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Viral double-stranded RNA (dsRNA) is the most important
viral structure recognized by cytosolic pattern-recogni-
tion receptors of the innate immune system, and its rec-
ognition results in the activation of signaling cascades
that stimulate the production of antiviral cytokines and
apoptosis of infected cells. 14-3-3 proteins are ubiqui-
tously expressed regulatory molecules that participate in
a variety of cellular processes, and 14-3-3 protein-medi-
ated signaling pathways are activated by cytoplasmic
dsRNA in human keratinocytes. However, the functional
role of 14-3-3 protein-mediated interactions during viral
dsRNA stimulation has remained uncharacterized. Here,
we used functional proteomics to identify proteins whose
phosphorylation and interaction with 14-3-3 is modulated
by dsRNA and to characterize the signaling pathways
activated during cytosolic dsRNA-induced innate immune
response in human HaCaT keratinocytes. Phosphopro-
teome analysis showed that several MAPK- and immune-
response-related signaling pathways were activated after
dsRNA stimulation. Interactome analysis identified RelA-
associated inhibitor, high-mobility group proteins, and
several proteins associated with host responses to viral
infection as novel 14-3-3 target proteins. Functional stud-
ies showed that RelA-associated inhibitor regulated
dsRNA-induced apoptosis and TNF production. Inte-
grated network analyses of proteomic data revealed
that sirtuin1 was a central molecule regulated by 14-

3-3s during dsRNA stimulation. Further experiments
showed that sirtuin 1 negatively regulated dsRNA-in-
duced NF�B transcriptional activity, suppressed expres-
sion of antiviral cytokines, and protected cells from
apoptosis in dsRNA-stimulated and encephalomyocar-
ditis-virus-infected keratinocytes. In conclusion, our
data highlight the importance of 14-3-3 proteins in anti-
viral responses and identify RelA-associated inhibitor
and sirtuin 1 as novel regulators of antiviral innate im-
mune responses. Molecular & Cellular Proteomics 13:
10.1074/mcp.M114.038968, 2604–2617, 2014.

Keratinocytes are the predominant cell type in the epider-
mis, the outermost layer of the skin. Although the primary
function of these cells is to provide the structural integrity and
barrier capability of the epidermis, it is now well accepted that
they play an important role in skin inflammatory and immuno-
logical reactions (1). During skin infections, viral genomic RNA
and its replication intermediates serve as molecular signa-
tures that can be recognized by the specific pattern recogni-
tion receptor proteins of the host. The membrane-associated
Toll-like receptor 3 (TLR3)1 recognizes viral nucleic acids
in the extracellular milieu or within endosomes (2), and RIG-I
like receptors (RLRs) are cytoplasmic pattern recognition re-
ceptor proteins that can detect cytoplasmic viral double-
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stranded RNA (dsRNA) (3). The RLR family comprises three
receptors, RIG-I, melanoma differentiation-associated gene 5
(MDA5), and laboratory of genetics and physiology 2 (4). RIG-I
recognizes 5�-triphosphate RNA and short forms of the syn-
thetic dsRNA analog polyinosic-polycytidylic acid (pI:C),
whereas MDA5 is mainly responsible for recognizing longer
dsRNA species (5–7). Laboratory of genetics and physiology 2
has also been shown to exert antiviral properties (8). Activated
RLRs induce downstream signaling by binding to the mito-
chondrial antiviral-signaling protein MAVS, an adaptor protein
that transmits a signal through serine-kinase signaling cas-
cades leading to the activation of NF�B and interferon regu-
latory transcription factor 3 transcription factors (9). These
transcription factors are essential for the production of type I
and type III interferon and other cytokines that initiate antiviral
immunity. The recognition of foreign RNA by RLRs also acti-
vates programmed cell death, or apoptosis, of virus-infected
keratinocytes (10).

The 14-3-3 proteins are a family of acidic regulatory pro-
teins that exist primarily as homodimers and mixed het-
erodimers within all eukaryotic cells (11). 14-3-3 dimers inter-
act with hundreds of phosphoproteins inside cells, thereby
regulating target protein activity, conformation, subcellular
distribution, and stability. In most cases, 14-3-3 protein
dimers bind to target proteins via pairs of conserved phos-
phoserine/-threonine binding motifs. Two high-affinity 14-
3-3 binding motifs have been described as optimal for 14-
3-3 binding to phosphopeptides, namely, RSXpSXP and
RXXXpSXP, where pS represents phosphoserine (12). How-
ever, variations on these 14-3-3-binding phosphomotifs
have been identified in physiological targets (13), and un-
phosphorylated 14-3-3 binding sites have been identified in
proteins that are injected into host cells by pathogenic
bacteria (14). Interactome studies of 14-3-3 proteins have
demonstrated the importance of 14-3-3 interactions in a
variety of cellular processes, including metabolism, protein
trafficking, apoptosis, signal transduction, and cell–cycle
regulation (15). Recently, 14-3-3s have also been shown to
modulate TLR-mediated innate immune response (16–18).

We have previously shown that 14-3-3 signaling path-
ways are activated by cytoplasmic dsRNA in human kerati-
nocytes (19). However, the functional role of 14-3-3 protein-
mediated interactions in RLR-mediated signaling has not
been defined. Here, we identified changes in the 14-3-3
interactome and wider phosphoproteome during the cyto-
solic dsRNA-induced innate immune response, and these
changes led us to elucidate 14-3-3-mediated signaling
mechanisms that operate during viral infection. Our results
underscore the importance of 14-3-3-mediated signaling in
host response to viral infection and reveal a novel important
role for RelA-associated inhibitor (RAI) and sirtuin 1 in anti-
viral response.

EXPERIMENTAL PROCEDURES

Cell Culture and Stimulations, Antibodies, and Reagents—Human
keratinocyte HaCaT cells (American Type Culture Collection) were
cultured in DMEM supplemented with 10% FCS, L-glutamate, and
antibiotics. Cells were transfected with a mimetic of dsRNA, pI:C
(Sigma-Aldrich), using LipofectamineTM 2000 transfection reagent (In-
vitrogen) according to the manufacturer’s instructions. Control sam-
ples were transfected without pI:C. Encephalomyocarditis virus
(EMCV) was propagated in L929 cells grown in DMEM with 2% FCS
and antibiotics as previously described (19). HaCaT cells were in-
fected with a multiplicity of infection of 1 for 15 h. The following
antibodies were used for immunoblotting: p-Erk1/2 (p-p44/42,
Thr202/Tyr204), p44/42 MAPK, p-p38 MAPK (Thr180/Tyr182), p38
MAPK, caspase 3, cleaved caspase-3 (Asp175), Bid, ISG15, and I�B�

from Cell Signaling Technology (Danvers, MA); and RAI (iASPP,
2808C5a) and SIRT1 (H-300) from Santa Cruz Biotechnology (Heidel-
berg, Germany). To confirm equal loading and transfer of the protein,
membranes were stripped and GADPH (0411, Santa Cruz) was
detected.

MAPK inhibitors SB203580 (p38), SP600125 (JNK), and UO126
(MEK1/2 inhibitor that inhibits Erk1/2) were purchased from Sigma
and were used at 10 �M final concentration. SIRT1 inhibitor sirtinol
(final concentration � 15 �M) and activator SRT1720 (8 �M) were from
Sigma. All inhibitors were added to cells 1 h before stimulation.

Phosphoproteomic Analysis and Mass Spectrometry—HaCaT cells
were transfected with and without pI:C for 4 h, after which the cells
were lysed with HEPES lysis buffer (50 mM HEPES, 150 mM NaCl, 1
mM EDTA, 1% Nonidet P-40, pH 7.4) including protease and phos-
phatase inhibitor cocktails (Sigma-Aldrich). The cell lysates were cen-
trifuged, and the protein contents were measured using the Bio-Rad
DC™ protein assay. The proteins in cell lysates (10 mg per sample)
were reduced, alkylated, and digested in-solution with trypsin (Pro-
mega, Madison, WI). The undigested proteins and cell debris were
removed via centrifugation, and the samples were desalted with
Sep-Pak Vac RP C18 cartridges (Waters, Milford, MA). For phospho-
proteome analysis, strong cation exchange (SCX) fractionation of the
peptides was followed by further phosphopeptide enrichment with
immobilized metal affinity chromatography, and the resulting pep-
tides were analyzed via LC-MS/MS as in a previously published
protocol (20). The peptides were fractionated by SCX using an
ÄKTApurifier™ instrument (Amersham Biosciences). The peptides
were separated on a 200 � 4.6 mm, 5-�m, 200-Å PolySULFOETHYL
A™ column (PolyLC, Columbia, MD) by a gradient run with increasing
salt concentration. The A buffer contained 10 mM KH2PO4, 20%
acetonitrile with a pH � 3. The gradient was 0% to 50% buffer B
(buffer A � 0.4 M KCl) in 25 min followed by 50% to 100% buffer B in
15 min. The flow rate was 1 ml/min, and 1-ml fractions were collected
by an autosampler. The SCX fractions containing the phosphopep-
tides were collected and desalted. The phosphopeptide enrichment
was performed with immobilized metal affinity chromatography using
PHOS-Select Iron Affinity Gel (Sigma Aldrich) according to the man-
ufacturer’s instructions. The enriched phosphopeptides were ana-
lyzed with an Ultimate 3000 nano-LC (Dionex, Thermo Fisher Scien-
tific, San Jose, CA) coupled to a QSTAR Elite hybrid quadrupole
TOF-MS (AB Sciex, Framingham, MA) with nano-electrospray ioniza-
tion. The samples were loaded on a ProteCol C18-Trap column
(SGE, Trajan Scientific, Milton Keynes, UK) and separated on a Pep-
Map C18 analytical column (15 cm � 75 �m, 5 �m, 100 Å) (LC
Packings/Dionex) at 200 nl/min with a linear gradient of 0% to 40%
acetonitrile in 120 min. The MS data were acquired with Analyst QS
2.0 software. The information-dependent acquisition method con-
sisted of a 0.5-s TOF-MS survey scan of m/z 400–1400. From every
survey scan, the two most abundant ions with charge states of �2 to
�4 were selected for product ion scans, and each selected target ion

14-3-3 Interactions in Antiviral Response

Molecular & Cellular Proteomics 13.10 2605



was dynamically excluded for 60 s. Smart IDA (information dependent
acquisition) was activated with automatic collision energy and auto-
matic MS/MS accumulation. Three independent biological experi-
ments were performed.

14-3-3 Capture and iTRAQ Labeling—HaCaT cells (�100 � 106

cells) were left untreated or transfected with pI:C for 4 to 5 h, after
which the cells were extracted in 5 ml of lysis buffer containing 50 mM

Tris, 1% Tx-100, 350 mM NaCl, 1 mM EDTA, and 50 mM NaF supple-
mented with Protease Inhibitor Mixture and Phosphatase Inhibitor
Mixture 1 and 3 (Sigma). The clarified solutions were pre-cleared with
blocked NHS-activated CH-Sepharose 4B (GE Healthcare) for 1 h at
4 °C. Purified BMH1 and BMH2 were coupled to Sepharose (21), and
HaCaT cell lysates were mixed with the affinity matrix for 1 h at 4 °C.
As a control, we used BSA-coupled Sepharose. The mixture was
washed extensively with 500 mM NaCl, and proteins that bound to the
phosphopeptide-binding site of 14-3-3s were eluted with 1 mM

ARAApSAPA phosphopeptide (22). The eluted phosphoproteins were
concentrated to 200 �l with Amicon-4 centrifugal filter units (cutoff: 3
kDa) and precipitated with a 2-D Clean-Up Kit (GE Healthcare).

The 14-3-3-affinity-purified proteins were resuspended with iTRAQ
dissolution buffer and then subjected to protein alkylation, trypsin
digestion, and iTRAQ labeling of the resulting peptides according to
the manufacturer’s instructions (Applied Biosystems). After labeling,
the samples were pooled and dried, and the peptides were fraction-
ated by SCX chromatography. Each SCX fraction containing labeled
peptides was analyzed twice with LC-MS/MS as described with
phosphoproteomic analysis. MS data were acquired automatically
using Analyst QS 2.0 software. Three independent biological experi-
ments with two technical replicates were performed.

Proteomics Data Analysis—The phosphopeptide identification was
performed through the ProteinPilot 4.0 interface (Applied Biosystems/
MDS Sciex) using an in-house Mascot database search engine (ver-
sion 4.0, Matrix Science, London, UK) (23) and the ProteinPilot 4.0
algorithm Paragon (24). The data were searched against human ca-
nonical sequences in the UniProt database (version 08/2012 with
20,232 human sequences). The criteria for the Paragon search were
cysteine alkylation with iodoacetamide, trypsin digestion, biological
modifications, and phosphorylation emphasis allowed, with a thor-
ough search and detected protein threshold of 95% confidence (un-
used ProtScore � 1.3), and the criteria for the Mascot search were
cysteine alkylation with iodoacetamide, trypsin digestion, methionine
oxidation, and serine/threonine/tyrosine phosphorylation allowed;
identification threshold p � 0.05; one missed cleavage allowed; mass
tolerance for precursor ions of 50 ppm; and mass tolerance for
fragment ions of 0.2 Da. The final list of phosphopeptides was gen-
erated using an in-house-developed software tool, PhosFox,2 using a
cutoff score value of 30 for Mascot peptide ion score and 80 for
Paragon peptide confidence. The false discovery rates were deter-
mined for the identifications and calculated using the target-decoy
strategy with concatenated normal and reversed sequence data-
bases (25) and were less than 1%. The phosphoproteomics data have
been deposited to the ProteomeXchange Consortium (www.
proteomexchange.org) via the partner repository (26) with the dataset
identifier PXD000670.

Protein identification and relative quantitation of 14-3-3 interacting
proteins were performed using the ProteinPilot 4.0 interface (Applied
Biosystems/MDS Sciex) with the Paragon algorithm. Data files from
both technical replicates of an iTRAQ sample set were processed
together. Database searching was done against UniProt human pro-

tein sequences (version 08/2012 with 20,232 human sequences). The
search criteria were cysteine alkylation with methyl methanethiosul-
fonate, trypsin digestion, biological modifications allowed, and thor-
ough search and detected protein threshold of 95% confidence (un-
used ProtScore � 1.3). Automatic bias correction was used in
quantitation. The false discovery rates were less than 1% for all three
biological replicates. The original iTRAQ data have been deposited to
the ProteomeXchange Consortium with the dataset identifier
PXD000677. Results from three independent biological replicates
were combined. Only proteins showing significant (p value � 0.05 for
at least one of the biological replicates) and reproducible (showing
similar modulation in the biological replicates) differences between
control and pI:C-treated samples were considered. The fold-change
used for altered binding was 1.3; it was chosen based on a study by
Keller et al. (27), who showed that the lowest iTRAQ quantification
ratio they could confirm via Western blotting to be differentially reg-
ulated was fold-change 1.220, and also because iTRAQ is known to
underestimate the fold change (reviewed in Ref. 28). The 14-3-3
interacting proteins identified were classified based on their Gene
Ontology annotations using GeneTrail (29) with UniProt as the data
scource and Homo sapiens as the organism. Canonical pathway
analysis of phosphoprotein datasets and network analysis of 14-3-3
interacting proteins were performed with Ingenuity Pathway Analysis
(IPA).

Lactate Dehydrogenase Cytotoxicity Assay—A lactate dehydrogen-
ase (LDH) assay was used to quantify LDH release into cell culture
media during cell death. The LDH assay was performed according to
the manufacturer’s instructions (Roche Diagnostics GmbH). The ex-
periments were done twice, with similar results.

RT-PCR—Total cellular RNA was isolated using the RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany) and was reverse transcribed using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s instructions. Quantitative real-time
PCR was performed with an ABI PRISM 7500 Sequence Detection
System and Applied Biosystems 7500 Fast Real-Time PCR System
applying TaqMan chemistry including predeveloped TaqMan assay
primers and probes (18S (endogenous control): Hs99999901_s1; TNF:
Hs99999043_m1; IFN�: Hs01077958_s1; IL-29: Hs00601677_g1;
NFKB1A: Hs00355671_g1) TaqMan® Fast Advanced Master Mix (Ap-
plied Biosystems). The RT-PCR data were processed and quantified as
described before (19). The results are expressed as relative units. The
experiments were done twice, with similar results.

siRNA Silencing—HaCaT cells were reverse transfected with 100 nM

non-targeting control siRNA (AllStars Negative Control siRNA, Qiagen)
and with 50 nmol of each of two different siRNAs (Hs_SIRT1_1/
Hs_SIRT1_2 or Hs_PPP1R13L_8/Hs_PPP1R13L_10) using HiPerFect
Transfection Reagent (Qiagen) according to the manufacturer’s instruc-
tions. Cells were stimulated 24 h after siRNA silencing.

Statistical Analysis—Data are presented as the mean 	 S.E.
Student’s t test was used in the statistical analysis with the signifi-
cance threshold set at p � 0.05.

RESULTS

Phosphoproteomic Analysis Reveals That Several MAPK
and Immune-response-related Signaling Pathways Are Acti-
vated after dsRNA Stimulation in HaCaT Keratinocytes—In the
present study, we used phosphoproteomics combined with
quantitative 14-3-3-affinity capture, bioinformatics, and func-
tional studies to define phosphorylation- and 14-3-3-protein-
dependent signaling events regulated during RLR activation in
human keratinocytes (Fig. 1A). First, the protein expression of
the key components of the RLR signaling pathway was as-

2 Söderholm, S., Hintsanen, P., Öhman, T., Aittokallio, T., and Ny-
man, T. A. PhosFox: a bioinformatics tool for peptide-level processing
of LC-MS/MS-based phosphoproteomic data (Published: Proteome
Sci. 12:36.)
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sessed in untreated and dsRNA-stimulated HaCaT keratino-
cytes (Fig. 1B). This showed that RIG-I was weakly expressed
in untreated cells and up-regulated by dsRNA, whereas MDA5
was constitutively expressed. In contrast, the amount of
MAVS decreased during stimulation. Next, the general phos-
phorylation events in dsRNA-induced HaCaT keratinocytes
were characterized using phosphoproteomic analysis. Cells

were transfected with pI:C, a synthetic analog of viral dsRNA,
which is widely used to mimic viral infection via activation of
RLRs. As a negative control, transfection was done with lipo-
fectamine alone. After 4 h of transfection, cells were lysed,
proteins were digested with trypsin, phosphopeptides were
enriched from lysates using SCX and immobilized metal af-
finity chromatography, and peptides were analyzed via LC-
MS/MS. Phosphoproteomic analysis was performed on re-
sults from three independent biological experiments, and the
detailed phosphopeptide and protein identification results for
each biological replicate are shown in supplemental Fig. S1
and supplemental Table S1. We identified a total of 1614
phosphoproteins with 5380 phosphorylated peptides and
5214 distinct phosphorylation sites (Fig. 2A). Of these phos-
phorylation sites, 668 were previously unreported in UniProt,
PHOSIDA, and PhosphoSite Plus databases. Peptide-level
data showed that 1641 phosphopeptides were uniquely iden-
tified in the control sample, and 1391 in the pI:C sample,
corresponding to 850 and 758 unique phosphoproteins, re-
spectively (Fig. 2B, supplemental Table S1). The ratio of phos-
phoamino acids was similar in both samples—85% pSer,
14% pThr, and �1% pTyr—and was in accordance with the
literature (30).

To understand the biological function of the identified pro-
teins, we performed core analysis of the uniquely phosphor-
ylated proteins using the IPA software. The proteins whose
phosphopeptides were uniquely identified in control cells
were involved in basic cellular functions, such as gene ex-
pression, cellular maintenance, cell cycle, and cellular move-
ment (Fig. 2C). In addition, IPA analysis indicated that phos-
phopeptides identified only after dsRNA stimulation included
proteins involved in cell death and survival (especially apo-
ptosis), cell signaling (especially protein kinase cascades and
the NF�B pathway), and post-translational modifications.
Moreover, IPA analysis of the phosphoproteome data showed
that multiple canonical signaling pathways were activated
during infection (Fig. 2D, supplemental Table S2). The most
relevant dsRNA-induced signaling pathway was Erk/MAPK
signaling. The data were also consistent with the activation of
other MAPK pathways, ERK5, p38, and JNK signaling, known
to respond to dsRNA stimulation. In addition, the data indi-
cate that dsRNA modulates signaling related to cell morphol-
ogy and motility, including regulation of Rho GTPases, ILK,
FAK, actin cytoskeleton, and cell junctions. Furthermore, sig-
naling related to calcium function, cell cycle, and the endo-
crine system was represented in the phosphopeptides iden-
tified during dsRNA stimulation. Importantly, several signaling
pathways involved in immune response were also repre-
sented, including interleukin-1 (IL-1) signaling, NF�B signal-
ing, and apoptosis.

Activation of Erk and p38 MAPKs and NF�B signaling were
confirmed by Western blotting (Fig. 2E). The Erk1/2 pathway
was activated already at 3 h after dsRNA transfection,
whereas p38 activation was seen at 6 h after stimulation. The

FIG. 1. Experimental workflow to identify proteins whose phos-
phorylation and interaction with 14-3-3 proteins is modulated by
dsRNA in human keratinocytes. A, samples were analyzed using
phosphoproteomics and quantitative 14-3-3 affinity chromatography,
and bioinformatic analyses were done with Ingenuity Pathway Anal-
ysis (IPA) and GeneTrail software. Details of experiments are de-
scribed in “Experimental Procedures.” B, HaCaT keratinocytes were
transfected with pI:C for the indicated times, and the expression of
RIG-I, MDA5, and MAVS was analyzed from cell lysates via immuno-
blotting. GAPDH detection was used to confirm the equal loading.
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degradation of the inhibitory I�B subunit of the NF�B complex
was apparent at 1 h after dsRNA stimulation, demonstrating
early activation of NF�B.

p38 and JNK Pathways Are the Major MAPK Signaling
Pathways Involved in dsRNA-induced Innate Immune Re-
sponse in Human Keratinocytes—MAPK family members are
responsible for signaling that regulates cell proliferation, dif-

ferentiation, apoptosis, and immune response (31). To deter-
mine the specific roles of different MAPKs in antiviral innate
immune response in human keratinocytes, we studied the
effects of specific inhibitors of the respective MAPK pathways
on cytokine expression and apoptosis. HaCaT cells were
treated with SP600125, SB203580, and UO126, which inhibit
JNK, p38, and the Erk1/2 activators MEK1 and -2, respec-

FIG. 2. Phosphoproteome analysis of dsRNA-stimulated human keratinocytes. A, identified phosphoproteins and phosphopeptides
and distinct phosphorylation sites. B, the distributions of all identified phosphopeptides (upper panel) and uniquely phosphorylated
proteins (lower panel) in control and dsRNA-stimulated samples. C, most significant biological functions of uniquely phosphorylated
proteins in control (850) and dsRNA-induced (758) samples were determined using IPA. D, selected canonical pathways activated during
viral dsRNA stimulation (complete list in supplemental Table S2). IPA analysis was done with the 419 uniquely phosphorylated proteins
identified only after pI:C transfection. Highly similar canonical pathways were identified when the phosphoproteins identified in at least two
out of three biological replicates were taken into analysis (supplemental Table S2). E, HaCaT keratinocytes were transfected with pI:C for
the indicated times, after which cell lysates were subjected to SDS-PAGE and immunoblotting using antibodies against phosphorylated
p38 MAPK (Thr180/Tyr182), total p38, phosphorylated Erk1/2 (Thr202/Tyr204), total Erk1/2, or I�B�. GAPDH detection was used to
confirm the equal loading.
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tively, and cells were subsequently transfected with dsRNA.
MAPK inhibitors had only marginal effects on RIG-I, MDA5,
and MAVS expression, indicating that the possible effect of
MAPKs is on downstream components of the RLR signaling
pathway (supplemental Fig. S2A). Inhibition of p38 resulted in
a statistically significant reduction in the expression of the
pro-inflammatory cytokine TNF, whereas the JNK inhibitor
had a minor opposite effect on TNF expression (Fig. 3A).
Similarly, the expression of the type I and III interferons IFN�

and IL-29 was reduced by p38 inhibition. In contrast, JNK
inhibitor had no effect on IFN� mRNA expression. To further
analyze the IFN response, we monitored the expression levels
of a well-known IFN-inducible protein, interferon-stimulated
ubiquitin-like protein ISG15, from cell lysate 17 h after pI:C
transfection, in the presence and absence of MAPK pathway

inhibitors. Similarly, both JNK and p38 inhibitors reduced
ISG15 protein expression, although the reduction was more
pronounced with the p38 inhibitor than the JNK inhibitor (Fig.
3B). It has been shown previously that type III IFNs, including
IL-29, can activate ISG15 gene expression (32), and it might
be that the decrease in ISG15 expression upon JNK inhibition
is due to the decrease in IL-29 expression. In addition, these
results showed that Erk1/2 activation is not required for
dsRNA-induced expression of antiviral cytokines.

Next we studied the role of MAPK pathways in dsRNA-
induced programmed cell death in HaCaT cells. Cell were
transfected with pI:C for 17 in the presence and absence of
MAPK inhibitors, and the expression of procaspase 3 and
biologically active p19/17 fragments of caspase 3 was ana-
lyzed with Western blotting. JNK, p38, and Erk1/2 inhibitors

FIG. 3. p38 and JNK pathways are the major MAPK signaling pathways involved in dsRNA-induced innate immune response in
human keratinocytes. A, HaCaT keratinocytes were pretreated with MAPK inhibitors 1 h before stimulation with cytoplasmic pI:C for 5 h, and
the effect of inhibitors on cytokine expression was detected using quantitative RT-PCR. SB203580 � p38 inhibitor, SP600125 � JNK inhibitor,
and UO126 � MEK1/2 inhibitor that therefore inhibits Erk1/2 activation. Comparable data were obtained from two separate experiments
including six samples. *p � 0.05 versus pI:C-transfected DMSO-sample. B, cells were activated overnight in the presence or absence of MAPK
inhibitors, and the expression of ISG15 was detected. C, the effect of MAPK inhibitors on dsRNA-induced cell death was studied by analyzing
the formation of cleaved caspase-3 in HaCaT cells after 17 h of stimulation. Silver stained gel was used to confirm the equal loading. D, LDH
cytotoxicity assay was performed after 8 h of pI:C stimulation in the presence of MAPK inhibitors. The result is representative of two separate
experiments with four independent samples.
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had little effect on procaspase-3 expression (Fig. 3C). Trans-
fection of the cells with pI:C induced proteolytical processing
of procaspase-3 into the biologically active p19/17 forms of
caspase-3, indicating activation of apoptosis. JNK and p38
inhibitors markedly decreased the appearance of p19/17
forms of caspase-3, whereas Erk1/2 inhibitor had no influence
on caspase-3 activation (Fig. 3C and supplemental Fig. S3). In
addition, we performed an LDH cytotoxicity assay to analyze
the effect of MAPK inhibitors on dsRNA-induced cell death in
HaCaT keratinocytes (Fig. 3D). JNK inhibitor almost com-
pletely abolished LDH release in response to dsRNA stimula-
tion, and also p38 inhibitor reduced LDH release in dsRNA-
activated cells. In contrast, Erk1/2 inhibitor had no effect on
dsRNA-induced cell death. In conclusion, our results suggest
that the p38 pathway is the major MAPK signaling component
regulating dsRNA-induced cytokine production, whereas

both p38 and JNK pathways have a key role in dsRNA-
activated apoptosis and cell death in human keratinocytes.

Interactome Studies Reveal RAI, HMGs, and Several Pro-
teins Associated with Host Response to Viral Infection as
Novel 14-3-3 Target Proteins—We have previously shown
that phosphorylation of 14-3-3 target proteins is increased by
dsRNA stimulation in human keratinocytes (19). In the current
study we performed quantitative 14-3-3 protein affinity cap-
ture to identify 14-3-3 interacting proteins whose binding to
14-3-3 proteins changes after dsRNA stimulation. HaCaT
cells were transfected with dsRNA for 4 h or left untreated,
and phosphorylated 14-3-3 target proteins were purified from
cell lysate using 14-3-3 affinity chromatography. Proteins
were eluted with a 14-3-3-binding phosphopeptide to selec-
tively purify those proteins that are bound to the phospho-
peptide-binding site on the 14-3-3s. The eluted proteins were

FIG. 4. Quantitative 14-3-3 protein capture identified RAI as a novel 14-3-3 target protein that regulates dsRNA-induced apoptosis
and TNF production. A, 646 distinct 14-3-3 target proteins were identified and quantified from HaCaT cell lysate using quantitative 14-3-3
protein capture, and of these 209 proteins had changed affinity to 14-3-3s after dsRNA transfection (left panel). The proteins whose 14-3-3
capture was altered by dsRNA were classified based on biological function using GeneTrail (right panel). B, top 10 proteins whose binding to
14-3-3 was increased most after dsRNA stimulation. Access no. � Swiss-Prot access number; FC � fold change in 14-3-3 binding relative to
control. “Published” column shows whether 14-3-3 interaction had been published previously. C, HaCaT keratinocytes were transfected with
pI:C for the indicated times, and the expression of RAI was analyzed from cell lysates via immunoblotting. The size of the intact RAI protein
is approximately 90 kDa. D, the cells were transfected with control siRNA and RAI (gene name PPP1R13L) specific siRNA molecules for 24 h
before stimulation with dsRNA for 5 h, after which the expression of RAI was detected via immunoblotting. The effect on RAI silencing on
dsRNA-induced caspase-3 activation, tBid, and I�B� expression was detected. GAPDH detection was used to confirm the equal loading. E,
the effect of RAI silencing on dsRNA-induced TNF cytokine expression was detected using quantitative RT-PCR. Comparable data were
obtained from two separate experiments. *p � 0.05 versus pI:C-transfected ctr-siRNA-sample.
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analyzed by means of 4plex iTRAQ labeling (33) combined
with LC-MS/MS analysis as previously described (34). iTRAQ
analysis was performed on three independent biological ex-
periments. We could identify and quantify 646 distinct pro-
teins with high confidence (supplemental Table S3), of which
209 of displayed altered binding to 14-3-3s after dsRNA
transfection: 147 were more abundant (fold change � 1.3) and
62 were less abundant (fold change � 0.77) in the 14-3-3-
affinity captured protein pool (Fig. 4A). Of the identified 14-3-3
targets, 272 proteins (42%) have not been previously identified
as 14-3-3 interacting proteins (15, 31). Parallel preparations
using BSA-column showed only modest background (supple-
mental Table S4), and only three proteins—serum album, cy-
tokeratin 10, and cytokeratin 2—were more abundant in the
eluate from BSA-column than from the 14-3-3 column.

14-3-3 target proteins having altered affinity to 14-3-3 were
classified according to biological function using the GeneTrail
tool. The functions with the most obvious relevance to innate
immune responses were intracellular transport, immune sys-
tem, cytoskeleton organization, apoptosis, and oxidation-re-
duction (Fig. 4A and supplemental Table S5). The proteins
whose binding to 14-3-3 proteins was increased the most
after dsRNA stimulation included structural proteins such as
keratins and tubulins, which are reported 14-3-3 target pro-
teins (Fig. 4B). RAI (also known as PPP1R13L or iASPP) was
previously unidentified as a 14-3-3 target, but here its binding
to 14-3-3s increased more than 4-fold during dsRNA stimu-
lation. Our phosphoproteomic data show that RAI had five
phosphorylated sites that were uniquely identified after
dsRNA stimulation (supplemental Table S1), and one of these,
phosphoSer102, conformed to a potential recognition motif
for 14-3-3 proteins. This indicates that RAI is a novel target of
14-3-3 regulation. Another interesting new 14-3-3 target pro-
tein family identified comprised HMGs. HMGs are universal
sensors of nucleic acids and are required for the induction of
transmembrane and cytoplasmic receptor-mediated innate
immune responses. We identified four members of this fami-
ly—HMGB1, HMGB2, HMGB3, and HMGA1—as novel inter-
actors with 14-3-3s. Furthermore, several proteins that are
directly linked to virus response were also identified as 14-3-3
interactors, including stathmin, IL-1 receptor antagonist pro-
tein, and ubiquitin-like protein ISG15, suggesting that 14-3-3
proteins participate in antiviral innate immune response.

RAI Regulates dsRNA-induced Apoptosis and TNF Produc-
tion—To study the regulation of RAI expression in response to
dsRNA stimulation, we performed Western blot analyses with
anti-RAI antibody (Fig. 4C). dsRNA stimulation induced a
marked decrease in the amount of RAI protein expression,
indicating that increased binding to 14-3-3s is not due to
increased protein expression. RAI has been shown to have a
central role in the regulation of apoptosis and NF�B signaling,
which are also activated by RLRs, via its interaction with p53
proteins and NF�B subunit p65RelA (35, 36). The NF�B com-
plex plays a key role in regulating cell survival and cytokine

production. To determine the contribution of RAI in dsRNA-
induced apoptosis, we decreased the expression of endoge-
nous RAI protein with siRNA (Fig. 4D). The decrease in RAI
expression did not induce apoptosis in untreated cells, but it
significantly increased caspase-3 activation after 5 h of stim-
ulation with dsRNA. In addition, processing of Bid to apopto-
tic tBid after 5 h of stimulation was enhanced in RAI-depleted
cells (Fig. 4D), further suggesting that RAI negatively regulates
dsRNA-induced apoptosis. We also analyzed whether silenc-
ing of RAI had an effect on RLR expression and found that RAI
depletion had no effect on RIG-I, MDA-5, or MAVS expression
(supplemental Fig. S2B).

Next, we examined whether RAI regulates dsRNA-induced
NF�B signaling. HaCaT keratinocytes were transfected with
RAI siRNA, and degradation of NF�B inhibitory I�B� protein
was measured via immunoblotting. In untreated cells, siRNA
silencing of RAI markedly increased the degradation of I�B�,
indicating NF�B activation (Fig. 4D). However, RAI depletion
had no effect on NF�B signaling after dsRNA stimulation.
These results suggest that RAI inhibits dsRNA-induced apo-
ptosis independently of NF�B signaling. Because NF�B sig-
naling also contributes to the production of interferons and
other cytokines that initiate antiviral immunity, we investigated
the effect on RAI silencing on cytokine production. RAI de-
pletion had no effect on dsRNA-induced interferon production
(data not shown). Interestingly, however, reduced RAI expres-
sion inhibited the expression of pro-inflammatory cytokine
TNF in dsRNA-stimulated cells (Fig. 4E), suggesting a regu-
latory role for RAI in cytokine response.

SIRT1 Is a Central Molecule Regulated by 14-3-3 Proteins
and Negatively Regulates dsRNA-induced NF��B Transcrip-
tional Activity in Human Keratinocytes—We then performed
network analysis on the 14-3-3-affinity-captured proteins and
combined the results from phosphoproteomic analysis with
this network to pinpoint key molecules regulated by 14-3-3
upon dsRNA stimulation. The most significant network of
14-3-3 interacting proteins was related to cell death and
survival, cell-to-cell signaling and interaction, and cell mor-
phology (Fig. 5A). In this network, the main targets of 14-3-
3-mediated signaling are TNF and NF�B signaling, which
have also previously been described in TLR-induced immune
response (16–18). The network analysis indicated a central
position for sirtuin 1 (SIRT1) in a 14-3-3-regulated TNF–NF�B
subnetwork. SIRT1 is an NAD�-dependent deacetylase that
participates in the coordination of several separate cellular
functions such as cell cycle, response to DNA damage, me-
tabolism, apoptosis, and autophagy (37). It has mainly been
linked to neuronal development, but recent studies have also
revealed the possibility that SIRT1 has a role in immune
response (38). However, no role for SIRT1 in RLR-mediated
signaling and viral infection had been defined.

We therefore examined the role of SIRT1 dsRNA-induced
innate immune response in human keratinocytes. First, we
studied the expression of SIRT1 protein in HaCaT cells. Inter-
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FIG. 5. SIRT1 negatively regulates dsRNA-induced NFkB transcriptional activity in human keratinocytes. A, the most significant
network of 14-3-3 interacting proteins was related to cell death and survival, cell-to-cell signaling and interaction, and cell morphology.
Molecules marked with red color have altered affinity to 14-3-3 proteins after dsRNA stimulation, and molecules with red circles are uniquely
phosphorylated after dsRNA stimulation. Network analysis of 14-3-3 interaction proteins was made using IPA. B, HaCaT keratinocytes were
transfected with pI:C for the indicated times, and the expression of SIRT1 was detected from cell lysate via immunoblotting. C, cells were
transfected with control siRNA and SIRT1 specific siRNA molecules for 24 h before stimulation with cytoplasmic pI:C for 5 h, after which the
expression of SIRT1 was detected. Silver stained gel was used to confirm the equal loading. D, E, cells were stimulated with cytoplasmic
dsRNA for 5 h, and the effect of SIRT1 silencing on NF�B signaling was determined. Quantitative RT-PCR was used to measure the expression
of NF�B1A mRNA (D), and immunoblotting was used to detect the degradation of inhibitor subunit I�B� (E). Quantitative RT-PCR data were
obtained from two separate experiments. *p � 0.05 versus pI:C-transfected ctr-siRNA sample.
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estingly, stimulation of the cells with dsRNA decreased SIRT1
protein levels in a time-dependent manner (Fig. 5B). Because
the p65RelA subunit of the NF�B complex is one of several
nonhistone substrates of the lysine deacetylase activity of
SIRT1 (39), we next investigated whether SIRT1 was essential
for dsRNA-induced NF�B signaling. The NF�B complex is a
heterodimeric protein composed of different combinations of
members of the Rel family of transcription factors, including
the inhibitory I�B protein, which inactivates NF�B by masking
the nuclear localization signals. Activation of NF�B occurs via
degradation of I�B. In addition, NF�B activation turns on I�B
gene (NFKB1A) expression, forming a negative feedback
loop. We used siRNA knockdown to decrease the expression
of endogenous SIRT1 protein (Fig. 5C). We found that SIRT1
silencing strongly enhanced the dsRNA-induced degradation

of I�B protein (Fig. 5C) and significantly increased the expres-
sion level of NFKB1A mRNA (Fig. 5D), indicating that SIRT1
negatively regulates dsRNA-induced NF�B activity in human
keratinocytes. We also determined whether SIRT1 regulates
the expression of CCL5 gene (Rantes), which is a well-known
target of NF�B regulation. CCL5 expression was significantly
increased in SIRT1-depleted cells (Fig. 5E), further suggesting
that SIRT1 plays an important role in dsRNA-induced innate
immune response. We also analyzed whether silencing of
SIRT1 has an influence on RLR expression. Decreased SIRT1
protein expression had no effect on RIG-I, MDA5, or MAVS
expression (supplemental Fig. S2B).

SIRT1 Suppresses Cytokine Production and Protects Cells
from Apoptosis in dsRNA-stimulated and EMCV-infected
Keratinocytes—Previous studies have demonstrated that

FIG. 6. SIRT1 suppresses virus-induced cytokine production and protects cells from dsRNA-induced apoptosis. HaCaT keratinocytes
were transfected with control siRNA and SIRT1 specific siRNA molecules. After 24 h of silencing, the cells were transfected with pI:C for 5 h
(A) or infected with EMCV for 15 h (B), and the effect of SIRT1 silencing on induced cytokine expression was detected using quantitative
RT-PCR. Comparable data were obtained from two separate experiments. *p � 0.05 versus pI:C-transfected or EMCV-infected ctr-siRNA
sample. C, the effect of SIRT1 silencing on dsRNA-induced caspase-3 activation was detected via Western blotting. GAPDH detection was
used to confirm the equal loading. HaCaT cells were pretreated with SIRT1 inhibitor (Sirtinol) or activator (SRT1720) for 1 h before stimulation
with cytoplasmic pI:C for 17 h (D) or infection with EMCV for 15 h (E). The formation of the active form of caspase-3 and tBid was analyzed
via Western blotting. Silver stained gel and GAPDH detection were used to confirm the equal loading.
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SIRT1 suppresses bacterial lipopolysaccharide-induced in-
flammatory signaling and the expression of pro-inflammatory
cytokines such as TNF (40, 41). Because TNF is also a target
of NF�B regulation, we decided to elucidate whether SIRT1
regulates the TNF response upon dsRNA stimulation. SIRT1
silencing clearly enhanced dsRNA-induced expression of
TNF (Fig. 6A), which is consistent with earlier studies. SIRT1
silencing also markedly increased the expression of the
antiviral cytokines IFN� and IL-29 (Fig. 6A). Next, we stud-
ied the effect of SIRT1 silencing on cytokine production in
response to EMCV, which activates the same RLR MDA-5
as cytosolic dsRNA. Similar to dsRNA stimulation, SIRT1
silencing increased the mRNA expression of TNF, IFN�, and
IL-29 in EMCV-infected keratinocytes (Fig. 6B), confirming a
negative regulatory role for SIRT1 in virus-induced cytokine
production.

The role of sirtuins in cell death and survival cannot be
easily defined, because the ability of sirtuins to induce either
apoptosis or cell survival depends on the apoptotic stimuli
and cell type (39). To define the role of SIRT1 in dsRNA-
induced apoptosis in human keratinocytes, we silenced the
expression of SIRT1 and measured caspase-3 activity. SIRT1
silencing increased caspase-3 activation at 6 h after stimula-
tion (Fig. 6C). Consistent with this result, whereas the SIRT1
inhibitor sirtinol had no clear effect on the levels of cleaved
caspase-3 or the tBid fragment after 17 h of stimulation with
dsRNA, the SIRT1 activator SRT1720 significantly inhibited
apoptosis (Fig. 6D). Apoptosis was also inhibited by SRT1720
in EMCV-infected cells (Fig. 6E), indicating that SIRT1 pro-
tects cells from virus-induced apoptosis. Taken together, our
results suggest a regulatory role of SIRT1 in virus-induced
immune response.

DISCUSSION

Protein phosphorylation is a key regulatory mechanism of
cell signaling pathways involved in cell growth, proliferation,
and survival in response to both intracellular and extracellular
stimuli. Mass-spectrometry-based phosphoproteomics has
enabled the detection of thousands of phosphorylation sites
from a biological sample in a single experiment, making it a
powerful method for studying cell signaling (42). 14-3-3 pro-
teins play critical roles in many cellular processes through
interaction with a large number of intracellular proteins. Be-
cause 14-3-3 interactions are primarily phosphorylation de-
pendent, the 14-3-3s have emerged as important compo-
nents of phosphorylation-regulated biological processes,
such as signal transduction (43). We showed previously that
14-3-3 signaling pathways are activated by cytoplasmic
dsRNA in human keratinocytes (19). In this study, we com-
bined two proteomic approaches, phosphoproteomics and
14-3-3 affinity capture, to examine the signaling pathways in
which 14-3-3 proteins participate and to identify new targets
of 14-3-3 signaling during dsRNA stimulation.

During viral infection, receptors of the innate immune sys-
tem recognize specific molecular patterns, leading to tran-
scription of antiviral and inflammatory cytokines and apopto-
sis of infected cells. In addition, viruses use the host signaling
activity to induce changes in the cell that promote viral entry,
replication of viral genetic material, and production of viral
proteins. Our phosphoproteomic data showed that several
host signaling pathways were activated upon dsRNA stimu-
lation in human keratinocytes, including apoptosis signaling
and gene expression. We further show that recognition of
cytoplasmic dsRNA leads to the activation of p38, Erk1/2, and
JNK MAP kinase pathways. However, only the p38 pathway
was required for the optimal dsRNA-induced cytokine expres-
sion, whereas both JNK and p38 pathways were necessary
for dsRNA-induced apoptosis. These observations are in line
with previous studies showing that activation of p38 is essen-
tial for RIG-I-mediated viral induction of IFNs (44, 45) and that
both JNK and p38 promote virus-induced apoptosis (46, 47).
Moreover, our data suggest that signaling pathways involved
in actin cytoskeleton reorganization, such as Rho and Cdc42
signaling, are modulated during dsRNA activation. Such cy-
toskeletal proteins are involved in virus particle internalization
and later during viral replication and assembly (48). In addi-
tion, viral infection alters cell shape and adhesion, which are
also regulated by actin cytoskeleton, leading to uncontrolled
cell division and invasive phenotype (48).

14-3-3 interactome studies have demonstrated that 14-3-3
proteins regulate a variety of cellular processes through phos-
phorylation-dependent interactions (15). Here, we show that
14-3-3 interaction partners participate in many events asso-
ciated with viral infection, such as apoptosis, intracellular
transport, and activation of immune response. We were able
to identify a number of new putative substrates of 14-3-3,
some of which are directly linked to immune responses, in-
cluding IL-1 receptor antagonist protein, ubiquitin-like protein
ISG15, and Rho GDP-dissociation inhibitor 2. Stathmin, an
important microtubule-destabilizing protein, was also de-
tected as a new dsRNA-induced binding partner of 14-3-3. Its
activity has been recently shown to be regulated through
virus-induced phosphorylation (49), consistent with stathmin
being a target for 14-3-3 regulation during viral infection.
In addition, four HMGs (HMGB1, HMGB2, HMGB3, and
HMGA1) were identified as previously unreported binding
partners of 14-3-3s. HMGBs are evolutionarily conserved
non-histone chromatin-binding proteins that are released into
the extracellular space during infection or injury, and at least
HMGB1 acts as a danger signal triggering inflammation (50).
Interestingly, other danger signal proteins were also detected
as dsRNA-induced 14-3-3 targets, such as S100-proteins,
annexins, and galectins, which suggests that 14-3-3s regulate
the secretion of danger signals during virus infection.

Moreover, we demonstrate here that TNF and NF�B signal-
ing are important targets of 14-3-3-mediated regulation dur-
ing RLR activation. TNF is a multifunctional pro-inflammatory
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cytokine that plays important roles in various physiological
and pathological processes, especially in inflammation. The
NF�B family of transcription factors is involved mainly in
stress-induced, immune, and inflammatory responses. NF�B
is also an important regulator in cell fate decisions, such as
programmed cell death and proliferation control. The role of
14-3-3 proteins in TLR-induced immune response has been
investigated in some studies (16–18, 51). In line with our data,
these studies emphasize the importance of 14-3-3s in TNF
and NF�B signaling. However, the results have been some-
what conflicting depending on different 14-3-3 isoforms and
TLR members, and the precise molecular role for 14-3-3 in
TLR signaling requires further investigation. The main cytoso-
lic receptor for dsRNA is RLR MDA-5, and our findings dem-
onstrate a novel role for 14-3-3 proteins in MDA-5 signaling.
The function of 14-3-3 proteins in TLR and RLR signaling
suggests a major regulatory role for 14-3-3 proteins in the
antiviral response against viral infections.

One of the major findings of our study was the identification
of RAI as a novel viral dsRNA-induced binding partner of
14-3-3s. RAI is a member of the ankyrin repeat-, SH3 domain-
and proline-rich region–containing protein (ASPP) family.
ASPPs bind to proteins that are key players in controlling
apoptosis, including p53 and NFkB p65RelA subunit (35, 36).
ASPP1 and ASPP2 have been shown to stimulate p53-de-
pendent apoptosis through the induction of pro-apoptotic
target genes in tumor cells. In contrast, RAI, the inhibitory
ASPP (also known as iASPP), has the opposite effect (35,
52). Recently, it was shown that besides regulating p53
activity, ASPPs are also involved in the regulation of other
cellular signaling pathways. RAI was found to act as a key
player in the regulation of epithelial stratification through
modulation of the transcriptional activity of p63, which also
belongs to the p53 protein family (53, 54), and ASPP1,
ASPP2, and RAI (iASPP) also interact with other proteins
including the protein phosphatase 1 catalytic subunit (55).
However, the importance of RAI in immune response in non-
tumorigenic cell lines is much less clear. In the present study,
silencing of RAI protein expression clearly increased dsRNA-
induced caspase-3 activation, demonstrating that RAI inhibits
dsRNA-induced apoptosis in human keratinocytes. The inhi-
bition of apoptosis by RAI was not mediated by NF�B, as
silencing of RAI had no effect on dsRNA-induced NF�B sig-
naling. In addition, silencing of RAI protein expression did not
have an effect on RNA sensing pathway components RIGI,
MDA5, and MAVS, suggesting that RAI does not function
upstream of these molecules. Furthermore, RAI silencing de-
creased TNF cytokine production, demonstrating a previously
unrecognized link between RAI and TNF expression. How-
ever, our data do not rule out the possibility that the reduced
TNF expression was a result of increased apoptosis, seen in
RAI-depleted cells. Taken together, our findings demonstrate
that RAI is a novel regulator of antiviral innate immune response.

The other major observation in our analysis was the central
role of SIRT1 in antiviral innate immune response. Sirtuins are
a family of class III histone deacetylases that catalyze the
cleavage of acetyl groups from target lysine residues. Sirtuins,
especially SIRT1, have both histone and nonhistone sub-
strates, and some of these have recently been linked to im-
mune response (38). The role of sirtuins in host response to
viral infections has remained largely uncharacterized. Recent
studies have shown that SIRT1 modulates HIV-1 transcription
and may contribute to the chronic immune activation state of
HIV-infected individuals (56). Therefore, it is important to un-
derstand in more detail the role of SIRT1 in antiviral host
response, as well as in regulation of the virus life cycle.
Silencing of SIRT1 had no effect on RIG-I, MDA5, or MAVS
expression, suggesting that SIRT1 regulates downstream sig-
naling components of the RIG-I/MDA5 RNA sensing pathway.
One of the targets for SIRT1 deacetylation is the p65RelA
subunit of NF�B, which is a key component of the intracellular
inflammatory response (39). Inhibition of SIRT1 expression or
activity leads to the accumulation of acetylated forms of
p65RelA and increases NF�B activity in several cell types in
vitro and in vivo (40, 57, 58). In accordance, our results show
that SIRT1 silencing increased the activity of NF�B and its
target gene expression in human keratinocytes during virus
infection. It has also been demonstrated the SIRT1 regulates
cell apoptosis by deacetylating apoptosis-related proteins,
including NF�B, p53, Ku70, and FoxO1 (39, 59–61). Notice-
ably, our data show that SIRT1 protected cells from dsRNA-
induced apoptosis, underlining the importance of SIRT1 in
antiviral innate immune response.

The activity of SIRT1 is controlled tightly through general
regulatory mechanisms, including transcriptional, post-tran-
scriptional, and post-translational regulation (62). Our phos-
phoproteomic analysis showed that SIRT1 became phos-
phorylated on Ser27 and Ser47 after dsRNA stimulation
(supplemental Table S1). It has been shown previously that
SIRT1 can be phosphorylated by JNK on three sites, Ser27,
Ser47, and Ser530, and these phosphorylations enhance
SIRT1 protein stability and specific activity (63, 64). In con-
trast, a recent study showed that SIRT1 phosphorylation in-
duces a brief activation of SIRT1 function and degradation of
SIRT1 thereafter by the proteasome (65). Our data show that
activation of the cytosolic dsRNA recognition pathway led to
the degradation of SIRT1 protein. Similar decreases in SIRT1
levels were also observed in several cell types, including in
inflammatory cells of the lungs of rats exposed to cigarette
smoke, lipopolysaccharide-treated murine macrophages, and
TNF-induced vascular adventitial fibroblasts (40, 57, 61), and
this decreased SIRT1 level correlates with increased NF�B-
dependent pro-inflammatory mediator release. Therefore, we
suggest that SIRT1 negatively regulates inflammatory re-
sponse in human keratinocytes and that during skin infection,
the level and activity of SIRT1 decreases, which enables the
activation of immune response against viral infection.
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In conclusion, the data presented herein enhance our un-
derstanding of the role of 14-3-3 interactions in antiviral im-
mune responses and identify RAI and SIRT1 as novel regula-
tors of antiviral innate immune response.
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