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Dcp2 Decapping Protein Modulates mRNA Stability of the Critical
Interferon Regulatory Factor (IRF) IRF-7

You Li,®* Jihong Dai,® Mangen Song,? Patricia Fitzgerald-Bocarsly,” and Megerditch Kiledjian®

Department of Cell Biology and Neuroscience, Rutgers University, Piscataway, New Jersey, USA,? and Department of Pathology and Laboratory Medicine, UMDNJ-NJMS,
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The mammalian Dcp2 mRNA-decapping protein functions primarily on a subset of mRNAs in a transcript-specific manner.
Here we show that Dcp2 is an important modulator of genes involved in the type I interferon (IFN) response, which is the initial
line of antiviral innate immune response elicited by a viral challenge. Mouse embryonic fibroblast cells with reduced Dcp2 levels
(Dcp2P’P) contained significantly elevated levels of mRNAs encoding proteins involved in the type I IEN response. In particular,
analysis of a key type I IFN transcription factor, IFN regulatory factor 7 (IRF-7), revealed an increase in both IRF-7 mRNA and
protein in Dcp2P/B cells. Importantly, the increase in IRF-7 mRNA within the background of reduced Dcp2 levels was attributed
to a stabilization of the IRF-7 mRNA, suggesting that Dcp2 normally modulates IRF-7 mRNA stability. Moreover, Dcp2 expres-
sion was also induced upon viral infection, consistent with a role in attenuating the antiviral response by promoting IRF-7
mRNA degradation. The induction of Dcp2 levels following a viral challenge and the specificity of Dcp2 in targeting the decay of
IRF-7 mRNA suggest that Dcp2 may negatively contribute to the innate immune response in a negative feedback mechanism to

restore normal homeostasis following viral infection.

he interferon (IFN) response is a first line of defense against

viral infection in mammals (1). Type I IFNs (IFN-a and
IFN-B) are widely expressed cytokines that mediate the antiviral
innate immune response (3). They are induced upon viral expo-
sure and are extracellularly secreted to function on as-yet-
uninfected cells. They lead to the activation of a global antiviral
state in which virus replication is inhibited and components of the
innate immune response are activated (11). Type I IFNs can be
induced in most cell types and exhibit profound pleiotropic effects
on many aspects of cellular functions, including gene transcrip-
tion, protein translation, cell growth, and cell motility.

At the molecular level, the transcriptional activation of IFN-
a/B genes is mediated by a complex array of pathways involving
multiple transcription factors, including the IFN regulatory fac-
tors (IRFs) IRF-3 and IRF-7, which are crucial for mediating the
induction of type I IFNs (31). IRE-3 is constitutively expressed in
all cell types, while IRF-7 is usually induced by virus infection in
many cell types. Plasmacytoid dendritic cells, which are the most
potent IFN-a-producing cells, express high constitutive levels of
IRF-7 (17). Most IFN-a subtypes require induced IRF-7,
whereas IFN-$ can be induced without IRF-7 by constitutively
expressed IRF-3 (14).

Although transcriptional regulation of IFN gene expression in
the activation of the antiviral innate immune response has been
well characterized, the inherent instability of type I IFN mRNAs
indicates that posttranscriptional regulation also contributes to
the antiviral immune response (20). To date, much of the empha-
sis on the contribution of mRNA turnover within the immune
response has focused on AU-rich element (ARE)-mediated
mRNA decay of cytokine and chemokine mRNAs possessing
AREs within their 3’ untranslated regions (UTRs) (32). Less is
known regarding the nucleases involved and the contribution of
non-ARE-mediated decay.

The regulation of mRNA turnover plays an important role in
the control of gene expression and response to regulatory events.
In eukaryotic cells, bulk mRNA decay typically initiates with the
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removal of the 3’ poly(A) tail, followed by degradation of the
mRNA in a 5’-to-3’ direction or a 3’-to-5' direction (12, 26).
Degradation from the 3’ end is carried out by the cytoplasmic
RNA exosome, which is a multisubunit complex possessing 3'-
to-5" exoribonuclease activity (27), and the resulting cap structure
is hydrolyzed by the scavenger decapping enzyme DcpS (26). In
the 5'-to-3" decay pathway, the monomethyl guanosine (m’G)
mRNA cap is cleaved first by a decapping enzyme and the mono-
phosphate RNA is degraded progressively by the 5'-to-3" exoribo-
nuclease Xrnl (8, 16). Dcp2 was the first decapping enzyme iden-
tified (9, 28, 36, 38), and more recently, Nudt16 was shown to be a
second cytoplasmic decapping enzyme that can regulate the sta-
bility of specific mRNA substrates in mammalian cells (35). Fur-
thermore, from a subset of mRNAs tested (23, 35), each decapping
enzyme appears to target distinct transcripts, as well as overlap-
ping transcripts.

To study the significance of decapping in global mRNA metab-
olism, we used mouse embryonic fibroblast (MEF) cells deficient
in the Dcp2 or Nudt16 decapping enzyme for microarray analysis
(35). Interestingly, we found that a group of antiviral genes
were significantly upregulated in Dcp2 knockdown MEF cells
(Dcp2P’®) but not in Nudt16 knockdown MEF cells. Further stud-
ies revealed that Dcp2 directly regulates the mRNA stability of
IRF-7, akey transcription factor in the antiviral immune response.
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IRF-7 protein levels increased in DcpZ‘B/ B MEF cells, which could
subsequently lead to elevated expression of downstream antiviral
effector genes. In addition, Dcp2 expression is also induced upon
viral infection, providing the potential for a negative feedback
regulatory network in the antiviral immune response.

MATERIALS AND METHODS

Plasmid constructs. The pLKO.1-puro, pCMV-VSV-G, and pSPAX2
plasmids used in the generation of lentiviral particles were purchased
from Sigma-Aldrich (St. Louis, MO). To construct the retroviral plasmids
pBMN-Dcp2 and pBMN-Dcp2 EE/QQ, which express wild-type (WT) or
catalytically mutant Dcp2 proteins, respectively, plasmids pET-Dcp2 and
PET-Dcp2 EE/QQ (38) were used as templates with PCR primers 5'-CA
GTCTCGAGATGGAGACCAAACGGGTGG-3' and 5'-CAGTGCGGCC
GCTCAAAGGTCCAAGATTTT-3". The PCR products were purified and
digested by Xhol and Notl and inserted into pPBMN-I-GFP (Addgene,
Cambridge, MA).

MEEF cells. The generation of the primary MEF cells derived from WT
and Dcp2P’P 12- to 14-day embryos obtained from the same litter of a
heterozygous cross was reported by Song et al. (35). Briefly, decapitated
and eviscerated embryos were minced and trypsinized to generate single
cells that were subsequently transfected with simian virus 40 large T anti-
gen and selected by culturing in growth medium containing 1% serum,
and transformed clonal cell lines were isolated. Dcp2?/P MEF cells do not
generate detectable levels of Dcp2 by Western analysis (35).

Microarray analysis. WT and Dcp2P® MEF cells were infected with
lentiviruses expressing the control vector or short hairpin RNA (shRNA)
against Nudt16. Total RNAs were harvested at 2 days postinfection with
TRIzol reagent (Invitrogen, Carlsbad, CA) by following the manufactur-
er’s instructions. RNA quality was assessed on an RNA Nano Chip using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). The
mRNA was amplified with a TotalPrep RNA amplification kit with a T7-
oligo(dT) primer according to the manufacturer’s instructions (Ambion),
and microarray analysis was carried out with the Illumina Sentrix
MouseRef-8 24K Array at The Burnham Institute (La Jolla, CA).

Real-time PCR. RNAs were reverse transcribed by Moloney murine
leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA) with ran-
dom primers according to the manufacturer’s instructions. mRNA levels
were quantified by real-time PCR using SYBR green PCR core reagent
(Applied Biosystems, Foster City, CA), and the abundance of specific
mRNAs was quantified using the standard-curve method according to the
recommendations of the manufacturer. Values were normalized to the
stable (B-actin RNA. Each mRNA was amplified using the appropriate
specific primers. The primers used for real-time PCR are listed in Table S2
in the supplemental material. Real-time PCR was carried out with an ABI
Prism 7900HT sequence detection system, and the specificity of the am-
plified PCR products was assessed by a melting curve analysis after the last
cycle by the manufacturer’s suggested program.

Western blotting. Cells were sonicated in phosphate-buffered saline,
and protein extract was resolved by 12.5% SDS-PAGE. Affinity-purified
Dcp2 polyclonal antibody (1:500 dilution) (38), IRF-7 polyclonal anti-
body (1:500 dilution; Sigma-Aldrich), and monoclonal anti-glycer-
aldehyde 3-phosphate dehydrogenase (anti-GAPDH) antibody (1:2,000
dilution; Abcam Inc., Cambridge, MA) were used for Western blot anal-
ysis and visualized using secondary antibodies coupled to horseradish
peroxidase (Jackson ImmunoResearch, West Grove, PA) and chemilumi-
nescence (ECL; GE Healthcare Bio-Sciences Corp., Piscataway, NJ).

In vitro RNA-decapping assay. Generation of the STX7 RNA has
previously been described (24). The chimeric IRF-STX RNA, containing
the IRF-7 5’-terminal 57 nucleotides (nt) linked onto the 5" end of the
STX7 RNA, was generated by two PCR steps as follows. First, primers
mIRF7-adaptpr-2 and STX7-M3 were used to amplify the STX7 RNA
from the plasmid pGEM-Stx7 (24). The gel-purified PCR product was
subsequently used as the template for PCR amplification with primers
T7-mIRF7-F2 and STX7-M3, which contains a T7 promoter primer up-
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stream of the chimeric IRF-7-STX7 sequences. All RNAs were generated
from a PCR-derived template using T7 RNA polymerase and cap labeled
at the gamma phosphate with *?P as previously described (39). In vitro
RNA-decapping assays were carried out essentially as described previ-
ously (24), with 50 ng of 6 XHis-tagged human Dcp2 protein at 37°C for
15 min in IVDA-2 buffer (10 mM Tris-HCl at pH 7.5, 100 mM potassium
acetate, 2 mM magnesium acetate, 0.5 mM MnCl,, 2 mM dithiothreitol).
An aliquot of each sample was resolved by polyethyleneimine cellulose
thin-layer chromatography (PEI-TLC), developed in 0.45 M (NH,),SO,,
and exposed to a PhosphorImager. Quantifications were carried out using
a Molecular Dynamics PhosphorImager using ImageQuant 5 software.
Percent decapping was determined as the level of m’GDP relative to the
total RNA used in the reaction.

Antiviral activity assay. In order to induce IFN production, Dcp2?/P
or WT MEEF cells cultured in a 24-well plate to a confluent monolayer
(approximately 1 X 10°/well) were infected with Newcastle disease virus
(NDV; multiplicity of infection [MOI] = 0.5) or herpes simplex virus 1
(HSV-1; MOI = 1). After 24 h of stimulation, the supernatants were
collected. To test for antiviral activity, WT MEF cells cultured in a 96-well
plate to a confluent monolayer (approximately 1 X 10*/well) were incu-
bated with the prepared virus-stimulated supernatants for 2 h, followed
by a challenge with HSV at an MOI of 5. After 24 h of infection, the cells
were stained with crystal violet and cell viability was quantitated by the
amount of crystal violet taken up by the cells as a function of the absor-
bance read at a wavelength of 595 nm (37).

RESULTS

Expression of antiviral immune response genes is elevated in
Dcp2P’P MEF cells. In an effort to identify genes potentially reg-
ulated by the Dcp2 and/or Nudt16 decapping enzymes in cells, we
recently reported a global analysis of mRNA decay following tran-
scriptional silencing in MEF cell lines with reduced Dcp2 and/or
Nudt16 protein levels (35). In a further evaluation of the original
mRNA decay microarray data set, we now present an analysis of
the global steady-state mRNA changes observed in the distinct
decapping enzyme knockdown backgrounds (see Table S1 in the
supplemental material). The data set consists of (i) WT MEEF cells
transduced with a control lentivirus (WT); (ii) Dcp2 knockdown
MEEF cells generated from a homozygous insertion of the 3-galac-
tosidase—neomyocin gene trap cassette, which results in >95%
reduction of Dcp2 protein (Dcp2P’®) transduced with a control
lentivirus; (iii) MEF cells transduced with a Nudtl6-directed
shRNA-expressing lentivirus (Nudt16""); and (iv) Dcp23/ B MEF
cells transduced with a Nudt16-directed shRNA-expressing lenti-
virus (Dcp2PB/Nudt165P). Compared to the WT MEF cells, 194
mRNAs were elevated more than 1.5-fold in Dcp2P’? cells (see
Table S1A in the supplemental material), 323 were upregulated in
Nudt16XP cells (see Table S1B), and 275 were upregulated in the
double-knockdown cells (see Table S1C). Although an obvious
array of mRNAs associated with a particular pathway was not
detected in the Nudt16 knockdown list of genes, pathway analyses
of the steady-state mRNA levels by Ingenuity Pathway Analysis
software (Ingenuity Systems, CA) revealed a striking potential role
for Dcp2 in antiviral innate immunity. An overrepresentation of
mRNAs encoding proteins involved in the antiviral innate im-
mune response was detected in Dcp2P’P cells or double knock-
down cells but not in Nudtl6¥” cells (see Table S1A to S1C),
indicating that they are specifically regulated by Dcp2. As shown
in Fig. 1A, among the 35 genes involved in the antiviral immune
response that were detected with confidence in the microarray, 14
were elevated >1.5-fold in Dcp2P’® cells. Three representative
mRNAs, IRF-7, CXCL10, and OAS2, were chosen for further con-
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FIG 1 A subset of genes involved in the antiviral immune response are upregulated in Dcp2?® MEF cells. (A) WT and Dcp2P’P MEF cells were infected with
lentivirus for 2 days. Total cellular RNAs were extracted and subjected to microarray analysis. Thirty-five genes involved in the cellular antiviral immune response
with signals above the background were selected, and the n-fold change of each gene in Dcp2f/P MEF cells compared to the level in WT MEF cells is plotted. Data
represent the average of two independent experiments, with error bars denoting the range of the two experiments. Dark bars indicate genes that were increased
more than 1.5-fold in Dcp2?’# MEFs. (B) The levels of the indicated mRNAs were confirmed by real-time PCR analysis. The IRF-7, CXCL10, and OAS2 mRNAs
were amplified with gene-specific primers and normalized to the B-actin mRNA level. The mRNA levels in the WT MEF cells were arbitrarily set to 100. The
average of two independent experiments is shown with error bars indicating the range of the results in the two experiments.

firmation by real-time quantitative reverse transcription (qRT)-
PCR. IRF-7 is a key transcription factor that induces the expres-
sion of type I IFNs and other cytokines and chemokines upon
virus infection (21); CXCL10 is an IFN-inducible chemokine
whose transcription is activated by IRF-7 (11), as well as directly
by virus (30); OAS2 is an IFN-inducible gene which encodes 2'-
5’-oligoadenylate synthetase, a critical effector in the innate im-
mune response to viral infection (18). Consistent with the
microarray, the expression of all three genes was upregulated from
2- to 5-fold in Dcp23/ B cells relative to that in WT cells, as shown
by qRT-PCR analysis (Fig. 1B).

The global mRNA analyses described above were carried out
with cells infected with lentiviral particles. To examine whether
the increased expression of the antiviral genes is a constitutive
property of reduced Dcp2 in Dcp2P’® MEF cells or whether it
requires viral infection, we determined the steady-state mRNA
levels of four mRNAs encoding proteins involved in innate immu-
nity. Importantly, steady-state IRF-7 mRNA levels were 2.2-fold
higher in Dcp2”’® MEF cells than in WT cells prior to viral infec-
tion (Fig. 2A). Similarly, OAS2 mRNA levels were also elevated
(2.5-fold) in Dcsz/ P MEEF cells while no differences in CXCL10
mRNA levels were observed. IRF-3, which is also a critical tran-
scription factor in the antiviral immune response but not upregu-
lated in Dcp2P’P cells in the microarray, showed no significant
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difference between WT and Dcp2”’P MEF cells. These data indi-
cate that the Dcp2 influence on IRF-7 and OAS2 mRNAs is not
restricted to viral transduction.

To assess the impact of Dcp2 on the fate of a subset of mRNAs
involved in antiviral innate immunity, mRNA levels were deter-
mined up to 24 h after lentiviral transduction. As shown in Fig. 2B,
IRF-7 mRNA levels increased approximately 5-fold in Dcp2P/?
MEF cells compared to those in WT cells at 12 and 24 h after viral
infection. Similar results were observed for OAS2 mRNA, which
had a 6-fold increase in Dcp2P/® cells. A modest (1.8-fold) increase
in CXCL10 mRNA was evident in Dcp2P® MEF cells 24 h after
viral exposure. No significant difference between WT and Dcp2P/?
MEF cell IRF-3 mRNA levels was detected following viral infec-
tion. Our previous finding that the stability of the ARE-containing
IFN-a2 mRNA is regulated by Dcp2 (23), in conjunction with the
fact that IRF-7 is a transcriptional activator of IFN genes (15),
prompted us to test the expression of [IFN-« and IFN-Bin WT and
Dcp2P’P cells upon viral infection. IFN-a2 and IFN-8 mRNAs
were below the limit of detection prior to infection but were both
induced following a virus challenge. A 3-fold greater induction of
IFN-a2 mRNA was observed in Dcp2P® MEF cells than in WT
cells, while a 2-fold higher induction of IFN- 3 was evident. These
data indicate that mRNA levels for a subset of genes involved in
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FIG 2 IFN-mediated antiviral immune response was elevated in Dcp2®/® MEF cells following lentivirus infection. (A) Total RNAs of WT and Dcp2#/® MEF cells
were extracted, and mRNA levels of specific genes were determined by qRT-PCR, normalized to B-actin mRNA. mRNA levels in WT cells were arbitrarily set to
1. Data represent the average of three independent experiments, with the standard deviation denoted by the error bar. **, P < 0.01 (Student’s  test). (B) WT and
Dcp2P® MEF cells were treated with control lentivirus, and total RNAs were extracted at 0, 12, and 24 h postinfection. mRNA levels of specific genes were
determined by qRT-PCR and normalized to B-actin mRNA. IRF-7, OAS2, CXCL10, and IRF-3 mRNA levels in WT cells at time zero were arbitrarily set to 1.
IFN-a2 and IFN-B mRNA levels in WT cells at 12 h postinfection were arbitrarily set to 1 due to the very low levels of these two mRNAs before infection. Data
represent the average of three independent experiments, with the standard deviation denoted by the error bar. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s

t test).

the IFN-mediated antiviral response pathway are upregulated fol-
lowing viral infection in Dcp2P/®P MEF cells.

Dcp2 regulates the mRNA stability and protein expression of
IRF-7. To determine whether the Dcp2-dependent increase in
IRF-7 mRNA levels is a consequence of increased mRNA stability,
we tested the half-life of the IRF-7 mRNA following transcrip-
tional arrest. Consistent with our previous demonstration that the
stability of IFN-a2 is regulated by Dcp2 (23), the stability of IRE-7
mRNA is controlled by Dcp2 (Fig. 3). WT and Dcp2?/® MEF cells
were infected with lentiviral particles for 24 h and then treated
with actinomycin D to block transcription, and mRNA decay was
monitored by qRT-PCR over time. As shown in Fig. 3A, the IRF-7
mRNA was significantly stabilized under reduced Dcp2 levels. The
half-life of the IRF-7 mRNA was 4 h in the WT MEF cells and
appreciably greater than the 8-h time course of the experiment in
the Dcp2P’®P MEF. The significance and specificity of Dcp2 in
IRF-7 mRNA stability was further confirmed in cells with reduced
levels of the second decapping enzyme, Nudt16. Stability of IRF-7
mRNA was unaltered in a reduced Nudt16 background (Fig. 3B).
Furthermore, the Dcp2-directed regulation of IRF-7 mRNA sta-
bility was dependent on the catalytic activity of Dcp2. Expression
of comparable levels of either WT or catalytically inactive Dcp2
with glutamine substitutions at two conserved glutamic acid res-
idues (147 and 148) within the NUDIX motif (38) was used to
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complement Dcp2 in the Dcp2?’®P MEF cell background (Fig. 3C).
As shown in Fig. 3D, Dcp2P® MEF cells expressing the control
vector lacking Dcp2 consistently demonstrated elevated levels of
IRF-7 upon viral infection compared to WT MEF cells. Impor-
tantly, the expression of WT Dcp2 in the Dcp2P® background
greatly suppressed the expression of IRF-7 to levels comparable to
that in WT MEF cells, while the expression of catalytically inactive
Dcp2 did not have a significant effect on the expression of IRF-7 in
Dcp2P’P MEF cells.

To further confirm a direct role for Dcp2 in IRF7 mRNA de-
capping, we determined whether the IRF7 5’ end was selectively
targeted by Dcp2 for more efficient Dcp2 decapping. We recently
reported that a subset of confirmed Dcp2 target substrate mRNAs
possess a stem-loop structure positioned at the 5’ terminus
termed the Dcp2 binding and decapping element (DBDE), which
promotes Dcp2-mediated decapping (22, 24). The DBDE consists
of a stem-loop structure positioned within 10 nt of the 5" cap with
a stem of at least 8 nt (22). Examination of the IRF-7 5" UTR
revealed the potential to form a stable 12-nt stem-loop structure
within the first 10 nt of the mRNA. To test whether the IRF-7 5’
end promotes more-efficient Dcp2 decapping, a chimeric RNA
consisting of the 5'-end 57 nt of the IRF-7 RNA was linked to a
heterologous STX7 RNA. Consistent with the presence of a DBDE
within the IRF-7 5" UTR, Dcp2-directed decapping of the chime-
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D, and IRF-7 mRNA levels were determined as described for panel A. (C) Western blotting of Dcp2 expression. Dcp2 levels present in WT MEF cells transduced
with a control (Con) retrovirus or Dcp2”’® MEFs stably transduced with either control retrovirus or retrovirus expressing WT human Dcp2 or catalytically
inactive mutant Dcp2 (Dcp2 EE/QQ) are shown. Expression of Dcp2 protein was confirmed by Western blot analysis with GAPDH as the loading control.
Comparable levels of WT and catalytically inactive Dcp2 are expressed in these cells. (D) MEF cells from panel C were infected with control lentivirus (LV). Total
RNAs were extracted before infection and 12 h after infection, and the levels of the mRNAs indicated were determined by qRT-PCR and normalized to B-actin
mRNA. The IRF-7 mRNA level in WT cells before infection was arbitrarily set to 1. Data represent the average of three independent experiments, with the
standard deviation denoted by the error bar. A key listing the WT or Dcp2P/F cells tested and the particular exogenous protein expressed in the particular cells is
shown at the bottom. Overexpression of WT but not the catalytically mutant Dcp2 reversed the increase in IRF-7 in Dcp2?/® MEF cells. *, P < 0.05 (Student’s
t test). (E) The IRF-7 mRNA 5’ end is selectively targeted by Dcp2. Decapping assays were carried out with 50 ng of bacterially expressed His-Dcp2 using
cap-labeled STX7 or a chimeric RNA that harbors 57 nt of the IRF-7 5" UTR at the 5" end of STX7 (IRF-STX). The reaction products were resolved by PEI-TLC.

The average decapping percentage for each RNA from three independent experiments is shown at the bottom.

ric RNA was increased almost 2-fold relative to that of the same
RNA lacking IRF-7 sequences (Fig. 3E). These results indicate that
IRF-7 is a Dcp2 substrate and the induction of IRF-7 in Dcp2P/?
MEF cells is primarily due to reduced levels of Dcp2.

The correlation of increased IRF-7 mRNA with protein lev-
els was tested next. Western blot analysis of IRF-7 protein re-
vealed that loss of Dcp2 in Dcp2?® MEF cells resulted in a
2.5-fold increase in IRF-7 protein compared to that in WT MEF
cells prior to virus infection (Fig. 4). As expected, IRF-7 protein
levels were further elevated in both cell backgrounds following
viral infection and the differential higher levels of IRF-7 pro-
tein were maintained in Dcp2P/® MEF cells. Collectively, these
data demonstrate that Dcp2 is a negative regulator of IRF-7
mRNA stability and protein accumulation and may function to
attenuate IRF-7 expression.

Lack of Dcp2 leads to enhanced IFN activity against a viral
challenge. To test whether Dcp2P’® MEF cells were more resistant
to a viral challenge, WT and Dcp2?’P MEFs were treated with
NDV or HSV-1 and the activity of [FN was determined by assess-
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ing the inhibition of an HSV-1-induced cytopathic effect (Fig.
5A). Twenty-four hours following exposure to NDV or HSV-1,
culture medium was collected from WT or Dcp2P"® MEF cells and
individually added to WT MEFs. After 2 h of incubation, MEF
cells were infected with HSV-1 for 24 h. Cell survival was deter-
mined by crystal violet staining, in which absorbance at 595 nm
(Ases) directly correlates with viable cells. Uninfected cells dis-
played high cell viability, with an As,5 of approximately 0.9 (data
not shown). Culture medium from WT or Dcp2P® MEF cells
without virus treatment failed to protect cells from HSV-1 infec-
tion and displayed an Aso5 of approximately 0.1 at 24 h postinfec-
tion (Fig. 5B). Culture medium from WT MEFs pretreated with
NDV or HSV-1 doubled the survival rate following a viral chal-
lenge, with an A5 of 0.2. Interestingly, culture medium from
Dcp2P’P MEF cells quadrupled the survival rate, with an Agys of
over 0.4, indicating that more cells were refractory to a viral chal-
lenge and virus-induced cytopathy. Consistently, expression of
IRF-7 and IFN-a2 mRNAs was more responsive to NDV and
HSV-1 treatment in DCPZB/B MEEF cells than in WT MEEF cells, as
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or infected with control lentivirus (LV) for 24 h. IRF-7 and GAPDH protein levels were determined from the indicated conditions by Western blotting.
Quantitation of IRF-7 protein levels normalized to GAPDH is graphed on the right. The average of three independent experiments was plotted with the standard
deviation denoted by the error bar. IRF-7 protein amounts were increased in Dcp2?/® MEF cells relative to WT MEF cells with or without virus infection. *, P <

0.05; **, P < 0.01 (Student’s t test).

determined by qRT-PCR (Fig. 5C). Collectively, these data dem-
onstrate that the lack of Dcp2 results in enhanced type I IFN pro-
duction and improved resistance to a viral challenge.

Dcp2 expression is induced following viral infection. We
next determined whether the expression of Dcp?2 itself, as a poten-
tial modulator of type I IFN and antiviral immune response gene
mRNAs, is altered during viral infection. WT MEF cells were in-
fected with lentiviral particles, and Dcp2 expression was followed

over time by qRT-PCR and Western blot analysis. Dcp2 mRNA
levels increased upon viral infection, with 2.5- and 4-fold induc-
tion at 12 and 24 h postinfection, respectively (Fig. 6A). A com-
parable 3.5-fold induction was also observed when cells were
treated with the viral double-stranded RNA mimic poly(I - C).
Dcp2 mRNA levels were unchanged in control cells treated with
growth medium lacking virus (mock-infected cells), suggesting
that Dcp2 expression is induced by viral infection. Consistent with
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FIG 5 Enhanced resistance to a viral challenge in Dcp2”/® MEF cells. (A) Diagram of experimental protocol. WT and Dcp2”’® MEFs were treated with NDV or
HSV-1 for 24 h, and medium, which would contain secreted cytokines, was collected and transferred to new naive WT MEF cells. Following a 2-h incubation, the
cells were infected with HSV-1 for 24 h and cell viability was determined. (B) Cytopathic effect at 24 h after infection. Cell viability was determined by crystal violet
staining 24 h after HSV-1 infection. A54s directly correlates with viable cells. Averages of three independent experiments were plotted with error bars denoting the
standard deviations. **, P < 0.01. (C) WT and Dcp2?’P MEFs were treated with NDV or HSV-1 for 24 h, and the levels of IRF-7 and IFN-a2 mRNAs were
determined by qRT-PCR and normalized to B-actin mRNA. Averages of three independent experiments were plotted, with error bars denoting the standard
deviations. *, P < 0.05 (Student’s f test).
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FIG 6 Dcp2 expression increases upon viral infection and double-stranded RNA treatment. (A) WT MEF cells were treated with lentivirus (LV), poly(I - C) (50
pg/ml), or growth medium containing no virus (Mock) for 24 h. Total RNAs were harvested before and after treatment, and Dcp2 mRNA levels were determined
by qRT-PCR and normalized to B-actin mRNA. Dcp2 mRNA levels in untreated MEF cells were arbitrarily set to 1. The average of three independent experiments
was plotted with the standard deviation denoted by the error bar. Dcp2 mRNA significantly increased with viral infection or poly(I - C) treatment. (¥, P < 0.05;
**, P <0.01). (B) Dcp2 protein was induced upon viral infection and poly(I - C) treatment. WT MEEF cells were treated for 24 h with lentivirus (LV), poly(I - C)
(50 pg/ml), or growth medium containing no virus (Mock). Total cell extracts were harvested before and after treatment, and Dcp2 protein levels were
determined by Western blot analysis with GAPDH as the internal control. Quantitation of Dcp2 protein levels from three independent experiments normalized
relative to GAPDH is shown on the right, with the level of Dcp2 in untreated cells set arbitrarily to 1. ¥, P < 0.05 (Student’s ¢ test). (C) WT MEFs were treated with
NDV (MOI = 0.5) or HSV-1 (MOI = 1) for 24 h. Dcp2 mRNA levels were analyzed by real-time RT-PCR and normalized to B-actin mRNA levels. *, P < 0.05;

P < 0.01 (Student’s f test).

the mRNA data, Dcp2 protein levels increased approximately
3-fold upon poly(I - C) treatment or lentiviral infection (Fig. 6B).
To further confirm that the induction of Dcp2 was not restricted
to poly(I - C) viral mimic and lentiviral challenges, the level of
Dcp2 mRNA in WT MEF cells was determined 24 h after NDV or
HSV-1 infection. As shown in Fig. 6C, both viruses increased
Dcp2 levels >3-fold relative to those in mock-infected cells. Col-
lectively, these data imply that upon activation of the antiviral
immune response, Dcp2 expression is also induced and possibly
functions to avert a hyperactive immune response.

DISCUSSION

In this study, we report a novel role for the Dcp2 decapping en-
zyme in regulating the type I IFN response in antiviral innate
immunity. Microarray assays revealed that a group of genes in-
volved in the antiviral immune response were upregulated in
Dcp2P’P MEF cells upon virus infection. Further mechanistic
analysis identified at least IRF-7 mRNA as a direct target of Dcp2
decapping where reduced levels of Dcp2 resulted in greater stabil-
ity of IRF-7 mRNA. Increased IRF-7 mRNA corresponded to
higher levels of IRF-7 protein in Dcp2P’P MEF cells than in WT
MEEF cells. The relative increase in IRF-7 mRNA was observed in
the absence of viral stimulation and was further accentuated upon
viral infection. The central role of IRF-7 in the transcriptional
activation of type I IFNs (15) indicates that modulators of IRF-7
expression would have profound consequences on the antiviral
immune response, as has been demonstrated by the translational
regulation of IRF-7 mRNA (6). Regulation of IRF-7 at the level of
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mRNA stability defines a previously unknown mechanism of reg-
ulating the immune response upon viral infection.

Of the 35 genes involved in antiviral immunity detected with
confidence by microarray screening of WT and Dcp2P’® MEF
cells, 40% were elevated >1.5-fold in Dcp23’ B MEF cells. The
demonstration that Dcp2 regulates IRF-7 and IFN-oe mRNA sta-
bilities suggests a model where reduced levels of Dcp2 result in
increased levels of IRF-7 and IFN-a mRNAs, which consequently
result in elevated type I IFN production upon virus infection. As a
result, these activities evoke an increase in IFN-inducible antiviral
effector genes. Consistent with this premise, IRF-7 protein levels
were upregulated in uninfected Dcp2®’® MEF cells (Fig. 4), and
the expression of the Oas2, [FN-q, and IFN-B mRNAs was en-
hanced (Fig. 2B) in Dcp2P’® MEF cells upon exposure to virus.
Elevation of IRF-7 mRNA was dependent on the decapping activ-
ity of Dcp2, since exogenous expression of WT but not catalyti-
cally inactive mutant Dcp2 abolished its enhanced expression in
Dcp2P’P MEF cells (Fig. 3D). The enhanced antiviral response in
Dcp2P’P MEF cells was not restricted to lentivirus infection but
was also responsive to at least two pathogenic viruses, NDV and
HSV-1 (Fig. 5C). More importantly, culture medium from virus-
infected Dcp2P"® MEF cells contained more IFN activity than that
from WT MEF cells, which protected better against an HSV-1-
induced cytopathic consequence (Fig. 5B). Therefore, Dcp2 could
modulate a broad antiviral immune response by, at least in part,
targeting a critical upstream transcription factor.

IRF-7 is an important regulator of antiviral immunity, and an
IRF-7 deficiency in mice results in increased susceptibility to viral
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infection and lethality in addition to a blunted systemic type I IFN
response (7). Conversely, mice with a disrupted gene encoding the
translational repressor 4E-BP and an increase in IRF-7 levels are
highly resistant to infection by a variety of viruses (6). Interest-
ingly, the enhanced type I IFN response in 4E-BP knockout mice is
caused by an increase in IRF-7 mRNA translation and subsequent
higher levels of IRF-7 protein, further demonstrating the critical
function of IRF-7 in mobilizing the immune response (6). In this
study, we demonstrated negative regulation of IRF-7 by the Dcp2
decapping enzyme at the level of mRNA stability. The half-life of
IRF-7 mRNA increased significantly in Dcp2”/® MEF cells (Fig. 3)
compared to that in WT MEF cells, indicating that IRF-7 mRNA
degradation proceeds through Dcp2-mediated decapping. Im-
portantly, IRF-7 protein levels were >3-fold elevated in the
Dcp2P’® background. The striking feature of this observation is
that the observed level was similar to what was detected in WT
cells following a viral challenge (Fig. 4) and was further induced in
Dcp2P’P cells. The comparable levels of IRF-7 elevation in virus-
challenged WT cells and unchallenged Dcp2?’® cells strongly im-
plicate Dcp2 as a critical regulator of IRF-7 expression.

The importance of regulated mRNA stability within the con-
trol of cytokine and chemokine mRNAs during an immune re-
sponse has long been established (32). These mRNAs usually con-
tain AREs in their 3" UTRs which confer rapid degradation by an
ARE-mediated decay mechanism. Various ARE-binding proteins
are involved in regulating the stability of these mRNAs. The tris-
tetraprolin protein binds to AREs in various mRNAs (such as
tumor necrosis factor alpha and granulocyte-macrophage colony-
stimulating factor) and can promote the deadenylation, as well as
decapping and subsequent degradation, of these transcripts (4, 5,
10, 29). More recently, the physiological consequence of an ARE-
binding protein in the regulation of type I IFN genes in innate
immunity was demonstrated. Cells from mice containing a dis-
rupted KSRP gene encoding the KSRP ARE-binding protein were
more resistant to a viral challenge, further demonstrating the sig-
nificance of posttranscriptional regulation in innate immunity
(25). Our studies indicate that modulation of IRF-7 mRNA sta-
bility is also an important contributor to the type I IEN response.
The IRF-7 mRNA has a short 3" UTR that does not contain an
obvious ARE and contains a considerably longer mRNA half-life
(4 h) than ARE-containing mRNAs, which is typically less than 1 h
(13, 19, 23, 33). Therefore, IRF-7 represents an example of non-
ARE-containing mRNA that undergoes regulation of mRNA sta-
bility in the immune system. However, it is likely that the influ-
ence of Dcp2 on innate immunity genes extends beyond a singular
modulation of IRF-7, since the stability of ARE-containing
IFN-a2 is also directly influenced by Dcp2 (23), implicating Dcp2
as a broader antiviral response regulator.

Our data indicate that following viral infection, Dcp2 levels are
elevated and IRF-7 is a direct target of Dcp2 decapping. We pro-
pose that the functional consequence of increased Dcp2 would be
a reduction of IRF-7 mRNA to temper the antiviral immune re-
sponse. One significant outcome of such a mechanism could be to
prevent excess production of IFNs to curtail the manifestation of
autoimmune pathologies such as those that have been observed
with therapeutic type I IFN administration (2). Whether negative
regulation of the antiviral immune response by Dcp2 could be a
protective mechanism against deleterious overexpression of [FNs
remains to be determined. Conversely, acute inhibition of Dcp2
decapping could also be envisioned as an adjuvant therapy for an
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antiviral response. The isolation of a bioavailable compound that
selectively binds to and inhibits the activity of the scavenger-
decapping enzyme DcpS (34) provides a precedent for such an
approach. Future efforts to obtain Dcp2 conditional knockout
mice will enable a more systemic analysis of Dcp2 and its regula-
tion in the IFN-mediated immune response.
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