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Inherently unstable mRNAs contain AU-rich elements (AREs) in the 3� untranslated regions. Expression of
ARE-containing type I interferon transcripts is robustly induced upon viral infection and rapidly shut off
thereafter. Their transient accumulation is partly mediated through posttranscriptional regulation. Here we
show that mouse embryonic fibroblasts derived from knockout mice deficient in KH-type splicing regulatory
protein (KSRP), an RNA-binding protein required for ARE-mediated mRNA decay, produce higher levels of
Ifna and Ifnb mRNAs in response to viral infection as a result of decreased mRNA decay. Functional analysis
showed that KSRP is required for the decay of Ifna4 and Ifnb mRNAs by interaction with AREs. The increased
IFN expression renders Ksrp�/� cells refractory to herpes simplex virus type 1 and vesicular stomatitis virus
infection. These findings support a role of a posttranscriptional mechanism in the control of type I IFN
expression and highlight the function of KSRP in innate immunity by negatively regulating IFN production.

Type I interferons (IFN-� and IFN-�) play critical roles in
the innate immune response against viral infection (17, 45). It
is known that expression of type I IFN genes is highly induced
upon virus infection and rapidly shut off thereafter (26, 55).
Although the expression is primarily controlled at the tran-
scriptional level (25), posttranscriptional regulation exerted on
mRNA stability is also suggested to contribute to the transient
nature of type I IFN gene expression (26). The posttranscrip-
tional control is mediated through the AU-rich element
(ARE)-containing 3� untranslated regions (3�-UTRs) that are
responsible for rapid decay of IFN-� and IFN-� transcripts
(26). While the role of transcriptional regulation of type I IFN
gene expression in the innate immune response has been stud-
ied extensively (25), the importance of posttranscriptional reg-
ulation of gene expression against viral infection is unclear.

AREs play an important role in posttranscriptional regula-
tion of gene expression by directing rapid mRNA decay
through a process referred to as ARE-mediated mRNA decay
(AMD) (3, 4, 14). A number of proteins, collectively named
ARE-binding proteins (ARE-BPs), have been described to
bind AREs and regulate AMD (6, 8). Decay-promoting ARE-
BPs bind ARE-containing mRNAs and target them for decay.
Currently, there are at least five RNA-binding proteins re-
quired for AMD. The zinc finger proteins tristetraprolin
(TTP/ZFP36) and butyrate response factors 1 and 2 (BRF1/
ZFP36L1 and BRF2/ZFP36L2) are potent stimulators of
AMD. TTP binds the AREs of tumor necrosis factor alpha
(TNF-�) as well as other cytokine mRNAs and promotes their

deadenylation and decay (9, 27). BRF1 and BRF2 also pro-
mote decay of ARE-containing mRNAs (28, 46). In addition,
AU-rich binding factor 1 (AUF1) modulates mRNA decay and
either stabilizes or destabilizes ARE-containing mRNAs, de-
pending on the experimental system used (30, 41, 43, 58).
KSRP (KH-type splicing regulatory protein) is also required
for decay of ARE-containing mRNAs (13, 18, 56).

Experimentally, the functions of the above-mentioned ARE-
BPs have been largely analyzed by using heterologous reporter
mRNAs consisting of various AREs under the condition of
either overexpression or downregulation of a given ARE-BP in
a transiently transfected cell line. To study the in vivo functions
of ARE-BPs, mice deficient in some of these RNA-binding
proteins have been generated. Ttp-deficient mice develop a
complex syndrome of cachexia, arthritis, and autoimmunity
due to overproduction of TNF-� resulting from decreased
mRNA turnover (12, 51). TTP appears to play an important
role in constitutively targeting TNF-� mRNA for decay. Auf1
knockout mice display symptoms of severe endotoxic shock
resulting from overproduction of TNF-� and interleukin-1�
(IL-1�), which is due to an inability to rapidly degrade these
mRNAs in macrophages upon lipopolysaccharide (LPS) stim-
ulation (31). Brf1 knockout embryos die in utero due to a
failure of chorioallantoic fusion (48). It was postulated that
lack of Brf1 expression during midgestation results in abnormal
stabilization of mRNAs whose encoded proteins lead to ab-
normal placentation and fetal death. Brf2 knockout mice die
within 2 weeks of birth, suffer from intestinal hemorrhage, and
exhibit decreased hematopoietic progenitor cells from the fetal
liver and yolk sac (47). Finally, mice with deletion of both Brf1
and Brf2 in lymphocytes develop a T cell acute lymphoblastic
leukemia, likely due to overexpression of Notch1 (24). Alto-
gether, these findings strongly suggest that tight in vivo control
of ARE-mediated mRNA decay by decay-promoting ARE-
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BPs is critical for normal mouse development and/or for
proper cell growth as well as cellular processes.

By using RNA interference (RNAi) depletion in transient-
transfection experiments, KSRP was shown to be required for
decay of reporter mRNAs containing various AREs from c-fos,
TNF-�, and IL-8 (18, 56) and several endogenous cytokine
mRNAs and other ARE-containing mRNAs in established cell
lines (10, 11, 19, 56). No true physiological KSRP mRNA
targets have been identified previously by using cells or tissues
derived from Ksrp-deficient mice. To assess the in vivo function
of KSRP in AMD and identify its physiological mRNA targets,
we generated Ksrp-null mice. Although Ksrp�/� mice are via-
ble and do not exhibit obvious abnormalities, type I IFN gene
expression is upregulated in Ksrp�/� cells and in Ksrp�/� mice
in response to viral infection. The increased expression of type
I IFNs contributes to resistance to herpes simplex virus 1
(HSV-1) and vesicular stomatitis virus (VSV) infection. Bio-
chemical analysis demonstrated that KSRP interacts with Ifna4
and Ifnb transcripts through the ARE-containing 3�-UTRs that
are required for their rapid decay. Our data provide genetic
and biochemical evidence that KSRP is a critical factor for the
posttranscriptional control of type I IFN gene expression via
mRNA decay.

MATERIALS AND METHODS

Generation of Ksrp-null mice. A hygromycin cassette flanked by loxP sites was
designed to replace exon 1 to exon 13 of the Ksrp gene. The Ksrp-targeting vector
containing genomic fragments upstream of exon 1 (3.7 kb) and downstream of
exon 13 (8.0 kb) that were used as short and long homologous arms, respectively,
was linearized by restriction enzyme digestion and electroporated into V6.5
mouse embryonic stem (ES) cells. The cells were subsequently selected with
hygromycin (250 �g/ml) and ganciclovir (2 �M). Resistant ES colonies were
genotyped by Southern blot analysis, and the Ksrp-targeted ES clones were
introduced with Cre recombinase to remove the hygromycin cassette; successful
removal was confirmed by Southern blotting and PCR analysis. The ES clones
were injected into C56BL/6 blastocysts to generate chimeric mice. Male chimeras
were further backcrossed with C56BL/6 females for 8 generations and used for
this study. All animal studies were conducted in accordance with guidelines
for animal use and care established by the University of Alabama at Birming-
ham Animal Resource Program and the Institutional Animal Care and Use
Committee.

Plasmids. Construction of pTRE-GB was previously described (15). The 3�-
UTRs of Ifna4 and Ifnb and subregions of the Ifna4 3�-UTR were PCR amplified
and subcloned into the BglII and PvuII sites of pTRE-GB. Primer sequences for
PCR amplification are available on request. A fragment encoding FLAG-tagged
KSRP was obtained by digesting pcDNA3-FLAG-KSRP (29) with HindIII and
XhoI and subcloned into pMSCV-neo (Clontech), a retroviral vector.

Isolation and immortalization of MEFs. To generate mouse embryonic fibro-
blasts (MEFs), Ksrp�/� � Ksrp�/� mice were bred. Embryos were recovered on
embryonic day 14.5 and subjected to genotyping. MEFs were prepared from the
embryos as described previously (57) and grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum, 1% penicillin-strep-
tomycin, 1% L-glutamine, and 110 �M beta-mercaptoethanol. Immortalized
Ksrp�/� and Ksrp�/� MEF lines were generated by serial passage by using a
protocol described previously (57) and used for the studies.

Isolation and preparation of BMDCs. Mice (2 to 3 months old) were eutha-
nized, and femur-derived bone marrow was used for preparation of bone mar-
row-derived dendritic cells (BMDCs) as previously described (34). A 2%
granulocyte-macrophage colony-stimulating factor (GM-CSF) supernatant was
included in the culture medium to support the differentiation and growth of
BMDCs.

Poly(I�C) treatment. Two micrograms of poly(I�C) (GE Healthcare) was mixed
with 3 �l of Lipofectamine (Invitrogen). The complex was applied to cells (2
�g/ml) for 3 h. Cells were then washed twice with phosphate-buffered saline
(PBS) and incubated with culture medium.

mRNA analysis. Total RNA was extracted by using TRIzol (Invitrogen) ac-
cording to the manufacturer’s protocol. Poly(A)� mRNA was isolated by using

Oligotex (Qiagen) and subjected to Northern blot analysis as described previ-
ously (15). A 32P-labeled DNA probe was generated from the mouse Ksrp cDNA,
composed of the C-terminal region downstream of the four KH motifs, by a
random priming reaction. 32P-labeled RNA probes were generated by in vitro
transcription. For real-time quantitative reverse transcription-PCR (qRT-PCR)
analysis, total RNA (1 �g) was treated with DNase I and reverse transcribed
using a mixture of oligo(dT) and random hexamer, and amplification was per-
formed by using a Roche LC480 LightCycler and the SYBR green system
(Roche). The levels of Ifna4 and Ifnb mRNAs were quantitated and normalized
to the level of 18S rRNA.

Transfection and mRNA decay analysis. MEFs and NIH 3T3-B2A2 cells (59)
were transfected with globin mRNA reporters, and mRNA decay was analyzed
by Northern blotting using a transcriptional pulse-chase assay as previously
described (15, 29). For analysis of the stability of endogenous type I IFN
mRNAs, wild-type and Ksrp�/� MEFs were treated with poly(I:C) for 6 or 12 h,
and RNA was isolated at different time points after the addition of actinomycin
D (5 �g/ml). The levels of Ifna and Ifnb mRNAs were analyzed by Northern
blotting using RNA probes corresponding to the coding region of Ifna4, which
also recognizes other Ifna subtypes, or to the coding region of Ifnb.

RNA-binding assays. 32P-labeled RNA (0.1 ng; 1 � 105 cpm) was incubated
with cytoplasmic extract in a 20-�l reaction mixture containing 10 mM HEPES
(pH 7.6), 50 mM NaCl, 3 mM MgCl2, 1 mM dithiothreitol (DTT), 5% glycerol,
0.1% NP-40, yeast RNA (1 �g), and heparin (5 mg/ml) at room temperature for
20 min. Next, RNase T1 (50 U; Ambion) was added and incubated for 10 min at
room temperature. RNA-protein complexes were subjected to a UV cross-
linking reaction and SDS-PAGE as previously described (18). UV cross-linking
assays followed by immunoprecipitation were conducted as previously described
(18).

RNP immunoprecipitation and RT-PCR analysis. Poly(I:C)-stimulated cells
were fixed with 1% formaldehyde in PBS for 10 min at room temperature,
neutralized by 0.25 M glycine (pH 7.0) for another 5 min, and disrupted by
radioimmunoprecipitation assay (RIPA) buffer followed by brief sonication. Sol-
uble supernatants were incubated with protein A/G beads conjugated with poly-
clonal antibodies against KSRP or preimmune serum for 1.5 h at room temper-
ature. The protein A/G beads were washed with high-stringency buffer (RIPA
buffer containing 1 M urea) 6 times. The cross-linked RNA-protein complexes in
the immunoprecipitates were reversed by incubation with a reducing buffer (50
mM Tris-Cl [pH 7.4], 5 mM EDTA, 10 mM DTT, 1% SDS) at 70°C for 45 min.
RNA was extracted by using TRIzol and reverse transcribed to cDNA. Ifna4 and
Ifnb transcripts were detected by PCR with specific primers corresponding to the
3�-UTRs.

Immunoblot analysis. Proteins were extracted by using RIPA buffer (1%
NP-40, 0.5% deoxycholate, 0.1% SDS in PBS [pH 7.4]) containing 1 mM phe-
nylmethylsulfonyl fluoride (PMSF) and 1% protease inhibitor cocktail (Sigma)
and subjected to SDS-PAGE and immunoblot analysis. Rabbit polyclonal anti-
KSRP serum and a mouse monoclonal anti-KSRP antibody were previously
described (18, 21).

Virus infection, ELISA, and plaque assay. MEFs were infected with either
HSV-1(F) strain or VSV Indiana strain. Briefly, cells (1.5 � 105 cells/well) were
seeded in 24-well plates, incubated with HSV-1 for 2 h in DMEM plus 1% FBS
or with VSV for 1 h in DMEM plus 2% FBS using various multiplicities of
infection (MOIs), washed with PBS, and refreshed with growth medium. Infected
cells were collected for RNA analysis, and culture medium was collected for
enzyme-linked immunosorbent assay (ELISA) and virus titer analysis. ELISA
plates to measure mouse IFN-� and IFN-� were purchased from PBL Biomed-
ical Laboratories. Virus titers were determined by plaque assays using Vero cells
(for HSV-1) or HeLa cells (for VSV) as described previously (22, 33). BMDCs
were seeded in 24-well plates (5 � 105 cells/well) and infected with HSV-1 (MOI,
3). After infection, supernatants and cells were collected at the indicated time
points for ELISA and RNA analyses, respectively.

KSRP rescue assay. A retroviral expression vector (pMSCVneo) expressing
FLAG-tagged human KSRP or a vector expressing green fluorescent protein
(GFP) was packed in 293T packaging cells. Virus-containing medium was col-
lected and filtered 48 h after transfection. The viral supernatants were then used
to transduce MEFs in the presence of Polybrene (8 �g/ml; Sigma-Aldrich). The
infected cells were selected with G418 (400 �g/ml) for 7 days and infected with
VSV or HSV-1.

Downregulation of Ifnb by short hairpin RNA. Four distinct premade lentiviral
vectors expressing short hairpin RNAs (shRNA) targeting mouse Ifnb and a
control construct targeting GFP were purchased from Open Biosystems. Lenti-
viruses were generated in 293T cells from a pool of the four lentiviral vectors and
used to infect Ksrp�/� MEFs. Two days after infection, transduced cells were
selected with puromycin (2 �g/ml) for 2 weeks and then infected with VSV.
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Animal study. Four-week-old male mice were used for the viral study. Mice
were injected intracranially with HSV-1(F) (300 PFU/per mouse), and the sur-
vival rate was monitored daily for 28 days as previously described (38, 39).
Infected brains were harvested at day 3 for ELISA analysis and at day 6 for
plaque assays.

Statistical analysis. For statistical analysis of survival of HSV-1-infected mice,
plots of Kaplan-Meier survival estimates were constructed. The significance of
the survival difference between wild-type and Ksrp knockout mice was assessed
by log-rank (Mantel-Cox) pairwise comparison. All other data are presented as
the means and standard errors of three independent experiments. Statistical
significance (P value) was calculated by using Student’s t test within Microsoft
Excel software.

RESULTS

Generation of Ksrp knockout mice. To study the in vivo
function of KSRP, we generated Ksrp knockout (Ksrp�/�) mice
by homologous recombination in mouse ES cells. A selection
cassette containing the hygromycin resistance gene (HygR)
flanked by 34-bp Cre recombinase recognition sites (loxP) was
used to replace exon 1 to exon 13 of the Ksrp gene (Fig. 1A).
The inserted HygR cassette was further removed by transient
expression of Cre recombinase in Ksrp gene-targeted ES cells.
The targeted Ksrp allele was identified by Southern blotting
and PCR analysis, using genomic DNA extracted from ES cells
(data not shown) and F2 mouse offspring (Fig. 1B and C).
Full-length Ksrp transcripts were not detected in Ksrp�/� liver
by Northern blot analysis (Fig. 1D). The protein product was
undetectable in Ksrp�/� tissues when we used either a mono-
clonal anti-KSRP antibody or polyclonal antiserum against the
full-length protein (Fig. 1E and data not shown), suggesting a

successful disruption of the Ksrp allele. Ksrp�/� offspring
showed no distinguishable gross phenotypes compared with
their wild-type littermates. Major organs were examined by
histological examination but showed no obvious abnormalities
in adult Ksrp�/� mice (data not shown). Breeding of Ksrp�/�

mice generated Ksrp�/� offspring with the expected Mendelian
ratio (�/�, 26.6%; �/�, 24.3%; �/�, 49.1%; n � 519). These
results suggest that disruption of the Ksrp gene neither causes
embryonic lethality nor interferes with mouse development.

Type I interferon gene expression is upregulated in Ksrp�/�

cells as the result of increased mRNA stability. In a parallel
analysis to identify potential mRNA targets, KSRP expression
was reduced by RNA interference in HeLa cells, and expres-
sion of mRNAs was analyzed by microarray analysis. Expres-
sion of several IFN-stimulating genes (ISGs), including IFIT1,
IFIT2, IFI44, and G1P2, was increased upon KSRP downregu-
lation, and their upregulation upon KSRP knockdown was
confirmed in another human cell line, HT-1080 fibrosarcoma
cells (data available from authors upon request). The increase
of these ISGs in KSRP-depleted cells by RNAi was not caused
by the alteration of mRNA stability, as mRNA half-life anal-
ysis failed to show change in mRNA decay rate (data available
on request). These data suggest that these ISGs are not direct
targets of KSRP, i.e., they are not targeted for decay by inter-
action with KSRP, and that it is likely that the expression of
genes in the IFN signaling pathway is upregulated in response
to KSRP downregulation. Interestingly, previous reports have
shown that type I IFN genes contain AREs in their 3�-UTRs

FIG. 1. Generation of Ksrp knockout mice. (A) The wild-type Ksrp allele, the targeting vector, the targeted allele, and the genotyping methods
are described. A hygromycin selection cassette with loxP sites flanked at both ends was designed to replace exon 1 to exon 13 of the mouse Ksrp
allele. The hygromycin cassette in the targeted Ksrp allele was further excised by expression of Cre recombinase in ES cells. EcoRV sites, a 3�
external probe, and PCR primers used for genotyping are indicated. (B) Southern blot analysis shows that the Ksrp allele is targeted. Genomic
DNA from the second generation of mouse offspring was digested with EcoRV and hybridized with 32P-labeled 3� external probe. (C) Genotyping
by PCR analysis. Genomic DNA was analyzed by PCR using P1, P2, and P3 primers to specifically amplify the wild-type (300-bp) and the targeted
(600-bp) Ksrp alleles. (D) Northern blot analysis shows undetectable Ksrp mRNA expression in Ksrp-null mice. Poly(A)� mRNA was isolated from
wild-type and Ksrp�/� livers and analyzed by using a 32P-labeled Ksrp cDNA probe. The blot was reprobed with a Gapdh probe. (E) Immunoblot
analysis shows no detection of KSRP expression. Total protein was extracted from wild-type and Ksrp�/� livers and subjected to immunoblotting
using a monoclonal anti-KSRP antibody. The same blot was rehybridized with antibodies against �-tubulin.
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and AREs derived from human IFN-� direct rapid mRNA
decay in a reporter assay (26, 40, 55). Thus, type I IFN genes
are likely upregulated upon KSRP knockdown, leading to in-
creased expression of these ISGs.

To examine whether expression of the type I IFN gene is
increased upon KSRP downregulation, HT-1080 cells were
transfected with a KSRP small interfering RNA (siRNA) and
further treated with poly(I�C), a synthetic double-stranded

FIG. 2. Increased type I IFN gene expression in Ksrp�/� MEFs. (A) Human fibrosarcoma HT-1080 cells were transfected with a control siRNA
or a KSRP siRNA. At 48 h after transfection, cells were stimulated with poly(I�C) (10 �g/ml). Ifnb mRNA levels were analyzed by Northern blotting
at different time points after poly(I�C) treatment. (B) Wild-type or Ksrp-deficient immortalized MEFs were treated with poly(I�C) (2 �g/ml). Total
RNA was isolated at different time points and analyzed with probes against the coding region of Ifnb or Ifna4. The Ifna4 probe also recognizes
other Ifna subtypes, due to their high homologies. (C and D) IFNB and IFNA levels in wild-type and Ksrp�/� MEFs were analyzed by ELISA 12 h
and 24 h after poly(I�C) treatment. Data are mean 	 standard errors of the means of three experiments (IFNB, P 
 0.01 at 12 h and P 
 0.001
at 24 h; IFNA, P 
 0.001 at 24 h). (E) Elevated IFN gene expression in Ksrp�/� MEFs is due to increased mRNA stability. Wild-type or
Ksrp-deficient MEFs were treated with poly(I�C) for 6 h or 12 h, and RNA was isolated at different time points after the addition of actinomycin
D. mRNA levels of Ifna and Ifnb were analyzed by Northern blotting and quantitated with a phosphorimager. The calculated t1/2 values are shown
as means 	 standard deviations (n � 3).
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RNA molecule that induces type I IFN expression. IFNB ex-
pression was further increased at early time points (6 h and
9 h) after poly(I�C) stimulation in cells with reduced KSRP
expression, compared to the control cells (Fig. 2A). Using
MEFs isolated from Ksrp�/� mice, the levels of both Ifna and
Ifnb mRNAs were also further increased at early time points (3
h and 6 h) in Ksrp�/� MEFs treated with poly(I�C) compared
with Ksrp�/� MEFs (Fig. 2B), but at 12 h their levels were
similar. Consistent with the increased mRNA level, poly(I�C)-
treated Ksrp�/� MEFs produced significantly more IFN-� and
IFN-� proteins than did Ksrp�/� MEFs (Fig. 2C and D). Sim-
ilarly, the further increase in IFN gene expression was ob-
served when we used another congenic line of Ksrp�/� and
Ksrp�/� MEFs (data not shown). To determine whether the
increased expression is caused by altered mRNA stability, the
decay of Ifna and Ifnb mRNAs was analyzed. Since the expres-
sion of type I IFNs returned to the basal level in both Ksrp�/�

and Ksrp�/� MEFs between 12 h and 24 h (Fig. 2B), we
monitored their decay rates 6 h and 12 h after poly(I�C) stim-
ulation. The half-lives of Ifna and Ifnb mRNAs were similarly
prolonged (2- to 4-fold increase) in 6-h and 12-h poly(I�C)-
treated Ksrp�/� MEFs compared to that in Ksrp�/� MEFs
(Fig. 2E), suggesting that the decrease of Ifna and Ifnb mRNA
levels at later times (between 12 h and 24 h) is likely due to
shutoff of IFN transcription as well as mRNA decay mediated
by additional decay-promoting ARE-BPs (see Discussion).
Similar stabilization of Ifna and Ifnb mRNAs was also ob-
served with another congenic line of Ksrp�/� and Ksrp�/�

MEFs (data not shown). To further show that the increased
Ifna and Ifnb mRNA stability was primarily due to a Ksrp
deficiency, we examined the expression levels of several ARE-
BPs and found no altered expression of TTP, AUF1, and HuR
in Ksrp�/� MEFs (data not shown).

We next examined Ifna and Ifnb expression in DCs, the
major source of type I IFN in vivo (1, 2, 16). BMDCs derived
from Ksrp�/� and Ksrp�/� mice were infected with HSV-1.
The expression of Ifna4, the first �-subtype expressed in re-
sponse to viral infection (32), and Ifnb was analyzed by qRT-
PCR. Figure 3 shows consistently higher Ifna4 and Ifnb mRNA
expression in Ksrp�/� BMDCs after HSV-1 infection than in
HSV-1-infected Ksrp�/� BMDCs (Fig. 3A and B) and that
higher IFNA and IFNB proteins were produced in Ksrp�/�

BMDCs (Fig. 3C and D). Collectively, these data demonstrate
that type I IFN genes are upregulated in Ksrp�/� MEFs and
Ksrp�/� BMDCs due to decreased mRNA decay in the ab-
sence of KSRP.

KSRP promotes decay of Ifna4 and Ifnb mRNAs through
interaction with their 3�-UTRs. KSRP promotes mRNA decay
through direct binding to the 3�-UTRs of its target mRNAs.
We first examined whether KSRP interacts with Ifna4 and Ifnb
mRNAs by RNP immunoprecipitation analysis. Poly(I:C)-
stimulated Ksrp�/� and Ksrp�/� MEFs were treated with form-
aldehyde to induce the formation of stable RNA-protein com-
plexes. The RNA-KSRP complexes were immunoprecipitated
with antiserum against KSRP. The presence of type I IFN
transcripts in the immunoprecipitates was analyzed by RT-
PCR. Both Ifna4 and Ifnb mRNAs were detected in the anti-
KSRP immunoprecipitates from Ksrp�/� MEFs, but not from
Ksrp�/� MEFs (Fig. 4A), suggesting that KSRP binds these
mRNAs in vivo. RNA-binding and UV cross-linking assays

showed that RNA-KSRP complexes, which immunoprecipi-
tated with anti-KSRP (Fig. 4B and C, lane 4), were formed
with the AREs of Ifna4 and Ifnb when we used extracts of
Ksrp�/� MEFs (Fig. 4B and C, lanes 1 and 5), but it was not
detected when we used cell extracts from Ksrp�/� MEFs (Fig.
4B and C, lanes 2 and 6). Additional RNA-binding assays using
recombinant protein showed that KSRP directly interacted
with the regions composed of the AREs of Ifna4 and Ifnb (data
available on request).

We next examined whether the 3�-UTRs of Ifna4 and Ifnb
can direct rapid mRNA decay by using heterologous �-globin
reporters fused with the 3�-UTRs in a transcriptional pulse-
chase assay. While ARE-containing 3�-UTRs of both Ifna4 and
Ifnb promoted rapid mRNA decay in Ksrp�/� MEFs, their
decay was impaired in Ksrp�/� MEFs (Fig. 4D and E). The
impaired mRNA decay in Ksrp�/� MEFs was specific for
AMD, as the decay of a globin mRNA composed of the non-
ARE region of Ifna4 (sequence availabe on request), GB-
Ifna4(I), was not compromised in Ksrp-deficient cells (Fig. 4F).
Using an NIH 3T3 cell line, we also found that decay of mRNA
reporters consisting of the 3�-UTRs was impaired when KSRP
was downregulated by RNAi and that the AREs of Ifna4 and
Ifnb conferred regulation by KSRP (Fig. 5). These data dem-
onstrate that KSRP binds the AREs of Ifna4 and Ifnb mRNAs
and promotes their decay.

FIG. 3. Elevated IFN expression in primary Ksrp�/� BMDCs. (A
and B) BMDCs derived from Ksrp�/� and Ksrp�/� mice were infected
with HSV-1 (MOI, 3), and total RNA was isolated at different time
points. Quantitative RT-PCR was used to analyze the levels of Ifna4
(A) and Ifnb (B). Data are means 	 standard errors of the means (n �
3; Ifna4, P 
 0.01 at 3 h, P 
 0.02 at 6 h; Ifnb, P 
 0.02 at 6 h). (C and
D) IFNA and IFNB levels in the supernatants of Ksrp�/� and Ksrp�/�

BMDCs were analyzed by ELISA 12 h after HSV-1 infection. Data are
means 	 standard errors of the means of three experiments (IFNA,
P 
 0.001 at 12 h; IFNB, P 
 0.01 at 12 h).
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Ksrp�/� MEFs are refractory to viral infection due to en-
hanced type I IFN expression. We examined whether the en-
hanced expression of type I IFN in Ksrp�/� cells is able to
repress viral replication. We first chose a double-stranded
DNA virus, HSV-1, to examine the induced expression of IFN
and viral susceptibility of Ksrp�/� MEFs. While the induction
profiles were transient compared to that with poly(I�C) treat-
ment (compared Fig. 6A and B with 2B), the levels of Ifna4
and Ifnb mRNAs were significantly increased upon HSV-1
infection in Ksrp�/� MEFs compared with Ksrp�/� MEFs (Fig.
6A and B), with higher production of IFN-� in Ksrp�/� MEFs

(Fig. 6C). Importantly, HSV-1 replication was significantly de-
creased (10- to 50-fold reduction, depending on the MOI used)
in Ksrp�/� MEFs compared with Ksrp�/� MEFs (Fig. 6D). We
next examined whether Ksrp�/� MEFs were also resistant to
VSV infection, a single-stranded RNA virus. VSV replication
was markedly reduced in Ksrp�/� MEFs compared to Ksrp�/�

MEFs (Fig. 6E).
To show that the reduction of viral replication is indeed due

to Ksrp deficiency, we reexpressed KSRP in Ksrp�/� MEFs
(Fig. 7A) and analyzed viral production. While the expression
levels of Ifna4 and Ifnb mRNAs were markedly increased in

FIG. 4. Regulation of Ifna4 and Ifnb mRNA stability by KSRP through interaction with the 3�-UTRs. (A) Association of Ifna4 and Ifnb
transcripts with KSRP. Extracts of wild-type and Ksrp�/� MEFs treated with poly(I�C) were subjected to immunoprecipitation with preimmune
serum or anti-KSRP serum. The coprecipitated RNA was isolated, and the presence of Ifna4 and Ifnb transcripts was analyzed by RT-PCR. The
presence of Ifna4 and Ifnb transcripts in the input is also shown. The presence of �-actin and Gapdh mRNAs was also analyzed as controls for
specificity. (B and C) KSRP interacts with the AREs of Ifnb and Ifna4. Wild-type or Ksrp�/� extracts were incubated with 32P-labeled RNAs
composed of the AREs of Ifnb (B) or Ifna4 (C) (sequence available on request) and subjected to UV cross-linking. The RNA-protein complexes
were either directly analyzed by SDS-PAGE (lanes 1, 2, 5, and 6) or subjected to immunoprecipitation with preimmune serum (lanes 3 and 7) or
anti-KSRP serum (lanes 4 and 8) and then the immunoprecipitates were analyzed by SDS-PAGE and autoradiography. Note some variations of
protein-binding levels to Ifna4 ARE in different experiments. (D and E) The 3�-UTRs of Ifna4 and Ifnb confer mRNA instability and regulation
by KSRP. Wild-type and Ksrp�/� MEFs were cotransfected with a construct expressing �-globin mRNA reporter containing either the 3�-UTR of
Ifna4, GB-Ifna4(I�II) (D) or the 3�-UTR of Ifnb, GB-Ifnb (E) under the control of a tetracycline-responsive promoter, a plasmid expressing a
�-globin reporter consisting of the 3�-UTR of Gapdh under the control of the cytomegalovirus promoter (GB-Gapdh), and a plasmid expressing
tetracycline-responsive transactivator (tTA). At 6 h after transcriptional induction, doxycycline (2 �g/ml) was added to block transcription. Total
RNA was isolated at different time points. The levels of GB-Ifna4(I�II), GB-Ifnb, and GB-Gapdh mRNAs were analyzed by Northern blotting
and quantitated. The calculated half-lives of GB-Ifna4(I�II) and GB-Ifnb mRNAs are shown as means 	 standard deviations (n � 3). (F) The
decay of a globin mRNA containing the non-ARE region of Ifna4, GB-Ifna4(I), was analyzed in Ksrp�/� or Ksrp�/� MEFs as described for panel
D. The calculated half-lives of GB-Ifna4(I) mRNA are shown as means 	 standard deviations (n � 3).
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Ksrp�/� MEFs compared with Ksrp�/� MEFs upon VSV in-
fection, the expression was dramatically decreased (70% re-
duction) in Ksrp�/� MEFs expressing KSRP (Fig. 7B and C).
More importantly, this resulted in a marked increase of VSV
titer compared to that in the control Ksrp�/� MEFs (Fig. 7D).
The lack of complete recovery of VSV replication to the level
observed in Ksrp�/� MEFs was likely due to the poor KSRP
expression in Ksrp�/� MEFs (Fig. 7A). A direct comparison
indicated that, while the reexpressed KSRP level in Ksrp�/�

MEFs was much lower than that in Ksrp�/� MEFs (Fig. 7A),
its level was still significantly higher than the remaining KSRP
level in HT 1080 cells treated with a KSRP siRNA in Fig. 2A
(data not shown). Although there was a trend that reexpression
of KSRP in Ksrp�/� MEFs restored HSV-1 replication com-
pared to the control Ksrp�/� MEFs, the increase in HSV-1
titer did not reach a significant level (data not shown). The
discrepancy of viral replication rescued by KSRP expression
between VSV and HSV-1 is likely due to their differential
sensitivities to type I IFN-mediated inhibition.

To examine whether the enhanced IFN expression is respon-
sible for the viral resistance of Ksrp�/� MEFs, we attenuated
IFN signaling by incubation with neutralizing antibodies
against both IFNA and IFNB proteins or against IFN receptor
1 (IFNAR1). Addition of both anti-IFNA and anti-IFNB an-
tibodies or anti-IFNAR1 antibodies, but not control serum,
significantly restored VSV replication in Ksrp�/� MEFs (Fig.
8A and B). We next downregulated Ifnb expression by RNAi,
as downregulation of all 14 Ifna subtypes was not practical, and
examined viral susceptibility. VSV replication was restored in
Ksrp�/� MEFs when Ifnb expression was downregulated by

RNAi (Fig. 8C and D). Taken together, these data strongly
suggest that the enhanced IFN expression contributes to the
increased viral resistance observed in Ksrp�/� MEFs and is
directly associated with the absence of KSRP.

Increased HSV-l resistance in Ksrp�/� mice. We further
examined whether Ksrp�/� mice are refractory to HSV-1 fol-
lowing intracranial infection. The infected mice were moni-
tored daily for 28 days. Ksrp�/� mice displayed a significantly
increased survival rate compared to wild-type mice (70% ver-
sus 30%; P 
 0.01) (Fig. 9A). We also noticed a significant
difference in median survival time between Ksrp�/� and
Ksrp�/� mice (Ksrp�/�, 9 days, versus Ksrp�/�, �28 days). The
increased survival of Ksrp�/� mice correlated with the in-
creased production of IFNB protein as well as the decreased
HSV-1 replication in infected Ksrp�/� brains compared to that
in Ksrp�/� brains (Fig. 9B and C). Thus, Ksrp�/� mice are
protected against intracranial HSV-1 infection.

DISCUSSION

Although previous studies suggested that several endoge-
nous mRNAs are targeted for decay by KSRP (10, 19, 42, 56),
the mRNA targets of KSRP at the physiological and organis-
mal level have not been identified. In the present study, we
generated Ksrp knockout mice and demonstrated that type I
IFN gene expression is increased in the absence of Ksrp, as the
result of decreased mRNA decay. Biochemical analysis showed
that KSRP binds the 3�-UTRs of Ifna4 and Ifnb mRNAs,
thereby triggering mRNA decay. While we have only examined
the decay of one of the Ifna subtypes, Ifna4, there are at least

FIG. 5. Decay of mRNA reporters consisting of the 3�-UTRs was impaired in KSRP-downregulated NIH 3T3 cells. (A) Immunoblot analysis
showed downregulation of KSRP in NIH 3T3-B2A2 cells transfected with a KSRP siRNA. Different amounts of extracts from cells transfected with
a control (chloramphenicol [CAT]) siRNA were loaded in lanes 1 to 4 to show the efficiency of knockdown. The levels of KSRP and HuR were
analyzed by immunoblotting. (B) Schematic diagram showing the 3�-UTR of Ifna4, which is further divided into two subregions (I and II). Open
circles indicate AUUUA motifs. (C and D) NIH 3T3-B2A2 cells, stably expressing a tetracycline-responsive transactivator, were transfected with
constructs expressing globin reporters composed of the 3�-UTR of Ifnb (C) or different regions of the Ifna4 3�-UTR (D) under the control of a
Tet regulatory promoter and a construct constitutively expressing GB-Gapdh mRNA under the control of the cytomegalovirus promoter. Total
RNA was isolated at different time points after addition of doxycycline (Dox). The levels of reporter mRNAs were analyzed by Northern blotting.
The calculated half-lives (t1/2) of reporter mRNAs are shown (n � 3).
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14 Ifna genes in mice (25, 37) and most of the other Ifna
subtypes contain AREs in the 3�-UTRs (26), we suggest that
mRNAs encoding some of the other Ifna subtypes are likely
targeted for decay by KSRP.

We showed that the stability of Ifnb and Ifna4 mRNAs was
increased by 2- to 4-fold in the absence of KSRP, and they
were still relatively unstable (Fig. 2, 4, and 5). These data
suggest that additional decay-promoting ARE-BPs may be in-
volved in the decay. Indeed, we have found that downregula-
tion of TTP also decreases Ifnb and Ifna mRNA decay and
“simultaneous downregulation” of TTP and KSRP additively
increases mRNA stability (unpublished data), indicating that
KSRP and TTP play redundant and independent roles in Ifn
mRNA decay. Thus, we suggest that some of the other decay-
promoting ARE-BPs, such as BRF1, BRF2, and AUF1, may
be involved in Ifn mRNA decay.

We also showed that KSRP was able to repress IFN ex-
pression by targeted mRNA decay in both nonstimulated
cells (Fig. 4 and 5) and stimulated cells (Fig. 2). Since IFN

expression is constantly low in nonstimulated cells and is
robustly induced upon viral infection, and as we showed that
deletion of Ksrp had a beneficial role in viral resistance by
decreasing Ifn mRNA decay, it was of interest to test
whether the decay activity of KSRP was regulated during
viral infection. We examined this by monitoring GB-Ifnb
mRNA decay in cells treated with poly(I�C) and found no
difference in the decay rates between nonstimulated and
stimulated cells (data not shown). These data support that
KSRP is capable of constitutively targeting Ifn mRNA decay
in nonstimulated cells.

Type I IFNs are rapidly and transiently induced in response
to viral infection, which requires activation of pattern recogni-
tion receptors followed by activation of IRF3 and IRF7 (25, 37,
53). The transient nature of type I IFN expression acts through
repression of transcription and rapid mRNA decay by the
AU-rich elements following induction. However, the factors
that are involved in the control of type I IFN mRNA decay
remain unknown (26). Our findings demonstrate that KSRP is

FIG. 6. Replication levels of HSV-1 and VSV are markedly reduced in Ksrp�/� MEFs. (A and B) Ksrp�/� and Ksrp�/� MEFs were infected
with HSV-1 (MOI, 3). The levels of Ifna4 (A) and Ifnb (B) were analyzed by qRT-PCR. Values represent means 	 standard errors of the means
(n � 3; Ifna4, P 
 0.05 at 3 h and P 
 0.001 at 6 h; Ifnb, P 
 0.005 at 3 h and P 
 0.001 at 6 h). (C) IFNB levels in culture supernatants of Ksrp�/�

and Ksrp�/� MEFs were analyzed by ELISA 24 h after HSV-1 infection. Data are means 	 standard errors of the means (n � 3; P 
 0.03).
(D) Reduced HSV-1 replication in Ksrp�/� MEFs. Ksrp�/� and Ksrp�/� MEFs were infected with HSV-1 using different MOIs (1, 0.1, or 0.01).
At 72 h after infection, viral production was analyzed by plaque assay. Data are means 	 standard errors of the means of three independent
experiments (MOI, 1 [P 
 0.0001]; MOI, 0.1 [P 
 0.0002]; MOI, 0.01 [P 
 0.001]). (E) Reduced VSV replication in Ksrp�/� MEFs. Ksrp�/� and
Ksrp�/� MEFs were infected with VSV at an MOI of 0.2. At 24 h after infection, viral production was analyzed by plaque assay. Data are means 	
standard errors of the means of three experiments (P 
 0.004).
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the critical negative factor that plays an important role in the
posttranscriptional regulation of type I IFN gene expression
and that disruption of the decay of IFN mRNAs enhances
their expression, rendering increased viral resistance in
Ksrp�/� cells. The reversed phenotype observed in Ksrp�/�

cells through the blocking of IFN signaling with neutralizing
antibodies or RNAi suggests that the enhanced IFN expres-
sion is the mechanism for the increased viral resistance.
However, we cannot formally exclude other mechanisms
that are likely to confer viral resistance in Ksrp�/� cells and
Ksrp�/� mice. Nevertheless, our findings strongly suggest
that inhibition of IFN mRNA decay provides an additional
mechanism to combat viral infection.

Whereas the robust induction is necessary for cell defense,
the temporal and transient accumulation of type I IFN is also
critical in preventing a sustained expression that sensitizes cells
to apoptosis and induces prolonged translational repression in
targeted cells (45, 50, 52). Prolonged type I IFN signaling also
increases the risk for the formation of autoreactive T cells and
autoantibodies. Thus, type I IFNs have been considered a risk

factor for the development of autoimmune disease (5, 50).
IRF2-deficient mice display disruption of homeostatic eryth-
ropoiesis and develop spontaneous skin inflammatory disease,
symptoms similar to patients with psoriasis, due to increased
type I IFN signaling (23, 44). Systemic lupus erythematosus
(SLE) patients show increased serum levels of type I IFN and
an upregulated IFN transcriptome signature in their peripheral
blood mononuclear cells (5, 7). In addition, arthritis is a well-
documented side effect in hepatitis C and multiple sclerosis
patients treated with therapeutic type I IFN (49). In the
animal model of arthritis, in which the onset of severe au-
toimmune syndrome is induced by Borrelia burgdorderi in-
fection, the blockage of systematic IFN signaling was shown
to effectively reduce arthritis severity, further indicating the
involvement of type I IFN in the progression of infection-
triggered autoimmunity (35). The negative regulation of
type I IFN expression by KSRP suggests an interesting,
exciting mechanism for the involvement of posttranscrip-
tional regulation in the pathophysiological progress of these
autoimmune diseases. An understanding of the regulation

FIG. 7. The viral resistance of Ksrp�/� MEFs is associated with a lack of KSRP. (A) Reexpression of KSRP in Ksrp�/� MEFs. Protein samples
from control retrovirus (GFP)-transduced Ksrp�/� and Ksrp�/� MEFs, or KSRP-expressing retrovirus-transduced Ksrp�/� MEFs, were analyzed
by immunoblotting using anti-KSRP antibody. The blot was rehybridized with anti-�-tubulin antibody. (B and C) Decreased IFN mRNA
expression in Ksrp�/� MEFs reexpressing KSRP. MEFs were infected with VSV (MOI, 1). The mRNA levels of Ifna4 (B) and Ifnb (C) were
analyzed by qRT-PCR 2 h and 4 h after infection. Values represent means 	 standard errors of the means (n � 3). (D) Increased VSV replication
in Ksrp�/� MEFs reexpressing KSRP. MEFs were infected with VSV (MOI, 1). VSV production was analyzed 24 h after infection by plaque assay.
Data are means 	 standard errors of the means of three experiments.
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will provide a means to develop a therapeutic approach to
restrict type I IFN expression, thereby intervening with the
onset or progression of such diseases.

Previous studies have suggested that KSRP selectively tar-
gets mRNAs encoding several cytokines and developmental
regulators for decay in established cell culture lines (10, 19, 20,
56). The availability of Ksrp�/� mice provides us an invaluable
tool to identify the physiological mRNA targets of KSRP at
the organismal level and to characterize the phenotype as-
sociated with Ksrp deficiency due to dysregulated mRNA
decay. Further study of Ksrp�/� mice will shed new light on
the functions of KSRP in the regulation of mRNA metab-
olism, including mRNA decay, splicing, and microRNA mat-
uration (18, 36, 54).

Currently, several mouse models in which individual decay-
promoting ARE-BPs are lacking have been generated to in-
vestigate the importance of ARE-mediated mRNA decay in
vivo (24, 31, 47, 48, 51). Each knockout mouse model exhibits
a unique phenotype due to the dysregulation of specific mRNA

targets for each ARE-BP. It is currently unknown whether
each ARE-BP targets its mRNA targets for decay globally, i.e.,
in all cell types where they are expressed, or in a cell-type/
tissue-specific manner, i.e., only certain mRNAs in certain cell
types, whereas previous studies have also suggested that some
of these ARE-BPs are functionally redundant (18, 24). To
address these questions, it is necessary to globally characterize
the target mRNAs for each decay-promoting ARE-BP by an-
alyzing these knockout animal models individually and, addi-
tionally, with an intercross strategy. These studies will allow
further insights into the in vivo physiological functions played
by distinct ARE-BPs.

In summary, we have provided biochemical and genetic ev-
idence that KSRP is a critical negative factor for the posttran-
scriptional control of type I IFN gene expression in the innate
immune response, which may serve as a target for therapeutics
to combat virus infection. As type I IFNs also play a critical
role in the pathogenesis of certain autoimmune diseases, elu-
cidating the role of KSRP in restricting the expression of type

FIG. 8. Enhanced IFN expression is responsible for the viral resistance in Ksrp�/� MEFs. (A and B) Ksrp�/� MEFs were infected with VSV
(MOI, 0.01) and incubated with neutralizing antibodies against both IFNA and IFNB (A) or against IFNAR1 (B) or control IgG. VSV production
was analyzed 24 to 36 h after infection by plaque assay. Data are means 	 standard errors of the means of three experiments (Ksrp�/� [PI] versus
Ksrp�/� [anti-IFN], P 
 0.001; Ksrp�/� [IgG] versus Ksrp�/� [IFNAR1], P 
 0.001). (C and D) Ksrp�/� MEFs were infected with lentiviral shRNAs
against Ifnb or shRNA against GFP. Transduced cells were infected with VSV (MOI, 1). Expression of Ifnb was analyzed by qRT-PCR 2 h
postinfection, and the virus titer was analyzed 24 h after infection. Data are means 	 standard errors of the means of three experiments (P 

0.005).
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I IFNs may lead to the development of therapeutic strategies
for these diseases.
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