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The La antigen (SS-B) associates with a wide variety of cellular and viral RNAs to affect gene expression in
multiple systems. We show that La is the major cellular protein found to be associated with the abundant
44-nucleotide viral leader RNA (IeRNA) early after infection with respiratory syncytial virus (RSV), a non-
segmented negative-strand RNA virus. Consistent with this, La redistributes from the nucleus to the cytoplasm
in RSV-infected cells. Upon RNA interference knockdown of La, leRNA is redirected to associate with the
RNA-binding protein RIG-I, a known activator of interferon (IFN) gene expression, and this is accompanied
by the early induction of IFN mRNA. These results suggest that La shields leRNA from RIG-I, abrogating the
early viral activation of type I IFN. We mapped the leRNA binding function to RNA recognition motif 1 of La
and showed that while wild-type La greatly enhanced RSV growth, a La mutant defective in RSV leRNA binding
also did not support RSV growth. Comparative studies of RSV and Sendai virus and the use of IFN-negative
Vero cells indicated that La supports the growth of nonsegmented negative-strand RNA viruses by both IFN
suppression and a potentially novel IFN-independent mechanism.

RNA and RNA-binding proteins are increasingly being rec-
ognized as activators of interferon (IFN) that play a profound
role in innate immunity (70). Essentially all viruses activate
type I IFNs, alpha IFN (IFN-a) and IFN-B, which signal
through the common type I IFN receptor as part of the host
defense system (53). Due to their critical role in host-virus
relationships, type I IFN induction has been studied in detail
(7, 32, 60). The current dogma is that all viruses make double-
stranded RNAs that act as pathogen-associated molecular pat-
terns that are recognized by pattern recognition receptors such
as retinoic acid-inducible gene I (RIG-I) and MDAS (35, 59,
71, 72). Both pattern recognition receptors contain DExD/H-
box helicase and caspase recruitment domains and recruit
adaptors that trigger specific kinases. These kinases phosphor-
ylate IFN regulatory factor 3 and IFN regulatory factor 7,
transcription factors that activate type I IFNs (32, 70). Recent
results have shown that RIG-I and MDAS distinguish between
different RNA viruses (35, 71, 72). While MDAS appears to be
important for picornaviruses, RIG-I is important for negative-
strand RNA viruses including influenza virus and paramyxovi-
ruses such as respiratory syncytial virus (RSV), parainfluenza
virus, and Sendai virus (SeV), all of which constitute significant
human and animal health hazards. MDAS is inhibited by the
direct binding of paramyxoviral V proteins that share sequence
motifs (3, 20, 68). In contrast, the RIG-I pathway is inhibited
by apparently diverse viral proteins such as SeV C (63), influ-
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enza virus NS1 (49), and hepatitis C virus nonstructural pro-
teins (65); however, the exact mechanisms of their interaction
with RIG-I remain unknown.

Although RNA is a suspected ligand of RIG-I in infected
cells, its identity has been speculative. Transcription and rep-
lication in nonsegmented negative-strand RNA viruses are cat-
alyzed by viral RNA-dependent RNA polymerase in the cyto-
plasm. Infected cells contain three types of viral RNA,
mRNAs, genomic (and antigenomic) RNAs, and viral leader
RNA (IeRNA) (4, 25), with no evidence of extensive double-
stranded RNA (4). Because RIG-I prefers 5'-phosphorylated
rather than 5’-m’G-capped RNA (33, 54), the capped viral
mRNAs (6) are not expected to be efficient ligands for RIG-1.
The full-length genomic (and antigenomic) RNAs are single
stranded, encapsidated with viral nucleocapsid protein (1, 30),
and resistant to RNase or small interfering RNA (siRNA)
(11); it is unclear whether they will serve as efficient ligands for
RIG-I. Recent studies indicate that uncapped, 5'-triphosphate-
containing RNA (5'-ppp-RNA) activates type I IFN produc-
tion (33, 54). RIG-I specifically bound 5'-ppp-RNA but not
RNA with an m’G cap or other 5 modifications (33).

The third type of viral RNA is short leRNA containing an
unmodified 5'-ppp and an unmodified 3’ end (21, 41). It was
recently shown that naked leRNA with 5'-ppp is indeed a
potent activator of RIG-I and IFN using a measles virus-de-
rived system (55). The 1eRNA gene is the most promoter-
proximal transcription unit in the viral genome, and accord-
ingly, leRNA is an early and abundant viral transcript
generated in vitro. In more extensively studied viruses such as
vesicular stomatitis virus (VSV), [eRNA is detectable as a
~44-nucleotide (nt) RNA species in infected cells (4, 14, 41).
The N gene is the second transcription unit in all nonseg-
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mented negative-strand viral genomes (except in RSV, where
it is fourth), and thus, N is an abundant viral protein in infected
cells (5). After a substantial amount of de novo N protein
accumulates, it begins to encapsidate leRNA, promoting a
transcription-to-replication switch (14, 15, 16, 52). However,
until this happens, the leRNA should be available to associate
with cellular RNA-binding proteins. Our experiments uncov-
ered the cellular La antigen, an abundant RNA-binding phos-
phoprotein involved in the metabolism of many cellular and
viral RNAs, as being a leRNA-interacting factor that serves to
attenuate RIG-I activation in RSV-infected cells and promote
virus growth.

The La antigen is a member of the ribonucleoprotein (RNP)
family of RNA recognition motif (RRM) proteins with diverse
roles in the metabolism of a large variety of cellular and viral
RNAs (18, 42, 46). Binding studies, crystal structures, and in
vivo analyses indicate that La recognizes the unmodified
UUU-3’-OH termini of RNA polymerase III transcripts (66)
and functions in the processing of abundant small noncoding
RNAs such as tRNAs, ribosomal 5S rRNA, and adenovirus
VA1l RNA (23, 46). La is also found to be associated with
selected polymerase II transcripts, such as snRNA precursors
that end with UUU-3'-OH (46). La binds with highest affinity
to nascent 5'-ppp-containing RNAs with two to three U resi-
dues and a free-OH group at the 3’ end (10).

Pioneering and later studies have shown an association of La
with the leRNA of nonsegmented negative-strand RNA vi-
ruses such as VSV (39, 69), human parainfluenza virus type 3
(24), Rinderpest virus (56), and rabies virus (40) and with
nonleader RNA species of influenza virus (51) and human
immunodeficiency virus (19, 64). It was also postulated that La
stabilizes hepatitis B virus mRNA (31). For several viruses, La
enhances internal ribosome entry site function (2, 9, 22, 48, 58,
61). However, none of these viral leRNAs, including that of
RSV, contains a UU-3’-OH end, suggesting a noncanonical
interaction with La. Unfortunately, the biological significance
of these La-leRNA interactions remained unknown. Here, we
examined the encapsidation status of leRNA in RSV-infected
cells. Our results document that RSV IeRNA is not naked in
infected cells and does not associate with RIG-I. Rather, we
find that RSV 1eRNA is bound and sequestered by La antigen
early in infection. Only when La levels were decreased by
siRNA was leRNA found to be associated with RIG-I, and this
was accompanied by the early induction of IFN mRNA. These
results provide the first evidence that a virus uses La to inhibit
IFN activation by shielding viral leRNA from RIG-I. We map the
domains of La involved in leRNA binding and show that La is
also essential for viral growth in an IFN-independent pathway.

MATERIALS AND METHODS

Virus growth. All cell cultures were done using Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum. Wild-type RSV strain Long of the A serotype
was routinely grown on HEp-2 cells, whereas SeV strain Enders was grown in
Vero cells. For SeV, the medium additionally contained acetylated trypsin (1
pg/ml; Sigma).

Isolation and use of 1eRNA and leader RNP (IeRNP). The 44-nt positive-
strand leRNA of RSV, 5'-ACGCGAAAAAAUGCGUACAACAAACUUGCA
UAAACCAAAAAAAU-3’ (25, 50), with biotin at either the 5" or 3’ end, was
purchased from Dharmacon (Lafayette, CO) and attached to streptavidin aga-
rose beads. In vitro-transcribed IeRNA (with 5’-ppp) was synthesized by recon-
stituted RSV as described previously (5, 25), purified after denaturing 25%
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FIG. 1. RSV IeRNA is encapsidated and does not activate type I
IFN. (A) Cytosolic extracts from RSV-infected A549 cells at 8 h p.i.
without any treatment (a) or after digestion with protease K and 0.1%
SDS (b) and pure, synthetic leRNA (c) were subjected to CsCl cen-
trifugation, and fractions were collected and analyzed for leRNA con-
tent by Northern analysis as described in Materials and Methods.
Autoradiographs of Northern panels are shown. In lane M, synthetic
leRNA was electrophoresed to serve as a molecular weight marker.
(B) A549 cells were electroporated with 100 or 200 pmol of the fol-
lowing: in vitro RSV-transcribed leRNA (white bars), CsCl-banded
leRNP from A (black bars), and leRNA deproteinized from CsCl
leRNP (gray bars). Northern analysis (inset) shows leRNA and leRNP
from electroporated cells. IFN-B mRNA was quantified by qRT-PCR
and plotted as the increase relative to the amount of 18S rRNA in the
same samples.

polyacrylamide gel electrophoresis, ethanol precipitated, and dissolved in Tris-
EDTA. For electrophoretic mobility shift assay (EMSA), unbiotinylated leRNA
was phosphorylated by T4 polynucleotide kinase using [y->>P]ATP.

The in vivo leRNA/IeRNP was isolated from RSV-infected A549 cells at 8 h
postinfection (p.i.). Cells from two 10-cm dishes were lysed as described previ-
ously (14), with some modifications. The monolayers were washed with phos-
phate-buffered saline (PBS) and lysed by gentle pipetting in a total volume of 1
ml buffer A (10 mM Tris-Cl [pH 7.5], 150 mM NaCl, 10 mM MgCl,) plus 0.5%
NP-40. The lysate was clarified by centrifugation at 13,000 X g for 5 min. CsCl
stock solution (1.2 ml at a concentration of 1.55 g/ml) was made fresh in buffer
A containing 0.5 mM each of phenylmethylsulfonyl fluoride and dithiothreitol
and mixed with 0.8 ml of the clarified lysate. Tubes were centrifuged at 90,000
rpm for 20 h at 10°C in a Beckman TLX tabletop ultracentrifuge using a TLV 100
rotor. A control gradient contained the exact density positions as determined by
weighing 100-wl portions of its fractions.

Following collection, the RNP or RNA fraction was dialyzed at an 8-kDa
cutoff (BRL/Invitrogen, Carlsbad, CA) in cold for 2 h against buffer B (120 mM
KCl, 0.15 mM CaCl,, 10 mM K,HPO,-KH,PO, [pH 7.6], 25 mM HEPES [pH
7.6], 5 mM MgCl,) (67). The dialyzed material was used for three purposes:
electroporation, immunoprecipitation (IP), and analysis of RNA. For electropo-
ration, RSV nucleocapsid was transcribed in vitro, and the 44-nt leRNA was
isolated by denaturing gel electrophoresis and purified (25).

Electroporation with leRNA or leRNP was done as described previously for
influenza virus RNP (43), with buffer modifications. Trypsinized A549 cells (300
ul) were resuspended at 2 X 107 cells/ml in buffer B and mixed with the leRNP
or leRNA (100 or 200 nmol RNA equivalent, determined by UV after depro-
teinization) in 100 wl of buffer B. The mixture was electroporated at 1.5 keV and
at 25 pF (Gene Pulser; Bio-Rad, Hercules, CA) in a sterile cuvette with a 2-mm
gap, was left undisturbed for 15 min, and was then overlaid onto a culture dish.
To detect the internalized RNA (Fig. 1B, inset), total RNA at 10 h p.i. was
purified by RNeasy Plus (Qiagen, Valencia, CA).

Reverse transcription and real-time PCR (quantitative reverse transcription
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TABLE 1. qRT-PCR primers®

Gene Primer sequence

GAATGGCATTGTGTTTGTGC
TGGCATTGTTGTGAAATTGG

N TGCAGGGCAAGTGATGTTAC
TTCCATTTCTGCTTGCACAC
P GGCAAGACTCAGGAATGAGG
TCCCTTCCAACAGGTTGTTC
M AATGCCCAGCAAATTTACCA
GCCTTGATTTCACAGGGTGT
SH oo CCAATCTGATGGCACAAAAC
GCTTGCATGGTGAGATGTTG
G AAGTCAACCCTGCAATCCAC
TTTGTTTTGGCGTTGTTTTG
F TAGGAGCCATTGTGTCATGC
ATCGCACCCGTTAGAAAATG
M2 CCCATGCACTGCTTGTAAGA
CCAACTCTGCAGCTCCACTT
L TCCTGCTACAGATGCAACCA

ACAGGCAATTCAGCATCACA

GAPDH GGCCTCCAAGGAGTAAGACC
AGGGGAGATTCAGTGTGGTG
IEN-B o TGCTCTGGCACAACAGGTAG

TGGAGAAGCACAACAGGAGA

“ The GenBank accession numbers for RSV, GAPDH, and IFN-B sequences
are M74568, NM_002046, and NM_002176, respectively. For each gene, the top
sequence is the sense strand and the bottom sequence is the antisense strand. All
primers are written 5’ to 3'.

[qRT]-PCR) using total RNA as a template were done as described previously
(13) using primers listed in Table 1.

IP was done according to standard procedures (38). The 1eRNP (50 pmol,
equivalent to ~8 ug N) in buffer B was mixed with an excess (40 pg) of either
mouse monoclonal anti-RSV N (Biodesign International), rabbit anti-La (Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit RIG-I, or anti-MDAS5 (ProSci,
Poway, CA) antibody. The complexes were bound to protein A-Sepharose beads
by mixing in cold for 2 h. The bound proteins in one-third of the IP pellet were
solubilized in sodium dodecyl sulfate (SDS) sample buffer and analyzed by
immunoblotting (Western) using the following goat antibodies: anti-RSV N from
Chemicon, Billerica, MA, and anti-La, anti-RIG-I, and anti-MDAS5 from Santa
Cruz. The blot was developed with horseradish peroxidase-conjugated anti-goat
secondary antibody, followed by ECL detection (Pierce, Rockford, IL). leRNA
in the remaining two-thirds of the IP pellet was detected by Northern analysis.

Northern analysis of 1eRNA. Where mentioned, RNP was deproteinized by
phenol-chloroform, followed by ethanol precipitation with glycogen carrier, and
dissolved in Tris-EDTA. Protein-free leRNA was fractionated on 1.8% agarose
morpholinepropanesulfonic acid-formaldehyde gels (56), transferred onto a Hy-
bond-N membrane, UV cross-linked, and probed by 3*P-labeled antisense DNA
using stringent conditions as described previously (56). The washed membrane
was autoradiographed.

Immunofluorescence studies. Cell monolayers at various times p.i. were rinsed
in PBS; fixed with ice-cold 10% trichloroacetic acid for 15 min; washed succes-
sively in cold 70%, 90%, and 100% ethanol (3 min each); permeabilized with
0.2% Triton X-100 in cold PBS for 10 min; and then incubated with mouse
antibody against La (BD Transduction Laboratories, San Jose, CA) and goat
antibody against RSV (Chemicon) for 2 h. Cells were then washed with PBS
(three times for 5 min) and incubated with fluorescein isothiocyanate-conjugated
anti-mouse immunoglobulin G and tetramethyl rhodamine isothiocyanate-con-
jugated anti-goat immunoglobulin G. Finally, the cells were washed three times
in PBS, mounted with DAPI (4’,6'-diamidino-2-phenylindole)-DABCO (1,4=
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diazabicyclo[2.2.2]octane), and analyzed using Nikon TE2000E2 Perfect Focus
fluorescence imaging. For best contrast in the merged pictures, red and green
were digitally switched such that La was red and RSV was green (see Fig. 5).

Cloning and RNA interference. cDNAs corresponding to the full-length hu-
man La protein or amino acids 1 to 187 of human La protein (hLal-187) were
cloned into the EcoRI/BglII sites of vector pCAGGS using primers that con-
tained EcoRI and BamHI sites (La has an internal BglII site). The forward
primer is ATAGCCAgaattcGCCGCCACCATG(CATCATCATCATCATCAC
)GCTGAAAATGGTGATAATGAAAAGATG (the EcoRlI site is in lowercase
type, the Kozak sequence is underlined, and six-His codons are in parentheses),
followed by 27 nt of La after its initiator ATG (initiation is upstream of His
codons). The recombinant proteins contained a N-terminal His, tag and were
detected by immunoblotting with anti-La or an anti-His antibody.

Transfections with siRNA were performed as described previously (11).
Briefly, siRNAs (Dharmacon) were transfected with siPORT NeoFX reagent
(Ambion, Austin, TX). Where mentioned, the cells were infected 24 h later. The
sense strands of the siRNA, corresponding to the (N),o core (26), were as
follows, and a dTdT extension was added to the 3" ends of both strands of the
siRNA (11, 26): GACCUGUAGAGAAGAUUUA (La), GCCCATTTAAACC
AAGAAA (RIG-I), and GGCCTTACCAAATGGAAGT (MDAS). Negative
control luciferase siRNA was described previously (12). All siRNAs were pur-
chased from Dharmacon and Ambion.

To create recombinant His-tagged La containing wild-type amino acids but
resistant to the siRNA described above, the siRNA target region was changed to
alternate but synonymous codons using QuikChange mutagenesis (Stratagene,
La Jolla, CA). The mutagenic sense primer had the sequence 5'-CTTGCTGA
AATTTTCGGGTGATTTAGATGATCAGACGTGCAGGGAGGACCTCCA
CATACTTTTCTCAAATCATGGTGAAATAAAATGG-3" (mutated nucleo-
tides are underlined).

Statistical analysis. Changes were analyzed by one-way analysis of variance
and by Student’s ¢ test with Bonferroni correction. All numerical data were
collected from at least three separate experiments. Results were expressed as
means * standard errors of the means (error bars in graphs). Differences were
considered to be significant at a P value of <0.05.

RESULTS

Viral leader RNA in the early-infected cell is fully complexed
with protein. Classical studies have shown that the nonseg-
mented negative-strand RNA viral (Mononegavirales) leRNA
binds viral N protein and that this is a prerequisite to the
replication of the viral genome (4, 16, 52). Since the innate
immune response is an early process in infection, we focused
on leRNA, the earliest transcriptional product of the incoming
RNA virus. For VSV and SeV at 16 h p.i., the leRNA was
found exclusively as RNP particles sedimenting at a 1.33-g/ml
buoyant density in CsCl (14), which is typical of RNPs. The
complexes contained leRNAs and N proteins, although the
possible presence of other proteins was not examined. To ex-
amine the RNP at early times of infection, we gently lysed
RSV-infected cells at 8 h p.i. and performed centrifugation in
CsCl. In a parallel experiment, in vitro-synthesized leRNA was
subjected to a similar centrifugation. A total of 10 fractions
were collected from each gradient, and an equal portion of
each was deproteinized and analyzed for leRNA by Northern
analysis. The CsCl concentration of each fraction from a par-
allel tube was determined by weighing it. Results (Fig. 1A)
show that essentially all of the leRNA was in a single peak
corresponding to about 1.33 g/ml (mainly fraction 4 from the
bottom) (Fig. 1Aa), which is characteristic of RNP. In clear
contrast, the synthetic naked leRNA sedimented to the bottom
(Fig. 1Ab). When the infected cell extract was digested with
protease and then subjected to CsCl centrifugation, the ma-
jority of leRNA sedimented to the bottom, indicating that the
CsCl banding was due to encapsidation by a protein. Thus,
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even as early as 8 h p.i., RSV lIeRNA was sequestered as an
leRNP.

We then tested if this leRNP is proficient in activating IFN
by transfecting it into A549 cells. Control cells were transfected
with a comparable quantity of in vitro-transcribed naked
leRNA, and transfection efficiency was monitored by Northern
analysis (Fig. 1B, inset). IFN-B mRNA levels, measured 18 h
p-i., revealed that while naked leRNA induced IFN-B mRNA
(Fig. 1B, white bars), leRNP did not (black bars). As another
control, the isolated leRNP was deproteinized, and its leRNA,
when transfected, induced IFN-B mRNA (Fig. 1B, gray bars).
Taken together, these results show that RSV IeRNA, as found
in its natural state in infected cells, is sequestered as an RNP
and is largely inactive for inducing IFN-(.

Viral leader RNA in the infected cell is associated with
either N or La but not RIG-I. To obtain an estimate of the
relative contributions of N, La, and RIG-I in constituting the
leRNP, we obtained the CsCl-banded infected cell viral RNPs
(corresponding to fraction 4) (Fig. 1A) and analyzed them by
two mutually complementary approaches. First, RNPs ob-
tained at various times of infection (8 to 24 h) were subjected
to Western analysis using antibodies against La, RIG-I, and N
to obtain a dynamic picture of the RNP protein content. As
can be seen in Fig. 2A, the RNP at 8 h contained primarily La
and some N protein. As N accumulated with time, the RNP
protein profile shifted from La to N and was essentially all N by
24 h of infection. RIG-I was notably absent from RNP at all
times, which could not be due to the lack of RIG-I in the cell
because appreciable amounts of RIG-I could be detected in
the total cell extract (the two rightmost lanes in Fig. 2A).
Northern analysis showed gradually increasing amounts of
leRNA synthesized by the replicating virus, as expected.

In the second approach, we affinity purified RNP species
with specific bound proteins using Sepharose beads coupled to
antibody against La, N, or RIG-I. The RNP from each affinity
column was examined by immunoblotting (Western) using a
mixture of all three antibodies and by Northern analysis for
leRNA content. Results (Fig. 2B) with the infected cell RNP at
8 h show that RNPs from the anti-La and anti-N columns
contained leRNA (Fig. 2B, bottom), with the former making a
greater contribution. In contrast, the anti-RIG-I column bound
little RNP such that only trace amounts of leRNA were de-
tected. A simple interpretation of these data is that infected
cells contain mainly two protein-bound IeRNA species, La-
IeRNA and N-IeRNA, with little or no RIG-I bound, which
agrees with our Western data for the unfractionated RNP
(Fig. 2A).

In addition, we noticed that 1eRNP, affinity selected by
anti-La or anti-N, contained the corresponding single protein
but not both proteins. This suggests that each molecule of
leRNA is encapsidated by either N or La but not a mixture
of the two, the reason for which is currently unclear.

The loss of La protein leads to an increased association of
leader RNA with RIG-I. If La binds leRNA early in infection,
it may serve to exclude RIG-I from 1eRNA, potentially mod-
erating IFN gene induction. Accordingly, we hypothesized that
the loss of the La protein may free leRNA to bind RIG-I and
activate IFN expression. To test this, we knocked down La and
RIG-I using siRNAs. We first confirmed that the siRNAs in-
deed specifically silenced the respective target and not the
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FIG. 2. Protein composition of intracellular viral leRNP. (A) West-
ern analysis of the total pool of infected cell RNP at various times
postinfection. Equal amounts of uninfected (Un) or RSV-infected
A549 cell extracts (at 8, 12, 18, and 24 h p.i.) were subjected to CsCl
buoyant density centrifugation, and the materials from the RNP band
region (i.e., fraction 4 in Fig. 1A) were subjected to Western analysis
to detect La, RIG-I, or N. In parallel lanes (boxed), total cell extracts
(equivalent to 40 pg protein) were directly subjected to Western anal-
ysis. Profilin serves as a negative control for leRNA binding and as
evidence for equal loading in the total extract lanes. (Bottom) North-
ern analysis of the corresponding fractions to determine their [eRNA
contents. Note the high level of content of La in early-stage RNP,
which is replaced by increasing N content of the RNP over time.
(B) Protein-based selection and analysis of infected cell RNP. Equal
amounts of CsCl-banded RSV-infected cell leRNP were incubated
with protein A-Sepharose beads conjugated to antibodies against La,
N, or RIG-], as indicated above the lanes. Equal portions of the bound
material from each column were analyzed by immunoblotting (West-
ern) using a mixture of antibodies to La, N, and RIG-I1. The remainder
of the bound material was deproteinized, and the leRNA content was
determined by Northern analysis (bottom).

other protein (Fig. 3Aa and b). Another control siRNA, de-
signed against luciferase, also had no effect on La and RIG-I
(not shown).

To test the effect of the knockdown on IeRNPs, we per-
formed reciprocal IPs of the leRNP at 8 h p.i. and determined
the amount of IeRNA in the precipitate. Results (Fig. 3B)
indeed revealed that with an increasing reduction of the La
protein by siRNA, progressively more leRNA bound to RIG-I,
providing support for the idea that La sequesters IeRNA from
RIG-I. In contrast, the loss of RIG-I did not increase the La
association with leRNA. MDAS, the other prominent member
of the DExD/H-box caspase recruitment domain helicase fam-
ily, did not associate with leRNA (Fig.3Bc, lanes M1 and M2),
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FIG. 3. Relationship of La with the RIG-I-mediated IFN response.
A549 cells were infected with RSV at 24 h post-siRNA addition, and IP
was done 8 h thereafter. (A) Immunoblots show the silencing efficacies of
La (a), RIG-I (b), and MDAS (c) siRNA at concentrations (in nM)
indicated above the lanes. Lane 0, no siRNA; lane C, 50 nM of control,
anti-luciferase siRNA. For La and RIG-I siRNA, the reciprocal proteins
also serve as controls for specificity. (B) Northern analysis of leRNA.
Panels correspond to those in A. IP was done with anti-RIG-I when La
was silenced by siRNA (a) and vice versa (b). Equal amounts of total
RNA were also analyzed (without prior IP), as indicated to the right of
each panel, for an internal control. For MDAS, fewer samples are pre-
sented because results were negative. T1 and T2, total RNA; M1 and M2,
after IP with anti-MDAS; T1 and M1, cells transfected with no siRNA; T2
and M2, transfected with 40 nM MDAS siRNA. In a and ¢, where the
leRNA levels were different between lanes, an ethidium bromide (EtBr)-
stained 18S RNA band is shown to confirm equal loading. (C) Kinetics of
IFN-B gene expression following RSV infection of A549 cells in which the
indicated genes were knocked down by siRNA (50 nM).
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ruling out a significant role of MDAS in constituting the
leRNP. These data show that RIG-I is capable of binding
leRNA (in the absence of La) and support the hypothesis that
La outcompetes RIG-I for the association with [eRNA.

To see if La prevents IFN activation by RIG-I, we deter-
mined the kinetics and magnitude of IFN-f gene expression by
infecting the La- and/or RIG-I-knocked-down cells with RSV.
IFN-B levels peaked at about 20 h p.i. in the control siRNA-
treated cells (Fig.3Ca), confirming previously reported kinetics
(44, 55). In La-deficient cells (Fig.3Cb), higher IFN-B mRNA
levels could be seen at much earlier times, peaking at about
10 h p.. If this shift in the IFN-B response is dependent on
RIG-I, the loss of RIG-I should abrogate IFN-B induction.
Indeed, in RIG-I knockdown cells with (Fig.3Cc) or without
(d) La, RSV infection failed to induce IFN-B. The loss of
MDAS had no effect on either the kinetics or magnitude of
IFN induction by RSV (Fig.3Ce). We conclude that RIG-I is
required for IFN-B induction at all stages of RSV infection and
that early induction is blocked by La. The cumulative data
provide strong support for the model that La sequesters or
shields IeRNA from RIG-I, thereby blocking the RIG-I-medi-
ated early induction of IFN.

La greatly enhances RSV replication. Next, we wanted to
assess if La is important for RSV growth. For this, we knocked
down La, RIG-I, or both in A549 cells by siRNA, infected the
cells with RSV, and measured progeny viral titer at 40 h p.i.
The knockdown of La decreased RSV growth by about 100-
fold, with or without the concomitant knockdown of RIG-I,
suggesting that this strong positive effect of La on RSV repli-
cation occurs independently of IFN, which is consistent with
the fact that RSV is resistant to type I IFN (45, 57, 62). We
show below (see Fig. 8) that this is also true for an IFN-
sensitive virus, namely, SeV. Control siRNA or siRNA that did
not silence La had no effect on virus growth (Fig. 4A and data
not shown). The knockdown of RIG-I, for example, did not
significantly affect RSV growth relative to that with no siRNA
in A549 cells. In line with this finding, the double knockdown
of La and RIG-I was no more inhibitory than the knockdown
of La alone. Finally, the knockdown of MDAS had no effect, in
agreement with a lack of its role in leRNA binding, as de-
scribed above. As shown in Fig. 7, RSV titers can be fully
rescued by an La expression construct engineered to be resis-
tant to this La siRNA, excluding any nonspecific effects of the
La siRNA on RSV growth.

To more directly rule out the involvement of IFN, we re-
peated the knockdown experiments in Vero cells that are de-
leted of type I IFN genes (27). RSV production was greatly
reduced when La was silenced in Vero cells, and again, the loss
of RIG-I had no effect (Fig. 4A). In fact, note that the gray
(Vero) and white (A549) bars in Fig. 4A have essentially equal
heights, showing an IFN-independent role of La. The data
indicate that the ~100-fold positive effect of the La protein on
RSV growth occurs by an IFN-independent mechanism.

To initiate studies on this mechanism, we tested if the effect
is on viral RNA synthesis and, if so, whether specific viral genes
are affected. We determined the levels of individual RSV gene
mRNAs by qRT-PCR using primers described in Table 1.
These results are presented in Fig. 4B. Clearly, a global reduc-
tion of all RSV transcription was observed in La-silenced A549
cells (Fig. 4B, lane 2). To test whether La levels in the cell are
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FIG. 4. La is needed for optimal RSV growth. (A) Progeny viral
titer (PFU/ml) in medium collected at 48 h p.i. from RSV-infected
A549 and Vero cells in which the indicated genes were knocked down
by siRNA (same as in Fig. 3C). An asterisk indicates significant reduc-
tion (P < 0.05). (B) Inhibition of RSV transcription in La-silenced
cells. A549 cells were transfected with luciferase siRNA (lane 1), La
siRNA (lane 2), RIG-I siRNA (lane 3), and plasmid pCAGGS-His-La
(lane 4) and infected with RSV 36 h later. Total RNA was isolated
after another 12 h and subjected to qRT-PCR as described in Mate-
rials and Methods. Transcript levels of RSV genes (NS1, N, P, M, SH,
G, F, M2, and L) and control cellular GAPDH were determined by
qRT-PCR as described in Materials and Methods. For visual presen-
tation, 10 pl of the PCR was analyzed in a 2% agarose gel and stained
with ethidium bromide. For a given gene, samples were taken after the
same number of cycles from lanes 1 through 5. However, because of
the polarity of viral gene transcription, samples from progressively
greater numbers of cycles were taken for more promoter-distal genes
so that relatively similar band intensities could be presented for pho-
tographic equality. For example, all NS1 samples are shown after 24
cycles, all N samples are shown after 25 cycles, and all P samples are
shown after 26 cycles, etc. (C) Western blot of the cell lysates corre-
sponding to the same treatments as above (B) (with the same lane
numbers) using the indicated antibodies (left). The detected bands are
marked (right). Profilin is an unaffected control.

rate limiting for RSV growth, we determined the RSV mRNA
levels following the recombinant expression of La by transient
transfection with a pCAGGS-His-La plasmid. This had no
effect on RSV transcription (Fig. 4B, lane 4). The silencing of
RIG-I by siRNA (Fig. 4B, lane 3) also had no discernible
effect. The control cellular GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) mRNA was not affected by any treat-
ment, and the irrelevant luciferase siRNA (Fig. 4B, lane 1) also
had no effect on any gene. We confirmed the expression of
His-La and the specificity and efficacy of the siRNAs by West-
ern blotting using appropriate antibodies (Fig. 4C). Finally,
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RSV protein expression, judged by viral N protein levels, cor-
related with the mRNA levels (Fig. 4C, bottom).

Together, these results show an essential IFN-independent
role of La in RSV gene expression and progeny RSV produc-
tion.

RSV infection leads to the redistribution of La protein from
the nucleus to the cytoplasm. Although La is mostly nuclear, it
shuttles between the nucleus and the cytoplasm, and redistri-
bution has been observed after infection by some viruses, dur-
ing apoptosis, and after granzyme B cleavage (8, 47). We ex-
amined the subcellular localization of La by immunostaining at
various times after infection by RSV (Fig. 5, red) and coun-
terstained with DAPI to visualize nuclei (blue) and with anti-
RSV (green). Prior to infection, La was most concentrated in
the nucleus, with little La detected in the cytoplasm (0 h) (Fig.
5, top). However, La began to appear in the cytoplasm as early
as 8 h p.i., when RSV proteins were first detectable. Although
the response was not synchronized in all cells, there was gen-
eral correlation in the cytoplasmic RSV stain and a paucity of
nuclear La as time progressed. For example, by 24 and 36 h,
individual cells with the lowest RSV staining (arrows) had the
greatest amount of nuclear La. Conversely, individual cells
with the highest level of RSV staining showed the lowest con-
centration of La remaining in the nucleus, and in these cells,
the La protein appeared distributed throughout the cell.

RRM1 and surrounding regions of the La protein are im-
portant for leRNA binding. We next sought to map the deter-
minants of the La protein that are important for leRNA inter-
actions. Various nested deletions of the La protein, each with
a C-terminal His tag, were purified and used in the EMSA as
described previously (8, 29). The EMSA employed 5'-*?P,
3’-OH RSV IeRNA synthesized in vitro. Competitions were
done with nonradioactive 5'-P-leRNA. Since our goal was to
identify mutations that decreased binding relative to that of
wild-type La, binding constants were not determined. The rep-
resentative autoradiograms in Fig. 6A and summary in Fig. 6B
reveal that removing some or all of the N-terminal domain, as
in hLa26-408 and hLa104-408, or parts of the C terminus, as in
hLal-390, hLal-363, and hLLaA316-332, had little or no effect
on leRNA binding. Mutants with the greatest loss of leRNA
binding were hLal88-408 and hLal-187. While these results
indicate that multiple regions of La may contribute to optimal
leRNA binding, they point to RRM1 and the linker region
between RRM1 and RRM2 (compare regions at amino acids 1
to 235 and 1 to 187) as being the most important.

An leRNA binding-defective La mutant does not support
RSV growth. We next expressed mutant hLLal-187 in A549 cells
in which endogenous wild-type La was knocked down by the
siRNA used previously (in Fig. 3 and 4), which targeted a
sequence downstream of the region at positions 1 to 187. In
control cells that were mock treated with 0 nM siRNA, the
expression of hLal-187 had little if any negative effect on the
replication of RSV, measured by the RSV N protein level and
viral titer (Fig. 7, compare lanes 1 and 2). However, as levels of
endogenous La decreased with siRNA, levels of RSV protein
and titer decreased despite the expression of hLal-187 (Fig. 7,
lanes 3 and 4).

To examine if the siRNA effect was due to the loss of the La
protein rather than a nonspecific effect of siRNA, we engi-
neered an La mutant in which the siRNA target sequence was
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FIG. 5. Nucleus-to-cytoplasm translocation of La in RSV-infected cells. A549 cells were infected with RSV and at times thereafter (hours on
the left) and were fixed and stained with DAPI (nuclei) (blue), anti-La (red), and anti-RSV (green), as indicated above the columns. A few
representative nuclei (marked with white arrowheads) show higher levels of nuclear La (red), even at 24 and 36 h p.i., in cells that are poorly

infected with RSV (green) (see the text).

mutated to decrease complementarity to the siRNA while
maintaining the same amino acid coding specificity. The re-
sulting clone should be resistant to siRNA directed to endog-
enous La and yet produce a His-tagged La protein with wild-
type amino acid sequence (siRNAR-His-La) (Fig. 7). This
clone produced the His-La protein (M,, ~52,000) and sup-
ported viral growth even in the presence of siRNA that de-
creased levels of endogenous La protein (Fig. 7, lanes 5 to 7).
The recombinant La proteins were further distinguished by
their reaction with anti-His antibody (Fig. 7, lanes 8 to 10). A
100-fold decrease in virus production by the La-knocked-down
cells and rescue with siRNAR-His-La allows the conclusion
that La specifically and greatly enhances RSV growth. The
finding that the IeRNA binding-defective protein hLal-187
failed to rescue viral growth (Fig. 7, lanes 3 and 4) is consistent
with the idea that the ability of La to bind leRNA is important
for virus growth.

Loss of La inhibits an IFN-sensitive virus by both IFN-
dependent and -independent mechanisms. As RSV growth is
IFN resistant, one can argue that La’s ability to suppress IFN
activation may not be particularly relevant for RSV infection.
To extend these finding to a relevant virus, we initiated studies
in an SeV strain that is known to be IFN sensitive (17, 63).
Indeed, as shown in Fig. 8, the basic observations were all
validated. First, in IFN-positive A549 cells, the knockdown of
La by siRNA resulted in the activation of the IFN- gene in
the SeV-infected cell (Fig. 8A). Second, this resulted in a
nearly 100-fold reduction in progeny SeV measured in the
extracellular medium at 72 h p.i. (Fig. 8B). Third, although less
severe, the inhibition (10-fold) of SeV yield was also observed
in IFN-negative Vero cells upon the silencing of La (Fig. 8C).
Note that the IFN-sensitive nature of SeV is also reflected in
the 10-fold-lower titer in A549 cells than in Vero cells, con-
firming previously reported findings (17, 37). Thus, these SeV
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FIG. 6. Mapping of RSV leRNA-binding regions of the La antigen. (A) EMSA was performed using 5'-*?P-labeled synthetic RSV leRNA.
Lanes from a representative autoradiogram are shown, and only the shifted band(s) is presented to conserve space. Each protein (indicated above

the lanes) was used at 6 nM, and concentration was confirmed by SDS-polyacrylamide gel electrophoresis (29). Lanes

“q”

and “b,” indicated below

the lanes, represent EMSA with no competitor and a 20-fold excess of unlabeled leRNA, respectively. WT, wild type (B) The La protein is
depicted in schematic form, and binding activity was graded as described previously (29): +, strong binding; +/—, weak binding; —, little or no
binding. NTD, N-terminal domain; NRE, nuclear retention element; NLS, nuclear localization signal. Based on the EMSA data, the approximate
region (residues 104 to 235) most responsible for RSV IeRNA binding is indicated (angularly striped box).

results reveal that when an IFN-sensitive virus is tested in an
IFN-positive cell, two roles of the La protein can be appreci-
ated, both of which are needed to support optimal viral growth:
the suppression of IFN and a potentially novel IFN-indepen-
dent stimulatory function.

DISCUSSION

The major finding of this work is that La binds RSV leRNA,
which likely prevents RIG-I binding early in infection, thereby
preventing the activation of IFN. For IFN-sensitive viruses
such as SeV, this should constitute an important mechanism to
promote optimal virus growth. In addition, La enhances viral
growth by a second mechanism that appears to be independent
of its ability to suppress IFN and hence is important for both
RSV and SeV. As an RNA-binding protein, La possibly regu-

lates an “RNA regulon” (36) consisting of a set of cellular
and/or viral mRNAs that are important for virus growth.

In suppressing IFN, La is critically needed early in infection,
when the de novo N protein is in short supply. According to the
polarity of nonsegmented negative-strand RNA viral gene ex-
pression, viral leRNA should be transcribed at high levels
before enough N protein is translated to encapsidate it. How-
ever, essentially all IleRNA, even at early time points, was
found in a protein-bound state (Fig. 1A). We propose a kinetic
model in which La is the major protein to sequester [eRNA
shortly after infection, and as the viral protein levels build up
with time, the N protein assumes an increasingly greater role.
In support of this model, more RSV IeRNA was found to be
associated with La than with N at 8 h p.i., and much less, if any,
leRNA was ever associated with RIG-I (Fig. 2). Moreover,
siRNA knockdown of La led to an association of leRNA with
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FIG. 7. An La deletion mutant defective in leRNA binding does
not support RSV growth. A549 cells were transfected with anti-La
siRNA (10 nM or 50 nM) or no siRNA (0) and, where indicated (+),
also with pCAGGS plasmids expressing full-length La encoded by an
siRNA-resistant (siRNAR) gene (lanes 5 to 10) or the deletion mutant
Lal-187 (lanes 2 to 4 and 7), each containing a His tag. (A) The
proteins were detected by Western analysis with anti-La or anti-His
antibody. (B) RSV growth was monitored by immunoblotting detect-
ing viral N protein and by extracellular RSV titers at 40 h p.i., as
indicated below the lanes. Underlined titers were substantially lower
than those of the no-siRNA control. Note that the siRNA targets La
mRNA sequence encoding amino acids 243 to 250 and hence does not
silence the recombinant at residues 1 to 187. By design, the siRNA-
resistant La was also unaffected by the siRNA (see Materials and
Methods).
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RIG-I (Fig. 3B) with concomitant premature RIG-I-mediated
induction of IFN mRNA (Fig. 3C), providing evidence that La
functionally sequesters leRNA from RIG-I. The subcellular
redistribution of La presumably facilitates its interaction with
lIeRNA, since naked leRNA transfected into uninfected cells in
which La is nuclear could activate IFN (Fig. 1B) (55). Clearly,
the recruitment of La would afford the virus the ability to
accumulate leRNA with a reduced risk of RIG-I-mediated IFN
induction.

A substantial portion of La appeared in the cytoplasm after
infection with the RNA viruses VSV, parainfluenza virus, po-
liovirus, and Rinderpest virus (24, 39, 48, 55), all of which, like
RSV, replicate in the cytoplasm. Our time course (Fig. 5)
shows that this translocation begins very early in RSV infection
and is highly efficient. La is a nucleocytoplasmic shuttling pro-
tein with a nuclear localization signal, a nuclear retention el-
ement, and a nuclear export sequence (8, 28). The early effects
of RSV suggest that it activates a signaling pathway that reg-
ulates one or more of these domains of La.

The 44-nt RSV 1eRNA used here for RNA-binding experi-
ments ends with AAU and is not expected to be a high-affinity
substrate for the La motif-mediated binding observed in the crys-
tal structure, since it lacks U in the penultimate position, the most
critical of the three U residues (71). This is consistent with the
disparity in binding to La26-408 and hLal-187 compared to
UUU-containing RNAs (29) and with the possibility that leRNA
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FIG. 8. Inhibition of SeV replication in La-depleted cells. (A) A549
cells were transfected with no siRNA, negative control luciferase siRNA,
or La siRNA (all 50 nM). Cells were infected with SeV at 3 multiplicities
of infection. Thirty-six hours later, and after another 8 h and 18 h, RNA
was harvested, and IFN-B mRNA levels were determined by qRT-PCR.
Amounts were expressed as the change over uninfected A549 cells. (B and
C) A549 and Vero cells, respectively, were transfected with siRNA and
infected with SeV as described above (A), and at 72 h p.i., the viral titer
in the extracellular medium was measured by standard plaque assay on
Vero cells. Asterisks indicate highly significant changes (P < 0.05).

uses an RNA-binding mode different from UUU-containing
RNA:s, as is suspected for mRNAs with which La associates (46).
Our data are consistent with the possibility that La makes multi-
ple contacts to 1eRNA, as expected of La as a modular protein
that uses multiple surfaces to bind and protect RNA (34). Studies
of binding of La with the leRNA of other nonsegmented nega-
tive-strand RNA viruses including SeV should illuminate the
mechanism of the La-leRNA interaction. This is in progress.

Lastly, the exact viral trigger(s) of RIG-I needs to be identified,
but we offer the following possible candidates: (i) small amounts
of leftover naked leRNA that escape La and N may suffice to
activate enough RIG-I; (ii) the 5’ capping of viral mRNAs may be
an inefficient process, and a small fraction of mRNAs that re-
mains uncapped binds and activates RIG-I; and (iii) the 5’ un-
translated region or other internal sequences of viral mRNAs
may bind and activate RIG-I through novel mechanisms.
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