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In this work we have shown that astrovirus infection induces apoptosis of Caco-2 cells, since fragmentation
of cellular DNA, cleavage of cellular proteins which are substrate of activated caspases, and a change in the
mitochondrial transmembrane potential occur upon virus infection. The human astrovirus Yuc8 polyprotein
capsid precursor VP90 is initially processed to yield VP70, and we have shown that this processing is trypsin
independent and occurs intracellularly through four cleavages at its carboxy-terminal region. We further
showed that VP90-VP70 processing is mediated by caspases, since it was blocked by the pancaspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp fluoromethylketone (z-VAD-fmk), and it was promoted by the apoptosis in-
ducer TNF-related apoptosis-inducing ligand (TRAIL). Although the cell-associated virus produced in the
presence of these compounds was not affected, the release of infectious virus to the cell supernatant was
drastically reduced in the presence of z-VAD-fmk and increased by TRAIL, indicating that VP90-VP70 cleavage
is important for the virus particles to be released from the cell. This is the first report that describes the
induction and utilization of caspase activity by a virus to promote processing of the capsid precursor and

dissemination of the viral particles.

Apoptosis is a cell suicide mechanism that plays a central
role in development and homeostasis in diverse multicellular
organisms (35), and it is also considered to represent a natural
cell defense mechanism against pathogens, including viruses,
to limit their replication and spread (10, 17). Viruses, however,
have evolved mechanisms to evade the apoptotic response
through the synthesis of antiapoptotic factors that prevent or
delay this response until viral replication is no longer compro-
mised (10, 17). When it is induced early during the infection, it
is believed that the apoptotic process may facilitate the spread
of viruses with short replication cycles (29), for instance, by
packaging particles into apoptotic bodies to favor virus dissem-
ination (36).

Caspases, a family of cysteinyl proteases whose activity is
induced during apoptosis, are key effectors of this process (7);
they recognize and cleave substrates at very characteristic mo-
tifs (7, 34). Their activation occurs through a cascade-type
system in which the initially activated caspase activates the
downstream executioner caspases, which are responsible for
cleavage of the cellular targets (7, 34). The proteins of a num-
ber of viruses, such as human influenza virus, adenovirus, coro-
navirus, hepatitis C virus, and calicivirus, have been found to
be cleaved by caspases (1, 9, 15, 31, 40), and in some cases
these cleavages have been shown to interfere with virus mor-
phogenesis (6, 40). On the other hand, caspase activity has
been reported to be necessary for the efficient replication of
Aleutian mink disease parvovirus and avian influenza virus,
through promoting the relocation of viral proteins into differ-
ent cell compartments (2, 39).
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Human astroviruses (HAstV) are recognized as the second
major cause of viral gastroenteritis around the world (14).
Eight astrovirus serotypes have been identified in humans
(HAstV-1 to HAstV-8), which differ mainly in the amino acid
sequence of the carboxy-terminal half of the capsid polyprotein
precursor (24, 38). The astroviral genome has three open read-
ing frames (ORFs 1a, 1b, and 2) (19), each encoding a polypro-
tein which is processed during infection (13, 22, 23). ORFla
and ORF1b code for precursors of the viral nonstructural
proteins, which are believed to be mainly processed by the viral
serine protease (11, 23), while ORF2 codes for the precursor of
the viral capsid proteins.

In HAstV strain Yuc8, VP90, the primary product of ORF2,
is initially cleaved at its carboxy-terminal region to yield VP70,
which is found in purified viral particles (22). The VP70-con-
taining virus is not or only poorly infectious and requires tryp-
sin to activate its infectivity (22). During trypsin activation,
VP70 is initially processed into polypeptides VP41 and VP28,
which are further cleaved in a sequential manner to yield a
fully infectious virus composed of proteins VP34, VP27, and
VP25 (22).

In this work, which was carried out to understand the pro-
cessing of the capsid precursor of HAstV and its role in virus
morphogenesis, we found that astrovirus Yuc-8 induces apo-
ptosis in Caco-2 cells and utilizes the activated caspases for
processing VP90 to VP70 and to regulate the timing of virus
release.

MATERIALS AND METHODS

Virus and cells. Colon carcinoma Caco-2 cells from the American Type Cul-
ture Collection were used in this work. Cells were cultured in a 10% CO,
atmosphere at 37°C with minimal essential medium (Eagle’s salts) (MEM) sup-
plemented with glutamine and 15% fetal bovine serum (FBS) (Gibco-BRL).
Viral stocks of HAstV serotype 8, strain Yuc8 (24), were prepared as described
(23), with 200 g of trypsin/ml to activate virus infectivity and maintaining trypsin
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at 3 pg/ml during and after infection. Yuc8 was titrated in Caco-2 cells by an
immunoperoxidase assay, essentially as described for rotavirus (16), but the cells
were stained at 18 h postinfection and a rabbit hyperimmune serum to Yuc8 was
used as the primary antibody.

Sera and reagents. A polypeptide containing amino acid residues 666 to 782 of
Yuc8 ORF2 was synthesized in Escherichia coli as a fusion with glutathione
S-transferase (GST) with the pGEX4T vector (Pharmacia). This protein, named
E4, was used to generate a hyperimmune rabbit serum, as previously described
(22). Sera to recombinant proteins E2 (amino acid residues 209 to 341 of ORF2)
and 1a-3 (amino acid residues 401 to 638 of ORFla) have been described
previously (22, 23). Monoclonal antibodies to PARP (poly-[ADP-ribose]-poly-
merase) and to lamins A and C were from Cell Signaling and StressGene,
respectively; benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk)
and TNF-related apoptosis-inducing ligand (TRAIL) were purchased from Bi-
omol. Res. Lab. MitoTracker Red was from Molecular Probes. The in situ cell
death detection kit (Roche), based on the terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) assay, was used to determine the
fragmentation of DNA, following the instructions of the manufacturer.

Cell infection and virus purification. Caco-2 cells were infected with astrovirus
Yuc8 essentially as described (22, 23). All virus samples were incubated before
titration with 200 pg of trypsin per ml for 1 h at 37°C to activate virus infectivity,
and trypsin was maintained at 3 pg/ml during the adsorption period. When used,
soybean trypsin inhibitor (Sigma) was maintained in the culture medium at 400
pg/ml during, as described (23), or after the adsorption period in addition to 2%
FBS. z-VAD-fmk and TRAIL were used at 50 uM and 1 pg/ml, respectively. To
radioactively label the viral proteins, 50 p.Ci of Express-[**S]-labeling mix (NEN
Life Science) per ml in methionine-free MEM was added at 12 h postinfection,
and the cells were incubated at 37°C for 12 additional h and then harvested in
TNS buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.5% sodium dodecyl sulfate,
20 pg of phenylmethylsulfonyl fluoride per ml, and 100 g of leupeptin/ml).
Virus purification was carried out by isopycnic cesium chloride gradient centrif-
ugation, as previously described (22).

Immunoassays. Immunoprecipitation of 3°S-labeled proteins was carried out
as described with the anti-E2 polyclonal serum (22). For the immunoblot anal-
ysis, proteins in TNS buffer were separated in 11 or 12% sodium dodecyl sulfate—
urea—polyacrylamide gels, transferred to a nitrocellulose membrane (Millipore),
and revealed with the indicated antibodies, as described (22). For the immuno-
fluorescence assays, Caco-2 cells were infected as mentioned above and fixed
with paraformaldehyde at 24 or 36 h postinfection. After permeabilization of the
cells with 0.05% Triton X-100 in 1% bovine serum albumin-phosphate-buffered
saline and blocking with 1% bovine serum albumin in phosphate-buffered saline,
the cells were incubated with the indicated primary antibody for 1 h at room
temperature. After this, the secondary antibody, either anti-mouse or anti-rabbit
immunoglobulin G conjugated with Alexa Fluor 488 or Alexa Fluor 568 (Mo-
lecular Probes), respectively, was added. When used, MitoTracker Red was
added at 200 nM (from a 1 mM stock solution in dimethyl sulfoxide), and the
cells were incubated at 37°C for 15 min before fixation with formaldehyde, as
described (28). The cells were analyzed with a Bio-Rad MRC-600 confocal
microscope.

RESULTS

Processing of VP90 to VP70 is trypsin independent. In
Caco-2 cells infected with HAstV serotype 8 strain YucS,
VP90, the primary translation product of ORF2, is initially
processed at its carboxy terminus to yield a protein of 70 kDa,
and this processing has been suggested to occur intracellularly
(22).

Trypsin, which is usually included in cell culture medium
during the growth of human astroviruses, has been suggested
to cleave the primary translation product of HAstV-2 ORF2
(8, 30). To evaluate the possibility that the processing of Yuc8
VP90 was mediated by trypsin, Caco-2 cells were infected with
Yuc8, and 1 h after adsorption, the virus inoculum was re-
moved and cell medium containing either trypsin, a trypsin
inhibitor, or a trypsin inhibitor plus FBS was added. The cells
were radioactively labeled for 12 h, starting at 12 h postinfec-
tion, and the cell-associated viral proteins were analyzed by
immunoprecipitation.
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FIG. 1. Processing of Yuc8 capsid precursor polyprotein is trypsin
independent. (A) Mock- (M) and Yuc8-infected Caco-2 cells were
maintained in the presence of trypsin (lane 2), soybean trypsin inhib-
itor (lane 3), or trypsin inhibitor plus fetal bovine serum (lane 4). Cells
were labeled for 12 h with the [*S]-Express labeling protein mix,
starting at 12 h postinfection; cell lysates were collected, immunopre-
cipitated with anti-E2 antibodies, and analyzed by polyacrylamide gel
electrophoresis. The mock-infected cells were treated as in lane 2.
(B) Unlabeled Yuc8-infected cells were washed with phosphate-buff-
ered saline and lysed at the indicated times (hours postinfection).
Proteins were separated by polyacrylamide gel electrophoresis and
detected by immunochemiluminescence with anti-Yuc8 serum as the
primary antibody.

Both VP90 and VP70 were detected at the same level in the
three conditions tested, regardless of whether trypsin activity
was present during the infection period (Fig. 1A), indicating
that the processing of VP90 to VP70 is trypsin independent.
On the other hand, analysis of the kinetics of synthesis of VP90
and its processing to VP70 by Western blot showed that VP90
was initially detected at 9 h postinfection and clearly observed
at 11 h postinfection, while its cleavage product, VP70, was
clearly detected 2 h later (Fig. 1B). At 24 h postinfection, when
the replication cycle of the virus has been completed, based on
one-step growth curves determined for the Yuc8 strain (this
work; data not shown), the processing of VP90 is limited (Fig.
1) (22). The lack of trypsin activity on the cell-associated frac-
tion was confirmed by the fact that the primary trypsin cleavage
products of VP70, VP41 and VP28, were not detected in these
experiments (not shown).

VP90 assembles into virions and is processed to VP70
through four cleavages. To evaluate if VP90 is assembled into
virus particles or if its cleavage to VP70 is required for capsid
assembly, viral particles grown in either the presence (3 pg/ml)
or absence (trypsin inhibitor plus FBS) of trypsin were purified
by isopycnic cesium chloride centrifugation, and the purified
particles were analyzed for their protein composition with an-
tibodies to recombinant proteins E2 and E4 (see Fig. 3). An-
tibodies to E2 recognize the region of VP90 between amino
acid residues 209 and 341 and should thus recognize both
VP70 and VP90, while antibodies to E4 are directed to the 116
carboxy-terminal amino acids of VP90 and should recognize
this protein but not VP70.

The viral particles from cultures maintained in the presence
of trypsin yielded only one band in the gradient, with an ap-
parent density of 1.36 g/cm>. The virions in this band contained
VP70 and its amino-terminal trypsin cleavage products VP41
and VP35, as detected by anti-E2 antibodies (Fig. 2, lane 1), as
previously reported (22). Antibodies to E4 recognized no pro-
tein in these particles (Fig. 2, lane 4). On the other hand, the
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FIG. 2. Purified Yuc8 particles are formed mainly of VP70 but may
contain minor amounts of VP90. Viral particles were purified by CsCl
gradient centrifugation from the total lysate of cultures infected in the
usual manner (Materials and Methods) but maintained in the presence
of trypsin (lanes 1 and 4) or soybean trypsin inhibitor plus FBS (lanes
2,3,5, and 6), after infection. Particles with an apparent density of 1.36
g/cm? (lanes 1, 3, 4, and 6) were obtained from both culture conditions,
while particles with an apparent density of 1.18 g/cm® (lanes 2 and 5)
were only obtained in the absence of trypsin. The protein content of
each gradient fraction was determined by electrophoresis and immu-
noblot analysis with the indicated sera.

virus from cultures maintained in the absence of trypsin pro-
duced two bands in the gradient, a major band at 1.36 g/cm®
and a minor one at 1.18 g/cm®. The 1.36-g/cm> virions were
formed by VP70 (detected by anti-E2 serum; Fig. 2, lane 3),
and small amounts of three proteins of 75, 78, and 90 kDa
(detected by anti-E4 serum; Fig. 2, lane 6). The fraction of 1.18
g/cm? contained a small amount of VP70 (detected by anti-E2
serum; Fig. 2, lane 2) as well as VP90, and a protein of 82 kDa
(detected by anti-E4 serum; Fig. 2, lane 5). Antibodies to E2
did not recognize proteins of 75 to 90 kDa in either of the
gradient fractions because they were present in very low
amounts in the purified virions (not detectable by staining with
Coomassie brilliant blue). These results indicate that process-
ing at the carboxy-terminal region of VP90 to yield VP70 may
involve at least three intermediate cleavage products of 82, 78,
and 75 kDa.

In addition, the fact that VP90 was found in viruses grown in
the absence of trypsin indicates that this precursor polyprotein
is able to assemble into virions. However, the fact that it was
only found in small amounts suggests either that this protein is
poorly assembled into viral particles or that the particles
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formed by this protein are unstable and disassemble during the
purification step (see below).

Astrovirus infection induces apoptosis in Caco-2 cells. VP90
contains motifs at its carboxy-terminal region similar to those
recognized and cleaved by caspases in cellular proteins (e.g.,
DXXD and XEXD; Fig. 3), and acidic amino acid residues in
this region of VP90 are highly conserved among astroviruses
(Table 1), despite the fact that this region has been found to be
hypervariable among HAstV strains belonging to different se-
rotypes (24, 38). Since these putative caspase cleavage motifs
are located in a region where cleavages to produce VP70 are
expected to occur, we investigated whether astrovirus Yuc8
induces apoptosis and the possible role of caspases on the
processing of VP90.

DNA fragmentation, an apoptosis indicator, was enhanced
during astrovirus infection, as judged by a larger number of
TUNEL-positive cells in Yuc8-infected compared to nonin-
fected cells (Fig. 4A and B); although TUNEL-positive cells
increased by more than fivefold in infected cultures, not every
infected cell was TUNEL positive. Induction of apoptosis is
accompanied by a drop in the mitochondrial transmembrane
potential (18, 32). Thus, to confirm the apoptotic state of the
astrovirus-infected cells, we evaluated changes in mitochon-
drial transmembrane potential with the MitoTracker Red re-
agent, based on its ability to be fixed in normal but not in
apoptotic cells (28). As observed in Fig. 4D and 4F, the reagent
was efficiently fixed in noninfected cells but did not label Yuc8-
infected cells, indicating changes in the mitochondrial trans-
membrane potential in infected cells.

To further confirm that Yuc8-infected cells were in apopto-
sis, the integrity of lamin A and PARP, two cellular proteins
known to be cleaved by executioner caspases 6 and 3, respec-
tively, was evaluated. Lamin A, a nuclear protein, was poorly
or not detected in Yuc8-infected cells (Fig. 4], in green) as
opposed to uninfected cells (Fig. 4H and J), suggesting that
caspase-6 had been activated. Similarly, cleavage of PARP was
observed in Yuc8-infected cells, and this cleavage was pre-
vented by the pancaspase inhibitor z-VAD-fmk (7) (Fig. 4K)
and the specific caspase-3 inhibitor N-acetyl-Asp-Glu-Val-
Asp-CHO (Ac-DEVD-CHO) (not shown), suggesting again
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FIG. 3. VP90 contains caspase cleavage motifs in its acidic domain. (A) Diagram of VP90, with the conserved and hypervariable regions
depicted as open and striped boxes, respectively, shown to scale. The conserved acidic region located in the carboxy-terminal hypervariable region
is shown as a black-striped box. The localization of recombinant proteins E2 and E4 (dotted boxes) and the trypsin-dependent cleavage sites on
VP70 (downward arrows) (22) are indicated. (B) Sequence of the carboxy-terminal 165 amino acid residues of VP90, showing motifs that could
putatively be cleaved by caspases (bold letters and underlined) (7, 34). The sequence numbering corresponds to Yuc8 VP90. The putative caspase

cleavage sites on VP90 are indicated (panel A, upward arrows).
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TABLE 1. Putative caspase cleavage sites in the capsid precursor polyprotein among astroviruses®

Species specificity

and strain Sequence Accession no.
Human

8 664-- PPIEEEETDSDFESTEDENDEVDRFDLHPSSESDDDDVENDRATLL...;49 AF260508

5 665---ALFSAEETDSDFESTEDETDEVDRFDLHLSSESDDDDVENNRVTLL...,;, U15136.1

6 660--HVNDEEETEYETESDEDETDEVDRFDLCCTSDSEDD-IENNRVTLL...; 5 746658.1

1 670---QFKEDIETDTDIESTEDEDDEADRFDIIDTSDEEDGNETDRVTLL...;,, 1.23513.1

3 675--SRVFLEETDYEDEEDEDEDDEADRFDLHSSYGSEPEDDDENNRVTLL....,, AF117209.1

2 677---CENVSEETETEDEEDEDEDDEADRFDLHSPYSSEPEDSDENNRVTLL....,5 A45695

7 672-- VLELPTETDTESEEDEDEDDEADRFDLHSSYGSEPEDDDENNRVTLL...;;4 AF292078

4 651--NIGLEEDQTDNWQEPDEDVQTSTEESDYETDSLEGESDDEDSNTCREL... 04 S45048
Feline 601--EDVSDEETDTETESNEDEDDEVDRFDLHDSSGSEPEDDDVENDRVTLL... 54 AF056197.1
Porcine 65s---EPPAEEDVGDNETEDESDDEDLDHFDLHDSSGSEPEDEDVENNRVTLL, 5 AB037272
Ovine 643--GALADTSFNLDSLRAD g55....0eveneee 12SSSEDDLSDDDDFECL...,,, NC002469
Turkey 621--FLDHLRTVQFANLDDSQPAPYDSDDDDLSDVTSLFEQADLGDETDFKEF....(, AF206663
Chicken 557-QMQDVIDTTTHTTSVNVYF,.s.....c3;SDPDSDDDISLAGSVIGDEFDSVDHL... 4, AB033998

“ Putative caspase cleavage motifs are indicated in bold.

that the executioner caspases 3 and 6 were activated upon virus
infection. Altogether, these data indicate that astroviruses in-
duce apoptosis in infected cells and suggested the possibility
that virus-induced caspases could be responsible for the pro-
cessing of VP90.

Caspase inhibitor prevents processing of VP90 and virus
release. The role of caspases in virus replication was studied
with the pancaspase inhibitor z-VAD-fmk. In a regular astro-
virus infection (with trypsin at 3 pg/ml present in the cell
culture medium), intracellular VP90-VP70 processing was
clearly observed at 24 h postinfection (Fig. 1A and 5A), and at
this time the virus was already detected in the cell medium, as
judged by the presence of capsid proteins VP41 and VP2S,
initial trypsin cleavage products of VP70 (Fig. 5B). In contrast,
when z-VAD-fmk was present during virus infection, the in-
tracellular processing of VP90 was blocked (Fig. 5A) and the
capsid proteins were not detected in the cell supernatant (Fig.
5B), suggesting that processing of VP90 is required either for
assembly of the virus particles or for exit of the virions from the
cells. The inhibitory effect of z-VAD-fmk was specific for the
processing of the astrovirus capsid precursor polyprotein, since
processing of the nonstructural polyprotein nspla, evaluated
by the presence of the 27-kDa viral nonstructural protein (11,
23), was not affected (Fig. 5C).

In the presence of z-VAD-fmk, virus infectivity in the cell
supernatant at 24 h postinfection was about 10-fold lower than
that found in the absence of the inhibitor (Fig. 5D). On the
other hand, the infectious titer of the cell-associated virus
fraction (after trypsin treatment) was essentially the same in
the presence and absence of the inhibitor (Fig. SD). It is
important to note that the virus released represents only a
small fraction of the total infectious particles (around 5 to
10%), which explains why the 10-fold reduction in its titer had
no significant impact in the titer of the intracellular infectious
particles (Fig. 5D and 6B). These observations demonstrate
that the pancaspase inhibitor z-VAD-fmk abolishes the pro-
cessing of VP90 to VP70 and strongly suggest that it prevents
virus release from cells, indicating that these events are closely
related.

Apoptosis inducers promote processing of VP90 and virus
release. TRAIL has been reported to induce programmed cell

death, via death receptors, in a number of cell lines, including
Caco-2 cells (37). This was confirmed in our conditions by an
increased number of TUNEL-positive cells in the presence of
TRAIL (not shown). Thus, this ligand was used to evaluate the
role of caspases in virus replication. As opposed to z-VAD-fmk
treatment, treatment of cells with TRAIL increased the pro-
cessing of VP90, with VP70 becoming more abundant than
VP90 (Fig. 5A). This effect was observed even when TRAIL
was added to the cell culture at 6 or 8 h postinfection (not
shown), the time at which VP90 synthesis was still undetectable
(see Fig. 1). If processing of VP90 to VP70 is required for virus
to exit the cell, one would predict that increased cleavage of
VP90 would be reflected as a greater amount of infectious
virus released into the cell supernatant. As expected, treatment
of infected cells with TRAIL resulted in an extracellular virus
titer about four- to fivefold higher than that found in untreated
cells (Fig. 5D). As in the case of z-VAD-fmk treatment, the
titer of cell-associated virus (usually around 107 to 10°* FFU/ml
after incubation of the samples with trypsin) was essentially the
same in untreated and TRAIL-treated cells (Fig. 5D). The lack
of apparent reduction in the titer of intracellular virus can be
explained, as mentioned above, by the fact that only a small
fraction of the total virus is found in the supernatant. In con-
trast to VP70, VP90 was never detected in the medium from
cells treated with TRAIL, even at late times postinfection (up
to 48 h), reinforcing the conclusion that processing of the
capsid precursor is needed for virus secretion.

Caspase activity and not cell lysis is responsible for virus
release. It has been reported that permeabilization of the
plasma membrane is induced at late apoptosis (21). To discard
the possibility that release of the VP70-containing virus was
related to this permeabilization effect rather than to cleavage
of VP90, we evaluated the processing of VP90 and virus
release in cells treated with both TRAIL and z-VAD-fmk. It
has been shown in various cell lines, including HT29 (colon
adenocarcinoma cells), that the cell death response to death
ligands such as tumor necrosis factor and TRAIL can be en-
hanced by the presence of caspases inhibitors such as z-VAD-
fmk and CmrA from poxvirus, so that neither cytolysis nor
plasma membrane permeabilization is blocked by blocking
caspase activity (5, 21, 27). Under these conditions, caspase
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FIG. 4. Yuc8 infection induces apoptosis in Caco-2 cells. Unin-
fected (A, G, and H) and YucS8-infected cells (B to F and I and J) were
processed 24 h postinfection for fluorescence microscopy. Fixed cells
were analyzed for DNA fragmentation by the TUNEL assay (A and
B). To measure mitochondrial membrane permeability, cells treated
with MitoTracker Red (revealed in red) before fixation were stained
with anti-Yuc8 antibodies (in green) (D and F). On the other hand,
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inhibitors can sensitize the cells to die by necrosis or by a
caspase-independent apoptosis mechanism. Based on these
observations, Yuc8-infected Caco-2 cells (which are expected
to behave like HT29 cells, since both were derived from colon
adenocarcinomas) were treated with TRAIL and then z-VAD-
fmk was added 0, 6, or 14 h later, and processing of VP90 and
virus release were analyzed.

In the absence of z-VAD-fmk, TRAIL induced processing of
VP90 and release of virus, as described before (Fig. 6A and
6B); however, when z-VAD-fmk was added, even 14 h after
TRAIL treatment, processing of VP90 and release of virus
were both inhibited, while intracellular virus was maintained
(Fig. 6A and B). The apoptotic state of the cells after 14 h of
TRAIL treatment was suggested by an increase in the number
of TUNEL-positive cells (not shown). In addition, the mor-
phological changes observed in cells treated with the combi-
nation of TRAIL and z-VAD-fmk were more severe than
those found in cells treated with TRAIL or z-VAD-fmk alone,
suggesting that indeed cell death occurred in the absence of
caspases activity.

Thus, in cells in which cell death was promoted but caspase
activity was blocked, processing of VP90 and astrovirus particle
release were diminished, confirming that VP90 needs to be
processed for virus to exit the cell.

DISCUSSION

In this work we have shown that astrovirus infection induces
apoptosis of Caco-2 cells because the number of TUNEL-
positive cells increased upon infection, PARP and lamin A,
substrates of executioner caspases 3 and 6, respectively, were
cleaved and this cleavage was inhibited by the pancaspase
inhibitor z-VAD-fmk, and the mitochondrial transmembrane
potential was affected as a result of virus infection. We further
showed that the activity of the induced caspases is involved in
VP90-VP70 processing of the polyprotein capsid precursor,
most likely by cleaving it, since cleavage of the precursor was
inhibited by z-VAD-fmk and promoted by the apoptosis in-
ducer ligand TRAIL. Activated caspases 3 and 6 could cleave
VP90 at motifs similar to those recognized on PARP (DEVD)
and lamina A (VEID). In fact, the motif EETD/S found in
VP90, including amino acid residues 669 to 673, whose cleav-
age would yield a protein of about 70 kDa, is very similar to the
cleavage site recognized on procaspase-3 at amino acid residue
175 (IETD,;5/S) (4).

The carboxy-terminal region of the capsid precursor
polyprotein of HAstV has been shown to be hypervariable
among virus strains belonging to different serotypes (24, 38);
however, the acidic character of this region, particularly the

mock- (H) and Yuc8- (J) infected cells were stained with anti-lamin A
and C (in red) and anti-Yuc8 antibodies (in green). Panels C, E, G, and
I represent phase contrast images of the fluorescent images shown in
panels D, F, H, and J, respectively. (K) Yuc8-infected cells maintained
either in regular conditions (untreated) or in the presence of z-VAD-
fmk and harvested at different times (hours) postinfection, as indi-
cated. Proteins were analyzed by immunoblot with anti-PARP anti-
bodies. M, mock-infected cells. The uncleaved and cleaved forms of
PARP (at the right) and the positions of molecular size markers (at the
left, in kilodaltons) are indicated.
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FIG. 5. Processing of VP90 to VP70 and virus release are modu-
lated by caspases. Yuc8-infected cells were left untreated or treated
with either z-VAD-fmk or TRAIL immediately after the adsorption
period. At the indicated times postinfection (hours), cell-associated
(A, C, and D) and cell supernatant (B and D) fractions were analyzed
for viral proteins (A, B, and C) or infectious virus (D). Analysis of viral
proteins was carried out by electrophoresis and immunoblot with anti-
Yuc8 (A and B) and anti-nonstructural protein (C) antibodies. Virus
infectivity (D) was determined after treatment of the supernatant and
cell-associated fractions with trypsin from cultures that were untreated
(U) or treated with z-VAD-fmk (Z) or TRAIL (T). These data were
normalized to that for untreated cell-associated infectivity (relative
infectivity of 1), which showed viral titers between 107 and 10% FFU/ml.
Data are from six experiments, and the standard deviation is shown. M,
mock-infected cells. The migration of viral Yuc8 proteins is marked at
the right of each panel.
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FIG. 6. Astrovirus release is dependent on caspase activity and not
on cell lysis. Yuc8-infected cells were left untreated or treated with
TRAIL immediately after the adsorption period (0 h postinfection), as
indicated. z-VAD-fmk was added to these cells at 0, 6, or 14 after
addition of TRAIL. No z-VAD-fmk was added to control cells (dash).
at 20 h postinfection, the cell-associated proteins were analyzed by
immunoblot with anti-Yuc8 antibodies (A), and virus infectivity was
determined in the supernatant as well as in the cell-associated fraction
after treatment with trypsin (B). The data presented in this figure are
representative of three independent experiments yielding similar re-
sults. M, mock-infected cells.

putative caspase recognition sequence DEVDRFD located be-
tween amino acid residues 683 and 689 (based on the Yuc8
sequence), is highly conserved. On the other hand, although
the carboxy-terminal region of VP90 is quite different between
human and animal astrovirus strains (less than 10% similar)
(20), caspase cleavage motifs are also present in this region of
the capsid precursor of feline, sheep, porcine, and avian astro-
viruses (Table 1). In particular, the DEVDRFD motif is also
present in a feline isolate. These similarities suggest a general
mechanism for cleavage of the capsid precursor polyprotein of
human and animal astrovirus strains.

Astrovirus particles purified by CsCl gradients were found to
be composed mostly of VP70, although small amounts of VP90
could be detected. In addition, minor quantities of three pro-
teins of 82, 78, and 75 kDa, which seemed to be intermediate
products of VP90-VP70 processing, were observed, suggesting
that at least four cleavages occur in the carboxy-terminal re-
gion of VP90 to yield VP70. In this regard, it is of interest that
proteins of 82 and 75 kDa, sharing the amino terminus with the
capsid precursor polyprotein, were also observed during infec-
tion with HAstV-1 (12). The putative intermediate cleavage
polypeptides were only detected in viruses grown in the pres-
ence of FBS, indicating that VP90-VP70 processing can be
partially blocked by the presence of serum. This blocking effect
could be related to the ability of growth factors present in
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serum to delay apoptosis and thus activation of the caspases
involved in cleavage of the capsid precursor. Potential caspase
cleavage motifs on VP90 whose cleavage would generate
polypeptides of about 82, 77, and 75 kDa (putative processing
intermediaries of VP90) are indicated in Fig. 3.

In the presence of z-VAD-fmk, cleavage of VP90 to VP70
was shown to be drastically reduced, and the titer of virus
released was also significantly decreased. However, if the lysate
of z-VAD-fmk-treated cells was incubated with trypsin, intra-
cellular infectious viruses could be recovered to a titer similar
to that obtained from untreated cells (Fig. 5), strongly suggest-
ing that VP90 is able to assemble into viral particles. The fact
that small amounts of VP90 and the intermediary cleavage
products of 82, 78, and 75 kDa were detected in cesium chlo-
ride-purified virions supports this conclusion. However, the
VP90 particles do not seem to be as stable as the VP70 parti-
cles during the purification protocol, since no virions could be
purified from cultures maintained in the presence of z-VAD-
fmk. These observations are in agreement with a recent report
where it was shown that the 87-kDa polyprotein precursor
protein of HAstV-2 assembles into virus-like particles when
expressed in monkey cells with a vaccinia virus expression
vector (8). However, as in our case, no 87-kDa particles could
be purified from those cells. These observations strongly sug-
gest that VP90 is able to assemble into virus particles which
may become structurally stabilized when the precursor is
cleaved to VP70.

The fact that infectious viruses could be recovered from
z-VAD-fmk-treated cells (in which VP90 is not processed)
when the cell lysate is treated with trypsin indicates that this
protease cleaves VP90 to yield a VP70-like protein that is
subsequently processed into the final products of the capsid,
VP41 to VP25, which enable the virus to be infectious (22).
This possibility seems likely, since the intracellular virus-like
particles formed by the HAstV-2 87-kDa protein were cleaved
by trypsin into final products indistinguishable from those gen-
erated when HAstV-2 virus particles were treated with this
protease (8, 30).

The results obtained in this work indicate that the VP90-
VP70 cleavage is associated with the release of the virus from
the cells’ interior because VP70 or its trypsin cleavage products
but not VP90 were observed in the medium of infected cul-
tured cells; VP90 was never observed even at late time in cells
treated with TRAIL; the caspase inhibitor z-VAD-fmk, which
blocks the processing of VP90, drastically reduced the release
of infectious particles, while TRAIL, which promotes VP90
processing, enhanced its release; virus release was limited in
cells treated with both TRAIL and z-VAD-fmk, conditions in
which cell death (probably through necrosis or by a caspase-
independent mechanism) seem to occur (5, 21, 27), while the
processing of VP90 is blocked; and the inhibitory effect of
z-VAD-fmk on virus release was observed even when this
inhibitor was added late after triggering apoptosis (14 h after
TRAIL treatment), a time at which VP90 starts to be pro-
cessed. In addition, recent data from our laboratory have
shown that VP90 to VP70 processing and virus release are both
blocked in conditions where caspase-3 is active (indicative of
an active apoptotic process), while they proceed in the absence
of caspase-3 activity (unpublished data). Altogether, these data
strongly support the hypothesis that the release of virus and
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processing of VP90 to VP70 are two closely related events and
that the apoptotic process itself is not a determinant of virus
release.

In summary, we propose that VP90 assembles inside cells to
form precursor virus particles, which are then processed by
caspases to produce VP70-containing viruses through at least
four cleavages. VP90-VP70 processing promotes the release of
viral particles from the cell. Finally, VP70 particles become
infectious viruses when trypsin cleaves VP70 extensively into
the final structural proteins VP34, VP27, and VP25 (22). Since
both VP90- and VP70-containing particles become infectious
after trypsin treatment, processing of the capsid precursor to
VP70 would seem to be relevant for virus to be released but
not to be assembled or to gain infectivity.

Most viruses fight the antiviral apoptotic cell response by
synthesizing factors that block or delay apoptosis until their
replication is not compromised, such as human immunodefi-
ciency virus, poxviruses, baculovirus, and adenovirus (17).
However, it has been shown that viruses can benefit from these
responses (2, 3, 25, 26, 33, 39). In particular, cleavage of the
parvoviral NS1 protein by caspases is required for nuclear
localization of NS1 and permissive replication of the virus (2),
and activation of caspase-3 was shown to be essential for effi-
cient avian influenza virus propagation (39), although in this
case the target of the caspase, whether viral or cellular, was not
identified. In the present work we have shown that HAstV-8
has evolved a mechanism, which seems to be general for as-
troviruses, to take advantage of the apoptotic response to com-
plete the viral replication cycle. The astrovirus-induced apo-
ptosis regulates the processing of VP90 to VP70 and the timing
of infectious virus release. It remains to be determined what
astrovirus product is responsible for inducing apoptosis, the
caspase responsible for the cleavage, and the role of VP90-
VP70 processing in virus formation and release from the cell.
This is the first report that describes the induction and hijack-
ing of caspase activity to promote the processing of a capsid
precursor polyprotein and the release and dissemination of
viral particles in consequence.
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