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ABSTRACT Astroviruses, members of the family Astroviridae, represent an important
cause of human gastroenteritis in the world. The cellular factors required for astrovi-
rus replication have been poorly studied. In this work, we evaluated the relevance of
the ubiquitin-proteasome system (UPS) in the replication of Yuc8, a human astrovi-
rus serotype 8 strain. We found that proteasome inhibitors decrease the production
of infectious viral progeny at a step in the replication cycle subsequent to virus en-
try. The inhibition of proteasome activity decreases viral RNA levels and viral protein
synthesis; similarly, the inhibition of ubiquitination by chemical inhibitors or RNA in-
terference (RNAi) reduces the production of viral progeny as well as viral protein
synthesis. The effect on viral progeny production induced by proteasome inhibitors
is not explained by a reduction in the pool of monoubiquitin or the induction of
early apoptosis or autophagy. Our observations are consistent with the need of the
proteolytic activity of the UPS for the efficient replication of the virus and suggest
that UPS is necessary for the production of genomic and subgenomic RNA but not
for antigenomic RNA.

IMPORTANCE Astroviruses are a major cause of gastroenteritis in young humans
and animals, and recently, it was associated with fatal encephalitis in humans. The
role of the ubiquitin-proteasome system in the replication of these viruses has not
been studied previously. In this work, we present evidence that supports that the
proteolytic activity of the proteasome is necessary for efficient viral progeny produc-
tion and that this proteolytic system is required for the accumulation of both
genomic and subgenomic viral RNAs.
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Astroviruses are nonenveloped, single-stranded, positive RNA viruses grouped into
the family Astroviridae. Human astroviruses (HAstVs) are grouped into three clades,

one comprising the classical HAstVs (8 serotypes), and the so-called novel astroviruses
that include two clades, MLB and VA (1). HAstVs cause acute gastroenteritis and are
associated with 2 to 9% of acute, nonbacterial diarrheal cases in children (2) and were
recently associated with neurological disorders in immunocompromised individuals
(3, 4).

The genome of HAstV is formed by one single-stranded, polyadenylated RNA
molecule of approximately 6.8 kb. The 5= end of the genomic RNA (gRNA) is covalently
attached to a VPg protein that is required for efficient viral infection (5). The genome
harbors three open reading frames (ORFs). ORF1a and ORF1b encode the nonstructural
proteins, while ORF2 codes for the structural polyprotein (6). HAstV-8 enters the cell by
a clathrin-dependent mechanism, and after reaching the cytoplasm, the gRNA of the
incoming viral particle directs the synthesis of two polyprotein precursors, NSP1a and
NSP1ab (7). The polyprotein precursors are processed by viral and cellular proteases to
generate several protein products. The NSP1a precursor yields the viral protease and
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VPg as well as other not-well-characterized proteins. NSP1ab yields the same proteins
but also the viral RNA-dependent RNA polymerase (RdRp) encoded in ORF1b. The
incoming gRNA is used as the template by RdRp to synthesize the antigenomic RNA
(agRNA), which in turn serves as the template for the production of two kinds of
positive-stranded RNAs, the gRNA and the subgenomic RNA (sgRNA) (6). The synthe-
sized gRNA is used as mRNA to produce more nonstructural proteins, and it is also
packed as the viral genome of the newly assembled viral particles (2). The sgRNA is
used as mRNA for the production of the capsid polyprotein VP90. The replication and
morphogenesis of the viral particles are associated with membranes (8, 9). The viral
particles are released by a nonlytic mechanism that requires processing by cellular
caspases of the full-length capsid polyprotein VP90 to yield VP70 (10, 11). VP70 in the
extracellular viruses is then processed by trypsin into the final three capsid proteins that
constitute the mature, infectious virus.

The ubiquitin-proteasome system (UPS) is the major degradation system in the cell.
Major roles of this system consist of the degradation of misfolded/damaged proteins
(12, 13) and the regulation of the level of proteins related to the control of cell cycle
progression, protein trafficking, transcription, the immune response, and signal trans-
duction (14, 15). The UPS is formed by two major components: the first is the
proteasome, a multiprotein complex that degrades proteins, and the second compo-
nent is ubiquitin, a highly conserved protein of 76 amino acids that is covalently
attached to target proteins through a three-step reaction, known as ubiquitination.
Protein ubiquitination is a posttranslational modification involved in several cellular
functions; one of them is the delivery of the ubiquitin-tagged proteins to the protea-
some for degradation. Depending on the nature of ubiquitination, this modification can
modify other aspects of protein function independently of protein degradation, such as
protein-protein interactions (16) and sorting of transmembrane proteins (17). The
proteasome is formed by two components, a proteolytic core particle, the 20S (720-
kDa) proteasome, sandwiched between two 19S (890-kDa) “cap” regulatory complexes.
The two components form the 26S proteasome, which is specialized in the degradation
of ubiquitinated proteins. Versions of the proteasome, with caps other than 19S (for
example, members of the activator families 11S and Blm10), can degrade nonubiquiti-
nated proteins (14, 18).

As the UPS has a vital role in many fundamental cellular processes, many viruses
have reprogrammed this machinery according to their needs. The interactions between
viruses and the UPS are complex; one of the more common features is the use of the
UPS to control the level of antiviral factors and to regulate innate antiviral signaling
(19). In the case of viruses that depend on the cell cycle, this system is used to control
the level of proteins that regulate cell cycle progression, a feature observed frequently
in DNA virus infections (20). It has been reported that the UPS regulates the replication
of several viruses, including rotavirus (21, 22), West Nile virus (23), circovirus (24),
human hepatitis E virus (25), human immunodeficiency virus, influenza virus (26),
vaccinia virus, and adenovirus (20). In the above-mentioned examples, the inhibition of
the UPS had a negative impact on viral replication, but in other cases, the inhibition of
the UPS favors virus replication, as in the case of papaya ringspot virus (27), or the
enhancement of adeno-associated virus transduction (28). Here, we report that the
function of this system is required for the efficient replication of HAstV, most likely for
the synthesis of viral gRNA and sgRNA.

RESULTS
Proteasome inhibitors reduce the production of astrovirus progeny. To deter-

mine if the proteolytic activity of the proteasome is required for HAstV replication, the
effect of a set of proteasome inhibitors on the production of viral progeny was
evaluated. For this, C2Bbe1 cells (29) were infected with Yuc8, a serotype 8 HAstV strain,
and at the end of the adsorption period, the cells were washed and the indicated
concentrations of drugs were added. The cells were then collected at 18 h postinfection
(hpi), and the viral titers were evaluated by an immunoperoxidase focus-forming assay
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(Fig. 1A). The efficiency of drugs used was confirmed by Western blotting (Fig. 1B). As
expected, proteasomal inhibitors caused an accumulation of ubiquitinated proteins
and increased the expression of hsp70 (30–32). Since MG132 was the most efficient
inhibitor, reducing the yield of viral progeny by more than 10-fold, its effect on virus
replication was further characterized, and the dose-effect of this compound on viral
replication was determined (Fig. 1C). The production of viral progeny was inhibited by
MG132 in a dose-response manner with a 50% inhibitory concentration (IC50) of 26 nM.
To discard the possibility that the reduction of the virus yield was due to toxicity
produced by MG132, cell viability was evaluated by using a lactate dehydrogenase
(LDH) release assay; at the doses and times tested, MG132 was not toxic for infected or
mock-infected cells (data not shown).

MG132 interferes with an early step during the HAstV replication cycle. To
define the step at which MG132 affects the replication cycle of HAstV, the effect of the
addition of the drug at different times postadsorption on the production of viral
progeny was determined. As shown in Fig. 2A, the drug inhibited the yield of viral
progeny by more than 1 logarithm when added at the end of the adsorption period
(time zero) or at 4 h postadsorption (hpa), while its effect was significantly reduced
when MG132 was added at 8 hpa and later on. Furthermore, when MG132 was added
3 h before and during the adsorption period (�4to0 in Fig. 2A) and removed after this
4-h incubation time, viral progeny production was not affected. Taken together, these
results suggest that virus entry is not affected by proteasome inhibition but that a
relatively early step during viral replication requires an active proteasome.

FIG 1 Proteasome inhibitors reduce the production of viral progeny. C2Bbe1 cells were infected with
HAstV Yuc8 at an MOI of 3. At the end of the adsorption period, the cells were washed, and drugs were
added at the concentrations described below. At 18 hpi, cell cultures were collected and analyzed. (A)
The cells and media were collected together, and the viral titer was determined by a peroxidase
focus-forming assay, as described in Materials and Methods. The data are expressed as focus-forming
units (ffu) per milliliter and represent the arithmetic means � standard errors of the means of results from
three independent experiments performed in triplicate. The concentrations used were 1 �M MG132,
10 �M lactacystin, and 20 �M PSI. ***, P � 0.0007; **, P � 0.0022. (B) Yuc8-infected C2Bbe1 cells were
incubated for 18 h with 1 �M MG132 (MG), 10 �M lactacystin (Lact), 20 �M PSI, or dimethyl sulfoxide
(DMSO) (control [C]). Total proteins were collected in Laemmli buffer, resolved by SDS-PAGE, transferred
to nitrocellulose membranes, and incubated with the indicated antibodies. Ub, ubiquitin. (C) Infected
cells were incubated with the indicated concentrations of MG132, and the production of viral progeny
was determined as described above. The data are expressed as focus-forming units per milliliter and
represent the arithmetic means � standard errors of the means of results from four independent
experiments performed in duplicate. ***, P � 0.0007; ****, P � 0.0002.
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It has been reported that MG132 can differentially affect the replication of viruses;
for example, proteasome inhibitors block the replication of vesicular stomatitis virus
(VSV) but only delay poliovirus growth (33). To determine its effect on astrovirus
replication, we evaluated the viral progeny produced from 12 to 48 hpi in cells in which
MG132 was maintained in the medium during then entire incubation period; the
production of infectious virus was inhibited at similar levels at all times tested (Fig. 2B),
suggesting that the replication of the virus was blocked and not delayed by MG132
treatment.

Proteasome inhibition blocks the synthesis of viral proteins. As mentioned above,
the synthesis of the capsid polyprotein precursor is directed by the sgRNA, while the
nonstructural proteins are synthesized from the gRNA. In order to evaluate the effect of
proteasome inhibition on the accumulation of viral proteins, C2Bbe1 cells were treated
with 1 �M MG132 and analyzed by Western blotting. As shown in Fig. 3A and B, the
accumulation of both the capsid and the protease decreased by 80 and 60%, respec-
tively, suggesting that the activity of the proteasome is required for the synthesis of
proteins derived from both gRNA and sgRNA. On the other hand, it was previously
reported that MG132 can induce an arrest in cell translation (22, 33, 34); thus, to
determine if this was the case in C2Bbe1 cells, the incorporation of [35S]Met into cellular
proteins in the presence of increasing concentrations of MG132 was evaluated. As
shown in Fig. 3C and D, MG132 did not significantly affect the synthesis of cellular

FIG 2 The proteasome inhibitor MG132 affects an early step of HAstV replication. C2Bbe1 cells were
infected with HAstV Yuc8 at an MOI of 3, and 1 �M MG132 was added at the indicated times during
infection. Viral progeny production was evaluated as described in Materials and Methods. (A) MG132 was
not added (C) or was added at the indicated times postadsorption, and at 18 hpi, the cells and medium
were collected together, and the amount of infectious viral particles was quantitated. “�4to0” indicates
that MG132 was present for a period of only 4 h (3 h before adsorption and during the 1-h adsorption
period), and after this time, the drug was washed away. Data are expressed as focus-forming units per
milliliter and represent the arithmetic means � standard errors of the means of results from three
independent experiments performed in duplicate. **, P � 0.0040; *, P � 0.0162. (B) C2Bbe1 cells were
infected with HAstV Yuc8 at an MOI of 3. At the end of the adsorption period, the cells were washed, 1
�M MG132 was added, the cells and media were collected together at the indicated times, and the viral
titer was determined by a focus-forming assay, as described in Materials and Methods. The data are
expressed as focus-forming units per milliliter and represent the arithmetic means � standard errors of
the means of results from three independent experiments performed in triplicate. ***, P � 0.0007. Open
bars are control, dimethyl sulfoxide-treated cells (C), and closed bars are MG132 (MG)-treated cells.
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proteins under the conditions used, suggesting that the drug specifically inhibits
protein synthesis from both positive-stranded viral RNAs.

Ubiquitination is required for HAstV replication. The proteasome degrades ubiq-
uitinated proteins, but several proteasome substrates can be degraded in a ubiquitin-
independent way (14). If the activity of the proteasome during HAstV replication
depends on ubiquitination, it is expected that the inhibition of ubiquitination will affect
the replication of HAstV. To evaluate this possibility, the effect of Pyr-41, an inhibitor of
the E1 ubiquitin-activating enzyme, on the generation of viral progeny and viral protein
synthesis was tested. In the presence of this inhibitor, de novo ubiquitination does not
occur (35). Figure 4A shows that treatment of the cells with Pyr-41 reduced the viral
progeny titer in a dose-response manner, with an IC50 of 24 �M. At the doses and under
the conditions tested, this drug was not toxic to the cells, as judged by an LDH assay
(data not shown). The efficiency of Pyr-41 was confirmed by Western blotting in which
ubiquitinated proteins and the accumulation of hsp70 were detected (Fig. 4B), since it
has been reported that Pyr-41 causes an accumulation of ubiquitinated proteins and an
increase in the expression of hsp70 (36). As in the case of MG132, the syntheses of the
capsid protein and the viral protease were reduced by about 80% in Pyr-41-treated cells
(Fig. 4C and D).

As an alternative approach to evaluate the role of ubiquitination in HAstV replica-
tion, the expression of the ubc gene, one of the four genes that encode ubiquitin (37),
was silenced by RNA interference. A small interfering RNA (siRNA) pool directed against
ubc was transfected into cells, and viral replication was evaluated. When the viral
progeny produced in control and ubiquitin-silenced cells were compared, a reduction

FIG 3 Expression of viral proteins is inhibited by MG132. C2Bbe1 cells were infected with HAstV Yuc8 at
an MOI of 3, and at the end of the adsorption period, MG132 was added at the indicated concentrations.
The proteins were metabolically labeled with [35S]methionine-cysteine for 1 h at 17 hpi, the cells were
harvested at 18 hpi in Laemmli sample buffer, and the proteins were resolved by SDS-PAGE. (A) Western
blot analysis of the indicated proteins from infected or mock-infected cells in the presence or absence
of 1 �M MG132. Ab, antibody. (B) Quantitation of the normalized level of expression of the indicated viral
protein from infected dimethyl sulfoxide (C)- or MG132 (MG)-treated cells using tubulin as a loading
control. Data are expressed as a percentage of the value for control (infected, dimethyl sulfoxide-treated)
cells and represent the means � standard errors of the means of results from five independent
experiments. ***, P � 0.001. (C) Coomassie blue staining of the gel in panel D. (D) Autoradiography of
metabolically labeled cellular proteins in the presence of the indicated concentrations of MG132.
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of more than 95% was observed, a level similar to that obtained when cells were
treated with MG132 or Pyr-41 (Fig. 1A and 4A). Under these conditions, the synthesis
of the viral protease and the capsid was also noticeably reduced (Fig. 5B and C). The
efficiency of interference was evaluated by Western blotting (Fig. 5D). Under these
conditions, a reduction of more than 95% in the accumulation of ubiquitin was
observed, as judged by the level of monoubiquitin molecules detected, i.e., the pool of
free ubiquitin plus the ubiquitin associated with E1 and E2 enzymes. The reduction in
the amount of ubiquitin was not toxic to the cells, as judged by an LDH release assay
(data not shown), nor did it affect the synthesis of cellular proteins (Fig. 5D). Taken
together, these results suggest that ubiquitination is necessary for the efficient repli-
cation of HAstV.

When cells are incubated with proteasome inhibitors for long periods of time,
ubiquitin is not recycled, and it is has been shown that the pool of ubiquitin available
for ubiquitination can be reduced (22, 38). Under these conditions, proteasome inhib-
itors could affect viral replication not by a direct effect on proteolysis but by an indirect
effect on the ubiquitination of proteins required for viral replication. To explore this
possibility, the level of monoubiquitin in control and MG132-treated cells was evalu-

FIG 4 Pyr-41, an inhibitor of E1-activating enzymes, reduces viral progeny production and the synthesis of viral proteins.
C2Bbe1 cells were infected with HAstV Yuc8 at an MOI of 3. At the end of the adsorption period, Pyr-41 was added at the
indicated concentrations, and cells were then processed at 18 hpi. (A) Cells and medium were collected together, and the titer
of the viral progeny produced was evaluated. The data are expressed as focus-forming units per milliliter and represent the
means of results from three independent experiments performed in duplicate � standard errors of the means. *, P � 0.05; **,
P � 0.01. (B) Yuc8-infected C2Bbe1 cells were incubated for 18 h with 100 �M Pyr-41 (Pyr) or dimethyl sulfoxide (C). Total
proteins collected in Laemmli buffer were resolved by SDS-PAGE and transferred onto nitrocellulose membranes for detection
of the indicated proteins. (C) Western blot analysis of the indicated proteins from infected or mock-infected cells in the
presence or absence of 100 �M Pyr-41. The proteins were collected in Laemmli sample buffer, resolved by SDS-PAGE,
transferred onto a nitrocellulose membrane, and stained with the indicated antibodies. Immunodetection was performed by
using Alexa 647-conjugated secondary antibodies. (D) Quantification of normalized values (using tubulin as a loading control)
of expression for the indicated viral proteins in infected dimethyl sulfoxide (C)- or Pyr-41-treated cells. Data are expressed as
a percentage of values for the control (dimethyl sulfoxide-treated cells) and represent the means � standard errors of the
means of results from five independent experiments. ***, P � 0.001.
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ated by Western blotting. In MG132-treated cells, the pool of monoubiquitin was not
reduced but instead was augmented, and, as expected, the level of ubiquitinated
proteins was increased (Fig. 5E). These data suggest that the effect of proteasome
inhibitors on HAstV replication is more likely due to the proteolytic component of the
UPS. However, the possibility that the ubiquitination of proteins, not related to prote-
olysis, could be necessary for virus replication cannot be ruled out.

The reduction in the amount of viral progeny caused by proteasome inhibition
is not related to the induction of autophagy or apoptosis. Long exposure of cells to
proteasomal inhibitors can induce apoptosis or autophagy, and autophagy proteins
can target viral components or virions for lysosomal degradation, a process termed
xenophagy (39). In addition, HAstV infection induces apoptosis, an event related to
virus release (10, 11, 40), but at early times during infection, apoptosis could reduce
viral production. To evaluate if the reduction in the amount of viral progeny observed
in the presence of MG132 was a consequence of the induction of apoptosis or
autophagy, the effects of bafilomycin, an inhibitor of the vacuolar proton ATPase, and
of carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-fmk), a
caspase inhibitor, on the virus yield were evaluated. If autophagy or apoptosis was
responsible for the inhibition of viral replication induced by MG132, it would be

FIG 5 Interference of ubiquitin (Ub) synthesis reduces the amount of viral progeny produced and viral
protein synthesis. C2Bbe1 cells were transfected with either an siRNA directed to the ubc gene or an
irrelevant control (NT) or were untransfected (UT), and at 48 h posttransfection, cells were infected with
HAstV Yuc8 at an MOI of 3. (A) Cells and media were collected together at 18 hpi, and the viral titer was
determined by a peroxidase focus-forming assay, as described in Materials and Methods. Data are
expressed as focus-forming units per milliliter and represent the arithmetic means � standard errors of
the means of results from three independent experiments performed in duplicate. **, P � 0.004. (B)
Proteins collected at 18 hpi in Laemmli sample buffer were resolved by SDS-PAGE and processed for
immunodetection using the indicated antibodies. (C) Quantification of the normalized value (using
tubulin as a loading control) of expression of the indicated viral proteins of infected cells transfected with
an siRNA with no target in the human genome (NT) or ubiquitin-targeting siRNA. Data are expressed as
a percentage of the value for control cells (transfected with NT siRNA) and represent the means �
standard errors of the means of results from three independent experiments. *, P � 0.02; ***, P � 0.001.
(D) Cells transfected with the indicated siRNAs were metabolically labeled with [35S]methionine-cysteine
for 1 h at 17 hpi and then collected in Laemmli sample buffer and resolved by SDS-PAGE. Data from
Coomassie blue staining, autoradiography, and immunodetection of ubiquitin (anti-Ub) are shown. In
order to detect monoubiquitin, the proteins were resolved on Tris-Tricine gels. (E) Incubation of cells with
MG132 does not decreases the pool of monomeric ubiquitin. C2Bbe1 cells were infected with HAstV Yuc8
at an MOI of 3. At the end of the adsorption period, 1 �M MG132 was added or not, and the cells were
incubated for 18 h at 37°C, lysed in Laemmli sample buffer, and resolved in Tris-Tricine gels for
immunodetection of viral capsid or ubiquitin by Western blotting. The position of the migration of
monomeric ubiquitin is indicated with an arrow.
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expected that these drugs would revert the inhibition observed. As shown in Fig. 6,
neither bafilomycin nor Z-VAD-fmk reversed the reduction in the amount of viral
progeny. The drugs were confirmed to efficiently exert their actions by evaluation of
the effect of bafilomycin on the infectivity of HAstV and of Z-VAD-fmk on the process-
ing of the capsid protein, as reported previously (7, 10, 11) (data not shown). These
results support the conclusion that proteasomal activity is required for HAstV replica-
tion.

The proteasome inhibitor MG132 reduces the production of genomic and
subgenomic RNAs. The reduction in the synthesis of viral proteins observed in the
presence of MG132 could be due to an effect on the efficiency of translation of viral
gRNA and sgRNA or to a reduction in the level of these RNAs, with the consequent
reduction of viral protein synthesis. To discern between these two alternatives, we
evaluated the levels of gRNA and agRNAs in control and MG132-treated cells by
real-time reverse transcription-quantitative PCR (qRT-PCR). As shown in Fig. 7, the level
of gRNA was reduced to about 10% in MG132-treated cells at 12 hpi, and it was
increased to about 28% at 24 hpi, with respect to the levels of gRNA observed in
mock-treated control cells. In contrast, the level of agRNA did not change at 12 hpi and
was reduced by only about 60% at 24 hpi. The reduction in the amount of agRNA
observed at 24 hpi could be explained given that the template for its synthesis, the
gRNA, appears to be diminished at 12 hpi, and a drop in the gRNA level will eventually
result in decreased agRNA synthesis. These data suggest that the step inhibited by

FIG 6 The decrease in the amount of viral progeny caused by MG132 is not related to the induction of
autophagy or apoptosis. Cells were infected with Yuc8 at an MOI of 3, and at the end of the adsorption
period, the indicated drugs were added. At 20 hpi, the cells were collected and lysed by three
freeze-thaw cycles, and the viral titer was determined by a focus-forming assay, as described in Materials
and Methods. The data are expressed as focus-forming units per milliliter and represent the arithmetic
means � standard errors of the means of data from three independent experiments performed in
duplicate. ***, P � 0.0007. Drug concentrations used were 1 �M MG132, 50 nM bafilomycin, and 50 �M
Z-VAD.

FIG 7 MG132 reduces the amount of viral RNAs. C2Bbe1 cells were infected with HAstV Yuc8 at an MOI
of 3. At the end of the adsorption period, 1 �M MG132 or dimethyl sulfoxide was added, the cells were
incubated for the indicated periods of time, and total RNA was isolated. The levels of genomic,
antigenomic, and subgenomic (ORF2) RNAs were determined by a qRT-PCR assay, as described in
Materials and Methods. Data are expressed as a percentage of the value for dimethyl sulfoxide-treated
cells as a control, which was taken as 100%, and represent the means � standard errors of the means
of data from three (genomic and antigenomic) or five (subgenomic) independent experiments. *, P �
0.05.
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MG132 could be the production of gRNA and, as a consequence, the level of agRNA at
late times during infection.

Since the synthesis of the capsid protein was reduced by MG132 (Fig. 3A and B), it
is possible that, as observed for the gRNA, the level of sgRNA could also be affected in
MG132-treated cells. To evaluate the level of sgRNA, we performed qRT-PCR using
primers designed to amplify the ORF2 region of the two positive-stranded viral RNAs,
as opposed to the primers designed to measure the level of gRNA, which amplify a
region located in ORF1b. As shown in Fig. 7, the level of RNA detected was reduced by
about 50% at both 12 and 24 hpi in MG132-treated cells. Given that the sequence of
ORF2 is present in both the sgRNA and the gRNA, it is not possible to differentiate
between the two RNAs by qRT-PCR. However, based on the differences between the
threshold cycle (CT) values for the amplification of the ORF1b (gRNA) and the ORF2
(gRNA plus sgRNA) regions, we determined that the quantity of sgRNA represents
about 90% of the RNA evaluated with the ORF2 primers. Thus, this indicates that the
level of the ORF2 region detected by qRT-PCR represents mostly the level of sgRNA.

The inhibition of the proteasome does not affect the expression of the viral
protease at early times postinfection. The data presented above suggest that the
production of positive-sense RNAs but not of negative-sense RNAs is inhibited by
MG132. In this regard, it is important to take into consideration that the first round of
nonstructural viral protein synthesis is directed by the incoming genomic RNA present
in the original viral particle that infected the cell. Thus, one prediction from our data is
that at early times of infection, the level of expression of nonstructural proteins
(produced by the translation of the original gRNA) is not affected by drug treatment. To
evaluate this hypothesis, we used a multiplicity of infection (MOI) of 50 to infect C2Bbe1
cells and detected the level of viral protease at 4, 6, 8, and 10 hpi. Although difficult to
detect due to the small amount of viral protein produced, at 4 hpi, the level of viral
protease was not observed to be reduced by MG132, while a reduction in its accumu-
lation was found at later times (Fig. 8A and B). These results suggest that the reduction
in the synthesis of gRNA and sgRNA observed in the presence of MG132 is not related,
at least at early times of infection, to a failure in the production of the viral nonstruc-

FIG 8 The level of expression of the viral protease is not reduced by MG132 at early times of infection.
C2Bbe1 cells were infected with HAstV Yuc8 at an MOI of 50. At the end of the adsorption period, 1 �M
MG132 or dimethyl sulfoxide was added, the cells were incubated for the indicated periods of time, and
cells were then collected in Laemmli sample buffer and resolved by SDS-PAGE. (A) Representative
Western blot analyses using the indicated antibodies and controls of uninfected cells (MG132 or dimethyl
sulfoxide treated) are included. (B and C) Densitometric analysis of Western blots. Graphs show the
normalized values (using tubulin as a loading control) of expression of the viral protease (B) and the
capsid protein (C) compared to control (dimethyl sulfoxide-treated) cells. Data are expressed as a
percentage of values for the control (nontreated cells) and represent the means � standard errors of the
means of results from three independent experiments. *, P � 0.05; **, P � 0.01.
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tural proteins, including the RdRp. Furthermore, the abundance of the VP90 structural
protein, which is translated from the sgRNA, is reduced from the initial time when it can
be detected, at 6 hpi (Fig. 8A and C). Altogether, these data suggest that the inhibition
of the proteasome activity does not affect directly the translation of viral mRNAs but
one step related to the accumulation of the viral positive-sense RNAs.

DISCUSSION

The proteasome is the major protein degradative system in the cytoplasm. In this
work, we show that proteasomal inhibitors and the inhibition of cellular ubiquitination
result in the reduction of the production of astroviral progeny. Inhibition of protea-
somal activity may lead to a reduction in the pool of free ubiquitin, which in turn may
affect the de novo ubiquitination of proteins. For instance, long exposures of QT6 cells
to MG132 reduced the cell egress of the retrovirus respiratory syncytial virus (RSV)
by decreasing the pool of ubiquitin available for ubiquitination, which is required
for virus budding (38). In our case, the fact that the pool of monoubiquitin was not
decreased in the presence of MG132 (Fig. 5E) strongly suggests that the proteolytic
activity of the proteasome is necessary for HAstV replication. This conclusion is
supported by the fact that three different proteasomal inhibitors (MG132, lactacys-
tin, and N-[(phenylmethoxy)carbonyl]-L-isoleucyl-L-�-glutamyl-tert-butyl ester-N-
[(1S)-1-formyl-3-methylbutyl]-L-alaninamide [PSI]), with different mechanisms of
action (41–43), reduced the production of viral progeny. Thus, the effect of Pyr-41
and the ubiquitin siRNA on virus replication could be explained because protein
ubiquitination is important for protein degradation, although a role of ubiquitina-
tion in the replication cycle of the virus, independent of protein degradation,
cannot be discarded. Preliminary results in our laboratory suggest that the repli-
cation of other classical astroviruses is affected in a manner similar to that of Yuc8.

Exposure of cells to proteasome inhibitors can induce autophagy or apoptosis
(44–46). As these mechanisms could have antiviral effects, one possibility is that MG132
reduces HAstV replication by an indirect mechanism, inducing the degradation of viral
components by autophagy or by early cell death. However, the fact that the effect of
MG132 was not relieved by treatment with autophagy or apoptosis inhibitors suggests
that these processes are not involved in the reduction of HAstV progeny production
caused by MG132 (Fig. 6).

The replication cycle of HAstV begins with the translation of the incoming viral gRNA
that directs the synthesis of the viral nonstructural proteins, followed by the formation
of a polymerase complex that copies the gRNA into an agRNA. The agRNA is then used
as the template for the synthesis of additional gRNA molecules and of sgRNA, which
encodes the viral capsid polyprotein (6). In this work, we found that the synthesis of
both nonstructural and structural viral proteins is inhibited by MG132. In principle, the
effect of the drug could be due to the inhibition of any of the steps described above;
i.e., it could block either the synthesis of the negative- or the positive-strand viral RNAs
or the synthesis of the viral proteins necessary for the transcription and replication of
the gRNA. In this context, it is hard to pinpoint the virus replication step inhibited by
MG132.

There are, however, some indications of the stage of virus replication that could be
affected by MG132. First, the inhibitory effect of MG132 is maintained when the drug
is added to the cells at 4 hpi (Fig. 2A), indicating that the entry process of the virus is
not affected by the drug, since the half-time for the release of HAstV RNA into the
cytoplasm is about 130 min (7). Second, at early times of infection, the expression of
the protease (a nonstructural protein) does not seem to be reduced, suggesting that
the translation of the incoming gRNA into nonstructural proteins is not affected. Third,
at 12 hpi, the level of gRNA is decreased by about 10-fold, while that of the agRNA is
not reduced, and at this time, the level of the sgRNA is also reduced by 50%, indicating
that the synthesis of the agRNA is not affected by MG132 at early times of infection. The
reduction in the level of agRNA at 24 hpi, to about 50% of that of the control, could be
the consequence of the lower levels of the template gRNA available at earlier times.
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Fourth, the fact that the level of sgRNA was diminished at both 12 and 24 hpi suggests
that the primary effect of MG132 is on the accumulation of the two positive-sense viral
RNAs, which in turn is reflected in the reduced synthesis of viral proteins. Altogether,
these findings suggest that the RdRp complexes involved in the synthesis of positive-
and negative-sense RNAs could be different, although an effect of MG132 on RNA
stability rather than on its synthesis could not be discarded. A similar observation has
been reported for influenza virus, where proteasome activity is necessary for efficient
polymerase function (26).

Why the proteolytic activity of the proteasome is required for the efficient produc-
tion of positive-sense viral RNAs during HAstV replication is not clear; however, there
are a number of possible mechanisms. First, one of the more common features of the
interaction between the UPS and viruses is the degradation of antiviral factors (47, 48).
It is possible that a cellular factor that inhibits the RdRp complex in charge of the
synthesis of positive-sense RNAs needs to be degraded for efficient gRNA and sgRNA
production. A second alternative is that the stability and not the production of gRNA
and sgRNA is affected by a cellular factor (for example, an RNase); thus, it is possible
that the agRNA is present only in virus replication centers associated with membranes,
where it might be protected from cellular RNases, but positive RNAs (gRNA and sgRNA),
present in the cytoplasm, could be available for RNase degradation.

The role of the innate immune response in astrovirus infection has been poorly studied
so far. It has been reported that it contributes to the control of murine astrovirus (MuAstV)
(49), and recent publications reported that HAstV-1 induces a mild and delayed interferon
(IFN) response and that its replication is IFN sensitive (50, 51). Thus, it is possible that factors
of the innate immune system that restrict astrovirus replication could be degraded by the
proteasome during virus infection. Finally, it is possible that the proteasome could regulate
the degradation or processing of proteins that modulate the production of positive-sense
RNAs directly or indirectly. For example, its activity could be required for activating a
signaling pathway involved in the formation of replication centers, as shown for brome
mosaic virus; in this case, the formation of these centers depends on the activation of lipid
metabolism in a process regulated by the proteasome (52, 53). In the case of HAstV, it
was reported that cellular proteins related to lipid metabolism are expressed in
subcellular fractions where the viral RdRp is present, and RNA interference in the
synthesis of these proteins reduced viral RNA production (54). Proteasome activity
could be necessary for the stability, processing, and intracellular distribution of the
viral proteins. It has been shown for turnip yellow mosaic virus that the UPS
regulates the temporal synthesis of positive- and negative-sense viral RNAs by
regulating the RdRp abundance (55, 56). Also, in the case of rotavirus, it has been
shown that the inhibition of the UPS results in the delocalization of the viral
polymerase (21, 22). One interesting idea derived from the results presented in this
report is that if the proteolytic activity of the proteasome is necessary for the
synthesis of the HAstV positive-sense RNAs, the replication complexes that produce
the positive- and negative-sense RNAs could be different.

MATERIALS AND METHODS
Cells, virus, and reagents. C2Bbe1 cells, derived from the colon adenocarcinoma Caco-2 cell line,

were obtained from the American Type Culture Collection and propagated in a 10% CO2 atmosphere at
37°C in high-glucose Dulbecco’s modified Eagle’s medium (DMEM-HG) (Sigma Chemical Co., St. Louis,
MO) supplemented with nonessential amino acids (catalog number 1140; Gibco Life Technologies,
Carlsbad, CA) and 10% fetal bovine serum (FBS) (Cansera, Ontario, Canada). HAstV serotype 8 strain Yuc8
was isolated in our laboratory, and it was grown as described previously (57, 58). The siRNA UBC (smart
pool) against the ubiquitin gene was purchased from Dharmacon Research (Lafayette, CO). Horseradish
peroxidase-conjugated goat anti-rabbit polyclonal and anti-mouse antibodies were purchased from
PerkinElmer Life Sciences (Boston, MA), and an antitubulin monoclonal antibody (clone TU-01) was
purchased from Invitrogen. Rabbit polyclonal antibody to ubiquitin was purchased from Cell Signaling.
Rabbit polyclonal sera to the capsid protein of HAstV (Yuc8 strain), to the viral protease, and to the viral
RdRp were previously described (59). The proteasome inhibitors PSI, MG132, and lactacystin (proteasome
inhibitor set I) and the E1 inhibitor Pyr-41 were purchased from Calbiochem.

Determination of yields of infectious virus. Confluent C2Bbe1 cells grown in 96-multiwell plates
were infected with Yuc8 at an MOI of 3 for 1 h at 37°C, and unbound virus was removed by washing.
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When used, the drugs were present at the indicated times, added just at the end of the adsorption
period, and maintained in medium until harvest, unless otherwise indicated. In all the experiments, the
medium was supplemented with nonessential amino acids (NEAAs). The cells were collected at the
indicated times and lysed by three cycles of freeze-thawing, and the virus present in the lysates was then
activated by incubation with trypsin at 200 �g/ml for 1 h at 37°C. Viral titers were determined by an
immunoperoxidase focus determination assay, as described previously (11).

Western blots. Cells were infected with Yuc8 as described above. At the indicated times, the cells
were lysed with Laemmli sample buffer, and the proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes (Milli-
pore, Bedford, MA). Membranes were blocked with 5% nonfat dried milk in phosphate-buffered saline
(PBS)– 0.1% Tween and incubated at 4°C with the indicated primary antibodies diluted in PBS– 0.1%
Tween, followed by incubation with secondary, species-specific, horseradish peroxidase-conjugated or
Alexa 647-conjugated antibodies (as indicated). For monoubiquitin detection, Tris-Tricine gels were used
as described previously (22).

siRNA transfection. To transfect siRNAs into C2Bbe1 cells, a modified reverse transfection method
was used (60). Briefly, the siRNAs (32 nM) were diluted in minimal essential medium (MEM) in a final
volume of 15 �l and mixed with 90 �l of MEM containing 1.34 �l of Oligofectamine (Invitrogen, Carlsbad,
CA) directly in the wells of a 48-well plate. The siRNA-Oligofectamine mix was incubated for 20 min at
room temperature, and 200 �l of a suspension of 100,000 cells/ml in DMEM supplemented with 15% of
FBS was then added to each well. The final concentration of siRNA under these conditions was 1.5 nM.
The cells were incubated for 48 h at 37°C.

Metabolic labeling. Cells were infected at an MOI of 3 and incubated with or without MG132 at the
indicated concentrations, or siRNA-transfected cells were infected as previously described. At 17 hpi, the
medium was replaced with Express-35S labeling mix (Dupont, NEN), maintaining the same concentration
of MG132, and the mixture was incubated for 1 h. Cells were then washed and lysed with Laemmli
sample buffer. The proteins were separated by SDS-PAGE, and gels were stained with Coomassie blue
and subjected to autoradiography.

RNA extraction. C2Bbe1 cells grown in 6-well plates were infected with Yuc8 at an MOI of 3 and
incubated for 12 or 24 h in the presence or absence of 1 �M MG132. Total RNA was extracted by using
TRIzol (Invitrogen) according to the manufacturer’s instructions. RNA was resuspended in RNase-free
water and quantified by spectrometry using a NanoDrop ND-1000 instrument. RNA from mock-infected
cells was also obtained as a control.

qRT-PCR analysis. qRT-PCR was performed according to protocols for the standard First Strand
cDNA synthesis kit with Maxima SYBR green qPCR master mix (Thermo Scientific, Waltham, MA).
Quantitative analysis of data was performed by using the Prism 7000 analysis software program (Applied
Biosystems, Life Technologies, Carlsbad, CA). The primers used to amplify ORF1b astrovirus Yuc8 RNA for
the gRNA and agRNA were described previously. Briefly, in these experiments, the primer used for cDNA
synthesis determines the polarity of the strand analyzed, as was reported previously by us and others (51,
54, 61). To ensure that only the strand selected is reverse transcribed, after the cDNA synthesis step, the
reaction mix is heated to 90°C for 15 min and immediately transferred to ice to prevent the renaturation
of the reverse transcriptase. After this step, PCR with both primers is set up. The primers used to amplify
the sgRNA were forward primer 5=-TGGAACACTGCCTATCACGG-3= and reverse primer 5=-GAAGGCCAGA
GTCACGAAGCT-3=. The results were normalized to the level of total glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA detected in each RNA sample. The relative fold changes in gene expression
levels were calculated by the 2�C

T method, where CT is the threshold cycle, as described previously (54).
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