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ABSTRACT: The outbreak of severe acute respiratory syndrome (SARS)
in 2003 in China, characterized by atypical pneumonia, was associated with
the emergence of a novel coronavirus named severe acute respiratory
syndrome coronavirus (SARS-CoV). Eight accessory proteins of SARS
coronavirus were the suspected players in the pathogenesis of the virus.
Among them, protein 3b localizes to the nucleus and behaves as an
interferon antagonist by inhibiting IRF3 activation. However, the effect
of 3b on the activity of other common host transcription factors remains
unexplored. In this work, we studied the effect of 3b on the transcriptional
activity of AP-1. Our findings elucidate augmentation of AP-1-dependent
gene expression in 3b-transfected Huh7 cells. Reporter gene and mobility
shift assays depict an increase in the AP-1 transcriptional and DNA binding
activity in the presence of 3b. This increase in activity correlates with the
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activation of ERK and JNK pathways. Furthermore, 3b expression potentiates AP-1-driven promoter activity of proinflammatory
cytokine MCP-1, suggesting a plausible role for 3b as a virulence factor that might function by upregulating AP-1-dependent

cytokine levels in SARS-CoV infection.

The emergence of SARS coronavirus (SARS-CoV) in 2003
once again boosted the field of coronavirus research and
attracted worldwide interest. SARS-CoV has a positive strand RNA
genome of 29751 bp, which encode various structural (spike,
envelope, membrane, and nucleocapsid) and nonstructural pro-
teins (Nspl—16). Additionally, it encodes several group specific
unique accessory proteins, namely, 3a, 3b, 6, 7a, 7b, 8ab, 9a, and
9b."* Among them, 3b is a predicted 154-amino acid protein
transcribed from the second ORF of subgenomic RNA3.' >
Though the expression of 3b is dispensable for viral replication, it
is suspected to play a vital role in virus pathogenesis.* Along with
SARS6, nucleocapsid, nsp1, nsp3, and membrane protein, 3b has
been reported to possess interferon antagonistic activity.” It
has been demonstrated that 3b shuttles from the nucleus to
mitochondria, where it inhibits induction of RIG-I and MAVS-
induced type I interferons.® Also, 3b has been reported to inhibit
interferon production and signaling by inhibiting phosphoryla-
tion-dependent activation of IRF3 transcriptional activity.

However, no significant effect of 3b on NF-«B activity was obser-
ved.®> AP-1 is another virus-activated factor involved in regulating
the activity of the IFN-f3 promoter.” Apart from interferons, AP-1
regulates transcription of many cytokine genes that are affected in
SARS-CoV infection. Therefore, we aimed to study the effect of
3b on the transcriptional activity of AP-1.

AP-1 is composed of members of Jun and Fos families that
dimerize and bind in a sequence specific manner on promoter
regions. Jun and Fos family members form a variety of homo- and
heterodimers that bind to a common AP-1 site."’ AP-1 activity
is regulated by mainly two mitogen-activated protein kinases
(MAPK), extracellular signal-regulated kinase (ERK)"" and c-Jun
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N-terminal kinase (JNK).">~"* The activation of ERK leads to an
increased level of phosphorylation of transcription factor Elk-1,
which consequently induces transcription of c-Fos leading to AP-1
activity. The c-Fos thus synthesizd heterodimerizes with c-Jun in
the nucleus and shifts the equilibrium from a Jun—Jun homo-
dimer to a Jun—Fos heterodimer, which is more stable and has
higher transactivation potential.'> On the other hand, activation
of JNK induces phosphorylation of c-Jun at Ser-63 and Ser-73
and potentiates its transcriptional activity. JNK also phosphor-
ylates ATF-2 at Thr-63 and Thr-71 and stimulates its transcrip-
tional activity in the c-Jun—ATF2 heterodimer complex.'®

In this study, we investigate the effect of transiently expressed
3b on AP-1 transcriptional and DNA binding activity in human
hepatoma Huh7 and Vero cells, which are permissive with
respect to SARS-CoV infection. We demonstrated activation of
ERK and JNK signaling cascades in 3b-expressing cells, leading to
an increase in AP-1 activity and upregulation of AP-1-mediated
activity of the MCP-1 promoter. Taken together, our results
suggest an important role for SARS-CoV 3b protein in the stim-
ulation of AP-1-dependent genes, especially pro-inflammatory
cytokines responsible for the cytokine storm generated during
SARS virus pathogenesis.

B MATERIALS AND METHODS

Reagents and Plasmids. Luciferase assay kits (E1500 and
E2810) were purchased from Promega. ERK inhibitor U0126,
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Figure 1. Augmentation of AP-1 transcriptional activity by 3b. (a) Huh7 cells were transfected with 2 X TRE-Luc, pRLTK, and the indicated amounts of
3b-pcDNA expression plasmids. Relative luciferase activity was calculated after 48 h. (b) Huh7, Vero, and HEK293 cells were transfected with 2x TRE-
Luc and 3b-pcDNA (800 ng). Relative luciferase activity was calculated 48 h post-transfection. (c) Huh7 cells were transfected with 2x TRE-Luc and
3b/3a/9b/pcDNA mammalian expression plasmids, and luciferase activity was calculated after transfection for 48 h. Results represent the mean &= SD of

at least three experiments performed in triplicate. p < 0.00S.

JNK inhibitor SP600125, and PI3K inhibitor LY294002 were
purchased from EMD Biosciences. Antibodies against phospho
MKK4 (Ser-257/Tyr-261), phospho JNK (Thr-183/Tyr-185),
phospho ERK (Thr-202/Tyr-204), phospho Elk-1 (Ser-383),
and JNK were purchased from Cell Signaling. Antibodies against
phospho Jun (Ser-63/73), c-Jun, MKK4, c-Fos, ERK-1, phospho
Akt (Ser-473), Akt, and c-myc were purchased from Santa Cruz.
The SARS-CoV 3b gene (25689—26153 bp) was amplified
via polymerase chain reaction (PCR) from the SARS-CoV
genome (NC_004718) and cloned at Nhel and AflII sites in
mammalian expression vector pcDNA3.1(—)myc/his. The re-
porter construct containing the luciferase gene under the
control of two copies of TPA responsive element (2x TRE-
Luc) was generously provided by M. Karin, '” and the
construct expressing the dominant negative mutant of Fos
(FosDN) was generously provided by C. Vinson and has been
described previously."® The MCP-1-Luc construct was a gift
from A. Garzino-Demo."”

Cell Culture and Transfection. Huh7 human hepatoma cells,
HEK293 human embryonic kidney 293 cells, and Vero cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM).
All cell lines were maintained in DMEM supplemented with 10%
FCS (fetal calf serum, v/v) and antibiotics (penicillin and strep-
tomycin). Transient transfections in cells were conducted using
either FuGENE 6 (Roche) or Lipofectamine 2000 (Invitrogen),
following the manufacturer’s protocol.

Luciferase Assay. The luciferase assay was performed follow-
ing the manufacturer’s protocol (Promega). For the assay, cells
were transfected with 100 ng of reporter plasmid (2x TRE-Luc
or MCP-1-Luc), 10 ng of pRL-TK, and the indicated amounts of
expression plasmid pcDNA-3b; 200 ng of FosDN was added
where indicated. All transfections were normalized for the
amount of total DNA by adding vector pcDNA3. Luciferase
activity was measured 48 h post-transfection and normalized
against Renilla luciferase activity. Drug (U0126, 10 4M, and
SP60012S, 20 M) treatment was performed 16 h prior to the
cells being harvested. Relative luciferase activity was expressed as
the mean =+ standard deviation (SD) of three independent
observations. Statistical significance was calculated using a Stu-
dent’s ¢ test. p values are given in the figure legends. Error bars
represent the SD.

Western Blotting. The method for Western blotting has been
described previously.”® Actin was used as a loading control.

Nuclear Fractionation and Electrophoretic Mobility Shift
Assay (EMSA). Transfected cells were harvested in 800 uL of
buffer A [10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EGTA,
0.1 mM EDTA, and 1 mM DTT] with 1x protease inhibitor
cocktail. Lysates were incubated on ice for 15 min, followed by
addition of 50 L of 10% NP40, and immediately vortexed for 10s.
Samples were centrifuged at maximal speed for 30 s to eliminate
the cytosolic fraction. The pellet was resuspended in buffer B
(buffer A with 400 mM NaCl and 20% glycerol) with 1X protease
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Figure 2. Increased level of AP-1 DNA binding on the AP-1 consensus
element in 3b-expressing cells. Nuclear extracts were prepared from
Huh?7 cells transfected with 3b and vector constructs and used for an
EMSA. Lanes 1 and 2 shows in vitro DNA binding of the AP-1 complex
on **P-labeled consensus element in 3b and control vector nuclear
extracts, respectively. Arrowheads indicate the positions of Jun—Jun
homodimers and Jun—Fos heterodimers. The 3b nuclear extract was
subjected to a supershift assay using anti-c-Jun (lane 3), anti-c-Fos (lane 4),
and anti-HA (lane $) antibodies. The specificities of the complexes were
ascertained by a competition assay using 20—50-fold molar excesses of
cold wild-type (WT) and nonspecific (NS) oligos. The asterisk and
number sign represent supershifted bands with anti-c-Jun and -c-Fos
antibodies, respectively. The x-fold increase is the mean & SD of three
independent experiments, assessed by densitometry.

inhibitor cocktail and incubated at 4 °C for 45 min on a rocker.
The nuclear extract was obtained by centrifuging the suspension
at 5000 rpm for S min. Protein was quantitated, and aliquots were
stored at —70 °C.

For the EMSA, 3—35 ug of nuclear extract was preincubated
with 200 ng of dIdC and 10 ug of BSA in binding buffer [20 mM
HEPES (pH 7.9), 60 mM KCl, 1 mM DTT, 3.5 mM MgCl,,
0.2 mM EDTA, and 20% glycerol] for 10 min at 4 °C. To the
reaction mix was added 80— 100 fmol of [y-**P]AP-1 consensus
probe, and binding was allowed for 20 min at room temperature.
Protein—DNA complexes were resolved on an 8% nondenatur-
ing polyacrylamide gel and electrophoresed at 100 V in 0.5X
TAE at 4 °C. The sequences of the AP-1 consensus probes were
S CGCTTGATGAGTCAGCCGGAA 3’ (forward) and ' TT-
CCGGCTGACTCATCAAGCG 3/ (reverse).u’22 For competi-
tion experiments, unlabeled oligonucleotides were added in 20-
and 50-fold molar excess in the reaction mixture before the
addition of labeled probe. Sequences of non-AP-1 probe used in
competition experiments were S’ TTGCGTTTGTCCACCAC-
AACAGGCTGCTTAC 3’ (forward) and S' GTAAGCAGCCT-
GTTGTGGTGGACAAACGCAA 3’ (reverse). For supershift
assays, reaction mixtures were incubated with 1 g of antibody
for 10 min prior to the addition of labeled probe.

B RESULTS

3b Induces AP-1 Transactivation Potential. To analyze the
effect of 3b expression on the activity of the AP-1 complex, we
used an AP-1 responsive luciferase reporter construct (2x TRE-Luc)
and SARS-CoV permissive Huh7 cells.** Huh?7 cells transiently
transfected with a constant amount of 2xX TRE-Luc showed a

significant increase in luciferase activity (3—12-fold) with an in-
creasing dose of 3b (0.3—1.0 ug), reflecting a 3b-mediated in-
crease in the level of AP-1 transactivation (Figure 1a). This effect
could be replicated in Vero and HEK293 cell lines, although to a
lesser extent (Figure 1b).

No significant increase in the level of AP-1 transactivation was
observed when Huh?7 cells were transfected with other SARS-CoV
accessory proteins, 3a and 9b (Figure 1c), suggesting that the
increase was specific to 3b.

3b Increases AP-1 DNA Binding Activity. To study whether
the 3b-induced AP-1 activity parallels its increased level of DNA
binding, we performed an EMSA. A 2.5-fold higher level of AP-1
complex binding was observed using nuclear extracts from 3b-
transfected cells in comparison to control transfected cells (lanes
1 and 2, Figure 2). The specificity of the complex was proven by
competition experiments using wild-type (WT, consensus) and
nonspecific (NS, containing no AP-1 binding site) cold oligos in
which the presence of 20- and 50-fold molar excesses of WT
oligos competitively displaced the complex (lanes 6 and 7),
whereas no effect on band intensity was observed with non-
specific oligos (lanes 8 and 9). Two bands for the AP-1 complex
observed in the EMSA, as reported previously,”* correspond to
the Jun—Jun homodimer (upper band) and the Jun—Fos hetero-
dimer (lower band). The composition of the complex was assayed
by supershift using c-Jun, c-Fos, and nonspecific antibodies (lanes
3-S5, Figure 2), confirming the Fos—Jun heterodimer and the
Jun—Jun homodimer as the components of the complex.

3b Induces Phosphorylation of c-Jun (Ser-63) through
Activation of the JNK Pathway. Activation of AP-1 depends on
either enhanced synthesis or an increased level of phosphorylation
of Fos and Jun family members that potentiates its transcriptional
activity.'® 3b-expressing cells showed a significant increase in
phospho c-Jun levels as compared to that in GFP-expressing control
cells, while total c-Jun levels remained unaffected (Figure 3a).

Because c-Jun phosphorylation at Ser-63 is governed by JNK,
activation of JNK pathway components in 3b-expressing cells
was assessed by analyzing levels of active phosphorylated forms
of JNK and its upstream kinase MEK4. An enhanced phosphor-
ylation of JNK and MEK4 was observed in cells expressing 3b as
compared to control cells expressing GFP (Figure 3a). Equal
amounts of protein loading were confirmed by probing with JNK
and MEK4 antibodies. Treatment of cells with JNK specific
inhibitor SP600125 (20 #M) for 1 hled to inhibition of phospho
JNK and phospho c-Jun levels, whereas no change was noticed in
DMSO-treated 3b-expressing cells (Figure 3b), suggesting that
3b induces phosphorylation of c-Jun at Ser-63 through activation
of the JNK pathway. A similar activation of JNK pathway
components was also observed in 3b-transfected HEK293 cells
(data not shown), indicating that the phenomenon is not cell line
specific.

3b Augments c-Fos Levels by Activating the ERK Pathway.
Next our aim was to determine whether 3b transfection in Huh7
cells affects c-Fos levels. Higher c-Fos levels were observed in 3b-
expressing cells than in GFP-expressing control cells (Figure 4a).

An increased level of c-Fos synthesis is attributed to an
increased level of phosphorylation of transcription factor com-
plex Elk-1/TCF on c-Fos promoter, which in turn is the result
of ERK pathway activation.'® Hence, ERK and Elk-1 activation
was checked in 3b-expressing cells. An increase of ~2.0-fold in
phospho ERK (Thr-202/Tyr-204) levels in 3b-expressing Huh7
cells as compared to GFP-transfected control cells (Figure 4a)
was observed. This increase in phospho ERK levels was also
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Figure 3. Activation of the JNK pathway by 3b. Huh7 cells were
transfected with 3b and GFP expression plasmids. 3b expression was
detected using an anti-c-myc antibody. (a) Western blot analysis of
phospho JNK, phospho c-Jun, and phospho MEK4. Blots were stripped
and reprobed with Jun, JNK, and MEK4 antibodies to assess equal
loading. The x-fold increase is the mean £ SD of three independent
experiments, assessed by densitometry. (b) Transfected cells were
treated with SP600125 (20 uM) and DMSO. Western blot analysis of
phospho JNK, phospho c-Jun, and c-Jun.

observed in 3b-transfected Cos7 and HEK293 cells (data not
shown). Phosphorylation levels of Elk-1 (Ser-383), the down-
stream substrate of ERK, were also found to be increased in 3b-
expressing Huh?7 cells (Figure 4a).

Treatment of transfected cells with U0126 (10 uM), a
selective inhibitor of MEK1, blocked 3b-induced ERK activation
and c-Fos levels (Figure 4b), whereas no change was observed
upon treatment with PI3K/Akt inhibitor, LY294002 (Figure 4c).
These results showed that 3b-mediated ERK activation is dependent
on the Raf/MEK pathway but not the PI3K/Akt pathway.

Taken together, our results lead to the conclusion that 3b
expression induces phosphorylation of c-Jun and c-Fos levels by
activating JNK and ERK pathways, respectively.

3b-Induced AP-1 Activity Is Mediated by Activation of JNK
and ERK Pathways. Activation of JNK and ERK pathways in 3b-
expressing Huh?7 cells suggests the involvement of these cascades
in mediating 3b-induced AP-1 activity. To confirm our hypothesis,
we performed luciferase assays in Huh7 cells transfected with 2 x
TRE-Luc and 3b or control vector expression plasmids in the
presence or absence of the dominant negative Fos mutant
(FosDN) construct. FosDN has an acidic amphipathic protein
sequence that heterodimerizes with the basic sequence of c-Jun
and prevents it from DNA binding, thus abolishing AP-1 activity.
Coexpression of FosDN nearly abolished the luciferase activity
induced by 3b (Figure Sa), suggesting that the Fos—Jun hetero-
dimer is an essential factor in mediating 3b-induced AP-1 activity.
Next, the involvement of ERK and JNK pathways in 3b-mediated
AP-1 induction was confirmed by treating cells with U0126 and
SP600125. Huh7 cells transfected with 2x TRE-Luc and 3b or
control vector were treated with U0126 and SP600125 for 16—18 h.
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Figure 4. Activation of the ERK pathway by 3b. Huh7 cells were
transfected with 3b and GFP expression plasmids. 3b expression was
detected using the anti-c-myc antibody. (a) Western blot analysis of
c-Fos, phospho ERK, and phospho Elk-1. ERK and actin levels were
probed for equal loading. The x-fold increase is the mean = SD of three
independent experiments, assessed by densitometry. (b) Transfected
cells were treated with U0126 (10 M) and DMSO. Western blot
analysis of phospho ERK and c-Fos. ERK levels were probed for equal
loading. (c) Transfected cells were treated with LY294002 (50 #M) and
DMSO. Western blot analysis of phospho ERK and ERK. The side panel
shows the effectiveness of LY294002 in Huh7 cells. Western blot of
phospho Akt and Akt.

The control set was treated with DMSO for the same period of
time. Results depicted 70% inhibition of 3b-induced AP-1 activity
in SP600125 and 50% in U0126-treated cells as compared to
DMSO-treated 3b-expressing cells (Figure Sb). This suggests
that 3b-induced ERK and JNK pathway activation leads to an
increase in AP-1 activity in cells.

3b Potentiates AP-1-Dependent MCP-1 Promoter Activity.
The role of AP-1 in the regulation of cytokines and chemokines in
the case of viral infections is well-documented.”>>* Monocyte
chemoattractant protein-1 (MCP-1) is one such chemokine
reported to be upregulated in SARS infection, and its promoter
is regulated by AP-1, NF-kB, and SP1 transcription factors."’
To elucidate the effect of 3b on the AP-1-driven activity of the
MCP-1 promoter, the MCP-1-Luc reporter construct was used.
MCP-1-Luc contains the luciferase gene cloned under a 213 bp
fragment of the MCP-1 promoter (residues —213 to 1)." For
the assay, Huh7 cells were transfected with MCP-1-Luc and 3b or
vector expression plasmids. An increase in MCP-1 promoter
activity was observed with increasing amounts of 3b plasmid
(Figure 6a). This increase in 3b-induced promoter activity was
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Figure S. Upregulation of AP-1 activity by 3b is dependent on ERK and JNK pathways. Huh7 cells were transfected with 2 TRE-Luc, 3b expression
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Figure 6. Activation of AP-1-dependent MCP-1 promoter activity by 3b. Huh7 cells were transfected with MCP-1-Luc and increasing amounts of 3b
expression plasmid (500 and 900 ng) (a) or 3b construct and treated with SP600125 and U0126 (b). The relative luciferase activity was calculated and is
shown as the mean & SD of three independent experiments performed in triplicate. *p < 0.05, and “p < 0.005.

reduced to nearly 70 and 50% when treated with ERK and JNK
inhibitors, U0126 and SP600125, respectively (Figure 6b).
Treatment of 3b-expressing cells with U0126 and SP600125
simultaneously led to a 2-fold decrease in the MCP-1 promoter
activity, suggesting that 3b-dependent activation of the MCP-1
promoter occurs partially by activation of ERK and JNK path-
ways, involved in regulating AP-1 transcription factors.

B DISCUSSION

Consistent with all viral infections, SARS coronavirus infec-
tion also entails activation of various cellular signaling pathways.
These include pathways sensitive to external stimuli like MAPKSs
and PI3K/Akt pathways that turn “on” or potentiate activity of
various transcription factors, like AP-1 and NF-«B family members.
AP-1 transcription factors have been known to contribute in
diverse biological processes, including the cell cycle, cell growth,
oncogenesis, and many more.”® Besides, its role in viral infection,

5423

replication, and pathogenesis has been studied well. Accumula-
tion of viral RNA in influenza A virus infection induces JNK and
AP-1 and as a result triggers expression of antiviral cytokines.*®
Hepeatitis B virus-encoded X protein (HBx) stimulates ERK and
JNK, leading to the activation of AP-1 transcription factors, and
thus might play a role in virus-induced transformation and
pathogenesis.”® Epstein-Barr virus (EBV)-encoded latent mem-
brane protein-1 (LMP-1) and EBV nuclear antigen-1 (EBNA-1)
also stimulate AP-1 activity. LMP-1 triggers the SEK/JNK/
c-Jun/AP-1 pathway that contributes to its immortalizing and
transforming potential.>> EBNA-1-induced AP-1 activity contri-
butes to its angiogenic potential.”’ A recent study by Yoshikawa
et al. showed activation of AP-1 transcription factors 24 h after
SARS-CoV infection in human bronchial epithelial cells.*® Other
groups have reported the involvement of SARS-CoV nucleocapsid
and spike proteins in activation of the AP-1 family of transcrip-
tion factors.>"** Our study is mainly focused on the activation of
AP-1 due to the transient expression of SARS-CoV accessory

dx.doi.org/10.1021/bi200303r |Biochemistry 2011, 50, 5419-5425
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protein 3b. This study reports that transient expression of 3b in
SARS coronavirus permissive cell lines Huh7 and Vero potenti-
ates AP-1 transcriptional activity and also improves its DNA
binding ability on the AP-1 consensus element.

Homodimers of Jun family members or heterodimers of Jun
and Fos family members constitute the AP-1 transcription factor
complex. Two MAPKs signaling are centrally involved in reg-
ulating its activity, namely, ERK and JNK. While the stimulation
of ERK induces sequential activation of the Elk-1—TCF complex
and c-Fos transcription, the stimulation of the JNK pathway
induces c-Jun activation by enhancing phosphorylation at the
N-terminus. We demonstrated that 3b expression increases AP-1
activity by triggering ERK and JNK cascades, consequently
increasing levels of c-Fos and N-terminal c-Jun phosphorylation.
Because cross-talk between PI3K/Akt and Raf/Ras pathways can
lead to ERK activation, the involvement of the PI3K/Akt path-
way was ruled out by using its specific inhibitor, LY294002.

AP-1 regulates transcription of many genes involved in viral
pathogenesis, including pro-inflammatory and antiviral cytokines
like IL-6,>* IL-8,** RANTES,*® MCP-1," interferons,” etc., that
are characteristic of an infection. SARS pathology is the result of
an exacerbated pro-inflammatory immune response by cytokines
in the lungs of patients and in infected animal models.*>*® A
recent study reported induction of IL-8 levels by baculovirus-
expressed spike protein via activation of MAPKs and AP-1.>" In
this study, we found escalated MCP-1 promoter activity in 3b-
expressing cells by virtue of augmented AP-1 activity. This led us
to the hypothesis that 3b might serve as another virulence factor
for SARS-CoV.

AP-1 transcription factors, in conjunction with IRF3 and NF-xB,
regulate transcription of interferons. Virus infection is followed
by activation of these factors that consequently leads to upregu-
lation of IFN transcription.” To counteract this host defense
strategy, virus-encoded interferon antagonists employ different
mechanisms to inhibit induction of IFN and interferon inducible
genes and build an environment for persistent replication. For
example, influenza virus NS1 protein prevents the IFN response
by sequestering viral double-stranded RNA (a byproduct of the
virus replication cycle), thereby preventing activation of cytosolic
sensor RIG-1.>7*® Rabies virus phosphoprotein P interferes with
phosphorylation of IRE3.* SARS-CoV ORFE3b, nucleocapsid,
and SARSG are reported to inhibit expression of type I interferon
by preventing IRF3 phosphorylation.” However, the NS1 variant
of highly pathogenic HSN1 is also the key determinant of
cytokine release in the case of infection.** Thus, we argue that
3b, despite acting as an interferon antagonist, might also be
responsible for the cytokine storm generated in SARS corona-
virus infection by regulating AP-1 activity.

The massive pro-inflammatory cytokine response and acute
lung injury in SARS-CoV-infected humans are believed to be the
result of transmission of the virus across species from a natural to
a non-natural host*' Natural host bats, though persistently
infected, do not display any clinical symptoms. This might be
attributed to the architecture of their immune system.** How-
ever, in humans, the precise mechanism by which SARS-CoV
proteins cause pathology is still an enigma. Our study has
unveiled 3b as an inducer of AP-1 activity and once again has
introduced it as a crucial accessory protein that might play a role
in virus pathogenesis by triggering levels of AP-1-dependent
proinflammatory cytokines like MCP-1, levels of which were
found to be elevated in SARS-CoV-infected patients.

M AUTHOR INFORMATION

Corresponding Author
*E-mail: sunillal@icgeb.res.in. Phone: 491 11 26742357. Fax:
+91 11 26742316.

Funding Sources

This research was supported by a grant from the Department of
Biotechnology and student fellowship support from the Council
of Scientific and Industrial Research, Government of India.

B ACKNOWLEDGMENT

We are grateful to the following scientists for generously
providing us plasmid constructs for this study: Dr. M. Karin for
providing 2 TRE-Luc and Dr. C. Vinson for providing FosDN.
We also acknowledge the technical help from Mr. R. Kumar in
cell culture maintenance and propagation and Dr. Ekta Khattar,
Dr. Namita Satija, and Shashank Tripathi for help in writing the
manuscript.

Il ABBREVIATIONS

MAPK, mitogen-activated protein kinase; ERK, extracellular signal-
regulated kinase; JNK, c-Jun N-terminal kinase; MCP-1, monocyte
chemoattractant protein-1; EBV, Epstein-Barr virus; LMP-1, late
membrane protein-1; EBNA-1, EBV nuclear antigen-1.

B REFERENCES

(1) Marra, M. A, Jones, S.]., Astell, C. R., Holt, R. A., Brooks-Wilson,
A, Butterfield, Y. S., Khattra, J., Asano, J. K, Barber, S. A., Chan, S. Y.,
Cloutier, A., Coughlin, S. M., Freeman, D., Girn, N., Griffith, O. L.,
Leach, S. R, Mayo, M., McDonald, H., Montgomery, S. B., Pandoh,
P.K, Petrescu, A. S., Robertson, A. G., Schein, J. E., Siddiqui, A., Smailus,
D. E, Stott, J. M, Yang, G. S., Plummer, F., Andonov, A., Artsob, H.,
Bastien, N., Bernard, K., Booth, T. F., Bowness, D., Czub, M., Drebot,
M., Fernando, L., Flick, R., Garbutt, M., Gray, M., Grolla, A,, Jones, S.,
Feldmann, H., Meyers, A., Kabani, A., Li, Y., Normand, S., Stroher, U,,
Tipples, G. A., Tyler, S., Vogrig, R,, Ward, D., Watson, B., Brunham,
R. C, Krajden, M., Petric, M., Skowronski, D. M., Upton, C., and Roper,
R. L. (2003) The genome sequence of the SARS-associated coronavirus.
Science 300, 1399-1404.

(2) Rota,P.A, Oberste, M. S., Monroe, S. S., Nix, W. A,, Campagnoli,
R, Icenogle, J. P., Penaranda, S., Bankamp, B., Maher, K., Chen, M. H,,
Tong, S., Tamin, A, Lowe, L., Frace, M., DeRisi, J. L., Chen, Q,, Wang, D.,
Erdman, D. D., Peret, T. C., Burns, C., Ksiazek, T. G., Rollin, P. E.,
Sanchez, A, Liffick, S., Holloway, B., Limor, J., McCaustland, K., Olsen-
Rasmussen, M., Fouchier, R., Gunther, S., Osterhaus, A. D., Drosten, C.,
Pallansch, M. A., Anderson, L. J., and Bellini, W.J. (2003) Characterization
of a novel coronavirus associated with severe acute respiratory syndrome.
Science 300, 1394-1399.

(3) Snijder, E.]., Bredenbeek, P.J., Dobbe, J. C., Thiel, V., Ziebuhr, J.,
Poon, L. L., Guan, Y., Rozanov, M., Spaan, W. J., and Gorbalenya, A. E.
(2003) Unique and conserved features of genome and proteome of
SARS-coronavirus, an early split-off from the coronavirus group 2
lineage. J. Mol. Biol. 331, 991-1004.

(4) Yount, B.,Roberts,R. S, Sims, A. C., Deming, D., Frieman, M. B,,
Sparks, J., Denison, M. R,, Davis, N, and Baric, R. S. (2005) Severe acute
respiratory syndrome coronavirus group-specific open reading frames
encode nonessential functions for replication in cell cultures and mice.
J. Virol. 79, 14909-14922.

(S) Kopecky-Bromberg, S. A., Martinez-Sobrido, L., Frieman, M.,
Baric, R. A., and Palese, P. (2007) Severe acute respiratory syndrome
coronavirus open reading frame (ORF) 3b, ORF 6, and nucleocapsid
proteins function as interferon antagonists. J. Virol. 81, 548-557.

5424 dx.doi.org/10.1021/bi200303r |Biochemistry 2011, 50, 5419-5425



Biochemistry

(6) Narayanan, K, Huang, C., Lokugamage, K., Kamitani, W., Ikegami,
T, Tseng, C. T., and Makino, S. (2008) Severe acute respiratory syndrome
coronavirus nspl suppresses host gene expression, including that of type I
interferon, in infected cells. J. Virol. 82, 4471-4479.

(7) Siu, K. L., Kok, K. H., Ng, M. H., Poon, V. K., Yuen, K. Y., Zheng,
B. ], and Jin, D. Y. (2009) Severe acute respiratory syndrome corona-
virus M protein inhibits type I interferon production by impeding the
formation of TRAF3.TANK.TBK1/IKKe complex. J. Biol. Chem. 284,
16202-16209.

(8) Freundt, E. C., Yu, L., Park, E., Lenardo, M. J., and Xu, X. N.
(2009) Molecular determinants for subcellular localization of the severe
acute respiratory syndrome coronavirus open reading frame 3b protein.
J. Virol. 83, 6631-6640.

(9) Wathelet, M. G,, Lin, C. H., Parekh, B. S., Ronco, L. V., Howley,
P. M., and Maniatis, T. (1998) Virus infection induces the assembly of
coordinately activated transcription factors on the IFN-$ enhancer
in vivo. Mol. Cell 1, 507-518.

(10) Angel, P., and Karin, M. (1991) The role of Jun, Fos and the
AP-1 complex in cell-proliferation and transformation. Biochim. Biophys.
Acta 1072, 129-157.

(11) Frost, J. A, Geppert, T. D., Cobb, M. H., and Feramisco, J. R.
(1994) A requirement for extracellular signal-regulated kinase (ERK)
function in the activation of AP-1 by Ha-Ras, phorbol 12-myristate 13-
acetate, and serum. Proc. Natl. Acad. Sci. U.S.A. 91, 3844-3848.

(12) Derijard, B., Hibi, M., Wu, 1. H,, Barrett, T, Su, B,, Deng, T.,
Karin, M., and Davis, R. J. (1994) JNK1: A protein kinase stimulated by
UV light and Ha-Ras that binds and phosphorylates the c-Jun activation
domain. Cell 76, 1025-1037.

(13) Kallunki, T., Su, B., Tsigelny, L, Sluss, H. K., Derijard, B.,
Moore, G., Davis, R., and Karin, M. (1994) JNK2 contains a specificity-
determining region responsible for efficient c-Jun binding and phos-
phorylation. Genes Dev. 8, 2996-3007.

(14) Pulverer, B. J., Kyriakis, J. M., Avruch, J., Nikolakaki, E., and
Woodgett, J. R. (1991) Phosphorylation of c-jun mediated by MAP
kinases. Nature 353, 670-674.

(15) Smeal, T., Angel, P., Meek, J., and Karin, M. (1989) Different
requirements for formation of Jun:Jun and Jun:Fos complexes. Genes
Dev. 3, 2091-2100.

(16) Karin, M. (1995) The regulation of AP-1 activity by mitogen-
activated protein kinases. J. Biol. Chem. 270, 16483-16486.

(17) Hattori, M., Tugores, A, Westwick, J. K., Veloz, L., Leffert, H. L,,
Karin, M., and Brenner, D. A. (1993) Activation of activating protein 1
during hepatic acute phase response. Am. J. Physiol. 264, G95-G103.

(18) Kalra, N., and Kumar, V. (2004) c-Fos is a mediator of the c-myc-
induced apoptotic signaling in serum-deprived hepatoma cells via the p38
mitogen-activated protein kinase pathway. J. Biol. Chem. 279, 25313-25319.

(19) Lim, S. P., and Garzino-Demo, A. (2000) The human immu-
nodeficiency virus type 1 Tat protein up-regulates the promoter activity
of the 3-chemokine monocyte chemoattractant protein 1 in the human
astrocytoma cell line U-87 MG: Role of SP-1, AP-1, and NF-«xB
consensus sites. J. Virol. 74, 1632-1640.

(20) Surjit, M., Liu, B, Chow, V. T., and Lal, S. K. (2006) The
nucleocapsid protein of severe acute respiratory syndrome-coronavirus
inhibits the activity of cyclin-cyclin-dependent kinase complex and
blocks S phase progression in mammalian cells. J. Biol. Chem. 281,
10669-10681.

(21) Khattar, E.,, and Kumar, V. (2010) Mitogenic regulation of
p27(Kip1) gene is mediated by AP-1 transcription factors. J. Biol. Chem.
285, 4554-4561.

(22) Ono, M,, Yaguchi, H., Ohkura, N., Kitabayashi, I, Nagamura,
Y., Nomura, T., Miyachi, Y., Tsukada, T., and Sakaguchi, S. (2007)
Foxp3 controls regulatory T-cell function by interacting with AML1/
Runxl. Nature 446, 685-689.

(23) Gillim-Ross, L., Taylor, J., Scholl, D. R,, Ridenour, J., Masters,
P. S., and Wentworth, D. E. (2004) Discovery of novel human and
animal cells infected by the severe acute respiratory syndrome corona-
virus by replication-specific multiplex reverse transcription-PCR. J. Clin.
Microbiol. 42, 3196-3206.

(24) D’Alonzo, R. C,, Selvamurugan, N, Karsenty, G., and Partridge,
N. C. (2002) Physical interaction of the activator protein-1 factors c-Fos
and c-Jun with Cbfal for collagenase-3 promoter activation. J. Biol.
Chem. 277, 816-822.

(25) Kieser, A, Kilger, E.,, Gires, O., Ueffing, M., Kolch, W,, and
Hammerschmidt, W. (1997) Epstein-Barr virus latent membrane protein-
1 triggers AP-1 activity via the c-Jun N-terminal kinase cascade. EMBO ]J.
16, 6478-648S.

(26) Ludwig, S., Ehrhardt, C., Neumeier, E. R,, Kracht, M., Rapp,
U. R, and Pleschka, S. (2001) Influenza virus-induced AP-1-dependent
gene expression requires activation of the JNK signaling pathway. J. Biol.
Chem. 276, 10990-10998.

(27) O'Neil, J. D., Owen, T.J., Wood, V. H,, Date, K. L., Valentine,
R.,, Chukwuma, M. B., Arrand, ]J. R., Dawson, C. W,, and Young, L. S.
(2008) Epstein-Barr virus-encoded EBNA1 modulates the AP-1 tran-
scription factor pathway in nasopharyngeal carcinoma cells and enhances
angiogenesis in vitro. J. Gen. Virol. 89, 2833-2842.

(28) Benn,]., Su, F., Doria, M., and Schneider, R.J. (1996) Hepatitis
B virus HBx protein induces transcription factor AP-1 by activation of
extracellular signal-regulated and c-Jun N-terminal mitogen-activated
protein kinases. J. Virol. 70, 4978-498S.

(29) Shaulian, E., and Karin, M. (2002) AP-1 as a regulator of cell life
and death. Nat. Cell Biol. 4, E131-E136.

(30) Yoshikawa, T., Hill, T. E., Yoshikawa, N., Popov, V. L., Galindo,
C. L, Garner, H. R, Peters, C. J,, and Tseng, C. T. (2010) Dynamic innate
immune responses of human bronchial epithelial cells to severe acute
respiratory syndrome-associated coronavirus infection. PLoS One S, 8729.

(31) Chen, LY., Chang, S.C., Wy, H. Y, Yu, T. C,, Wei, W. C,, Lin,
S., Chien, C.L.,and Chang, M. F. (2010) Upregulation of the chemokine
(C-C motif) ligand 2 via a severe acute respiratory syndrome corona-
virus spike-ACE2 signaling pathway. J. Virol. 84, 7703-7712.

(32) He, R, Leeson, A, Andonov, A, Li, Y., Bastien, N., Cao, J.,
Osiowy, C., Dobie, F., Cutts, T., Ballantine, M., and Li, X. (2003)
Activation of AP-1 signal transduction pathway by SARS coronavirus
nucleocapsid protein. Biochem. Biophys. Res. Commun. 311, 870-876.

(33) Baccam, M, Woo, S. Y., Vinson, C., and Bishop, G. A. (2003)
CD40-mediated transcriptional regulation of the IL-6 gene in B lymphocytes:
Involvement of NF-kB, AP-1, and C/EBP. J. Immunol. 170, 3099-3108.

(34) Kim, Y. M, Reed, W.,, Wu, W., Bromberg, P. A,, Graves, L. M.,
and Samet, ]. M. (2006) Zn*"-induced IL-8 expression involves AP-1,
JNK, and ERK activities in human airway epithelial cells. Am. J. Physiol.
290, L1028-L103S.

(35) Blaber, R, Stylianou, E, Clayton, A, and Steadman, R. (2003)
Selective regulation of ICAM-1 and RANTES gene expression after ICAM-1
ligation on human renal fibroblasts. J. Am. Soc. Nephrol. 14, 116-127.

(36) Jiang, Y., Xu, J., Zhou, C., Wy, Z., Zhong, S., Liy, J., Luo, W,
Chen, T., Qin, Q,, and Deng, P. (2005) Characterization of cytokine/
chemokine profiles of severe acute respiratory syndrome. Am. J. Respir.
Crit. Care Med. 171, 850-857.

(37) Mibayashi, M., Martinez-Sobrido, L., Loo, Y. M., Cardenas,
W. B, Gale, M,, Jr., and Garcia-Sastre, A. (2007) Inhibition of retinoic
acid-inducible gene I-mediated induction of f interferon by the NS1
protein of influenza A virus. J. Virol. 81, 514-524.

(38) Guo,Z., Chen,L. M., Zeng, H., Gomez, J. A., Plowden, J., Fujita,
T, Katz, J. M., Donis, R. O., and Sambhara, S. (2007) NS1 protein of
influenza A virus inhibits the function of intracytoplasmic pathogen
sensor, RIG-I. Am. J. Respir. Cell Mol. Biol. 36, 263-269.

(39) Brzozka, K., Finke, S., and Conzelmann, K. K. (2005) Identi-
fication of the rabies virus 0./ interferon antagonist: Phosphoprotein P
interferes with phosphorylation of interferon regulatory factor 3. J. Virol.
79, 7673-7681.

(40) Us, D. (2008) [Cytokine storm in avian influenza]. Mikrobiyol.
Bul. 42, 365-380.

(41) Chen, J., and Subbarao, K. (2007) The Immunobiology of
SARS*. Annu. Rev. Immunol. 25, 443-472.

(42) Dobson, A. P. (2005) Virology. What links bats to emerging
infectious diseases? Science 310, 628-629

5425 dx.doi.org/10.1021/bi200303r |Biochemistry 2011, 50, 5419-5425



