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Initiation is the rate-limiting step in protein synthesis and therefore an important target for regulation. For
the initiation of translation of most cellular mRNAs, the cap structure at the 5’ end is bound by the translation
factor eukaryotic initiation factor 4E (eIF4E), while the poly(A) tail, at the 3’ end, is recognized by the
poly(A)-binding protein (PABP). eIF4G is a scaffold protein that brings together eIF4E and PABP, causing the
circularization of the mRNA that is thought to be important for an efficient initiation of translation. Early in
infection, rotaviruses take over the host translation machinery, causing a severe shutoff of cell protein
synthesis. Rotavirus mRNAs lack a poly(A) tail but have instead a consensus sequence at their 3’ ends that is
bound by the viral nonstructural protein NSP3, which also interacts with eIF4GI, using the same region
employed by PABP. It is widely believed that these interactions lead to the translation of rotaviral mRNAs,
impairing at the same time the translation of cellular mRNAs. In this work, the expression of NSP3 in infected
cells was knocked down using RNA interference. Unexpectedly, under these conditions the synthesis of viral
proteins was not decreased, while the cellular protein synthesis was restored. Also, the yield of viral progeny
increased, which correlated with an increased synthesis of viral RNA. Silencing the expression of elF4GI
further confirmed that the interaction between eIF4GI and NSP3 is not required for viral protein synthesis.
These results indicate that NSP3 is neither required for the translation of viral mRNAs nor essential for virus

replication in cell culture.

As obligate intracellular parasites viruses depend on the cell
translation machinery to synthesize their proteins, since this is
a complex process that requires numerous components that
exceed by far the coding capacity of viral genomes. The suc-
cessful replication of viruses depends on the ability of viral
mRNAs to outcompete cellular mRNAs for the use of the host
translation apparatus. To achieve this, viruses have developed
remarkable strategies to ensure the efficient translation of their
mRNAs while simultaneously inhibiting cellular protein syn-
thesis (reviewed in references 2 and 30).

Initiation is the rate-limiting step in protein synthesis and
thus an important target for regulation. The critical step during
translation initiation is the recruitment of the small 40S ribo-
somal subunit to the mRNA (7, 14), a process that involves the
synergistic action of the 5’-cap structure and the poly(A) tail at
the 3’ end of most eukaryotic mRNAs (8, 20). The cap struc-
ture serves to recruit the eukaryotic initiation factor 4F (eIF4F),
a multiproteic complex composed of elF4E, elF4A, and
elF4G. elF4E is the cap binding protein and also interacts with
the amino-terminal region of eIF4G; elF4A is an ATP helicase
thought to unwind RNA secondary structures present near the
5" end of the mRNAs and associates with the middle region of
elF4G; eIF4G is a scaffolding protein that in addition to bind-
ing eIF4E and eIF4A also binds the poly(A)-binding protein
(PABP), promoting the circularization of the mRNA molecule
that is thought to be important for an efficient initiation of
translation (15, 28, 33). There are two functional homologues
of elF4G in mammals, eIF4GI and elF4GII, which are 46%
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identical at the amino acid level and are known to have similar
biochemical activities and to functionally complement each
other (10, 15).

Rotaviruses are the leading etiologic agent of severe diarrheal
disease in infants and young children, causing an estimated
600,000 deaths each year, mostly in developing countries (24).
These viruses have a genome composed of 11 segments of
double-stranded RNA (dsRNA) enclosed in a capsid formed
by three concentric layers of protein. During or shortly after
cell entry, the infecting virus uncoats, losing the two proteins of
the outer layer and yielding a double-layered particle that is
transcriptionally active. The viral mRNAs contain a 5'-meth-
ylated cap structure but lack the poly(A) tail characteristic of
most cellular mRNAs. Instead, rotavirus mRNAs have a con-
sensus sequence (UGACC) at their 3’ end that is conserved in
all segments of the viral genome (27). The rotavirus nonstruc-
tural protein NSP3 has been shown to bind to this consensus
sequence through its amino-terminal domain. NSP3 also binds
elF4GI through its carboxy-terminal domain, in the same re-
gion used by PABP but with higher affinity; thus, it has been
proposed that during rotavirus infection NSP3 evicts PABP
from eIF4GI, impairing the translation of cellular mRNAs
while enhancing at the same time the translation of rotaviral
mRNAs (26, 27).

The expression of rotavirus genes can be efficiently and
specifically silenced by RNA interference (RNAI) using small
interfering RNAs (siRNAs) (1). This has proven to be a very
useful tool to dissect the function of rotaviral genes in the
context of virus-infected cells (1, 3, 4, 18, 19, 31). In this work
we have silenced the expression of NSP3 to characterize the
role of this protein in the replication cycle of the virus. We
found that in the absence of NSP3 the cellular protein synthe-
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sis was not inhibited, supporting previous observations (26, 27).
However, the synthesis of viral proteins was unexpectedly not
affected, and even more, the yield of viral progeny increased,
which correlated with an increased synthesis of dsSRNA. The
lack of relevance of the NSP3-eIF4GI interaction for the trans-
lation of viral transcripts was supported by the fact that silenc-
ing the expression of eIF4GI did not affect the synthesis of viral
proteins. Altogether, these results indicate that NSP3 is not
required for translation of viral mRNAs, as is widely accepted
(2, 6, 30), and suggest that the two domains of NSP3 (elF4GI
and RNA binding) might have independent functions.

MATERIALS AND METHODS

Cells, viruses, and antibodies. The rhesus monkey epithelial cell line MA104
was grown in advanced Eagle’s minimal essential medium (MEM) (Invitrogen)
supplemented with 2% fetal bovine serum and was used for all experiments
carried out in this work. Rhesus rotavirus (RRV) was obtained from H. B.
Greenberg, Stanford University, Stanford, CA, and was propagated in MA104
cells as described previously (23). The rabbit hyperimmune serum to NSP3 and
the monoclonal antibody (MAb) HS2 directed to VP4 have been described
previously (9). Polyclonal antibodies to purified RRV triple-layered particles
(TLPs) and to recombinant vimentin protein were produced in rabbits as de-
scribed previously (18). The antibody to eIF4GI was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA); goat anti-firefly luciferase antibody was ob-
tained from Chemicon (Temecula, CA). Horseradish peroxidase-conjugated
goat anti-rabbit polyclonal antibody was from Perkin-Elmer Life Sciences (Bos-
ton, MA), and horseradish peroxidase-conjugated donkey anti-goat antibody was
from Santa Cruz Biotechnology (Calif.); goat anti-mouse immunoglobulin G
(IgG) coupled to Alexa 568 and goat anti-rabbit IgG coupled to Alexa 488 were
from Molecular Probes (Eugene, OR).

siRNA transfection. siRNANSP3 had the sequence AAUUGGAUGACUGA
CUCUCGA (sense) and UCGAGAGUCAGUCAUCCAAUU (antisense), cor-
responding to nucleotides 281 to 301 of the RRV NSP3 gene (accession number
AY065842). siRNAF4GT had the sequence AAUUGGCUGAGGACAUG
GAAA (sense) and UUUCCAUGUCCUCAGCCAAUU (antisense), corre-
sponding to nucleotides 4245 to 4265 from the human eIF4GI gene (GenBank
accession number NM_182917). As an irrelevant control, a previously reported
siRNA to the green fluorescent protein (siRNA™R) (18) was used. The siRNAs
were obtained from Dharmacon Research (Lafayette, CO). Transfection of
siRNAs was carried out in nearly confluent cell monolayers using Lipofectamine
(Invitrogen), as described previously (18). The transfection mixture was added to
cells previously washed with MEM and incubated for 8 h at 37°C. After this time
the transfection mixture was removed, and the cells were washed with MEM and
kept in this medium for 48 h at 37°C before virus infection.

Infection of cells and titration of viral progeny. Transfected cell monolayers in
24- or 48-well plates were infected with RRV at a multiplicity of infection (MOT)
of 3. After incubation for the indicated periods of time at 37°C, the cells were
lysed by two freeze-thaw cycles, and the lysates were treated with 10 pg/ml of
trypsin for 30 min at 37°C to activate the virus infectivity before titration. The
virus infectious titer was obtained by an immunoperoxidase focus assay (13, 23).

Immunoassays. Immunofluorescence was essentially carried out as previously
described (4, 29), using a rabbit polyclonal antibody to NSP3 and MAb HS2
directed to VP4. The slides were analyzed with a Nikon E600 epifluorescence
microscope coupled to a DXM1200 digital still camera (Nikon). Immunoblot
assays were performed as described above, using antibodies to NSP3, luciferase,
RRV TLPs, vimentin, or eIF4GI.

Radiolabeling of proteins. Cells grown in 48-well plates were transfected with
siRNAs and infected with RRV as described above. At the indicated times the
medium was replaced by MEM without methionine, supplemented with 40
wCi/ml of Easy-tag Express-[*°S] labeling mix (Dupont, NEN) and incubated for
different periods of time as indicated. The cells were then lysed with Laemmli
sample buffer. The samples were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), adjusting the amount of protein loaded
in each lane by Coomassie blue staining.

Real-time reverse transcription-PCR (RT-PCR). The level of gene 10
RNA(+), which includes both mRNA and the positive-strand RNA present in
gene 10 dsRNA, was quantified by real-time PCR as described previously (19).
The level of gene 10 RNA(—) was determined by initially priming the reverse
transcriptase reaction with the reverse primer 5'-GAGCAATCTTCATGGTTG
GAA-3' (nucleotides 173 to 193 of RRV gene 10), which is complementary to
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the negative strand of gene 10. The amount of mRNA was calculated from
subtracting the amount of RNA(—) (present only in, and thus equivalent to,
dsRNA) from the total amount of RNA(+) obtained.

Luciferase expression. Plasmids pTet-off, which expresses the tetracycline-
controlled transactivator, and pTRE2-luc, which expresses firefly luciferase un-
der the control of the transactivator (Clontech), were cotransfected at a ratio of
1:1 using Lipofectamine (Invitrogen). Usually, siRNA-transfected cells were
infected 48 h posttransfection, and at 1 h postinfection (hpi) the cells were
cotransfected with plasmids pTet-off and pTRE2-luc. At 12 hpi cells were lysed
and luciferase activity was determined using the luciferase reporter gene assay kit
(Roche), according to the manufacturer’s instructions.

RESULTS

NSP3 is not required for the synthesis of viral proteins. To
study the role of the viral nonstructural protein NSP3 in rota-
virus-infected cells, the expression of this protein was silenced
by RNA.. For this, a chemically synthesized siRNA that targets
RRYV gene 8 was tested for its effect on the synthesis of NSP3
and on total viral protein synthesis. MA104 cells were trans-
fected with siRNAs to either NSP3 (siRNANS"?), to the green
fluorescent protein as an irrelevant sequence (siRNA™R), or
to VP4 (siRNAVF?) as a positive control (4). Forty-eight hours
posttransfection the cells were infected with RRV and were
either metabolically labeled for 8 h at 4 hpi or fixed and
immunostained at 8 hpi. By immunofluorescence only about
20% of the infected cells transfected with siRNANS? were
positive to an anti-NSP3 antibody, compared to infected con-
trol cells transfected with the irrelevant siRNA, in all of which
NSP3 could be clearly detected (Fig. 1A). Accordingly, by
SDS-PAGE and autoradiography, the synthesis of NSP3 was
found to be severely decreased in cells transfected with
siRNANSP3 compared to cells transfected with siRNAVY" or
siRNARR (Fig. 1B). This observation was confirmed by West-
ern blot analysis of NSP3 (Fig. 1C). A densitometric analysis
of NSP3 and NSP2 in the autoradiogram and of NSP3 and
vimentin (which was used as a loading control) in the Western
blot showed that at 12 hpi the relative amount of NSP3 with
respect to vimentin (percentage) in cells transfected with the
control siRNA or with siRNA™S? was 73% and 6%, respec-
tively (Fig. 1C), indicating that the amount of NSP3 that ac-
cumulates in the presence of siRNANSP? is about 10 times
lower than that accumulated in cells treated with the irrelevant
siRNA. The amount of NSP3 relative to NSP2 was also calcu-
lated in the autoradiogram, where it was found that NSP3
represented about 16% of NSP2 in the control-transfected
cells, while this number dropped to 2.8% in the cells where
NSP3 was silenced, indicating that the amount of NSP3 under
these conditions decreased about six times (Fig. 1B). These
results indicate that siRNANSF? specifically and effectively si-
lenced the expression of the RRV NSP3 gene. Surprisingly,
given the central role proposed for NSP3 during translation of
rotaviral mRNAs (26, 27), the level of all other viral proteins
remained largely unaffected (Fig. 1B). On the other hand, the
background of cellular proteins appeared more intense when
NSP3 was silenced than when no siRNA or the siRNA™® was
used, indicating that in the absence of NSP3 the shutoff of
cellular proteins observed in rotavirus-infected cells is less pro-
nounced, as previously suggested (26, 27).

To determine if NSP3 was required for the synthesis of viral
proteins at some point during the infection cycle, infected cells
transfected with siRNANSP? or the irrelevant siRNA were met-
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FIG. 1. NSP3 is not required for the synthesis of viral proteins. MA104 cells were transfected with the indicated siRNA to either NSP3
(N3), VP4, or an irrelevant (I) sequence and infected with RRV at an MOI of 3, as described in Materials and Methods. (A) At 8 hpi the
cells were fixed and immunostained with a rabbit polyclonal antibody to NSP3 and MAb HS2 to VP4 as primary antibodies, as indicated,
followed by incubation with goat anti-mouse IgG coupled to Alexa 568 and goat anti-rabbit IgG coupled to Alexa 488 as secondary
antibodies. (B) At 4 hpi the cells were metabolically labeled with 40 wCi/ml of Easy-tag Express-[**S] for 8 h and then lysed in Laemmli
sample buffer. The labeled proteins were resolved by SDS-10% PAGE and detected by autoradiography. MT, mock-transfected cells,
infected with RRV; MI, mock-infected cells. The position of the viral proteins is indicated. (C) Immunoblot analysis of RRV NSP3. The
transferred proteins were incubated with hyperimmune sera to NSP3 and vimentin (vim) as indicated, and the bound antibodies were
detected by incubation with a peroxidase-labeled anti-rabbit immunoglobulin antibody. The amount of loaded protein was previously
adjusted by visual inspection of Coomassie blue-stained gels. A densitometric analysis of NSP3 and NSP2 in the autoradiogram and of NSP3
and vimentin (which was used as a loading control) in the Western blot was performed. The numbers below the gels represent the relative

amount (percentage) of NSP3 with respect to NSP2 or vimentin.

abolically labeled for 1 h at different times postinfection, and
the pattern of viral proteins was analyzed by SDS-PAGE and
autoradiography (Fig. 2A); the presence of NSP3 at each time
point was also detected by Western blotting (Fig. 2B). At all
times evaluated (from 2 to 8 hpi), the synthesis of all viral
proteins, with the exception of NSP3, was found to be very similar
in cells transfected with either siRNAN®? or siRNA™R, sug-
gesting that the synthesis of viral proteins is independent of
NSP3 throughout the entire virus replication cycle. In gen-
eral, the relative amount of NSP3 with respect to NSP2
ranged from 25 to 42% throughout the different time points
in control-transfected cells, while in the cells where NSP3
was knocked down, it decreased to 5 to 13%, NSP2 being
taken as 100% (Fig. 2A).

NSP3 is required to shut off the synthesis of cellular pro-
teins. To investigate whether the synthesis of cellular proteins
in rotavirus-infected cells was indeed less inhibited in the ab-
sence of NSP3, the activity of a reporter protein was deter-
mined. Cells were transfected with the different siRNAs, and
48 h posttransfection the cells were infected with rotavirus and
cotransfected with plasmids pTet-off and pTRE2-Iuc to direct
the synthesis of luciferase (see Materials and Methods). At 12
hpi the level of the reporter protein was assayed both by ac-
tivity and by Western blotting (Fig. 3A). The levels of expres-
sion of luciferase were not significantly modified in mock-
infected cells transfected with the different siRNAs. In
contrast, luciferase was not detected when the cells were in-

- [38]10 [42 [10] 33 |13 [35 [ 11] 27] 9] 25 | 7[ 26]5 |%nses

B.

== |0-NSP3

FIG. 2. Viral protein synthesis is independent of NSP3 throughout
the virus replication cycle. MA104 cells in 48-well plates were trans-
fected with either an irrelevant siRNA (I) or siRNANST3 (N3) and
were infected with RRV. (A) At 30 min before the indicated times
postinfection (hours) the cells were pulse-labeled for 30 min with Easy-
tag Express-[>*S]. The cells were then lysed in Laemmli sample buffer
and the proteins separated by SDS-10% PAGE and detected by au-
toradiography. (B) Immunoblot analysis of RRV NSP3, carried out as
described in the legend for Fig. 1. The amount of loaded protein was
previously adjusted by visual inspection of Coomassie blue-stained
gels. A densitometric analysis of NSP3 and NSP2 in the autoradiogram
was performed. The numbers below the gel in panel A represent the
relative amount (percentage) of NSP3 with respect to NSP2. Lane M,
mock-infected cells.
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FIG. 3. Silencing the expression of NSP3 prevents the shutoff of
cellular proteins. (A) MA104 cells in 24-well plates were transfected
with the indicated siRNAs to either NSP3 (N3), eIF4GI (4G), or an
irrelevant sequence (I); 48 h posttransfection the cells were either
infected (+) or mock infected (—) with RRV and then cotransfected
with plasmids pTRE2-luc and pTet-off. At 12 hpi the cells were lysed
and the luciferase activity was determined as indicated in Materials
and Methods. The data are expressed as percentages of the luciferase
activity present in noninfected cells that were mock transfected.
(B) Immunoblot analysis (SDS-10% PAGE) of the same samples
shown in panel A; the same membrane was probed with antibodies to
either luciferase (a-luc), RRV TLPs (a-rota), NSP3 («a-NSP3), or
vimentin (a-Vn). The viral proteins VP4, VP6, and VP7 are indicated.
(C) Immunoblot analysis (SDS-7% PAGE) of the same samples shown
in panel A, probed with an antibody to eIF4GI.

fected with rotavirus, with the exception of those cells in which
the expression of NSP3 was knocked down; in that case the
level of the reporter protein was comparable to those found in
noninfected cells both by Western blotting and by the activity
assay (Fig. 3A). The synthesis of NSP3, as well as that of the
viral structural proteins, was also monitored by Western blot-
ting in these same experiments. As described above for meta-
bolically labeled proteins (Fig. 1B), the amount of viral struc-
tural proteins synthesized did not depend on the presence of
NSP3 (Fig. 3B). The complete inhibition of the translation of
the luciferase mRNA, which is capped and polyadenylated, in
virus-infected cells and its restoration by silencing the expres-
sion of NSP3 strongly support the role of this protein in shut-
ting off the translation of cellular mRNAs. The all-or-nothing
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FIG. 4. The synthesis of the viral mRNA and dsRNA is increased
in NSP3-silenced cells. Cells transfected with either an irrelevant
siRNARR or siRNANSF3 were infected with RRV, and at the indi-
cated times total RNA was extracted with Trizol, and the levels of gene
10 RNA(+) and RNA(—) strands were determined by real-time RT-
PCR. The results are expressed as an increase (n-fold) over the levels
detected at time zero infection (immediately after the end of the virus
adsorption period). The amount of mRNA shown in panel A was
calculated from subtracting the amount of RNA(—) (present only in,
and thus equivalent to, dsRNA), shown in panel B, from the total
amount of RNA(+) obtained. The arithmetic mean * standard devi-
ation of two independent experiments, performed in triplicate, is
shown.

synthesis effect observed for the luciferase in the above-de-
scribed conditions, compared to the observation that the cell
protein synthesis was not completely restored when NSP3 was
knocked down, might be due to the fact that the luciferase
reporter system used in these assays involves the translation of
two proteins, including the activator protein from the pTet-off
plasmid, as well as the translation of the luciferase mRNA,
which might result in an exacerbated inhibition and restoration
of luciferase translation.

RNA synthesis is increased in the absence of NSP3. To
evaluate if the level of viral RNA was affected in the absence
of NSP3, the relative amounts of viral mRNA and dsRNA pro-
duced in cells transfected with either sSIRNANF? or siRNA™RR
were determined by semiquantitative RT-PCR. The accumu-
lation at different times postinfection of gene 10-positive
(RNA™) and -negative (RNA™) RNA strands was used to
estimate the presence of viral mRNA and dsRNA, respec-
tively. Gene 10 was selected as a marker for the general syn-
thesis of viral RNA, since the quantitative RT-PCR conditions
for its determination were already set up in the laboratory (C.
Ayala-Breton et al., unpublished data). The relative amounts
of both viral mRNA (Fig. 4A) and genomic dsRNA (Fig. 4B)
were increased in cells transfected with siRNANSF? compared
to cells transfected with the irrelevant sSiRNA. At 12 hpi there
was about four times more viral mRNA and approximately
three times more dsRNA in cells transfected with siRNANSF3,
suggesting an enhanced replication of viral RNA in the ab-
sence of NSP3.

The yield of viral progeny is increased in the absence or with
reduced amounts of NSP3. To determine if the enhanced rep-
lication of viral RNA observed in NSP3-silenced cells results in
an increase in the production of infectious viral progeny, cells
transfected with either siRNANST? or siRNA™R were infected
with RRYV, and 12 hpi the cells were harvested and the titer of
the virus present in the cell lysates was determined by an
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FIG. 5. The yield of progeny virus increases when NSP3 is silenced.
MA104 cells in 48-well plates were transfected with siRNANSP? or with
the siRNA'™R and 48 h posttransfection the cells were infected with
RRYV at an MOI of 3. The cells were harvested at the indicated times
postinfection, and the progeny virus produced was determined by an
immunoperoxidase assay, as described in Materials and Methods. Vi-
rus titer is expressed as the number of focus-forming units per ml. Data
shown represent the arithmetic means * standard deviations of two
independent experiments.

immunoperoxidase focus-forming unit assay (23). In the ab-
sence of NSP3 the virus yield was consistently found to be 2 to
2.5 times higher than that obtained in control-transfected cells
(not shown). The production of increased levels of infectious
viral progeny in NSP3-silenced cells was also clearly observed
in one-step growth curve experiments (Fig. 5). At 9 hpi there
was already a difference in the amount of infectious virus
particles produced, and at 15 hpi the infectious virus recovered
from cells transfected with sSiRNANSP? was three times as much
as that obtained from control-transfected cells.

The cytopathic effect caused by rotavirus is delayed when
NSP3 is knocked down. During the course of the experiments
carried out in this work, it was observed that the cell mono-
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layers were less damaged when the cells were transfected with
the siRNANSP? than when they were transfected with an
siRNA™R  To further characterize this observation, MA104
monolayers transfected with either siRNANSF? or siRNARR
were infected with RRV and at various times postinfection the
cytopathic effect was assessed by contrast microscopy and by
measuring the release of the cytoplasmic enzyme lactate dehy-
drogenase (LDH). While the infected cell monolayer trans-
fected with the siRNA control showed evident damage at 12
hpi, the cell monolayer in which NSP3 was knocked down
appeared healthy, with few cells detached (Fig. 6A). This effect
was more pronounced at 24 hpi, when the control-transfected
cell monolayer was already destroyed, while the cytopathic
effect was barely noticeable in the monolayer transfected with
siRNANSP? (Fig. 6A). Similarly, there was about 50% less
LDH activity released into the culture medium from the
infected cells transfected with siRNANS"? compared to
siRNA™R._transfected cells (Fig. 6B). These results indicate
that in the absence, or in the presence of low levels, of NSP3,
the cytopathic effect caused by rotavirus infection is less pro-
nounced, which could explain the increased production of viral
progeny in NSP3-silenced cells. Also, these results suggest that
the inhibition of cell protein synthesis caused by NSP3 might
result in the loss of cell viability.

The synthesis of viral proteins is independent of eIF4GI. It
has been shown that NSP3 interacts directly with the initiation
translation factor eIF4GI, and it has been proposed that this
interaction is needed to ensure the efficient translation of the
viral mRNAs (12, 26, 27). Since in the absence or with reduced
levels of NSP3 the synthesis of viral proteins was not affected,
we investigated whether eIF4GI was nonetheless important for
translation of viral mRNAs. For this, the expression of eIF4GI
was silenced with a specific siRNA (siRNA®"S1) This siRNA
was effective in blocking the expression of the target gene,
since 48 h after transfection the level of eIF4GI, as detected
by Western blot analysis, was decreased by about 90% com-
pared to cells transfected with either siRNA™®R or siRNANSF?
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FIG. 6. The cytopathic effect caused by rotavirus is delayed when NSP3 is knocked down. MA104 cells in 48-well plates were transfected with
siRNANSP3 or siRNA™R and 48 h posttransfection the cells were infected or not with RRV at an MOI of 3. The cells were harvested at the
indicated times postinfection and photographed using phase-contrast microscopy (A), and the activity of lactate dehydrogenase was determined
in the cell culture medium at each time point (B), using a commercial kit (Sigma) following the manufacturer’s instructions. The LDH activity is
expressed as a percentage of the activity released at 24 hpi, which was taken as 100%. “w/o virus” indicates the LDH activity released by
mock-infected cells. Data shown represent the arithmetic means * standard deviations of two independent experiments.
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FIG. 7. Synthesis of cellular and viral proteins in eIF4GI-silenced
cells. (A) MA104 cells in 48-well plates were transfected with an
irrelevant siRNA (1), siRNAF4ST (4G), siRNANSP? (N3), or a mixture
of both 4G and NSP3, and 48 h posttransfection the cells were infected
(+) or not (—) with RRV. At 4 hpi the cells were labeled with 40
nCi/ml of Easy-tag Express-[**S] for 8 h. The cells were then lysed in
Laemmli sample buffer and the proteins separated by SDS-10% PAGE
and detected by autoradiography. (B) Immunoblot analysis of NSP3
(in SDS-10% PAGE), eIF4GI protein (in SDS-7% PAGE), or vimentin
synthesized in cells transfected with the indicated siRNAs. The trans-
ferred proteins were incubated with antibodies to NSP3, eIF4GI, and
vimentin, and the bound antibodies were developed by incubation with a
peroxidase-labeled anti-rabbit immunoglobulin antibody. The amount of
loaded protein was previously adjusted by visual inspection of Coomassie
blue-stained gels. A densitometric analysis of NSP3 and NSP2 in the
autoradiogram and of eIF4G1 and vimentin (which was used as an inter-
nal control) in the Western blots was performed. The numbers below the
gels represent the relative amount (percentage) of eIF4G1 with respect to
vimentin or the relative amount of NSP3 with respect to NSP2, as in-
dicated.

(Fig. 7B). In the absence or with reduced levels of eIF4GI, a
slight decrease in the synthesis of cellular proteins was de-
tected by SDS-PAGE and autoradiography of **S-labeled pro-
teins (Fig. 7A). This decrease corresponded to 20 to 25% of
total protein synthesis, as determined by incorporation of 3S-
labeled amino acids into trichloroacetic acid-precipitable ma-
terial. The same level of reduction in the incorporation of *°S
was observed in infected as well as noninfected cells. The effect
of silencing the expression of eIF4GI on the synthesis of lucif-
erase was also characterized. The synthesis of the reporter
protein, as determined both by activity and by Western blot-
ting, was not significantly altered in cells where the levels of
eIF4GI had been markedly reduced by siRNA“™S! (Fig, 3A
and B); the knockdown of eIF4GI in this assay was verified by
Western blotting (Fig. 3C). Of note, when the siRNA®™SL
transfected cells were infected with rotavirus 48 h posttrans-
fection, the synthesis of viral proteins was not significantly
altered at 12 hpi, compared to control cells transfected with
either siRNA™R or siRNANS"? (Fig. 3A). Furthermore, the
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yield of infectious viral progeny was also unaffected in eIF4GI-
silenced cells (119% = 18.6% of infectious virus produced,
where 100% is the amount of virus obtained from cells trans-
fected with siRNA™R), Altogether, these results suggest that
while the overall protein synthesis of MA104 cells is very little
affected by silencing the expression of eIF4GI, the synthesis of
the rotavirus proteins does not depend on the presence of this
translation factor.

The effect of knocking down eIF4GI and NSP3 at the same
time was also studied. Cells were transfected with a mixture of
siRNAS4GT and siRNANST? and then infected with rotavirus
48 h posttransfection. By Western blotting the level of NSP3
with respect to NSP2 decreased about fourfold when silenced
alone or in combination with eIF4GI (Fig. 7A and B); similarly
the level of eIF4GI was reduced about 15 times compared to
vimentin. Interestingly, when both proteins were silenced, the
viral protein synthesis was not significantly affected while the
cellular protein synthesis decreased compared to the profile
obtained when NSP3 was silenced alone, suggesting that the
cellular protein synthesis that takes place when NSP3 is si-
lenced depends on eIF4GI. Silencing both proteins resulted in
a cellular protein pattern similar to that observed when both
proteins were present, i.e., the pattern observed in a regular
infection, confirming that NSP3 prevents the synthesis of cel-
lular proteins by interacting with eIF4GL

DISCUSSION

The role of NSP3 as a substitute factor for PABP for trans-
lation of rotaviral mRNAs has been widely used and accepted
as an argument to support the relevance of circularization
during translation of cellular mRNAs (2, 6, 30). The experi-
mental evidence that supports the model that proposes that
NSP3 is responsible for shutting off cellular protein synthesis,
while ensuring at the same time the translation of viral
mRNAs, has been generated by experiments in vitro or by
expression of the NSP3 gene in uninfected cells. These obser-
vations include the following: (i) the N-terminal domain of
NSP3 binds with high affinity and specificity to the 3’-end
consensus sequence of rotaviral mRNAs (5, 26, 27, 34); (ii) the
carboxy-terminal domain of NSP3 binds eIF4GI with high af-
finity (12, 25, 26), evicting PABP from its interaction with this
translation factor (26); (iii) swine testicular cells stably trans-
fected to express NSP3 showed a reduced protein synthesis of
capped and polyadenylated RNAs up to onefold in vivo, and in
an in vitro system the synthesis of polyadenylated RNAs was
inhibited up to 10-fold (34); (iv) the expression of NSP3 from
a recombinant vaccinia virus decreased the level of cellular
protein synthesis, and this inhibition was correlated with the
concentration of NSP3 produced in the cell (22).

Even though the interactions of NSP3 with eIF4GI and the
3" end of viral mRNAs have been clearly established, there is
no direct evidence that NSP3 engages simultaneously in these
two interactions to promote the circularization of viral mRNAs,
and although it is generally accepted, there is also no evidence
that these interactions favor the translation of viral mRNAs.
Using an in vitro system, Vende et al. (34) observed that a
recombinant NSP3 protein enhanced the translation of a re-
porter gene containing the 3’ untranslated region of rotaviral
genes; however, in their system the recombinant protein also
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stimulated the translation of a poly(A)-containing reporter.
Furthermore, an NSP3 mutant in which the eIF4GI binding
domain was deleted failed to stimulate the translation of the
reporter mRNA containing the rotaviral 3’ untranslated re-
gion, but it also seemed to inhibit the translation of a reporter
containing a poly(A) tail at its 3’ end; unfortunately these
results were not discussed. In this work we found that the
synthesis of viral proteins was not affected by knocking down
the expression of NSP3, suggesting that binding of this protein
to the 3’ end of the viral mRNAs is not necessary for their
translation. It is not possible to rule out the possibility that very
little NSP3 (not detectable in our assays) might be sufficient to
allow the synthesis of viral proteins. However, this observation
is supported by the fact that in the earlier experiments per-
formed by Piron et al. (26), the viral protein synthesis was
already apparent at 2 hpi, and NSP3 was not detected in
association with eIF4GI until 3.5 to 4 hpi, suggesting that the
interaction of NSP3 with eIF4GI is not necessary for viral
translation. Furthermore, an increased level of viral RNA syn-
thesis (both single stranded and double stranded) was detected
in cells where NSP3 was silenced, suggesting that rather than
promoting the translation of viral mRNAs, the interaction of
NSP3 with the 3" end of viral mRNAs might prevent them from
being selected for replication, thus ensuring a pool of viral
transcripts available for translation. Alternatively, the binding
of NSP3 to the viral mRNAs might protect them from degra-
dation. If this was the case, the fact that we did not find a
decrease in the amount of mRNA when NSP3 was silenced
could be explained by the increased viral RNA replication
observed under these conditions, associated with an enhanced
secondary transcription that could compensate for the putative
lower stability of the viral mRNAs in the absence of NSP3.
Interestingly, when the structural and biophysical characteris-
tics of the NSP3-RNA complex were determined, it was found
that the N-terminal domain of NSP3 had high-affinity RNA
binding (K,;, 79 nM) and low dissociation (half-life of 8 h)
rates. Based on these observations Deo et al. (5) suggested that
the binding of NSP3 to the viral RNA might even interfere
with rotavirus genome replication.

The fact that in NSP3-silenced cells the virus yield, as well as
the amount of viral single-stranded RNA and dsRNA, was
increased indicates that NSP3 is not required for the replica-
tion of the virus in cell culture (MA104, CV1, A549, and
MDCK cells were tested, with the same results [not shown]).
However, this protein might still be relevant in an in vivo
infection, where either protection of viral mRNAs from deg-
radation, rescuing mRNA from entering the replication path-
way, or even helping mRNAs to be translated might be re-
quired. Further experiments are required to evaluate these
possibilities.

To further demonstrate that the interaction of NSP3 with
elF4GI is not essential for the translation of viral proteins, we
silenced the expression of this translation factor. In agreement
with our previous results we found that the synthesis of viral
proteins, as well as the production of viral progeny, was not
modified when this factor was silenced, while the synthesis of
cellular proteins was reduced by about 25%. Even though the
reduction of the total protein synthesis seems low in view of the
central role that eIF4GI plays in translation, similar findings
were reported when this factor was cleaved by the 2Apro
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protease of several picornaviruses, which preferentially cleave
the factor early after cell infection (11, 32); thus, protein syn-
thesis decreased by 35% in Xenopus laevis oocytes injected with
2Apro from coxsackievirus B4, even though eIF4GI was com-
pletely cleaved (17). These results have been explained by the
fact that eIF4GII can functionally complement eIF4GI (10,
15); thus, the small reduction of total protein synthesis ob-
served in this work when the expression of eIF4GI was silenced
could result from complementation of eIF4GII under these
conditions. The fact that in standard rotavirus-infected cells
(where NSP3 is expressed at normal levels) a more severe
shutdown of cellular protein synthesis is observed, compared
to noninfected cells in which eIF4GI was silenced, suggests
that NSP3 binds to both eIF4GI and eIF4GII. Indeed, the
region of eIF4GI that interacts with NSP3 is very similar, if not
identical, in eIF4GII (12); thus, although not formally proven,
it might be expected that NSP3 could bind both factors, dis-
placing PABP from both eIF4GI and eIF4GII, resulting in the
severe shutoff of cell protein synthesis induced by rotavirus. It
cannot be ruled out, however, that rotaviruses might use more
than one mechanism to control the translation machinery of
the cell. Silencing other rotavirus proteins, and assessing their
effect on cellular protein synthesis, will show if this is the case.

Altogether, the data obtained in this work suggest that the
elF4G and RNA binding domains of NSP3 function indepen-
dently. The eIF4G binding domain seems to be responsible, at
least partially, for the shutoff of cell protein synthesis, as has
been previously suggested (26), by competing off the binding of
PABP needed for the translation of many cellular mRNAs
(16). The relative abundance of viral capped mRNAs in an
infected cell and the inability of PABP-bound polyadenylated
mRNAs to bind to eIF4G (sequestered by NSP3) might ex-
plain the successful and efficient translation of the viral
mRNAs. On the other hand, the RNA binding domain of
NSP3 might function to protect the viral mRNAs from degra-
dation and/or to keep a pool of viral mRNAs in the cytosol,
available for translation. This latter function could be achieved
either by preventing the binding of the viral RNA polymerase
VP1 to the 3’ ends of mRNAs or by taking out recently syn-
thesized mRNAs from viroplasms, their site of synthesis (31),
to ensure their availability for translation.

Viruses have evolved different strategies to shut down the
synthesis of cellular proteins in order to ensure the translation
of their own proteins, avoiding competition with cellular
mRNAs (reviewed in references 2 and 30). If NSP3 is not
needed for translation of viral mRNAs, and in NSP3-silenced
cells the protein synthesis machinery can efficiently translate
both cellular and viral mRNAs without any apparent detriment
in the synthesis of viral proteins, why have rotaviruses evolved
such a sophisticated method for shutting off cell protein syn-
thesis? One possibility could be that the virus needs to shut off
the synthesis of a particular set of cellular proteins that could
interfere with the replication cycle and/or propagation of the
virus in vivo. The inhibition of protein synthesis could also be
required to impair the structural integrity of the cell, facilitat-
ing cell lysis and the release of progeny viruses, as has been
reported for adenoviruses; in this case, when the shutoff of
protein synthesis was inhibited in adenovirus-infected cells, the
yield of viral progeny was not affected, while the adenovirus-
mediated cytopathic effect was decreased (35). This would
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seem to be the case for rotaviruses, since in NSP3-silenced cells
the characteristic rotavirus-induced cytopathic effect is de-
layed. Interestingly, Mossel and Ramig found that the gene
that codes for NSP3 is responsible for the extraintestinal
spread of rotavirus in mice (21). It would be interesting to
determine the identity of the cellular protein(s) whose absence
results in the lysis of rotavirus-infected cells.
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