Chapter 14
Modulation of Host Cell Death by SARS

Coronavirus Proteins

Claudia Diemer, Martha Schneider, Hermann M. Schitzl, and Sabine Gilch

Abstract Both types of cell death, namely necrosis and apoptosis, are found in
organs of SARS coronavirus (CoV) infected patients. The gastrointestinal tract,
however, although also a target for SARS-CoV replication, is obviously not
affected by cell death mechanisms. Such differences in cell death induction are
paralleled by in-vitro studies. In a colon-derived cell line (Caco-2), proapoptotic
proteins were down- and antiapoptotic proteins were upregulated during SARS-
CoV infection. By contrast, in SARS-CoV infected Vero E6 cells, apoptosis was
induced via the p38 MAPK and caspase dependent pathways. Both apoptotic
pathways, although mostly the intrinsic signal transduction, can be targeted by
structural as well as accessory proteins of SARS-CoV. The fact that all structural
and most of the accessory proteins of SARS-CoV are implicated in apoptotic
scenarios indicates the fundamental role of apoptosis in the SARS-CoV life
cycle. Interestingly, at least for the nucleocapsid protein of SARS-CoV, a cell-
type specific manipulation of apoptosis was confirmed.

14.1 Cell Death During SARS-CoV Infection

SARS manifests predominantly as a viral pneumonia with diffuse alveolar damage.
Although the exact mechanisms of SARS pathogenesis are not known, the lung
damage in patients with SARS appears to be due to apoptosis and necrosis, both
induced directly by viral replication as well as indirectly by production of immune
mediators. SARS-CoV has also been found in various extrapulmonary tissues.
Infected tissues from autopsied or biopsied SARS-CoV patients, varying in histo-
pathological findings with regard to necrosis, apoptosis or no tissue damage, are
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summarized in Table 14.1 (Guo et al. 2008; Zhang et al. 2003). Whereas apoptosis-
and/or necrosis-induced tissue damage is found in various SARS-CoV infected
organs such as lung, liver, brain, and immune cells, SARS-CoV replication in the
gastrointestinal tract apparently does not cause histopathological changes.

Moreover, differences of SARS-CoV pathology in infected organs are paralleled
by in-vitro studies employing SARS-CoV infected cell lines. It was reported that
SARS-CoV infection of Vero E6 (African green monkey kidney) cells induces
apoptosis via the p38 MAPK and caspase dependent pathways (Bordi et al. 2006;
Mizutani et al. 2004b; Ren et al. 2005; Yan et al. 2004). By contrast, in SARS-CoV
infected Caco-2 cells (colon carcinoma), proapoptotic proteins were down- and
antiapoptotic factors were upregulated (Cinatl et al. 2004). These data indicate that
the modulation of apoptosis by SARS-CoV seems to be crucial for the cell-type
specific phenotype of infection and might subsequently account for the differences
of SARS-CoV pathology. Notably, no induction of necrosis was observed in SARS-
CoV infected cell lines. Necrosis is frequently induced by immunological media-
tors and is characterized as nongenetically regulated cell death. Apoptosis, in
contrast, is genetically highly regulated and the molecular mechanism is classically
divided into two major apoptotic pathways (Green 2000), called extrinsic and
intrinsic pathway. Extrinsic signals are transmitted by members of the tumor
necrosis factor (TNF) superfamiliy. Ligand binding to TNF family death receptors
recruits adaptors and initiator procaspases-8 and/or -10 to form the death-inducing
signaling complex (DISC). The DISC formation results in the autocatalytic activa-
tion of initiator caspases. Once initiator caspases are activated they directly cleave
effector caspases (3, 6, 7) to convert them into their active form. Now effector
caspases are able to degrade their targets such as cytoskeletal proteins or nuclear
lamins to facilitate cell death.

Intrinsic signals are propagated to mitochondria by the Bcl-2 protein family.
There are pro-survival members of this family (Bcl-2, Bcl-xL, Bcl-w, Mcl-1,

Table 14.1 Organs and cell types infected by SARS-CoV

Organs
Lung Kidney Liver Brain Intestine Immune
system
Detection  ISH, EM, ISH,EM RT-PCR  EM, ISH, EM, EM, ISH
of SARS-  RT-PCR RT-PCR RT-PCR
CoV
Cell types ~ Pneumocyte, Epithelial Hepatocyte Neurons of Epithelial Monocyte,
endothelial cells of cortex and cells of lymphocyte,
and epithelial renal hypothalamus ~ mucosa macrophage
cells, tubules in lymph
macrophage, node, spleen
lymphocyte
Tissue + + + + — +
damage
Cell death  Apoptosis, Necrosis ~ Apoptosis  Necrosis No tissue  Necrosis
necrosis damage

+ positive; — negative; ISH: In situ hybridization; RT-PCR: Reverse-transcription polymerase chain
reaction; EM: Electronic microscopy
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and A1) which oppose proapoptotic members (Bax, Bak, Bok, Bad, Bid, Bik, Puma,
and Noxa). Moreover, cross-talk between the intrinsic and extrinsic pathway exists
by caspase-8 mediated cleavage of Bid. The intrinsic pathway is highly regulated by
the interactions of pro- and antiapoptotic Bcl-2 proteins. Monitoring of intrinsic
signals leads, for example, to binding of Bad to the pro-survival Bcl-2 proteins and
results in release of Bax and Bak from these proteins. Once Bax and Bak are released
they oligomerize and insert into the mitochondrial membrane causing an efflux of
cytochrome c. Cytochrome c¢ oligomerizes with Apafl and recruits initiator procas-
pase-9 to form the apoptosome, finally resulting in proteolytic activation of caspase-
9. Caspase-9 then initiates the caspase cascade by cleaving effector caspases (3, 6, 7)
which subsequently degrade their target proteins.

A counterpart to the intrinsic apoptotic pathway is the pro-survival PI3K-Akt
signal transduction. PI3K activates several downstream effectors such as the ser-
ine—threonine kinase Akt which regulates cell growth, cell cycle and cell survival
(Cantrell 2001). Activated Akt phosphorylates a number of proapoptotic proteins
including Bad and caspase-9. Thereby, the proapoptotic proteins are inactivated
(Kulik et al. 1997). Similar to several other viruses, SARS-CoV also promotes
PI3K-Akt signal transduction to establish persistent infection in Vero cell lines
(Mizutani et al. 2005). Moreover it was shown that the activation of PI3K-Akt is
differentiation state-specific in intestinal cells (Gauthier et al. 2001) and inhibits
FAS-induced apoptosis in human intestinal epithelial cells (Abreu et al. 2001). In
several studies it was shown that SARS-CoV can both induce and inhibit apoptosis
in a cell-type specific manner. Activation of PI3K-Akt signal transduction in
specific cell lines could offer an explanation; the mechanism for cell-type specific
modulation of apoptosis, however, needs to be elucidated. Although it was shown
by over-expression of Bcl-2 (Bordi et al. 2006) or by treatment with caspase
inhibitors (Ren et al. 2005) that induction of apoptosis by SARS-CoV does not
favor viral replication, SARS-CoV might induce apoptosis upon effective replica-
tion, potentially to evade immune response or to enable spread to other target
organs. Alternatively, SARS-CoV may establish persistent infection by inhibition
of apoptosis in cell lines derived from the intestine.

In summary, these data indicate a host cell specific modulation of cell death by
SARS-CoV and an important role of apoptosis in SARS-CoV pathogenesis.
Although the role of apoptosis for the severe clinical outcome of SARS-CoV
infection is not entirely clear, the fact that all structural proteins and several of
the accessory proteins investigated so far can induce apoptosis indicates that
apoptotic cell death is important for the SARS-CoV life-cycle.

14.2 Induction of Host Cell Death by SARS-CoV
Structural Proteins

The SARS-CoV virion consists of four main structural proteins, namely the
nucleocapid (N), envelope (E), membrane (M), and spike (S) proteins. N provides
the structural basis for the helical nucleocapsid by complexing the viral RNA
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genome. The nucleocapsid is surrounded by an envelope containing the other
three structural proteins E, S and M. Beside the primary functions of the struc-
tural proteins, namely to constitute the virion scaffold and to execute viral
morphogenesis, these proteins also modulate host cell death pathways such as
apoptosis.

14.2.1 E Protein

Similar to the E protein of murine hepatitis virus (MHV), SARS-CoV E can induce
apoptosis under certain conditions. It was demonstrated that adenoviral-mediated
over-expression of E promotes cell death in the human T-cell line Jurkat upon
serum deprivation (Yang et al. 2005). In contrast, Vero E6 viability was not
affected by E over-expression (Chow et al. 2005); however, in this study cells
were cultivated in the presence of growth factors and the role of starvation was not
addressed. It is of particular interest that T-cell death can be induced by a structural
protein of SARS-CoV, since lymphopenia is one clinical hallmark of patients
suffering from SARS that occurs in up to 100% of the patients (Booth et al.
2003; Yang et al. 2004). Thus, expression of E in infected lymphocytes could
contribute to this remarkable cell death. On the molecular level, E induces cell
death by sequestering the antiapoptotic Bcl-xL protein to ER membranes (Yang
et al. 2005), thereby probably preventing its incorporation into the mitochondrial
membrane. Consequently, over-expression of Bcl-xL attenuates the proapoptotic
effect of E (Yang et al. 2005). Interestingly, in Vero E6 cells infected with SARS-
CoV apoptosis can also be prevented by over-expression of Bcl-2 (Bordi et al.
2006).

14.2.2 M Protein

The intrinsic apoptotic pathway is also activated by the M protein. Initially,
induction of apoptosis was shown in the absence of growth factors in human
pulmonary fibroblast (HPF) cells. In these cells apoptosis was also induced by N
over-expression. In contrast, using a baculoviral expression system in insect cells,
only M but not N expression led to cell death (Lai et al. 2006). Upon co-expression
of M and N in serum-depleted HPF cells, apoptosis was increased compared to
cultures expressing either M or N alone (Zhao et al. 2006). This could be due to the
observed interaction between these two structural proteins (He et al. 2004). Fur-
thermore, HEK293 cells and a Drosophila model over-expressing M exhibited an
apoptotic phenotype (Chan et al. 2007). M expression in HEK293 cells induced
cytochrome ¢ release (Chan et al. 2007), leading to activation of the intrinsic
apoptotic pathway. In addition, serine phosphorylation of Akt was reduced in
HEK cells expressing M, indicating that the transduction of survival signals could
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be prevented thereby. This is in line with alterations observed in SARS-CoV
infected Vero E6 cells (Mizutani et al. 2004a). Here, Akt was dephosphorylated
18 h postinfection (p.i.). At this time point of infection, M is detectable in SARS-
CoV infected Vero E6 cells (Mizutani et al. 2004b), and it might be possible that M
expression leads to Akt dephosphorylation.

14.2.3 S Protein

Vero E6 cells were employed to study the proapoptotic potential of the SARS-CoV
structural proteins upon adenoviral expression (Chow et al. 2005). In this experi-
mental set-up, apoptosis could only be activated by S, in particular the S2 domain
(Chow et al. 2005). Induction of apoptosis by S appears to be unique for SARS-CoV
S since neither MHV (An et al. 1999) nor infectious bronchitis virus (IBV) (Liu
et al. 2001) S proteins induced apoptosis. In a follow-up study, microarray analysis
of S2-transduced Vero E6 cells was performed (Yeung et al. 2008). Here, expres-
sions of several genes involved in the extrinsic apoptotic pathway were down-
regulated, whereas the upregulation of CYCS and of Mdm-2 involved in the
regulation of p53 degradation provides a hint to an activation of the intrinsic
apoptotic pathway. The antiapoptotic proteins Mcl-1, Bcl-xL and Bcl-2 were down-
regulated by S2 over-expression (Yeung et al. 2008), in line with a downregulation
of Bcl-2 in SARS-CoV infected Vero E6 cells (Ren et al. 2005). However, in
contrast to infected cells (Mizutani et al. 2004b), components of the MAPK
pathway were also downregulated (Yeung et al. 2008). Since S expression triggers
ER stress response (Chan et al. 2006), prolonged ER stress in S expressing cells
might finally lead to apoptotic cell death.

14.2.4 N Protein

The most compelling evidence for the proapoptotic potential of SARS-CoV struc-
tural proteins is provided for the N protein. Several studies performed by different
groups indicated that N leads to apoptotic cell death in the absence of growth
factors in COS-1 (Surjit et al. 2004; Zhang et al. 2007), HPF (Zhao et al. 2006), or in
Vero E6 and A549 (human lung carcinoma) cells, but not Caco-2 (human colon
carcinoma) or N2a (murine neuroblastoma) cells (Diemer et al. 2008). In addition,
the human hepatoma cell lines Hep-G2 (Zhang et al. 2007) and Huh-7 (Surjit et al.
2004; Zhang et al. 2007) did not undergo apoptosis upon N expression. In COS-1
cells, induction of apoptosis was independent of Bax and p53. Bcl-2 expression as
well as Akt phosphorylation were reduced, whereas the MAPK pathway and
caspases were activated. It was speculated that apoptosis was initiated via an
integrin dependent pathway (Surjit et al. 2004). In addition, mitochondrial cyto-
chrome c release was observed (Zhang et al. 2007). Interestingly, N-induced
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apoptosis appears to be cell-type specific and among the investigated cell lines only
COS-1, Vero E6 and A549 clearly exhibited apoptosis (Diemer et al. 2008; Surjit
et al. 2004; Zhang et al. 2007). The fact that A549 cells, which are similar to Caco-
2 and Huh-7 cells derived from a carcinoma, undergo apoptosis, argues against an
artificial effect of cell-type specificity due to different immortalization protocols, as
discussed by Surjit et al. (2004) for Huh-7 and COS-1. Diemer et al. (2008)
demonstrated that upon N over-expression and SARS-CoV infection N acts not
only as an inducer but finally also as a substrate of effector caspases. The signifi-
cance of this finding is supported by a proteomics approach, by which N also was
identified to be a substrate of caspases-3 and -6 (Ying et al. 2004). Interestingly, the
N cleavage by caspases indicative for the induction of apoptosis correlated with the
localization of N to the nucleus and the efficiency of viral replication (Diemer et al.
2008). In Vero E6 cells N was partially located to the nucleus, cleaved by caspases
and high viral titers were produced. By contrast, in Caco-2 cells N was located only
in the cytoplasm, was not cleaved and virus production was about 100-fold lower
than in Vero E6 cells. Furthermore, activation of the proapoptotic protein Bad
correlated with the nuclear localization of N. Thus, nuclear localization of N
appears to be a factor that critically influences induction of apoptosis via the
intrinsic pathway and there might also be a correlation with the replication effi-
ciency (Diemer et al. 2008; illustrated in Fig. 14.1).

Furthermore, TGF-f (transforming growth factor beta) signaling which plays a
pivotal role in cell growth, differentiation, apoptosis, and tissue remodeling is
affected by N expression. In TGF- stimulated cells, binding of N to Smad3, a
downstream target of the TGF-f signaling pathway, promoted Smad3—p300 com-
plex formation. Thereby, Smad3/Smad4 heterocomplex formation which leads to
induction of apoptosis was inhibited. This was observed in HEK293, MEF and
human peripheral lung epithelial (HPL1) cells (Zhao et al. 2008). The interaction of
N and Smad3 was able to compete for the nuclear localization of N, resulting in
attenuation of apoptosis, and could therefore describe a control mechanism of cell
death during SARS-CoV infection. The observed interference of N expression with
TGF-B signaling on the one hand inhibits apoptosis, and on the other hand increases
the expression of plasminogen activator inhibitor-1 (PAI-1) which promotes fibro-
sis. This provides an interesting molecular link to the lung pathology observed in
SARS patients, since pulmonary fibrosis is associated with lung failure (Nicholls
et al. 2003, 2006).

14.3 Accessory Proteins

The SARS-CoV genome harbors at the 3’ end some unique, group-specific genes
which encode the eight putative accessory proteins 3a, 3b, 6, 7a, 7b, 8a, 8b, and 9b
(Marra et al. 2003). Their exact contributions to viral replication or pathogenesis in
the natural host have not been entirely elucidated. Yount et al. have demonstrated
that the deletion of SARS-CoV ORF3a, 3b, 6, 7a, and 7b did not dramatically
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Fig. 14.1 Hypothetical model for correlation of nuclear localization and caspase-mediated cleav-
age of N in lytic SARS-CoV infection (adapted from Diemer et al. 2008). N translocates into the
nucleus (/) and may activate gene expression or interact with nuclear components there (2),
resulting in the dephosphorylation of Bad (3). In this form Bad is enabled to interact with Bcl-2 and
Bcel-xL (4). This interaction releases Bax and Bak from pro-survival Bcl-2 proteins, enabling
insertion of Bax and Bak in the mitochondrial membrane. The resulting membrane permeabiliza-
tion facilitates cytochrome ¢ efflux (5) which provokes the activation of procaspase-9 by formation
of apoptosome. Once caspase-9 is activated the caspase cascade occurs and effector caspases
(i.e., 3, 6, and 7) are activated (6). Finally, N is cleaved by caspase-6 (7), but cleavage of N may
additionally be caused by caspase-3 or -7

influence replication efficiencies in cell culture or in a murine model of SARS-
CoV infection. However, in the same study it was observed that upon deletion of
ORF3a, virus titers were reduced to a certain degree (Yount et al. 2005). Akerstrom
et al. also observed a significant reduction in the yield of progeny virus when Vero
E6 cells expressing siRNA against ORF3 or 7 were infected with SARS-CoV
(Akerstrom et al. 2007). Even if the applied siRNAs caused knockdown of the
complete ORF3, ORF7 and ORF8, encoding for 3a, 3b, 7a, 7b, 8a, and 8b proteins,
respectively, a partial participation in viral replication cannot be excluded for
some of them. In addition, over-expression of the 8a protein in infected Vero E6
cells can enhance viral replication and, in infected HuH-7 cells, virus-mediated
cytopathic effects (Chen et al. 2007). As the mechanisms of viral pathogenesis are
still unclear, the ability of accessory proteins to modulate cell death is of special
interest.
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14.3.1 Protein 3a

The largest of the accessory proteins consists of 274 amino acids and is expressed in
transfected (Huang et al. 2006b; Law et al. 2005; Tan et al. 2005; Yuan et al. 2005a)
and infected cells (Lu et al. 2006; Yu et al. 2004; Zeng et al. 2004). In both cases the
protein was shown to be associated with intracellular membranes and the plasma
membrane (Ito et al. 2005; Tan et al. 2004b; Yuan et al. 2005a), to be released into
the surrounding media (Huang et al. 2006b), and it appears to be a structural protein
of the SARS-CoV (Ito et al. 2005; Shen et al. 2005). By transient expression in Vero
E6 cells, 3a induced the extrinsic apoptotic pathway via caspase-8, whereas no
induction of the intrinsic apoptotic pathway could be observed (Law et al. 2005).
However, Padhan et al. demonstrated that protein 3a additionally can activate the
intrinsic apoptotic pathway. Although activation of caspase-8 was confirmed,
activation of caspase-9 and increased Bax-oligomerization, characteristic for the
intrinsic apoptotic pathway, were demonstrated. Treatment of transfected cells with
a p38 MAPK inhibitor decreased the level of 3a-induced apoptosis, indicating
upstream activation of p38 MAPK. Protein 3a seems to be potently proapoptotic
as it is apparently able to induce and link both apoptotic pathways, as cleavage of
Bid was also detected (Padhan et al. 2008). Although apoptosis can be the result of
p38 MAPK activation, there exist alternative ways for the induction of apoptosis by
protein 3a. Transient over-expression in HEK293, Cos-7, and Vero E6 cells led to
decreased levels of cyclin D3 protein and mRNA, resulting in growth inhibition and
cell cycle arrest at the GO/G1 phase (Yuan et al. 2007). Subsequently, apoptosis was
induced to eliminate these cells. Additionally, the induction of the ER stress-
inducible proapoptotic kinase JNK by transient expression of 3a in HEK293 cells
might lead to apoptosis (Kanzawa et al. 2000).

14.3.2 Protein 3b

Protein 3b was shown to be expressed upon transient transfection in several cell
lines (Khan et al. 2006; Kopecky-Bromberg et al. 2007; Yuan et al. 2005b) with a
predominant nucleolar localization (Yuan et al. 2005¢). In infected Vero E6 cells the
protein could be detected also in the cytoplasm (Chan et al. 2005) and protein 3b is
likely to be expressed during infection in vivo. In Cos-7 and Vero E6 cells, over-
expression of protein 3b caused apoptosis (Yuan et al. 2005b; Khan et al. 2006).
As seen for protein 3a, transient over-expression of 3b deregulates cell cycle
progression of Cos-7, HEK293 and Vero E6 cells and causes growth inhibition
and cell cycle arrest at the GO/G1 phase. Whereas the induction of cell cycle arrest
was comparable in all used cell lines, the ability to induce apoptosis was significant
in Cos-7 cells, but almost undetectable in HEK293 and Vero E6 cells (Yuan et al.
2005b). In addition, when Vero E6 cells were transiently transfected with protein 3b,
increased levels of lactate dehydrogenase (LDH), a key marker of cells undergoing
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necrosis, were released. Therefore, the authors concluded that the accessory protein
3b is able to induce necrosis (Khan et al. 2006).

14.3.3 Protein 6

ORF6 encodes a small 63-residue protein which is expressed upon transient trans-
fection in several cell lines. It was also detected in infected Caco-2 and Vero E6
cells and in SARS patients. It localizes to the ER or Golgi membranes and to a
perinuclear region (Frieman et al. 2007; Geng et al. 2005; Huang et al. 2007,
Kopecky-Bromberg et al. 2007; Pewe et al. 2005). Furthermore, it was found
incorporated into virus particles and is released from transfected and infected
cells (Huang et al. 2007). Recently, it was shown that protein 6 is able to induce
apoptosis in several cell lines, e.g., Cos-7, HEK293, and Vero E6, via a caspase-3
dependent pathway (Ye et al. 2008). However, the mechanisms leading to apoptosis
are unclear.

14.3.4 Protein 7a

Protein 7a consists of 122 amino acids and is probably the best studied SARS-CoV
accessory protein. It was the first accessory protein for which proapoptotic abilities
were demonstrated (Tan et al. 2004a). In several transfected as well as infected cell
lines, expression of 7a was confirmed (Fielding et al. 2004; Kanzawa et al. 2006;
Kopecky-Bromberg et al. 2006; Nelson et al. 2005; Tan et al. 2004a; Yuan et al.
2006). Notably, it was detected in lung tissues from SARS-CoV infected patients
(Chen et al. 2005). Protein 7a also appears to be a structural component of the virion
(Huang et al. 2006a). With regard to the cellular localization, discrepancies exist as
to whether it localizes to the ER, the ER—Golgi intermediate compartment, or the
trans-Golgi network (Fielding et al. 2004; Kopecky-Bromberg et al. 2006; Nelson
et al. 2005). Tan et al. however proposed that it is synthesized in the ER and shuttles
rapidly to the Golgi or to mitochondria (Tan et al. 2007). The induction of apoptosis
by 7a has been observed in several studies (Kopecky-

Bromberg et al. 2006; Tan et al. 2004a, 2007; Yuan et al. 2006). Its proapoptotic
properties appear to be common for many cell types as over-expression of 7a
induced the apoptotic pathway in cell lines originating from different tissues such
as lung (A549 cell line), kidney (Cos-7, Vero E6, HEK293), cervix (HeLa), and liver
(Hep-G2) (Tan et al. 2004a). Moreover, contribution to the modulation of apoptosis
in the viral context has been confirmed. (Schaecher et al. 2007) demonstrated that a
recombinant virus with deletion of ORF7a did not show alterations in replication
kinetics or viral progeny but the mode of DNA fragmentation induced in infected
Vero E6 cells was significantly altered as compared to cells infected with the wild-
type virus. Furthermore, in this study a population of SARS-CoV infected cells
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which exhibited DNA fragmentation but no active caspase-3 was observed at 48 h
and 72 h postinfection. This population was not detected if cells were infected with
the respective ORF7a deletion mutant. Therefore, these cells might represent a
population in a late stage of apoptosis in which active caspase-3 is undetectable
or, as DNA fragmentation can also be observed during necrosis, might alternatively
represent a population of necrotic cells (Schaecher et al. 2007). The induction of cell
cycle arrest at the GO/G1 phase appears to be a common feature of several accessory
proteins and it was shown that transient over-expression of 7a in HEK293, Cos-7,
and Vero E6 cells resulted in a deregulated cell cycle (Yuan et al. 2006). Kopecky-
Bromberg et al. observed growth inhibition of 7a-expressing HEK293 cells and
demonstrated that 7a blocks gene expression at the level of translation. The influ-
ences of 7a on the host translation machinery together with induction of cell cycle
arrest in GO/G1 phase could subsequently activate apoptosis. Despite activation of
p38 MAPK, the inhibition of this kinase could not block induction of apoptosis
(Kopecky-Bromberg et al. 2006). Whereas in this study no activation of INK was
found, Kanzawa et al. showed the activation of JNK in HEK293 cells overexpres-
sing 7a (Kanzawa et al. 2006). These discrepancies concerning involved mediators
or effectors imply that the protein 7a probably uses alternative or several ways to
induce apoptosis. Tan et al. recently demonstrated that 7a induces cell death by
directly interacting with the antiapoptotic Bcl-xL, thereby preventing the interaction
with proapoptotic Bcl-2 proteins. Consequently, 7a-induced apoptosis could be
abrogated by over-expression of Bcl-xL (Tan et al. 2007). A further hint for the
putative role of 7a in cell death scenarios was recently obtained in yeast-2-hybrid
screens in which the proteins BiP and Bik were found as interactors of 7a (Diemer,
Schneider, Schitzl and Gilch, personal communication).

14.3.5 Proteins 8a/8b

ORFs 8a and 8b emerged at late stages of the SARS-CoV epidemic by a 29-nt
deletion in the single ORF8 (Guan et al. 2003). The cytoplasmic expression of both
accessory proteins was confirmed in virus-infected Vero E6 cells (Keng et al. 2006)
and transfected cells (Chen et al. 2007; Law et al. 2006). Protein 8a mainly localizes
to the cytoplasm or mitochondrial membranes of transfected HEK293 cells (Chen
et al. 2007; Keng et al. 2006), whereas for 8b only a cytoplasmic localization was
reported (Chen et al. 2007; Keng et al. 2006). Transient expression of 8a leads to
induction of apoptosis in Huh-7 cells in a caspase-3 dependent way. In stably
transfected Huh-7 cells, Chen et al. observed an enhanced production of reactive
oxygen species (ROS), an increase of cellular oxygen consumption, and a hyperpo-
larization of the mitochondrial membrane. As the mitochondrial homeostasis is of
special importance for induction of the intrinsic apoptotic pathway and conse-
quently for cell survival, these changes might lead to apoptosis (Chen et al.
2007). However, accessory proteins are not always proapoptotic, they can also
show antiapoptotic abilities. Along this line, Keng et al. demonstrated that the
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protein level of E was significantly decreased in Vero E6 cells cotransfected with
SARS-CoV E and 8b. As the E protein is able to induce apoptosis in T cells,
downregulation of this protein by 8b might prevent apoptosis in these cells (Keng
et al. 2006).

14.4 Conclusion

As described in this chapter, SARS-CoV structural and accessory proteins are
potent inducers and modulators of apoptosis in vitro. Structural proteins mainly
trigger the intrinsic apoptotic pathway, with p38 MAPK and PI3K/Akt pathways
regulating cell death. Expression of accessory proteins leads to apoptosis by more
diverse routes, involving various possibilities even for the same protein to induce
cell death. However, one has to note that these observations were mostly obtained
by cell culture experiments and might differ from effects in vivo. Whether the
proteins are able to induce necrosis remains to be elucidated, although necrosis is
assumed to be the underlying mechanism for the extensive immune overreaction
and massive inflammation observed during clinical SARS-CoV infection. Induction
of cell death might furthermore be modulated by the interplay of viral and host cell
proteins, as exemplified for the N protein. In addition, it has to be assumed that one
structural or accessory protein may not be solely responsible for induction or
modulation of cell death but rather that the orchestrated activity of all viral proteins
expressed at a certain time point finally results in the exquisite virulence and
pathogenesis throughout infection with SARS-CoV.
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