transcription, Mol. Cell. Biol. 29 (2009) 2483-2488.

[26] S.A. Armstrong, D.A. Barry, RW. Leggett, et al., Casein kinase II-mediated
phosphorylation of the C terminus of Sp1 decreases its DNA binding activity, J.
Biol. Chem. 272 (1997) 13489-13495.

[27] W.J. Wurzer, O. Planz, C. Ehrhardt, et al., Caspase 3 activation is essential for
efficient influenza virus propagation, EMBO ]. 22 (2003) 2717-2728.

[28] A.1Iwai, T. Shiozaki, T. Miyazaki, Relevance of signaling molecules for apoptosis
induction on influenza A virus replication, Biochem. Biophys. Res. Commun.
441 (2013) 531-537.

[29] Y. Imai, K. Kuba, G.G. Neely, et al., Identification of oxidative stress and Toll-
like receptor 4 signaling as a key pathway of acute lung injury, Cell 133 (2008)
235-249.

[30] R. Vlahos, J. Stambas, S. Bozinovski, et al., Inhibition of Nox2 oxidase activity
ameliorates influenza A virus-induced lung inflammation, PLoS Pathog. 7
(2011) 1001271,


http://dx.doi.org/10.1016/j.bbrc.2014.06.037
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0005
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0010
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0015
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0020
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0025
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0030
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0035
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0040
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0045
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0050
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0055
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0060
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0065
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0070
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0075
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0080
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0085
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0090
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0095
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0100
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0105
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0110
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0115
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0120
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0125
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0130
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0135
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0135
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0140
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0140
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0140
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0145
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0145
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0145
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0150
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0150
http://refhub.elsevier.com/S0006-291X(14)01111-5/h0150

	Alteration of copper–zinc superoxide dismutase 1 expression by influenza A virus is correlated with virus replication
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Virus production
	2.3 Immunoprecipitation and Western blot
	2.4 RNA preparation and qRT-PCR
	2.5 Chromatin immunoprecipitation assay (ChIP) and electrophoretic mobility shift assay (EMSA)
	2.6 In vitro polymerase assay

	3 Results
	3.1 Influenza virus infection induces oxidative stress in human lung alveolar epithelial cells
	3.2 SOD1 is down-regulated by IAV and tightly correlated with viral gene expression
	3.3 Sp1 is down-regulated at both the transcriptional and post-translational levels and controls the expression of SOD1 and the viral gene in IAV infected cells
	3.4 Antioxidants inhibit IAV-induced ROS generation and attenuate viral gene expression

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


