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We report here that the alternatively spliced nuclear factors asso-
ciated with double-stranded RNA, NFAR-1 (90 kDa) and -2 (110
kDa), are involved in retaining cellular transcripts in intranuclear
foci and can regulate the export of mRNA to the cytoplasm.
Furthermore, the NFAR proteins were found to remain associated
with exported ribonucleoprotein complexes. Loss of NFAR func-
tion, which was embryonic-lethal, caused an increase in protein
synthesis rates, an effect augmented by the presence of the mRNA
export factors TAP, p15, or Rae1. Significantly, NFAR depletion in
normal murine fibroblasts rendered these cells dramatically sus-
ceptible to vesicular stomatitis virus replication. Collectively, our
data demonstrate that the NFARs exert influence on mRNA traf-
ficking and the modulation of translation rates and may constitute
an innate immune translational surveillance mechanism important
in host defense countermeasures against virus infection.

innate immunity | mRNA export | vesicular stomatitis virus

D ouble-stranded RNA (dsRNA)-binding domains (DRBDs)
are evolutionarily conserved 65- to 68-aa motifs found in
dsRNA-binding proteins (DRBPs) that interact in a sequence-
nonspecific manner with dSRNA species and regulate a diverse
array of cellular processes in the cell (1, 2). Members of this
group include Dicer, the adenosine deaminase acting on RNA
(ADARs), RNase III, and the dsRNA-dependent protein ki-
nase, PKR. We have previously identified a single human gene
(NFAR) on chromosome 19 that produces two spliced variants
encoding products of 90 and 110 kDa, referred to as NFAR-1
and -2, respectively (3, 4). NFAR-1 and -2 each contain two
DRBDs in their C-terminus regions and exhibit 98% homology
to one another at the amino acid level (Fig. 14) (3, 5-7). NFAR-2
contains an extra 192 amino acids at the C-terminal region that
are encoded by an extra three exons present in its corresponding
transcript (3). The NFAR proteins are conserved, exhibiting
91% and 74% identity at the amino acid level to counterparts
found in murine and Xenopus, respectively (8, 9). Although the
exact function of the mammalian NFARs remains to be clarified,
it is apparent that these DRBPs are ubiquitously expressed,
predominantly reside in the nucleus of the cell, and can associate
with both pre-mRNA and spliced mRNA in vitro, as well as with
purified spliceosomes, suggesting that these molecules may play
a potential role in the processing of newly synthesized transcripts
[supporting information (SI) Fig. 5] (4, 10). The NFARs also
have been reported to be substrates for PKR, which, after
binding to viral dsRNA species, can inhibit translation by
phosphorylating the a-subunit of eIF2 (4). Furthermore, the
NFARs have been shown to bind to exportin-5, a member of the
karyopherin-B family, to facilitate the export of minihelix con-
taining viral RNAs, such as adenovirus VA1 RNA (11). Finally,
other reports have indicated that the NFARs may be involved in
the transcription and/or stabilization of selected mRNAs such as
IL-2 and MyoD (12, 13).

We report here that ablation of NFAR function leads to a loss
in nuclear mRNA retention mediated through the TAP—p15
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export pathway. Our data also indicate that the NFARs are
retained on polyribosomes and act to govern translation rates.
Furthermore, the loss of NFAR function resulted in a dramatic
increase in vesicular stomatitis virus (VSV) and influenza virus
replication, indicating that the NFAR proteins play an important
role in innate immune defense to virus infection.

Results

Loss of NFARs Leads to the Redistribution of mRNA. To examine
NFAR'’s function, attempts were made to analyze the conse-
quences of disrupting the NFAR gene in murine models through
gene targeting. However, despite using two independent ES
clones with confirmed NFAR gene disruption, no viable het-
erozygous mice were detected from >70 transfers of each ES
clone into C57BL/6 blastocysts. Indeed, confirmed chimeric
embryos were only detected through embryonic day 14.5 (SI Fig.
6). As an alternative approach to extend our analysis into the
function of NFAR-1 and -2, we used siRNA to deplete the
expression of these proteins in mammalian cells. Treatment of
HelLa cells with siRNA directed to transcripts representing both
NFARs, or specifically to transcripts of NFAR-1 or NFAR-2
alone, resulted in the loss of transcript and the depletion of
90-95% of the targeted protein(s) 72 h after treatment, as
determined by immunoblotting and confocal microscopy using a
polyclonal antibody recognizing both species (Fig. 1 B and C).

Given that the NFARs are known to interact with dsSRNA and
ssRNA species, it seemed possible that these proteins could be
associated with ribosomal RNA (rRNA) or mRNA (4). We
therefore analyzed the integrity of mRNA distribution in cells
lacking both NFAR-1 and -2. NFAR-depleted cells were sub-
jected to in situ hybridization with biotinylated oligo(dT) probes.
As expected, mock treatment of HeLa cells or treatment with
control siRNAs demonstrated the presence of discrete intranu-
clear domains rich in poly(A) mRNA, which are potentially
major sources of transcriptional activity, as well as diffuse
mRNA staining in the cytoplasm (Fig. 1D and SI Fig. 7 A and
B) (14, 15). However, the redistribution of nuclear poly(A) foci
was observed in NFAR-depleted cells. Repeated in situ confocal
measurements (quantitation of pixel intensity) indicated no
significant loss of poly(A) RNA in cells lacking NFAR (Fig. 1E).
To confirm that nuclear mRNA was being redistributed, rather
than degraded, quantitative mRNA measurements were carried
out in cells lacking or containing the NFAR proteins. Analysis
of total cellular mRNA confirmed that the loss of the NFARs
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Fig. 1. Depletion of NFAR proteins in the cell results in the redistribution of nuclear poly(A) foci and in increased protein synthesis. (A) Schematic of NFAR-1
and -2. (B) Depletion of NFARs using RNAI. HeLa cells were treated with siRNAs specific for NFAR-1, -2, or both. The levels of NFAR-1 and -2 were assessed by
immunoblot analysis up to 96 h after the start of treatment. (C) NFAR levels in HeLa cells after treatment with NFAR- or lamin-specific siRNA (72 h) were visualized
by confocal microscopy using rabbit anti-NFAR and Texas red-conjugated anti-rabbit antibody as described in Materials and Methods. (D) Hela cells treated with
NFAR siRNA for 72 h were subjected to in situ hybridization of total mMRNA using biotinylated oligo(dT) 45-mers and Cy3-labeled streptavidine. Nuclei were stained
with DAPI (blue). (E) Fluorescence intensities of poly(A) mRNA (pixels) at the equatorial section of siRNA-treated Hela cells were quantified by using a Zeiss
LSM510 confocal microscope. (F) Detection and quantification of total mMRNA in siRNA-treated HelLa cells. Levels of poly(A) mRNA (as percentage of total RNA)
were determined through hybridization to oligo(dT) primers and a series of enzymatic reactions as described in Materials and Methods. (G) Protein synthesis
rates in siRNA-treated Hela cells as determined by [3°S]-Met labeling. Rates are graphed as fold increases over the average rate observed in nonspecific

siRNA-treated cells, which was arbitrarily set to 1.

does not result in a decrease in cellular mRNA levels (Fig. 1F).
Finally, a number of cellular mRNAs, including PGK1, GAPDH,
actin, and TFRC, as well as the ribosomal 18S RNA in cells
lacking or containing the NFAR proteins, were quantitatively
analyzed by RT-PCR; no significant differences in the levels of
selective mRNAs analyzed were found (SI Fig. 7C). Analysis of
the levels of actin and GAPDH transcripts after actinomycin D
treatment of cells containing or lacking the NFARs further
indicated that loss of NFAR function did not result in higher
mRNA turnover rates (SI Fig. 7C). However, [**S]-Met incor-
poration into protein indicated that total cellular protein syn-
thesis rates were actually moderately increased in NFAR-lacking
cells compared with controls (Fig. 1G). Collectively, our data
would suggest that the NFARs regulate the dispersion of newly
synthesized transcripts, a consequence that may influence
translation rates.

The NFARs Regulate Translation Rates. To further investigate the role
of the NFARs in the regulation of gene expression, a luciferase
reporter gene under the control of the SV40 promoter was trans-
fected into control and NFAR-lacking cells. Significantly, we noted
that luciferase activity increased ~10- to ~30-fold in NFAR-
lacking cells, compared with cells treated with nonspecific siRNAs
(Fig. 24). These experiments were carried out in triplicate and were
confirmed by using three independent siRNAs specific for the
NFARs, as well as three independent control siRNAs. Immunoblot
analysis was carried out for every experiment to ensure NFAR
knockdown, and assays were monitored to ensure equal transfec-
tion efficiencies (Fig. 24) (data not shown). Reconstitution of the
NFAR proteins into siRNA-treated cells rescued the increase in
luciferase expression (SI Fig. 8). Similar experiments using a
SEAP-based reporter construct or with the luciferase gene under
a different promoter (CMV) also indicated >10-fold increases in
reporter expression in NFAR-lacking cells, compared with con-
trols, indicating that the effect was not restricted to genes under the
control of specific promoter elements (data not shown). Indeed,
luciferase mRNA levels in the control and NFAR-depleted cells
remained essentially equivalent with no loss, as determined by
quantitative real-time PCR analysis, essentially confirming our
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earlier results and indicating that the NFARs’ effect on gene
regulation is likely to be at the posttranscriptional level (Fig. 2B).

The NFARs have been previously reported to be associated
with purified spliceosome complexes (10). Thus, we next ana-
lyzed whether splicing was aberrant in NFAR-depleted cells by
using a transfected B-globin construct (wild-type human g-glo-
bin-splicing cassette, pUCB128SV). However, no significant
differences in splicing were observed in either control or NFAR-
lacking cells (SI Fig. 94). To confirm this observation, we treated
NFAR-depleted cells with type I IFN and monitored STAT 1
protein expression, an IFN-inducible gene comprising at least 24
exons and introns (16). That STAT 1 appeared to be translated
in NFAR-lacking cells emphasizes that, although the NFAR
proteins could conceivably comprise part of spliccosome-RNP
complexes and have been reported to bind to selected intron and
exon features in vitro, they do not appear to be critically required
for the splicing process (SI Fig. 9B).

The NFARs Influence TAP/RAE1 Activity. Correctly processed
mRNAs are committed for export in the form of large ribonu-
cleoprotein complexes (mRNPs), which our data indicate may
incorporate the NFARs. The control of mRNA export is gov-
erned predominantly (=75%) by the nuclear export factor
NXF1, also called TAP in mammals and MEX67 in yeast (15,
17). TAP function is mediated by a cofactor, p15 (NXT1), and
the mRNA export factor, Rael/mrnp41/Gle2 (15, 18-21). Rael
is thought to facilitate the delivery of TAP-RNP complexes to
selected nucleoporins (Nups), such as Nup98, and are then
directed through the NPC to the cytoplasm, with TAP remaining
associated with polysome complexes (22, 23). Notably, the
overexpression of TAP and/or p15 has been shown to moderately
enhance gene expression by facilitating mRNA export, transla-
tion, or both (22, 24). To further evaluate the molecular mech-
anisms of NFAR’s role in the control of mRNA distribution and
translation, we examined the effect of TAP overexpression in
NFAR-depleted cells. As shown in Fig. 24, treatment of cells
with NFAR-specific siRNA alone resulted in a 10- to 12-fold
increase in expression of a transfected luciferase reporter gene
(Fig. 2C). Overexpression of TAP alone (in control siRNA-
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Fig.2. TAP augments the stimulatory effect of NFAR knockdown on mRNA
export and translation. (A) HeLa cells treated with three independent siRNAs
to the NFARs or three independent siRNA controls were transfected with a
luciferase reporter plasmid and a GFP-expressing plasmid to control for trans-
fection efficiency. Each experiment was carried out in triplicate. NFAR deple-
tion was confirmed by immunoblot analysis. Luciferase activities are expressed
as fold increases over the average activity observed in nonspecific siRNA-
treated cells, which was arbitrarily set to 1. (B) Luciferase mRNA levels were
determined by quantitative real-time PCR analysis in NFAR and control siRNA-
treated cells. RNA levels are expressed as fold increases over the level mea-
sured in nonspecific siRNA-treated cells, which was arbitrarily set to 1. (C) NFAR
or NSsiRNA-treated HeLa cells were cotransfected with a luciferase-expressing
reporter vector and either a negative control vector (Vec) or a TAP-expressing
vector. Luciferase activities are expressed as fold increases over the average
activity observed in NS siRNA-treated cells that were transfected with the
empty control vector, which was arbitrarily set to 1. (D) Protein synthesis rates
were determined by [3°S]-Met labeling in cells treated as described in C. Rates
are graphed as fold increases over the average rate observed in nonspecific
siRNA-treated cells transfected with Vec, which was arbitrarily set to 1. (E)
Same as in C. Cells were additionally cotransfected with a Rael- or p15-
expressing plasmid. (F) Cytoplasmic luciferase mRNA levels were measured in
cells treated as described in C by fluorescence real-time PCR analysis after
cellular fractionation. RNA levels are expressed as fold increases over the
average mRNA level observed in NS siRNA-treated cells transfected with
vector alone, which was arbitrarily set to 1. (G and H) Polysomal profiles of
Hela cells treated with NS or NFAR-specific siRNA. Profiles were produced as
described in Material and Methods by sucrose gradient centrifugation. Ten
gradient fractions were collected and examined by poly(IC) agarose pull down
and subsequent immunoblot analysis for the presence of NFAR and PKR. RNA
was isolated from each fraction and analyzed to identify the 60S peak of the
polysome profile. Each profile represents the average profile of three separate
experiments.

treated cells) was found to increase the expression of luciferase
~2- to 3-fold. In NFAR siRNA-treated cells, however, TAP’s
ability to increase luciferase expression was augmented ~20-fold
(Fig. 2C). Global protein synthesis rates in NFAR-depleted and
TAP-overexpressing cells also were found to be elevated (2-fold)
when compared with either NFAR-depleted or TAP-
overexpressing cells alone, indicating that the effects were
unlikely to be luciferase-dependent (Fig. 2D). To extend this
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analysis, we similarly depleted the NFARs by using siRNA and
heterologously coexpressed Rael and pl5 with a luciferase
reporter construct. This analysis demonstrated that, in the
absence of the NFARs, Rael or pl5 also could greatly enhance
the expression of luciferase (Fig. 2E). Whereas the total lucif-
erase mRNA levels remained approximately equivalent in
NFAR-depleted cells in the presence of TAP, compared with
controls, cytoplasmic luciferase mRNA fractions were increased,
again indicative of a change in mRNA localization (Fig. 2F)
(data not shown).

A number of proteins such as TAP remain associated with
RNP complexes after splicing and export and are known to
regulate translation. Because translation seemed to be greatly
affected by the presence or absence of the NFAR proteins, we
examined polysome profiles in NFAR-lacking cells. Polysomes
from NFAR-depleted or control cells were obtained by gradient
centrifugation of cell lysates (equal RNA). Depletion of the
NFARs was confirmed by immunoblot analysis after precipita-
tion of fractions with agarose beads conjugated to poly(IC),
which effectively bind DRBD-containing proteins (Fig. 2 G and
H and SI Fig. 10) (3). Principally, in NS siRNA-treated cells, we
observed an accumulation of 80S ribosomes and diminished
polysomes when compared with NFAR siRNA-treated cells,
which could reflect an increase in translation initiation in
NFAR-depleted cells. Second, although both NFAR-1 and
NFAR-2 are predominantly localized to the nucleus, a propor-
tion of both of these proteins appear associated with ribosomes
at various stages of the translation process, as determined by
immunoblot analysis (Fig. 2 G and H). As a control, polysome
blots were reprobed with anti-PKR antibody because this cyto-
plasmic kinase contains two classical DRBDs, similar to the
NFARs, binds efficiently to poly(IC) agarose beads, and has
been reported as being associated with 60S subunits (25). This
analysis confirmed that, in control and NFAR-depleted cells,
PKR was more evidently associated with ribosomal subunits
engaged in the initiation of translation and not with polysomes
engaged in the elongation process, as was evident with the
NFARs (Fig. 2 G and H). Collectively, our data indicate that the
NFARs are involved in controlling mRNA retention and export
and plausibly retain association with ribosomes to influence the
translation process, at the level of initiation or elongation, similar
to TAP (22, 23).

Regulation of Translation by the NFARs. To further investigate the
role of the NFARs in translational regulation, we evaluated the
consequences of NFAR loss on replication of the cytoplasmic
vesicular stomatitis virus (VSV). VSV provides an ideal model
because it is not dependent on any nuclear export pathways for
its replication. Thus, VSV mRNAs are exclusively synthesized
and processed in the cytoplasm (26-28). Accordingly, HeLa cells
lacking NFAR or controls treated with nonspecific siRNAs were
infected with recombinant VSV expressing a GFP fluorescent
gene (VSV-GFP) (29). This analysis indicated that VSV exhib-
ited enhanced replication in NFAR-lacking HeLa cells (up to
4-fold), compared with controls (Fig. 3 4 and B). These data are
consistent with increased protein synthesis in NFAR-depleted
cells.

We originally isolated the NFARs through yeast two-hybrid
screening by using the antiviral IFN-inducible protein kinase
PKR as bait, and we have demonstrated that the NFARs also are
substrates for PKR (4). Speculatively, this finding would infer
that the NFARSs could be regulated by PKR in the event of virus
infection and plausibly that the NFARs also play a role in host
defense. Accordingly, to extend our analysis into the potential
innate immune role carried out by the NFAR proteins, we
ablated NFAR from normal murine embryonic fibroblasts
(MEFs), which, unlike transformed HeLa cells, exhibit signifi-
cant resistance to VSV infection (Fig. 3C) (29). As a control, we
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Fig. 3. NFAR depletion renders HeLa cells and primary MEFs susceptible to VSV. (A) NFAR or NS siRNA-treated Hela cells were infected with VSV-GFP virus at
an moi of 1. VSV-GFP titers (pfu/ml) were determined at 6, 9, and 12 h after infection. VSV protein synthesis was measured by immunoblot analysis using a mouse
polyclonal anti-VSV serum. (B) The depletion of the NFAR proteins before VSV infection was confirmed by immunoblot analysis. GFP expression was visualized
12 h after VSV-GFP infection by fluorescence microscopy. (C and D) MEFs (C57BL/6 background) were treated with NS, NFAR, or STAT1 siRNA, and knockdown
of NFAR and STAT1 was confirmed by immunblot analysis. (E and F) siRNA-treated MEFs were infected with VSV-GFP (moi = 1). Viral protein synthesis was assayed
by immunoblot analysis at 18 and 24 h after infection. Viral titers (pfu/ml) were determined 24 h after infection. (G) siRNA-treated Hela cells were transfected
with poly(IC) for 6 h, and IFN-B mRNA levels were quantitated by RT-PCR. RNA levels are expressed as fold increases over the average IFN-8 mRNA level observed
in NS siRNA-treated cells not transfected with poly(IC). (H) siRNA-treated cells were analyzed by immunoblot for STAT1 induction after poly(IC) treatment.

similarly depleted STAT1 by RNAi because ablation of this
protein inhibits IFN signaling and renders cells susceptible to
virus infection (Fig. 3D) (30, 31). Significantly, using this
method, we demonstrated that loss of the NFARs, as well as
STATI, in MEFs lead to a dramatic increase in VSV protein
synthesis and virus replication (Fig. 3 £ and F and SI Fig. 11A4).
Mock-treated or control RNAi-treated cells infected with VSV
exhibited significant resistance to virus replication (greater than
a log difference). One explanation for these NFAR-mediated
antiviral functions may include that the NFARs could act as
intracellular sensors to recognize viral mRNA species and
mediate the activation of IFN-B, a consequence that could
inhibit viral replication. Thus, loss of the NFARs would lead to
an increase in viral replication through a defect in IFN-B
production. However, our data indicate that ablation of the
NFARs did not prevent the production of IFN-B8 mRNA in
response to poly(IC) treatment, neither in HeLa cells nor in
METFs, indicating that they do not exert their antiviral function
through IFN-B-signaling mechanisms (Fig. 3G and SI Fig. 11B).
Furthermore, the reduction of the NFARs did not inhibit the
JAK-STAT pathway responsible for the induction of IFN-
induced genes because STATI, a key IFN-inducible gene, was
robustly expressed in NFAR-depleted cells treated with dsSRNA
(Fig. 3H).

Previous data have indicated that VSV mRNAs may hijack
host mRNP complexes to facilitate their translation (32, 33).
Plausibly, the NFARs could function within exported RNP
complexes as sentinels that can sense foreign RNAs through
their RNA-binding motifs. To evaluate whether VSV mRNAs
can associate with the NFARs, biotinylated VSV G or M
mRNAs were generated, and extracts of HeLa cells were incu-
bated with the labeled nucleotides. After precipitation with
agarose-avidin beads, VSV G- or M mRNA-interacting proteins
were electrophoresed and immunoblotted by using anti-NFAR
serum. These data demonstrated that both VSV G and M
mRNA could robustly associate with the NFAR proteins, com-
pared with control RNA (Fig. 44, lanes 3, 5, and 10). As a further
control, we reprobed the blots by using antiserum to hnRNP A1,
a known component of RNP complexes (34). This analysis
indicated that hnRNP Al coprecipitated with the NFAR pro-
teins, indicating that VSV mRNAs bind directly to hnRNP Al
or indirectly through NFAR association. To further evaluate the
association of the NFARs with RNP complexes, we infected
HelLa cells with VSV and, after cell lysis under varying condi-
tions of stringency, immunoprecipitated protein complexes with
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antibody to hnRNP proteins, the NFAR proteins, or, as a
negative control, elF2a. Precipitates were then subjected to
immunoblot analysis by using anti-TAP or anti-NFAR antibody
or serum raised to VSV. These analyses indicated that hnRNP
C1/C2 directly or indirectly associated with the NFAR proteins
(Fig. 4B) (data not shown). Moreover, TAP also was found to be
part of heterogeneous nuclear RNP (hnRNP)-NFAR com-
plexes; indeed, evidence of TAP and NFAR colocalization was
observed by confocal microscopy (Fig. 4C). Interestingly, only
the M protein of VSV was able to significantly coprecipitate with
hnRNP molecular complexes or the NFAR proteins. These
associations were not observed in complexes precipitated with
elF2« antibody.

To evaluate whether the NFARs exerted influence on the
replication of viruses other than VSV, we infected HeLa cells
lacking the NFARs, or control cells, with influenza virus and
monitored virus replication at various stages after infection. Our
analysis indicated that by 12 h after infection, influenza virus had
replicated higher (36-fold) in cells lacking the NFARs, com-
pared with cells treated with nonspecific siRNA (Fig. 4 D and E).
This effect was more pronounced 18 h after infection. Collec-
tively, aside from establishing a role for the NFARs in mRNA
export and translational regulation, these data additionally
suggest that the NFARs, similar to its DRBD members, PKR and
DICER, are important for efficient host defense.

Discussion

Our data presented here indicate that loss of NFAR activity does
not significantly affect transcription or splicing, but leads to the
redistribution of nuclear mRNA to the cytoplasm as well as to
increased protein synthesis rates. NFAR activity was determined
not to be restricted to T cell subsets or to specific mRNAs,
although we found that NFAR loss was extremely detrimental to
the host (3, 7, 10, 12, 13). Overexpression of TAP, Rael, or p15
enhanced translation rates in the absence of the NFARs. These
data would indicate that the NFARs negatively regulate the
export of cellular mRNA governed by the TAP-p15 pathway.
The NFARs largely localize to the nucleus, but we have shown
here that both factors are shuttling proteins and are able to
associate with RNPs and polysomes. Plausibly, the NFARs may
be tethered to ribosomes or nuclear mRNAs within RNPs for
editing or other purposes. Collectively, our studies indicate that,
similar to TAP, a proportion of the NFARs may be retained by
RNPs and polysomes to negatively influence translation rates as
well as RNA export. This finding was most clearly seen by
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Fig.4. VSV RNAs associate with RNP complexes harboring the NFAR proteins. NFAR-lacking cells are susceptible to influenza A infection. (4) Biotinylated VSV
G or M mRNAs were incubated with Hela cell extracts and subsequently precipitated with streptavidin agarose. RNA-interacting proteins were electrophoresed
and immunoblotted by using anti-NFAR serum and antiserum to hnRNP A1. Lane 1, input; lane 2, protein marker; lane 3, biotinylated VSV G mRNA + lysates;
lane 4, nonbiotinylated G mRNA + lysates; lane 5, biotinylated VSV M mRNA + lysates; lane 6, nonbiotinylated M mRNA + lysates; lane 7, biotinylated G mRNA
+ lysis buffer; lane 8, biotinylated M mRNA + lysis buffer; lane 9, no RNA + lysates; lane 10, biotinylated nonspecific mRNA + lysate. (B) Three fractions, an RNP
fraction (Nup), a cytoplasmic fraction (Cyt), and a Triton wash fraction (Tri), were separated from VSV-infected 293T cell lysates and then subjected to
coimmunoprecipitation (co-IP) with hnRNP C1/C2, NFAR, or elF2a anti-serum conjugated to polyG agarose beads. After the co-IPs, elutants from all fractions were
examined by immunoblot for the presence of NFAR, TAP, and the VSV proteins. (C) The nuclear colocalization of NFAR and TAP was determined by
immunofluorescence. (D) NFAR- or NS siRNA-treated HeLa cells were infected with influenza A virus (INV) at an moi of 1. INV titers (pfu/ml) were determined
at 12 and 18 h after infection. (E) Immunoblot analysis confirming depletion of the NFAR proteins and expression of viral NS1 protein in Hela cells up to 18 h

after influenza infection.

demonstrating that the loss of the NFARs leads to a dramatic
increase in VSV protein synthesis, a virus that replicates exclu-
sively in the cytoplasm. These data further suggest the possibility
that the NFARs may play an important innate immune role in
host defense against virus infection and may even provide a
potential mechanism to explain viral oncolysis (29). A number of
antiviral checkpoints at the translational level, such as those
involving the PKR-eIF2« pathway, have evolved to impede viral
translation suffice to allow the host time to activate antiviral
genes (35). The NFARs may act similarly and function, in part,
to directly detect and inhibit viral translation. Alternatively, the
NFARs may be substrates and respond to antiviral molecules
such as PKR to repress viral translation. Nearly all RNA viruses
replicate in the cytoplasm, and so one possible mechanism of
triggering antiviral pathways could involve host defense machin-
ery recognizing foreign transcripts not associated with specific
cellular proteins that are tethered to cellular mRNA and that
accompany the transcript from the nucleus to the cytoplasm.

Materials and Methods

Plasmids. pEGFP-C1, the EGFP-expressing negative control vector (Vec), was
purchased from Clontech, and pGL3, the Firefly luciferase-expressing plasmid,
was purchased from Promega. Plasmids pEGFP-C1-TAP and pEGFP-C1-p15
were received from Elisa Izaurralde (EMBL, Heidelberg, Germany), and plas-
mid pcDNA-Rae1 was sent to us by Jan van Deursen (Department of Pediatrics
and Adolescent Medicine, Mayo Clinic, Rochester, MN).

Knockdown of NFARs by RNAi. The 21-nt siRNA duplexes were purchased
from Dharmacon. The constructs targeting both NFARs were: no. 1 (aagc-
cacugaugcuauugggc), no. 2 (gcucaaagcuguguccgacugga), and no. 3 (guc-
gacgaugcugcgauugugau). We used no. 1 for all experiments unless other-
wise stated. Constructs specific to either NFAR-1 or NFAR-2 were the
following: NFAR-1 (aagacugcuacggcuaucaug) and NFAR-2 (aaggcaaacaag-
gaggcuacu and aacuacagugguaguggaggc; mismatched, aacuucagug-
guagucgaggc). Control siRNAs were specific to mFADD (acgaucugaug-
gagcucaa), GFP (P-2048), and mouse STAT1 (D-058881-05) or were
nonspecific (NS) (D-001206-01-80). HelLa cells were transfected with 240
pmoles of siRNA according to the manufacturer’s instructions. MEFs were
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transfected by using an Amaxa nucleofector apparatus (program A-023)
and Amaxz MEF nucleofector kit 1 according to the manufacturer’s rec-
ommendations. Cells were incubated for 72 h. NFAR depletion was always
confirmed by immunoblot analysis.

Transient Transfection of siRNA-Treated Cells. siRNA-treated Hela cells were
transiently transfected with pGL3 in combination with pEGFP-C1, pEGFP-C1-
TAP, pEGFP-C1-p15, or pcDNA-Rael at 72 h after the start of the siRNA
transfection. EGFP and/or luciferase expression was analyzed 24 h after trans-
fection. Experiments were carried out in triplicates. Luciferase activities were
corrected for total protein content, and results were expressed as fold in-
creases over the average activity observed in control siRNA-treated cells.
Transfection efficiencies were evaluated by EGFP fluorescence.

Viral Infection/Poly(IC) Transfection of siRNA-Treated Cells and Determination
of Viral Titers. VSV (Indiana strain) and influenza A virus (WSN) infections
and plaque assays were performed as described previously (36). Cells were
infected with virus at a multiplicity of infection (moi) of 1. At particular
time points, supernatant, total RNA, and total protein were collected, and
GFP fluorescence (VSV-GFP only) was analyzed. Experiments were carried
out in duplicates. Poly(IC) transfections were carried out as described (37).

Western Blotting. The following primary antibodies were used: NFAR poly-
clonal rabbit antiserum (1:10,000), NS1 polyclonal antiserum (1:1,000), mouse
polyclonal antiserum to VSV (1:5,000), goat polyclonal elF2« (1:1,000; Santa
Cruz Biotechnology), rabbit phospho-elF2« (1:1,000; Santa Cruz Biotechnol-
ogy), rabbit polyclonal Stat1 (1:1,000; Abcam), rabbit polyclonal PKR (1:1,000;
Santa Cruz Biotechnology), or B-actin monoclonal antibody (1:10,000; Sigma—
Aldrich). For detection, secondary HRP-conjugated anti-mouse or anti-rabbit
1gG (Jackson Immunochemicals) was used.

Measurement of Protein Synthesis by [3°S]-Met Labeling. Protein synthesis rates
were determined as described (38). The [3°S] counts were measured in a
scintillation counter and were corrected for total protein concentration as
determined by the Bradford assay using a commercial kit (Pierce). Protein
synthesis rates were expressed as fold increases over the average rate ob-
served in control siRNA-treated cells.

RNA Measurements. Total or cytoplasmic RNA was isolated from HelLa cells by
using either TRIzol reagent (Invitrogen) or the RNeasy kit (Qiagen) following
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the manufacturer’s recommendations. Total mRNA was quantified by using
the poly(A) mRNA-detection system (Promega). Quantitative real-time PCR
assays for luciferase were carried out by using the following primers: 5'-
GCCCGCGAACGACATTT-3' and 5'-CCACGGTAGGCTGCGAAAT-3'. Assays for
GAPDH, actin, 18S, PGK1, and TFRC were carried out similarly by using total
RNA and primers as described (39). Fluorescence real-time PCR analysis was
performed by using a LightCycler 2.0 instrument (Roche) and TagMan gene
expression assays specific for Firefly luciferase and human IFN-B8 (Applied
Biosystems). Relative amounts of mRNA were normalized to the 18S ribosomal
RNA levels in each sample. The preceding cDNA synthesis was performed by
using the first-strand cDNA synthesis kit for RT-PCR (Roche).

Confocal Microscopy and in Situ Hybridization. Confocal microscopy and in situ
hybridization of siRNA-treated HeLa cells with a biotinylated oligo(dT) 45-mer
was performed as described previously (28). For immunofluorescence, NFAR
rabbit polyclonal antiserum (1:100), lamin A/C mouse monoclonal antibody
(1:10) (sc-7292; Santa Cruz Biotechnology), and monoclonal mouse TAP IgG1
(1:10; BD Biosciences) were used. The secondary antibodies used were fluo-
rescein-conjugated anti-mouse antibody (1:100) and Texas red-conjugated
anti-rabbit antibody (1:100).

Polysomal Profiles. Cell extracts were prepared and polysome profiles ana-
lyzed essentially as described previously (40) for Hela cells pretreated with
NS or NFAR siRNA. Lysates (equal RNA) were loaded onto 47-20% linear
sucrose density gradients (centrifuged at 29,000 rpm for 3.5 h at 4°Cin a
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Sorvall StepSaver 65V13 Rotor, Cole-Parmer). RNA was extracted from each
fraction by using TRIzol reagent (Invitrogen) and analyzed by using an
Agilent 2100 Bioanalyzer to identify 18s and 28s ribosomal RNA.

Measurement of NFAR Expression in Polysome Fractions. Poly(IC) agarose beads
(Amersham) were used to pull down NFAR in each polysome fraction as
described (4).

RNA Pull Down. Labeled (biotin-UTP, 1:5 ratio to UTP; Roche) VSV G and M
RNAs, as well as the negative control RNA (singed, Drosophila) were gener-
ated by in vitro transcription. The integrity and size of the RNAs were con-
firmed by denaturing agarose gel electrophoresis. The pull-down experiment
was essentially carried out as described (41).

RNP Isolation. RNPs were isolated as described (42). All fractions were then
immunoprecipitated with NFAR, elF2«, or hnRNP C1/C2 (Santa Cruz Biotech-
nology) antibodies conjugated to polyG agarose beads. Bound proteins were
identified by Western blot analysis.
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