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Viral infections induce signaling pathways in mammalian cells that stimulate innate immune responses and
affect cellular processes, such as apoptosis, mitosis, and differentiation. Here, we report that the ribosomal
protein S6 kinase alpha 3 (RSK2), which is activated through the “classical” mitogen-activated protein kinase
pathway, plays a role in innate immune responses to influenza virus infection. RSK2 functions in the regulation
of cell growth and differentiation but was not known to play a role in the cellular antiviral response. We have
found that knockdown of RSK2 enhanced viral polymerase activity and growth of influenza viruses. Influenza
virus infection stimulates NK-�B- and beta interferon-dependent promoters. This stimulation was reduced in
RSK2 knockdown cells, suggesting that RSK2 executes its effect through innate immune response pathways.
Furthermore, RSK2 knockdown suppressed influenza virus-induced phosphorylation of the double-stranded
RNA-activated protein kinase PKR, a known antiviral protein. These findings establish a role for RSK2 in the
cellular antiviral response.

Influenza A viruses cause highly contagious respiratory in-
fections in humans and several animal species (reviewed in
reference 51). Annual epidemics account for an estimated
20,000 excess deaths and 100,000 excess hospitalizations in the
United States alone. Pandemics occur at irregular intervals and
can claim millions of lives, as witnessed with the “Spanish
influenza” in 1918 and 1919, which killed an estimated 40 to 50
million people worldwide.

Influenza A viruses belong to the family Orthomyxoviridae
and possess eight segments of single-stranded, negative-sense
RNA, which encode 10 or 11 proteins (reviewed in reference
36). Four viral proteins—the polymerase subunits PB2, PB1,
and PA and the nucleoprotein NP—are required for the
replication and transcription of the viral RNA (vRNA). Two
viral surface glycoproteins (hemagglutinin and neuramini-
dase [NA]) are critical for virus binding and release and are
the major viral antigens. The NS1 protein is a multifunctional
factor that counteracts the cellular interferon (IFN) responses
that are triggered upon influenza virus infection (4, 9, 12, 21,
29, 30, 48, 49). Other viral proteins play a critical role(s) in the
nuclear export of newly synthesized viral replication complexes
(i.e., the matrix protein M1 and the nuclear export protein
NS2), virus entry (i.e., the ion channel protein M2), and the
regulation of apoptosis (i.e., the PB1-F2 protein, which is not

encoded by all influenza A virus strains); the functions of these
proteins are described in detail in reference 36.

Stimuli such as stress, cytokines, mitogens, and viral infec-
tions trigger multiple signaling cascades, such as the mitogen-
activated protein kinase (MAPK) pathways, in mammalian
cells (reviewed in references 10, 40, and 41). MAPK signaling
pathways regulate critical cellular activities, such as gene ex-
pression, metabolism, apoptosis, mitosis, and differentiation.
In the “classical” MAPK pathway, Raf-1 (a serine/threonine
kinase) activates MEK1/2 (a MAPK kinase kinase), which sub-
sequently activates the MAPK kinase extracellular signal-reg-
ulated kinases 1 and 2 (ERK1/2). In addition to ERK1/2,
several other MAPK family members have been identified in
mammalian cells, including p38 isoforms, c-Jun amino-termi-
nal kinases, and BMK/ERK5 (big MAPK). MAPKs can acti-
vate their targets through direct phosphorylation or through
the phosphorylation of downstream kinases (MAPK-activated
protein kinases). Prominent examples of MAPK-activated pro-
tein kinases are p90 ribosomal S6 kinases (RSKs), which have
emerged as major downstream mediators of ERK signal trans-
duction (reviewed in references 6 and 41). In mammals, four
RSKs (RSK1 to -4) have been identified; these are ubiqui-
tously expressed and promote cell growth, proliferation, and
cell survival (the last by interfering with apoptotic effectors).
Despite their role as downstream mediators of ERK signal
transduction, RSKs were not previously known to have antivi-
ral effects.

Influenza virus infection has been shown to activate all
known MAPK pathways (reviewed in references 26 and 27).
Influenza virus-induced activation of the p38 and c-Jun amino-
terminal kinase pathways seems to trigger antiviral effects (23,
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25), while activation of the ERK1/2 and big MAPK pathways
likely supports influenza virus replication (39). Further studies
are needed to establish the significance of these signaling path-
ways for influenza virus replication.

Influenza virus infection also activates the I�B kinase/NF-�B
pathway (reviewed in reference 19). This pathway is activated
by a number of other viruses and leads to the expression of
proinflammatory and antiviral cytokines, including beta IFN
(IFN-�) and tumor necrosis factor alpha. The role of NF-�B
activation in the context of influenza virus infection is still
unclear, as two studies found a virus-supportive role (32, 50)
and another study suggested that NF-�B activation is not re-
quired for efficient influenza virus replication (5).

In this study, we provide evidence that the MAPK-activated
protein kinase ribosomal protein S6 kinase alpha 3 (RSK2) is
activated upon influenza virus infection and that this kinase
affects antiviral responses through NF-�B, IFN-�, and a known
antiviral factor, PKR. These findings establish a novel antiviral
role for RSK2.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney cells (293T cells and 293 cells) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) supplemented
with 10% heat-inactivated fetal calf serum (FCS) and antibiotics. Plat-GP (mu-
rine leukemia virus-based packaging) cells were kindly provided by T. Kitamura
(University of Tokyo, Tokyo, Japan) and cultured in DMEM with 10% FCS and
10 �g/ml blasticidin (Invitrogen). QT6 quail fibrosarcoma cells were maintained
in Ham’s F-12K medium (MP Biomedicals) supplemented with 10% FCS and
10% tryptose phosphate broth (Sigma). Madin-Darby canine kidney (MDCK)
cells were cultured in minimal essential medium containing 5% newborn calf
serum and antibiotics.

Viruses. PB2-627K- and PB2-627E-expressing influenza viruses were gener-
ated by reverse genetics (31) and propagated in MDCK cells. Both viruses
possess the hemagglutinin and NA genes of A/WSN/33 (H1N1) virus, while the
remaining genes were derived from A/Hong Kong/483/97 (H5N1) virus; the PB2
protein of this virus possesses a lysine at position 627, resulting in PB2K virus.
PB2E virus is a derivative that possesses glutamic acid at position 627 in the PB2
protein. Influenza virus B/Hong Kong/73 and Sendai virus (Enders strain; kindly
provided by Allan Portner, St. Jude Children’s Research Hospital, Memphis,
TN) were also propagated in MDCK cells. Viruses were titrated by plaque assay
in MDCK cells.

Plasmids. The PB1, PA, and NP proteins of A/Hong Kong/483/97 (H5N1)
virus were expressed with the pMX vector (34), which was kindly provided by T.
Kitamura, University of Tokyo, Tokyo, Japan. For the PB2 protein, we used a
variant that possesses glutamic acid at position 627 (PB2E). pPolI-fCD2 and
pPolI-Luc drive the synthesis of negative-sense vRNAs comprising the 3� non-
coding region of the NA (A/Hong Kong/483/97) vRNA, the complementary
coding sequence of luciferase or feline CD2 (fCD2) (45), respectively, and the 5�
noncoding region of the NA vRNA.

Gallus gallus RSK2 and human PKR were cloned from chicken embryo fibro-
blasts or human 293T cells, as appropriate. Briefly, RNA was extracted from
these cells by use of the RNeasy minikit (Qiagen). Reverse transcription-PCR
was performed with an oligo(dT) primer followed by PCR with gene-specific
primers. The PCR products were cloned into the pCAGGS vector (under the
control of the chicken �-actin promoter [33]) and then sequenced. To escape the
knockdown effect of the short hairpin RNA (shRNA), a silent mutation was
introduced into the human RSK2 protein expression plasmid, yielding pmRSK2.

pNF-�B-Luc, which expresses luciferase upon promoter activation by NF-�B,
was purchased from Stratagene. pIFN-luc, which express luciferase under the
control of an IFN-�-dependent promoter, was derived from the following com-
ponents: the bacterial artificial chromosome clone RP11-113D19, which was
used as the source of the promoter and terminator regions of the human IFN-�
gene (Invitrogen), and pGEM-luc (Promega), which was used as the source of
the luciferase gene. These components were joined by PCR, and the resulting
construct was cloned into the pUC19 vector.

cDNA library. A cDNA library was prepared from quail QT6 cells by isolating
mRNA (with the FastTrack 2.0 mRNA isolation kit; Invitrogen). cDNA was
synthesized by use of the SuperScript Choice system for cDNA synthesis (In-

vitrogen), according to the manufacturer’s instructions. The resulting cDNAs
were size fractionated by agarose gel electrophoresis, and cDNA fragments
longer than 1 kbp were extracted from the gel with the Qiaex II gel extraction kit
(Qiagen). The respective cDNA fragments were then inserted into the BstXI
sites of pCAGGS-Kan (a pCAGGS variant that carries the kanamycin resistance
gene) by using BstXI adapters (Invitrogen). The ligated DNA was ethanol
precipitated and then electroporated into DH10B competent cells.

Library screening. Human embryonic kidney 293T cells were transfected with
plasmids for the expression of the polymerase and NP proteins, i.e., pMX-PB2E
(possessing glutamic acid at position 627), -PB1, -PA, -NP; with the plasmid for
the synthesis of a virus-like RNA encoding fCD2 (polI-fCD2); and with the quail
QT6 cDNA library. Cells were incubated for 2 days at 33°C, collected, and
treated with an antibody against fCD2 (44, 45). After incubation at 4°C for 30
min, fCD2-positive cells were selected by immunoaffinity with Bio-Adembeads
goat anti-mouse immunoglobulin M (IgM) antibody (Ademtech) according to
the manufacturer’s instructions. Plasmid DNA was then extracted from the cells
and amplified in Escherichia coli in Luria-Bertani medium supplemented with
kanamycin. Selection of cells that expressed high levels of fCD2 was repeated
four times, at which point plasmid DNA was extracted from the cells and
sequenced.

Luciferase assay. Luciferase assays were performed by use of a dual-luciferase
reporter assay system (Promega) on a microplate luminometer (Veritas; Turner
Biosystems, Sunnyvale, CA), according to the manufacturer’s instructions. As an
internal control for the dual-luciferase assay, pGL4.74[hRluc/TK] (Promega)
was used.

Construction of RSK2 knockdown cells by use of a retroviral vector. shRNA
with a human RSK2 target sequence (5�-GATGCTGCTTGTGATATATGG-3�)
was flanked by the mU6 promoter and terminator. The resulting cDNA was
inserted into the pSSSP vector, which was kindly provided by H. Iba (University
of Tokyo, Tokyo, Japan). A similar plasmid, pSSSP-shGFP, with a target se-
quence for green fluorescent protein (GFP) (5�-GCCACAACGTCTATATCA
TGG-3�) was also kindly provided by H. Iba (University of Tokyo, Tokyo, Japan).
These plasmids were used to produce murine leukemia virus-based viruses in
Plat-GP cells, as described previously (20, 45), and then used to transduce 293
cells.

Analysis of virus propagation. To establish virus growth rates, three wells of
cells were infected in parallel with virus at a multiplicity of infection (MOI) of
0.05 and incubated at 33°C or 37°C. At various times, supernatants were assayed
to determine the titer of the infectious virus by plaque assay of MDCK cells.

NF-�B and IFN-� promoter activity. pNF-�B-Luc and pIFN-luc were trans-
fected into 293 (human embryonic kidney) cells with a retroviral vector express-
ing shRNA specific to human RSK2 (shRSK2 cells) and shGFP cells, respec-
tively. Nine hours later, cells were infected with virus at an MOI of 1.0 and
incubated at 33°C. Twelve hours later, the levels of luciferase expression were
determined.

Western blot analysis. To assess RSK2 expression levels, shRSK2 cells and
shGFP cells were suspended in Tris-glycine sodium dodecyl sulfate (SDS) sample
buffer (Invitrogen), and Western blot analysis was performed with anti-RSK2
(E1; Santa Cruz Biotechnology) and anti-�-actin (as an internal control; Sigma)
antibodies, according to the manufacturers’ instructions. Biotinylated anti-mouse
IgG antibody (Vector) was used as a secondary antibody. Bands were detected
with the Vectastain ABC kit (Vector) and ECL Plus Western blotting detection
reagents (GE Healthcare); the VersaDoc imaging system (Bio-Rad) was used to
quantify band intensities.

To analyze expression of the viral M1 protein, shRSK2 cells and control
shGFP cells were infected with a PB2-627E-expressing virus at an MOI of 1.0
and incubated at 33°C. At various times, the cells were washed three times with
phosphate-buffered saline and resuspended in Tris-glycine SDS sample buffer.
Western blot analysis was performed with monoclonal antibodies specific to the
M1 protein, with �-actin as a control. Biotinylated anti-mouse IgG antibody
(Vector) was used as a secondary antibody. Bands were detected as described
above.

To assess RSK2 phosphorylation levels, 293 cells (7.5 � 105 cells) were plated
in 60-mm plates and cultured overnight at 37°C. The growth medium was re-
placed with DMEM containing 4% bovine serum albumin, and cells were in-
fected with influenza virus (MOI of 3.0) 12 hours later; control cells remained
uninfected. Three hours postinfection, RSK2 was immunoprecipitated with anti-
RSK2 antibody (E1; Santa Cruz) coupled to protein G beads. The beads were
resuspended in Tris-glycine SDS sample buffer, and Western blot analysis was
performed with antibodies specific for RSK phosphorylated at Thr365/Ser369,
Ser386, or Thr577 (antibodies obtained from Cell Signaling). Biotinylated anti-
rabbit IgG antibody (Vector) was used as a secondary antibody. Bands were
detected as described above.
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To assess the phosphorylation levels of PKR, shRSK2 and control shGFP cells
were infected at an MOI of 0.01 or 1.0 with influenza virus and incubated at 33°C.
Infected cells were collected at 0, 6, and 12 h postinfection. Western blot analysis
was performed with anti-PKR (Santa Cruz), anti-phospho-PKR (Biosource), and
anti-�-actin (as an internal control; Sigma) antibodies according to the manu-
facturers’ instructions. Biotinylated anti-rabbit IgG antibody or anti-mouse IgG
antibody was used as a secondary antibody. Bands were detected as described
above.

Statistical analysis. Student’s t test was used to determine statistical signifi-
cance.

RESULTS AND DISCUSSION

Relatively little is known about the host factors that interact
with influenza virus components. The influenza virus PB2 pro-
tein is now recognized as a critical determinant of pathogenic-
ity and host range restriction (16, 17, 28, 46, 47). In general,
lysine 627 of the PB2 protein confers a high level of pathoge-
nicity to influenza viruses in mammals (16), which can be
modeled by efficient replication in mammalian cells at 33°C
and 37°C (17). In contrast, viruses with a glutamic acid residue
at this position (PB2-627E) have low pathogenicity in mam-
mals (16) and attenuated virus replication in mammalian sys-
tems at 33°C and, to a lesser extent, at 37°C (17). In order to
identify the host factor(s) that restricts PB2-627E virus growth
in mammalian cells, we transfected human embryonic kidney
(293T) cells with a plasmid for synthesis of an influenza virus-
like RNA. This virus-like RNA encodes fCD2; fCD2 thus
serves as a reporter protein (45) to assess viral replication
efficiencies. We cotransfected cells with plasmids for expres-

sion of the A/Hong Kong/483/97 (H5N1) virus NP, PB1, and
PA proteins and a plasmid for expression of a mutant PB2,
PB2-627E (Fig. 1A). The PB2-627E mutation restricts ampli-
fication of the virus-like RNA in human cells at 33°C. To
identify the avian host factor(s) that “rescues” efficient repli-
cation, even with PB2-627E, we cotransfected human 293T
cells with a cDNA expression library derived from avian quail
QT6 cells. Avian host factors that mediate efficient replication
of PB2-627E virus should support high levels of fCD2 expres-
sion from the virus-like RNA. The fCD2-positive cells were
selected with an antibody against fCD2. After four rounds of
selection, we extracted plasmids from the fCD2-positive trans-
fectants and subjected them to sequencing.

One of the identified host proteins was the quail homolog of
the Gallus gallus RSK2, from which 310 N-terminal amino
acids were missing (avian �N-RSK2) (Fig. 1B). To confirm
that avian �N-RSK2 enhances influenza virus replication in
mammalian cells at 33°C, we overexpressed this protein in
human cells that expressed the viral replication complex com-
ponents (i.e., PB2-627E, PB1, PA, and NP) and a virus-like
RNA that encodes the luciferase reporter protein. Our results
indicate that luciferase expression was elevated in cells ex-
pressing avian �N-RSK2 protein relative to that in control cells
expressing the “empty” expression vector (Fig. 1C).

Next, we cloned the full-length avian and human RSK2
proteins and tested their ability to enhance PB2-627E-medi-
ated replication in human cells at 33°C; however, we did not
detect a significant effect for either protein (data not shown).

FIG. 1. Identification of cellular proteins that enhance influenza virus replication and downregulation of influenza virus replication by RSK2.
(A) Human embryonic kidney 293T cells were transfected with plasmids encoding the components of the influenza viral replication complex (PB2,
PB1, PA, and NP). The PB2 protein possesses glutamic acid at position 627 (PB2-627E), which supports efficient replication in avian cells but not
in mammalian cells at 33°C. Cells were cotransfected with a plasmid for the synthesis of a virus-like RNA encoding fCD2 (polI-fCD2) and with
an avian (quail cell) cDNA library. Cells expressing avian proteins that support efficient replication by PB2-627E virus in mammalian cells at 33°C
will produce increased amounts of fCD2. Cells with high levels of fCD2 were selected by immunoaffinity using anti-fCD2 antibody. After a total
of four rounds of selection, plasmid DNA was extracted from the cells and sequenced. (B) Schematic diagram of human RSK2 (top) and the
N-terminally deleted avian RSK2 protein selected in our screening approach (bottom). The CKD is activated by ERK1/2, resulting in the activation
of the NKD. The NKD subsequently phosphorylates target proteins. (C) Influenza viral polymerase activity in 293T cells expressing avian
�N-RSK2. Cells were transfected with plasmids expressing PB2E, PB1, PA, and NP; a virus-like RNA encoding luciferase (pPolI-luc); and the
N-terminally deleted avian RSK2 protein (pCAGGS-�N-RSK2) or the “empty” control vector (pCAGGS). Cells were maintained at 33°C for 24 h
and were then subjected to luciferase assays. In human cells at 33°C, expression of N-terminally deleted avian RSK2 increased the activity of a
replication complex possessing glutamic acid at position 627 in the PB2 protein. The error bars represent standard deviations from three
independent experiments.
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RSK family members are unusual among serine/threonine ki-
nases in that they contain two distinct kinase domains that are
sequentially activated (Fig. 1B). The C-terminal kinase domain
(CKD) is activated by ERK1/2, which then triggers subsequent
activation of the N-terminal kinase domain (NKD) (reviewed
in reference 6). The NKD of RSK2 then phosphorylates a
broad range of substrates, including cAMP response element-
binding protein, c-Fos, glycogen synthase kinase 3, and many
others (reviewed in reference 6). �N-RSK2 contains the entire
CKD of this protein (Fig. 1B) and may sequester free ERK1/2,
thereby preventing activation of functional RSK2. Thus, we
speculated that full-length RSK2 has antiviral activity and that
�N-RSK2 acts as a dominant-negative factor that suppresses
RSK2 and its antiviral activity, resulting in increased viral rep-
lication.

To test our hypothesis that RSK2 has antiviral activity

against influenza virus, we knocked down RSK2 in 293 (human
embryonic kidney) cells using a retroviral vector expressing
shRNA specific to human RSK2. RSK2 expression was re-
duced to approximately 15% in shRSK2 cells relative to the
expression level in control shGFP cells, which express shRNA
against GFP (Fig. 2A). As speculated, RSK2 knockdown re-
sulted in increased viral polymerase activity for PB2-627E at
33°C (Fig. 2B) and, as a consequence, resulted in increased
production of the viral M1 protein (Fig. 2C).

The data obtained thus far indicate that RSK2 suppresses
influenza virus replication. However, the question of whether
RSK2 interferes with influenza virus replication in general or
in a strain- or host-specific manner remains unanswered. To
address this question, we generated influenza viruses that pos-
sessed either a lysine at position 627 of PB2 (PB2-627K), which
confers efficient replication in mammalian cells at 33°C and

FIG. 2. Effect of RSK2 knockdown on influenza virus replication. (A) Knockdown of human RSK2. 293 cells were transduced with retroviral
vectors for shRNAs to human RSK2 or GFP (as a control), resulting in shRSK2 and shGFP cells. RSK2 expression levels were assessed by Western
blotting with an antibody to this protein. �-Actin expression levels served as an internal control. (B) Viral polymerase activity in shRSK2 and
shGFP cells. Cells were transfected with plasmids that directed synthesis of PB2-627E, PB1, PA, NP, and pPolI-luc. After incubation at 33°C for
24 h, cell lysates were prepared and subjected to luciferase assays. Knockdown of RSK2 resulted in more-efficient replication of the virus-like RNA,
suggesting that RSK2 suppresses influenza virus replication. The error bars represent standard deviations from three independent experiments.
The statistical significance of the difference between the control and test samples is shown by the P value, which was determined by Student’s t test
(�, P � 0.05). (C) Viral protein production in shRSK2 cells and shGFP cells. shRSK2 and shGFP cells were infected with virus possessing
PB2-627E and incubated at 33°C. At the indicated time points postinfection, Western blot analysis was carried out with antibodies against M1 and
�-actin. (D) Influenza A virus growth in shRSK2 cells. shRSK2 and control shGFP cells were infected at an MOI of 0.05 with PB2-627E or
PB2-627K virus, which possesses glutamic acid or lysine at position 627 in the PB2 protein, respectively. Cells were incubated at 33°C or 37°C for
the indicated time periods. Virus titers in MDCK cells were determined. The error bars represent standard deviations from three independent
experiments. The statistical significance of the difference between the control and test samples is shown by P values, which were determined by
Student’s t test (��, P � 0.01; �, P � 0.05; black asterisks indicate the PB2-627K virus, and gray asterisks indicate the PB2-627E virus). (E) Influenza
B virus and Sendai virus growth in shRSK2 cells. shRSK2 and control shGFP cells were infected at an MOI of 0.05 with influenza B virus or Sendai
virus. At the indicated times after infection, cells were harvested and the virus titers in MDCK cells were determined. The error bars represent
standard deviations from three independent experiments. The statistical significance of the difference between the control and test samples is
shown by the P value, which was determined by Student’s t test (��, P � 0.01; �, P � 0.05).
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37°C, or a glutamic acid at this position (PB2-627E), which
results in attenuation of replication in mammalian cells at 33°C
and, to a lesser extent, at 37°C. Growth of both viruses at 33°C
and 37°C in shRSK2 cells and control shGFP cells was tested.
Briefly, cells were infected at an MOI of 0.05 with PB2-627E or
PB2-627K virus and virus titers in the culture supernatant were
determined by plaque formation assays of MDCK cells at var-
ious times postinfection. As expected, the PB2-627K virus grew
more efficiently than the PB2-627E virus in control shGFP cells
at 33°C (Fig. 2D, left), while only minor differences in growth
were observed for PB2-627K and PB2-627E viruses in control
shGFP cells at 37°C (Fig. 2D, right); these findings are consis-
tent with our earlier data (17). By comparing viral growth
properties in control shGFP and shRSK2 cells, we found more-
efficient growth in shRSK2 cells for both viruses at both tem-
peratures, demonstrating that the nature of the amino acid at
position 627 of PB2 does not affect the antiviral effect medi-
ated by RSK2; all subsequent infection experiments were
therefore carried out with the PB2-627K virus. Together, these
findings indicate that RSK2 is a general antiviral host factor
that suppresses influenza A virus replication.

To further examine the antiviral function of RSK2, we
assessed the growth kinetics of an influenza B virus and
Sendai virus (a negative-sense RNA virus belonging to the
family Paramyxoviridae) in shRSK2 and shGFP control cells
(Fig. 2E). These viruses grew more efficiently in shRSK2
cells than in control shGFP cells. Hence, RSK2 may have
broad antiviral effects; for example, it may trigger an innate
immune responses.

In quiescent cells, RSK2 is maintained in an inactive form in
a complex with ERK1/2 (reviewed in reference 42). Interaction
with phosphorylated ERK1/2 results in RSK2 phosphorylation,
dissociation from ERK1/2, and (partial) translocation to the
nucleus (7). To assess whether RSK2 is activated upon influ-
enza virus infection, we immunoprecipitated RSK2 from cell
lysates obtained from influenza virus- or mock-infected cells
and subsequently evaluated the phosphorylation status of
RSK2 using antibodies specific to distinct phosphorylated

forms of RSK2. Influenza virus infection resulted in increased
levels of phosphorylated RSK2 compared to those in mock-
infected cells (Fig. 3A and B). The most efficient induction of
phosphorylation was observed for Thr577. This residue is phos-
phorylated by ERK1/2, resulting in the activation of RSK2 and
the subsequent autophosphorylation of other phosphorylation
sites, such as Ser386 (reviewed in reference 6). The observed
phosphorylation of RSK2 upon influenza infection may result
from direct interaction with a viral component or from ERK1/2
signaling, as the “classical” MAPK (Raf/MEK/ERK) pathway
is known to be activated by influenza virus infection (38).

Next, we assessed the mechanism(s) by which RSK2 affects
influenza virus replication. RSK2 activates NF-�B (13, 43), a
major player in innate immune responses to viral infections
(reviewed in reference 19). Moreover, NF-�B is known to be
activated upon influenza virus infection (35). Therefore, we
speculated that influenza virus-induced activation of RSK2
may lead to the stimulation of NF-�B and subsequent in-
duction of an antiviral response. To test this assumption, we
expressed the luciferase reporter protein under the control
of an NF-�B-dependent promoter in virus- or mock-infected
shRSK2 and control shGFP cells (Fig. 2A). As expected, in-
fluenza A virus infection induced NF-�B promoter activity in
shGFP cells (Fig. 4A); the level of promoter stimulation was
similar to that published elsewhere (52). In contrast, no signif-
icant increase in NF-�B-dependent promoter activity was ob-
served in virus-infected shRSK2 cells (Fig. 4A), suggesting that
virus-induced NF-�B stimulation relies on RSK2 activation.
This lack of activation was partially restored following trans-
fection of shRSK2 cells with pmRSK2, which encodes a human
RSK2 cDNA containing a silent mutation within the small
interfering RNA target sequence (Fig. 4A). In conclusion,
these findings suggest that RSK2 may affect influenza virus
replication, at least in part, through NF-�B.

NF-�B stimulation leads to the expression of multiple cel-
lular factors, including IFN-�, a central player in the innate
immune response that is activated upon virus infection. We
asked whether RSK2 activates IFN-�-stimulated promoters.

FIG. 3. Influenza virus-induced phosphorylation of RSK2. (A) 293 cells were infected with the PB2-627K virus (MOI of 3.0) or remained mock
infected. Three or 5 hours later, cell lysates were immunoprecipitated with anti-RSK2 antibody, followed by Western blot analysis with the
indicated antibodies to phosphorylated forms of RSK2. (B) Graphical representation of data shown in panel A. The relative ratios of phosphor-
ylated to nonphosphorylated RSK2 are depicted. Influenza virus infection results in phosphorylation of RSK2. White bars, mock-infected cells;
black bars, virus-infected cells.
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We carried out experiments essentially as described in the
previous section. That is, we cloned the luciferase gene under
the control of an IFN-�-stimulated promoter and assayed lu-
ciferase expression in virus- and mock-infected shRSK2 and
control shGFP cells (Fig. 4B). Influenza virus infection acti-
vated IFN-�-stimulated promoter activity in control shGFP
cells (Fig. 4B) but not in shRSK2 cells (Fig. 4B). This imped-
iment was partially overcome by transfection of shRSK2 cells
with pmRSK2 (Fig. 4B). These results demonstrate that RSK2
activates both NF-�B and IFN-� signaling pathways upon in-
fluenza infection in 293 cells.

PKR is an important component of IFN-mediated antiviral
responses (reviewed in reference 15). This kinase phosphory-
lates the 	 subunit of eukaryotic initiation factor 2, resulting in
rapid inhibition of translation and restriction of the spread of
the virus (2, 3, 11, 14). Recently, PKR was also identified as an
RSK2 substrate (53). We tested whether RSK2 affects influ-
enza virus replication through PKR phosphorylation and acti-
vation. As expected, phosphorylation of PKR upon influenza
virus infection was apparent in control shGFP cells (Fig. 5A;
Fig. 5B shows an increasing ratio of phosphorylated to non-
phosphorylated PKR upon virus infection). In contrast, PKR
phosphorylation was suppressed in shRSK2 cells (Fig. 5A and
B), indicating that influenza virus-induced activation of RSK2
results in PKR phosphorylation in 293 cells.

In summary, we demonstrated that the MAPK-activated
protein kinase RSK2 plays a role in the innate immune re-
sponse to influenza virus infection, as shown in Fig. 6. RSK2 is
known to phosphorylate cellular factors involved in cell prolif-

eration, regulation of transcription, regulation of translation,
cell survival, and apoptosis (reviewed in reference 6) and may
affect viral growth through these processes. The human immu-
nodeficiency virus Tat protein is known to interact with RSK2
(18), resulting in RSK2 activation. Activated RSK2 is, in turn,

FIG. 4. Effect of RSK2 knockdown on influenza virus-induced ac-
tivation of NF-�B- and IFN-�-dependent promoters. Plasmids that
express luciferase under the control of NF-�B (A)- or IFN-�-depen-
dent (B) promoters were transfected into shRSK2 or control shGFP
cells. Nine hours posttransfection, cells were infected with the PB2-
627K virus at an MOI of 1; control cells remained mock infected. After
12 hours of incubation at 33°C, cell lysates were prepared and sub-
jected to luciferase assays. In a parallel experiment, cells were also
transfected with pmRSK2, which encodes a silently mutagenized hu-
man RSK2 that is not recognized by the RSK2 shRNA. Influenza virus
induced stimulation of NF-�B- and IFN-�-dependent promoters in
shGFP cells (white bars); this stimulation is blocked by RSK2 knock-
down (black bars) but can be partially restored upon expression of
RSK2 that is insensitive to the RSK2 shRNA (gray bars). The error
bars represent standard deviations from three independent experi-
ments. P values were determined by Student’s t test (��, P � 0.01).

FIG. 5. Effect of RSK2 knockdown on influenza virus-induced
phosphorylation of PKR. (A) shRSK2 cells and control shGFP cells
were infected with the PB2-627K virus at an MOI of 0.01 or 1 and
incubated at 33°C. At the indicated times postinfection, cell lysates
were prepared and subjected to Western blot analysis with antibodies
against PKR, phosphorylated PKR, or �-actin, which served as an
internal control. hpi, hours postinfection. (B) Graphical representation
of data shown in panel A. The relative ratios of phosphorylated to
nonphosphorylated PKR are depicted. Influenza virus infection results
in increased levels of phosphorylated PKR in control shGFP cells but
not in shRSK2 cells.

FIG. 6. Putative role of RSK2 in antiviral signaling. Influenza virus
infection may activate RSK2 through MAPK kinase signaling pathways
or through direct interaction with a viral component. Our data suggest
that RSK2 activation is needed for efficient stimulation of NF-�B,
IFN-�, and PKR, all of which play major roles in the cellular antiviral
response.
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critical for the transcriptional activity of Tat (18). Another
study demonstrated that ORF45 of the Kaposi’s sarcoma-as-
sociated herpesvirus interacts with RSK1 and RSK2, resulting
in their stimulation (22). Further studies suggest that RSK1/2
upregulation plays a critical role in the lytic replication of
Kaposi’s sarcoma-associated herpesvirus (22). Another study
suggested that RSK2 signaling is important for efficient vac-
cinia virus amplification (1). It is interesting to note that these
studies ascribe a virus-supportive role to RSK2 activation.

In contrast to the above-mentioned studies, which found a
virus-supportive role for RSK2, our findings suggest an antivi-
ral activity for this kinase. In particular, we found that the
C-terminal domain of RSK2, which acts in a dominant-nega-
tive manner, and a small interfering RNA to RSK2 increased
influenza virus polymerase activity in in vitro assays and/or
enhanced influenza virus replication. RSK2 is known to be
activated by the Raf/MEK/ERK signaling cascade (reviewed in
reference 24). Studies by Pleschka et al. (39) suggest that this
pathway has a virus-supportive function. This finding seems to
contradict our finding that RSK2 has antiviral activity. How-
ever, the virus-supportive function of the Raf/MEK/ERK sig-
naling cascade was established by use of an inhibitor to MEK
(39), which may affect several pathways that are controlled by
MEK/ERK. In addition, activation of RSK1/2 is controlled not
only by ERK1/2, but also by other MAPKs, such as p38 (re-
viewed in references 10 and 40), which is activated upon influ-
enza virus infection and triggers an antiviral response (8).
Collectively, the current data suggest that RSK2 is activated by
both virus-supportive and -antagonistic signaling pathways and
that the complex interplay of these factors and pathways de-
termines its downstream effects.

Our data suggest that RSK2 may execute its antiviral func-
tion through NF-�B. Some studies have found a supportive
role for NF-�B in influenza virus infection (32, 50), while
another study suggested that NF-�B activation is not required
for efficient influenza virus replication (5). In general, the role
of NF-�B in the regulation of IFN-� responses is still not well
understood. Recent studies found that NF-�B stimulates the
expression of certain IFN-stimulated genes, while it suppresses
others (37). As discussed earlier, viral infections trigger mul-
tiple cellular pathways that stimulate both agonistic and antag-
onistic functions; the outcome of a viral infection may ulti-
mately be determined by the complex and as yet poorly
understood interplay between these virus-supportive and -an-
tagonistic factors.

We found that RSK2 affects influenza virus replication
through innate immune response pathways (Fig. 6). Although
RSK2 is known to activate NF-�B (13, 43) and PKR (53), it
had not been recognized as a critical signaling component in
innate immune responses to viral infections. We found, how-
ever, that RSK2 knockdown in 293 cells affected the influenza
virus-induced activation of NF-�B and IFN-� and the influ-
enza virus-induced phosphorylation of PKR, suggesting a crit-
ical role for RSK2 in innate immune responses to viral infec-
tions. In fact, we found that RSK2 knockdown not only
increased influenza A virus titers but also stimulated influenza
B virus and Sendai virus replication. In conclusion, we have
identified a role for RSK2 in innate immune responses to
influenza A virus infection, which may be executed through
the regulation of IFN-�, NF-�B, and PKR responses. Other

MAPK-activated protein kinases may have similar, as of yet
unidentified, functions in the innate immune response and
antiviral defense mechanisms.
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