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ABSTRACT
Parainfluenza virus 5 (PIV5) belongs to the rubulavirus genus in the
paramyxovirus family, which includes many well-known human and animal
pathogens as well as emerging viruses such as Hendra virus and Nipah virus.
The PIV5 V protein contains a cysteine-rich C-terminal domain which is
conserved among all paramyxoviruses. The V protein can block both interferon
(IFN) signaling by causing degradation of STAT1 and IFN production by blocking
IRF-3 nuclear import. Previously, it was reported that recombinant SV5 lacking
the C terminus of the V protein (rPIV5VΔC) induces a severe cytopathic effect
(CPE) in tissue culture whereas wild-type (wt) PIV5 infection does not. In chapter
2, the nature of the CPE was investigated. Our data suggested that: (1) The CPE
induced by rPIV5VΔC is apoptosis; (2) wt V protein inhibited the apoptosis
induced by rPIV5VΔC; (3) IFN was not required for the apoptosis; (4) Caspase-2
and 3 were activated but not required for rPIV5VΔC induced apoptosis; (5)
caspsae-12 is activated; (6) Endoplasmic reticulum (ER) stress makers such as
GRP78, GRP94 are upregulated in rPIV5VΔC infected cells, suggesting that
rPIV5VΔC might induce apoptosis by triggering ER stress.

Recently, it is reported that PIV5 V protein plays a important role in
regulating PIV5 RNA synthesis in the mini-genome, possibly through a host
protein. In chapter 3, the mechanism of the regulation of viral RNA synthesis by
PIV5 V protein is investigated. The data we have suggested that Akt1, a
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serine/theronine kinase, also known as protein kinase B (PKB), interacted with
PIV5 V protein. Both inhibitors and siRNA of Akt1 reduced PIV5 replication,
indicating Akt plays a critical role in PIV5 replication. Furthermore, inhibitors of
Akt also reduced the replication of Mumps virus (MuV), Measles virus (MeV),
Respiratory Synthcytial Virus (RSV) and Vesicular Stomatitis Virus (VSV),
indicating that Akt plays an important role in replication of many non-segmented
negative single-stranded RNA viruses (NNSVs). The P protein of NNSVs is
phosphorylated at multiple sites and is a part of viral RNA polymerase complex.
Inhibition of Akt activity reduced the level of P phosphorylation, which is known to
play a critical role in viral RNA synthesis. Akt plays important roles in many
cellular processes such as cell survival, metabolism, growth, proliferation and
mobility and has been targeted for cancer therapy. The finding that NNSV
replication requires Akt will lead to better understanding how these viruses
replicate, as well as novel strategies to treat infectious diseases caused by
NNSVs.
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CHAPTER 1:
LITERATURE AND BACKGROUND
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1.1 Parainfluenza virus 5: Classification

Paramyxoviridae, which belongs to mononegavirales, is a family of enveloped
viruses with single negative non-segmented RNA genome and has two
subfamilies, the paramyxovirinae and the pneumovirinae (summarized in
Fig.1-1). The paramyxovirinae contains five genera, rubulavirus, respirovirus,
morbillivirus, avulavirus and henipavirus. Pneumovirinae contains two genera:
pneumovirus and metapneumovirus. The paramyxoviridae family includes
many well known human and animal pathogens such as mumps virus (MuV),
human parainfluenza virus type 2 and type 4 (HPIV2 and HPIV4), which
belong to rubulavirus, Sendai virus and human parainfluenza virus type 3
(HPIV3), which belong to respirovirus, measles virus, which belongs to
morbillivirus, emerging viruses such as Nipah virus, which belongs to
henipavirus (Wang et al., 2000) and human respiratory syncytial virus (hRSV),
which is the most important cause of viral lower respiratory tract illness in
infants and children worldwide and is responsible for over 120,000 annual
hospitalizations in infants in the US (Chavez-Bueno, Mejias, and Welliver,
2006). Recently a new paramyxovirus, BeiLong virus has been isolated and
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Field of Virology, 4th edition. and Li et al, 2006

Figure 1-1 Evolutionary tree of the Paramyxoviridae. The phylogenetic
majority-rule consensus tree is made based on a combined cluster alignment of
the nucleocapsid and phophoprotein amino acid sequences of selected family
members. The following paramyxoviridae family members are included: HeV
(Hendra virus); TPMV (Tupaia Paramyxovirus); CDV (canine distemper
virus); PDV (phocine distemper virus); DMV (dolphin Morbillivirus); MeV
(measles virus); RPV (rinderpest virus); NDV (Newcastle disease virus); hPIV4A (human parainfluenza virus-4A); hPIV-4B (human parainfluenza virus 4B);
MuV (mumps virus); PIV5 or PIV5 (simian parainfluenza virus 5); hPIV2
(human parainfluenza virus 2); SV41 (simian parainfluenza virus 41); SeV
(sendai virus); hPIV1 (human parainfluenza virus 1); hPIV3 (human
parainfluenza virus 3); bPIV3 (bovine parainfluenza virus 3); oRSV (ovine
respiratory syncytial virus); bRSV (bovine respiratory syncytial virus); hRSV
(human respiratory syncytial virus); PVM (pneumonia virus of mice); TRTV
(turkey rhinotracheitis virus);BeV (Beilong Virus); J-V (J-Virus) (Li et al.,
2006)

identified with the biggest genome in paramyxoviridae sequenced to date (Li
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et al., 2006). The parainfluenza virus 5 (PIV5) (Chatziandreou et al., 2004),
formerly known as simian virus 5 (SV5), is a prototypical paramyxovirus and
belongs to rubulavirus genus in paramyxoviridae family. PIV5 infects human
and animals without causing any known symptoms and diseases except
kennel cough in dogs (McCandlish et al., 1978).

1.2 PIV5: virion and viral proteins

PIV5 viron contains a double-layer envelope which is derived from host cell
membrane (Fig. 1-2). Generally the viron is spherical, 150 to 350 nm in
diameter, but the shape is pleiomorphic, and filamentous forms can be
observed. The glycoprotein spikes [Hemagglutinin-neuraminidase (HN)
protein and fusion (F) protein] are inserted into the envelope, which extend
about 8 to 12 nm from the surface of the membrane and can be readily
visualized by electron microscopy (EM). In the envelope, it also contains the
small hydrophobic (SH) proteins. Inside the viral membrane is the
nucleocapsid core, which is coated by a layer of Matrix (M) protein and
contains the single-stranded RNA genome that is encapsidated by
Nucleocapsid (NP) protein, RNA polymerase (contains phospho (P) protein
and large (L) protein) that is bound to NP protein, and V protein.
PIV5 genome contains seven genes in the order of NP-V/P-M-F-SH-HN-L but
4

encodes for eight proteins (Fig. 1-2). The NP protein binds viral RNA genome
which is used as template for viral RNA synthesis. NP is also bound by the
viral polymerase composed of L and P proteins. It has been reported that NP
is required for virus like particle (VLP) formation in the virus budding assay
(Schmitt et al., 2005). The V/P gene is transcribed into two kinds of mRNAs: P
and V mRNAs through a process called “RNA editing”. V mRNA is a hard
copy of the V/P gene and V protein is a multifunctional protein which plays an
important role in the viral pathogenesis (discussed below in detail). P mRNA is
the editing product and the P protein is an essential component of the viral
RNA polymerase. Sendai virus (SeV) P protein forms a tetramer and uses its
C terminus to bind the L protein and form the viral polymerase (Tarbouriech et
al., 2000). A region in its C terminus is also required for binding with N in the N:
RNA template. It is also reported that P binds soluble NP protein to prevent it
from binding the cellular RNA (Curran, Marq, and Kolakofsky, 1995). Recently,
work on a mutant virus rPIV5CPI-wt-P, which expressed a extra copy of wild
type P protein in the CPI- ( a mutant virus of PIV5 which has six mutations in
the shared region of P and V gene) background, suggests that P protein has
similar function as V protein such as inhibition IFN production and signaling
(Dillon and Parks, 2007). The M protein is the most abundant protein in the
virion. It binds to the inner surface of the plasma membrane and surrounds
the

5

Figure 1-2 Schematic representation of PIV5 virus particle and genome
structure. Leader and Tralier: important in viral RNA synthesis (transcription
and replication); NP: Nucleocapsid protein which binds with PIV5 RNA
genome to form RNP; V: multifunction protein; P: phospho protein which is a
component of virus RNA polymerase; M: Matrix protein which plays a critical
role in PIV5 budding; F: fusion protein; SH: small hydrophobic protein which
can block TNF-alpha induced apoptosis; HN: Hemagglutinin Neuraminidase
protein which is also called attachment protein; L: large protein which is the
major part of PIV5 RNA polymerase.

virus core. M protein plays important roles in both virus assembly and budding
processes (Schmitt and Lamb, 2004) and a late domain near the N terminus
of M protein is required for the virus budding (Schmitt et al., 2005). The F
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protein is a class I viral fusion protein (Lamb, Paterson, and Jardetzky, 2006)
and forms a homotrimer, which is cleaved proteolytically (Yin et al., 2006),
facilitating virus entry by promoting both virus-to-cell and cell-to-cell fusion in a
pH independent manner (Paterson, Harris, and Lamb, 1984; Paterson,
Hiebert, and Lamb, 1985). Recent work from Schmitt et al shows that F
protein also plays a role in virus budding even though it can be substituted by
the HN protein. The SH protein is an integrated membrane protein and is not
required for virus life cycle in tissue culture cells since a mutant virus without
expression of SH protein (rPIV5ΔSH) grows to the similar titer as wild type
virus. However, the SH protein is required for blocking the apoptosis induced
by rPIV5ΔSH (He et al., 2001). Hemagglutinin-neuraminidase (HN) protein is
important for virus entry as well as release (Paterson, Hiebert, and Lamb,
1985; Schmitt, He, and Lamb, 1999). Atomic structural analysis shows that
HN protein forms disulfide-linked dimer with C111 (cys 111) and the dimer
associates into a tetramer in solution, which is required for binding with sialic
acid (Lamb, Paterson, and Jardetzky, 2006). The L gene has 2255 amino acid
residues and is the most promoter-distal in the transcriptional map and thus
the last to be transcribed, as well as is the least abundant viral structural
protein. L protein is thought to be a multifunctional protein, which has viral
mRNA capping (Abraham, Rhodes, and Banerjee, 1975), Methyltransferase
activities (Testa and Banerjee, 1977), and poly(A) polymerase activity (Hunt,

7

Mehta, and Hutchinson, 1988; Hunt, Smith, and Buckley, 1984). Comparison
studies of PIV5 L protein with those of HPIV3 and Sendai virus indicates that
there are five conserved domains (Higuchi et al., 1992).The N terminus of L
protein is required for its binding with P protein to form viral RNA polymerase
(vRNAP) (Parks, 1994).

1.3 PIV5: Entry

Infection of cells by PIV5 initially requires the attachment of the virion to the
host cell plasma membrane, followed by pH independent fusion of the viral
envelope to the host cell plasma membrane at the cell surface (Fig.1-3). The
integral membrane proteins HN and F are required for this process. Like the
hemaggglutinin protein of influenza viruses, the HN protein binds sialic acid
groups on glycosylated proteins or glycolipids and mediates the primary
attachment to the host cell. HN dimer/tetramer interacts with the F protein.
Engagement of cell surface receptors triggers the disassembly of the HN
tetramer, the tetrameric head opens, driven by the energy of receptor
engagement and leads to changes in both the HN stalk region (HN stalk
region is supposed to interact with F protein) (Colman and Lawrence, 2003)
and the interaction with F, and finally activating F for membrane fusion (Lamb,
Paterson, and Jardetzky, 2006). However, HN protein is not required for the
8

Figure 1-3 Schematic representation of the paramyxovirus life cycle
(Field of Virology, 4th Edition).

fusion to occur. In PIV5 F transfected CV-1 cells, The F proteins exhibited
various degrees in syncytia formation, but the formation of syncytia is
enhanced to different extents by the co-expression of the HN protein (Horvath
et al., 1992).The F protein is responsible for fusion of the viral envelope and
the host cell membrane. The F protein is synthesized as an uncleaved
precursor F0 which is then cleaved by the host cell enzyme furin to form the
disulfide-linked F1 and F2 subunits. The cleaved F protein has a highly
hydrophobic sequence at the N terminal end of F1, termed the fusion peptide,
which has been demonstrated to insert into the target membrane upon
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initiation of membrane fusion (Asano and Asano, 1985). A fusion model
suggested that three intermediates in the F protein conformational change
from the virus attaching to the host cells to the finish of fusion: (1) a
temperature-arrested intermediate which forms after HN binding (2) a prehairpin intermediate which bind to the target cell independent of HN (3) post
fusion structure (Lamb, Paterson, and Jardetzky, 2006).

1.4 PIV5 transcription

After the fusion of the viral envelope to the host cell membrane (Fig. 1-3), the
genome is released into the cytoplasm where new viral mRNAs and genomic
RNA are synthesized by the P and L polymerase complex (vRNAP). Viral RNA
synthesis begins at 3´ end of the genome, and the cis-acting promoter
sequences serve the dual function of initiating leader RNAs and anti-genomes.
The vRNAP for mRNA synthesis first has to transcribe the leader RNA before
beginning mRNA synthesis at the NP gene start signal. Early in virus infection,
before the primary translation products have accumulated, vRNAP is mainly
used to produce the leader RNAs and mRNAs (Kolakofsky, 2001). The mRNA
transcription process involves termination and reinitiation at the gene
junctions between viral each viral gene. The gene junction contains three
basic

sequence

elements:

(1)

Gene
10

end

(GE)

sequence

where

polyadenylation occurs through transcription of a four- to seven-uridyl (U)residue repeat sequence and termination of transcription releases a mRNA; (2)
Intergenic (IG) sequence where the vRNAP either leaves the template or
passes through this region to start new mRNA transcription; and (3) A gene
start (GS) sequence. Work from He et al demonstrates that substitution of a
gene junction sequence between HN and L with other PIV5 gene junctions
sequence causes HN and L mRNA ratios to vary over a four fold range,
suggesting that each gene junction has a different ability to enhance gene
termination and reinitiation (He and Lamb, 1999). Initiation of a downstream
mRNA depends on termination of the upstream mRNA consistent with a single
vRNAP entry site at the genome 3´ end. Since the frequency with which
vRNAP reinitiates the next mRNA at gene junctions is not perfect, this leads to
a gradient of mRNA abundance that decreases according to distance from the
genome 3´ end (Cattaneo et al., 1987; Homann, Hofschneider, and Neubert,
1990).

1.5 PIV5 replication

The negative strand genome RNA replicates via a full-length complementary
copy called the anti-genome, which is found only in assembled form. However,
no mRNAs are known to be transcribed from them. The sole function of anti11

genomes is thought to be as an intermediate in genome replication. After
translation of the primary transcripts and accumulation of the viral proteins,
anti-genome synthesis begins (Kolakofsky, 2001). The same vRNAP copies
the same template, but it now ignores all the junction signals and synthesizes
an exact, complementary copy. What makes the vRNAP ignore the junction
signal during genome replication is not clear. As the genome is synthesized,
the encapsidation appears to occur at the same time. Genome synthesis from
anti-genome templates is thought to take place in a fashion similar to that of
anti-genome synthesis. RNA replication has been found to be much more
efficient when the artificial genome is a multiple of six nucleotides. This
hexamer rule is most likely related to the finding that each NP subunit of the
nucleocapsid is associated with precisely six nucleotides. The association of
NP monomers with nucleotide hexamers presumably begins with the first
nucleotide at the 5´ end of the newly sythesized chain, and it continues by
assembling six nucleotides at a time until the 3´ end is reached, maintaining a
precise hexamer arrangement. The efficiency of the 3´-end promoter then
presumably depends on the position of the cis-acting sequences relative to
the NP hexamer, and this is determined by the total number of nucleotides in
the genome chain (multiple of six).
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1.6 PIV5 egress

PIV5 egress occurs at the host plasma membrane. The M protein plays a
critical role in virus assembly and budding. The HN and F proteins are
synthesized in the endoplasmic reticulum (ER) and transported through the
Golgi apparatus to the surface of the host cell. The cytoplasmic tails of the HN
and F proteins are important for viral assembly. Recombinant PIV5 lacking the
HN cytoplasmic tail leads to a reduction in viral particles (Schmitt, He, and
Lamb, 1999). A mutant virus lacking both HN and F cytoplasmic tails buds
very poorly, confirming the critical function of HN and F in virus budding
(Mitnaul et al., 1996; Zhang et al., 2000). Furthermore, the cytoplasmic tail of
the HN and F proteins are thought to interact with the M protein. The M
protein has also been found to associate with the encapsidated genome
present in the cytoplasm and the M protein without the late domain “FPIV” that
recruits the cell factors causes poor production of virus like particles (VLPs)
(Schmitt et al., 2005).

When all the viral components are assembled under the host cell plasma
membrane, the virion buds out of the host cells. The M protein is thought to
play an important role in this process since M, NP, and HN or F are required
for VLPs budding (Schmitt et al., 2005). The HN protein has neuraminidase

13

function which cleaves sialic acid from complex carbohydrate chains on viral
and host cell glycoproteins. The neuraminidase function is thought to prevent
virions from binding to each other and to the viral budding by preventing
reattachment to the host cell. What force drives the virus budding away from
the cell membrane is not clear.

1.7 Functions of V protein

The V protein, a component of PIV5 virions (~350 molecules per virion), is a
multifunction protein (Fig.1-5), which is faithfully transcribed from the V/P
gene. P mRNA is transcribed from the same gene but two non-templated G
were inserted in the transcription process, causing a shift in the open reading
frame. Thus V and P share the same N terminus but have unique C terminus
as shown in Fig. 1-4A. In other paramyxoviruses such as respiroviruses and
the morbilliviruses, P mRNA is faithfully transcribed, whereas V is the result of
RNA editing (Curran, Boeck, and Kolakofsky, 1991). Even though V is
produced differently in the paramyxovirinae, the amino acid sequences of the
C terminus of the V protein are highly conserved as shown in Fig.1-4B, and
contain seven cysteine residues and resemble a zinc finger domain (Liston
and Briedis, 1994; Thomas, Lamb, and Paterson, 1988). The C-terminal
cysteine rich domain of the V protein, can interact with DDB1 (damaged DNA
14

A

B

Figure 1-4 A. Schematic representation of RNA editing in the P/V gene. B.
Alignment of V protein sequences in Paramyxovirus family (Field of
Virology, 4th Edition).
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Figure 1-5 Schematic representation of functions of PIV5 V protein.

binding protein), the 127 kDa subunit of the damaged DNA binding protein
(DDB) that is involved in DNA damage repair. Overexpression of V protein
slows down the cell cycle (Lin and Lamb, 2000b) and co-overexpression of
DDB1 can partially rescue the changes in cell cycle caused by V protein
overexpression (Lin and Lamb, 2000b). In addition, V forms a complex
together with DDB1, Cul4A, STAT1 and STAT2 and this complex is important
for STAT1 degradation in human cells (Ulane and Horvath, 2002).Supporting
this role, It is also reported that V has E3 ubiquitin ligase activity (Ulane and
Horvath, 2002). V can also interact with MDA-5, an IFN inducible RNAHelicase, which can inhibit activation of interferon-beta promoter (Andrejeva
et al., 2004). V protein interacts with soluble NP as well (Randall and
Bermingham, 1996). The N terminal of V protein has a region which can bind
RNA (Lin, Paterson, and Lamb, 1997), and the V protein has been reported to
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be able to inhibit viral RNA synthesis in the mini-genome system (Lin et al.,
2005). Recently, it has been shown that V protein can also inhibit IL-6
production, an important pro-inflammatory cytokine secreted by T cells and
macrophages (Lin et al., 2007), suggesting that V protein might also play a
role in inhibiting the host immune response. To further study the function of
the V protein and its pathogenesis in the virus life cycle, a mutant virus,
rPIV5VΔC, which lacks the conserved C terminus was made by introducing
two stop codons into the V reading frame. One is after residue 169 and one is
the equivalent of 172. Neither of the mutations changed the wild type P
protein sequence (He et al., 2002) as shown in Fig. 1-6.

Figure 1-6 Sequence of rPIV5VΔC (He et al., 2002)
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CHAPTER 2:
THE ROLE OF THE PIV5 V PROTEIN IN
APOPTOSIS
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2.1 Introduction

2.1.1 Apoptosis

Apoptosis, also known as programmed cell death (Tsujimoto and Shimizu,
2005), is suicide by a cell in a multicellular organism. It is a highly regulated
process, in which unwanted cells undergo morphological changes, protease
activation, chromosomal DNA fragmentation and eventually cell death. This
process is important for normal development, tissue homeostasis, immune
modulation and host defense against viral infection (Evan and Littlewood,
1998). Apoptosis is initiated and executed through many different pathways,
which can be categorized into two main groups: extrinsic and intrinsic
pathways. The extrinsic pathway, also known as death receptor pathway,
senses death signal from outside of the cells through death receptors such as
FAS, TRAIL or TNF-alpha receptor. Caspases (cysteine aspartate specific
proteases), death receptors (DR) and adapter proteins play critical roles. The
caspases play critical roles in regulating different apoptotic pathways (Cryns
and Yuan, 1998). To date, there are fourteen identified caspases that can be
roughly divided into initiator and effector caspases. Initiator caspases are
involved in upstream regulatory events resulting in activation of effector
caspases that are directly responsible for proteolytic cleavage of host targets
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that lead to cell death. Known initiator caspases include caspase-8, caspase10 and caspase-9, all of which have long prodomains. Caspase-8 and
caspsae-10 is activated rapidly after Fas engagement (Wang et al., 2001) and
since procaspase-8 and procaspase-10 can not activate each other in
proximity, it is suggested that these two initiator caspases induce apoptosis
independently (Chen and Wang, 2002). Caspase-9 is often involved in
mitochondria mediated apoptosis. Effector caspases include caspase-3, -6
and -7. Some caspases, such as caspase-2 can be both initiator and effector
(Thornberry and Lazebnik, 1998). Effector caspases, the executioner of
apoptosis, can be activated by death stimuli through activation of DR, a
member of the tumor necrosis factor receptor (TNF-R) superfamily. Upon
activation, DR associates with adapter proteins such as TNF-R associated
death domain (TRADD) through their death domain (DD). This complex can
activate initiator caspases which in turn can activate effector caspases to
trigger cell death (Strasser, O'Connor, and Dixit, 2000). The intrinsic pathway
senses death signals such as stress from inside of cells and acts mainly
through mitochondria. Most intrinsic pathways consist of the Bcl-2 protein
family, mitochondria-released proteins and caspases. The Bcl-2 protein family
has both anti-apoptotic and pro-apoptotic proteins that are structurally related:
they all contain at least one conserved Bcl-2 homology (BH) domain that
consists of α-helix segments and they can form heterodimers. In the intrinsic
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pathway, death stimuli such as stress are sensed by the Bcl-2 protein family
(Cory and Adams, 2002). Imbalance of the Bcl-2 protein family causes
damage to mitochondria resulting in release of cytochrome c to the cytosol.
The released cytochrome c activates apaf-1 (apoptotic protease-activating
factor 1), which in turn activates caspase-9 to trigger cell death. However
knocking out cytochrome c, apaf1 or caspase-9 gene does not prevent cell
from undergoing stress-induced apoptosis in some cell lines, indicating that
there may be additional intrinsic apoptotic pathway.

2.1.2 ER stress and apoptosis

The endoplasmic reticulum (ER) is a primary site for protein synthesis, folding
and calcium storage. Recently more and more attention has been focused on
the initiation of apoptotic cascades from the ER (Breckenridge et al., 2003;
Rao, Ellerby, and Bredesen, 2004). The ER is a subcellular organelle, where
the majority of secreted, glycosylated, and lipid proteins are folded into their
tertiary and quaternary structure. The ER stress response, also known as
unfolded protein response (UPR) can be induced by many conditions such as
protein overload, imbalance of calcium, or virus infection. It is an adaptive
cellular response and can initiate diverse signaling responses including cell
cycle arrest, reduction of protein synthesis and up-regulation of ER localized
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proteins such as GRP94 and GRP78 (Katayama et al., 2004; Kim et al., 2004).
Three molecules, Ire1, ATF6 and PERK/PEK which are localized to the ER
membrane, are able to sense protein accumulation and trigger the ER stress
response (Shi et al., 1998; Tirasophon, Welihinda, and Kaufman, 1998). This
coordinated normal cellular response halts the accumulation of proteins and
allows time for the elimination of unfolded proteins and re-establishes cellular
homeostasis. However, if the stress is not relieved, the cell will undergo cell
death. At present, the exact signaling pathways of ER stress-induced
apoptosis are poorly understood. Two main pathways, a transcription factorand a caspase-dependent one, are involved in this process. In the
transcription factor-dependent pathway, Ire1 is thought to play a pro-apoptotic
function,

possibly

through

up-regulation

of

the

transcription

factor,

GADD153/CHOP, which amplifies the pro-apoptotic signal through altering the
balance between Bcl-2 (antiapoptotic protein in Bcl-2 protein family) and Bax
( proapoptotic protein in Bcl-2 protein family) (Ghribi et al., 2001; Wang et al.,
1998). However, the exact mechanism of CHOP activation and signaling is
not clear. In the caspase-dependent pathway, it is believed that caspase-12
plays an important role in ER stress-induced apoptosis. Activation of caspase12 during apoptosis has been reported in mouse, rat, rabbit, cow and human
cells (Bitko and Barik, 2001; Chan et al., 2002; Ghribi et al., 2001; Jordan et
al., 2002b; Nakagawa et al., 2000). It is suggested that ER stress induced
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apoptosis is independent of mitochondria since ER stress mediated process is
still intact in Apaf1-/- mouse embryonic fibroblast cells (Rao et al., 2002).
However, the exact mechanism is not yet clear.

2.1.3 Virus and apoptosis

Virus infection activates a variety of cellular signaling pathways that lead to
apoptosis. IFN produced in response to virus infection plays an essential role
in inducing apoptosis in virus infected cells (Barber, 2001; Dai and Krantz,
1999). In uninfected cells, IFN can induce an anti-viral state to protect
uninfected cells. In infected cells, IFN is thought to be an essential mediator of
apoptosis. The infected hosts are thought to inhibit and eliminate viral
infection by sacrificing virus infected cells through apoptosis. Many viruses
have developed means to delay and inhibit apoptosis to avoid being
eliminated along with their host cells (Benedict, Norris, and Ware, 2002). For
instance, cowpox virus encodes a viral protein CrmA that blocks apoptosis by
inhibiting caspase-1 and caspase-3 (Tewari et al., 1995). The exact
mechanisms of IFN-promoted cell death in virus infected cells are not clear.
But the role of IFN in the induction of apoptosis in cancer cells and cancer
therapy is well documented. Many studies have shown that IFN can exert
direct cytotoxic effects on primary malignant cells and tumour cell lines in vivo.
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Apoptosis induced by IFN-alpha in malignant cells is associated with caspase1, 2, 3, 8 and 9 and the apoptosis is correlated with the loss of mitochondia
membrane potential (Thyrell et al., 2002). It is reported that IFN-gamma
induces TRAIL-mediated apoptosis in the human brain astrocytes (Lee, Shin,
and Choi, 2006). In U266 cells, the proapoptotic Bcl-2 family proteins, Bak
and Bax, are activated by IFN-alpha and this is well correlated with the
induction of apoptosis (Panaretakis et al., 2003). All of these studies would
throw light on how IFN induces apoptosis in the virus infected cells.

Apoptosis plays important role in paramyxovirus pathogenesis. Many
members of the paramyxoviridae have been found to cause apoptosis. SeV
causes apoptosis by activating caspase-3 and caspase-8 (Bitzer et al., 1999)
and requires interferon regulatory factor 3 (IRF-3) for this activation
(Heylbroeck et al., 2000). The leader sequences of SeV are required to
induce apoptosis since replacing the leader sequences results in a virus
defective in inducing apoptosis (Garcin et al., 1998). Mutation in the C protein
of SeV increased the potency of the virus induced apoptosis, yet the mutant
virus attenuated in vivo (Itoh, Hotta, and Homma, 1998). Measles virus not
only induces apoptosis in the cells it infects (Esolen et al., 1995), but also
induces apoptosis of uninfected activated T cells possibly by producing
functional TRAIL from MV-infected dendritic cells (Fugier-Vivier et al., 1997;

24

Vidalain et al., 2000). Apoptosis caused by measles virus infection is thought
to facilitate virus release from infected cells (Vidalain et al., 2000). Newcastle
disease virus (NDV) causes apoptosis by eliciting interferon and TNFmediated responses (Lorence, Rood, and Kelley, 1988; Zorn et al., 1994).
Some members of the paramyxoviridae have also been found to inhibit
apoptosis.

Mumps

virus

can

inhibit

hexadecylphosphocholine-induced

apoptosis of human promonocytic cells U937 (Hiebert, Richardson, and Lamb,
1988). Respiratory syncytial virus (RSV) inhibits TNF-alpha induced apoptosis
in human respiratory epithelial cells and mononuclear cells (Evan and
Littlewood, 1998; Leupin, Bontron, and Strubin, 2003). PIV5 cause minimal
cytopathic effect (CPE) after infecting cells, suggesting that the virus has
applied mechanisms to block the apoptosis. A mutant virus lacking the SH
protein (rPIV5ΔSH) induces apoptosis and the SH protein is required to block
the apoptosis in MDBK cells (He et al., 2001). Recently, it was shown that a
mutant virus rPIV5VΔC, which lacks the conserved C terminus (Fig. 1-6)
induces severe CPE in lots of cells lines such as HeLa cells, CV1 cells, Vero
cells and L929 cells (He et al., 2002), suggesting that the PIV5 V protein
might play an important role in blocking the apoptosis.
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2.2 Materials and Methods

2.2.1 Virus and Cells

Generation of rPIV5VΔC was described previously in the introduction.
rPIV5VΔC were grown in Vero cells and harvested 5 to 7 days post-infection
(dpi) as described previously (He et al., 2002). Wild-type (wt) PIV5 was grown
in MDBK cells. Virus titers were determined by plaque assays using BHK 21F
and Vero cells. To infect cells, monolayers were washed with phosphatebuffered saline (PBS) and then inoculated with viruses in Dulbecco’s modified
Eagle’s medium (DMEM)–1% bovine serum albumin (BSA) at a multiplicity of
infection (MOI) of 5 for 1 to 2 h at 37°C. The monolayers were washed and
incubated with DMEM containing 2% fetal calf serum (FCS) at 37°C with 5%
CO2. HeLa cells, U3A cells, and Vero cells were maintained in DMEM–10%
FCS. BHK 21F cells were maintained in DMEM–10% tryptose phosphate
broth–10% FCS.Virus-infected cells were grown in DMEM–2% FCS.
Transfections were carried using Lipofectamine-PLUS (Invitrogen, Carlsbad,
Calif.) following the manufacturer’s instructions. HeLa cells in 6-cm-diameter
plates at about 70% confluency were washed once with Opti-MEM medium
and incubated in 2 ml of Opti-MEM. A total of 2μg of plasmid DNA (vector or
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pBH361 [which encodes V]) was mixed with 0.25 ml of Opti-MEM and 8ul of
PLUS for 15 min at room temperature. Opti-MEM (0.25 ml) with 12 ul of
Lipofectamine was added to the DNA-PLUS mixture and incubated for 15 min
at room temperature. The mixture of DNA, PLUS, and Lipofectamine was
added to the cells and incubated for 16 h. The transfected cells were infected
with rPIV5VΔC. The transfected-infected cells were analyzed for V expression
by staining with a V specific antibody (11C6) and apoptosis by flow cytometry
with TUNEL assay.

2.2.2 DNA fragmentation assay

Fragmented DNAs were purified as described in reference (Zhou and
Roizman, 2002). Confluent HeLa cells in 6-cm-diameter plates were mock
infected or infected with SV5 or rPIV5VΔC at an MOI of 5. At 24 and 48 h
postinfection (hpi), similar numbers of HeLa cells in 60-mm-diameter dishes
were washed twice with PBS - and then incubated in 0.5 ml of TTE buffer
(0.2% Triton X-100, 10 mM Tris, 15 mM EDTA, pH 8.0) at room temperature
for 15 min. Cell lysates were harvested into microtubes and subjected to
centrifugation at 20,000 x g for 20 min. Supernatants were digested with 100
ug of RNase A/ml at 37°C for 1 h. Samples were purified with phenolchloroform extraction, precipitated, and then washed with 70% ethanol.
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Pellets were air dried and redissolved in 10 ul of Tris-EDTA buffer each.
Electrophoresis was performed on 2% agarose gels with DNA size markers.

2.2.3 Propidium iodide (PI) staining

Confluent HeLa cells in 6-cm-diameter plates were mock infected or infected
with SV5 or rPIV5VΔC at an MOI of 5. Cells in monolayers were trypsinized
and combined with the floating cells in the medium at different time points.
The harvested cells were then centrifuged at 250 x g for 8 min at 4°C and
washed with PBS between each subsequent pair of steps. The cells were
fixed with 0.25% formaldehyde for 2 h at 4°C. The fixed cells were
resuspended in 0.5 ml of 50% DMEM–50% FCS and permeabilized by adding
1.5 ml of 70% ethanol at 4°C for at least 2 h and for up to 3 days. To monitor
expression of viral proteins, the permeabilized cells were incubated with 0.5
ml of anti-V monoclonal antibody 11C6 at 1:500 in PBS–1% BSA at 4°C for 1
h and then with 0.5 ml of fluorescein isothiocyanate-labeled anti-mouse
secondary antibody (Organon-Teknika Corp., Charlotte, N.C.) at 1:1,000 in
PBS–1% BSA for 1 h at 4°C. For PI staining, the cells were incubated with
500 µl of 50 ug of propidium iodide (Sigma-Aldrich)/ml for 1 h at 4°C. The cells
were then analyzed using a flow cytometer (EPICS XL; Beckman-Coulter).
Single cells were selected on FL2-W (cell width) versus FL2-A (DNA content)
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plots. Infected cells were selected on FL2-A (DNA content) versus FL1-H (V
expression) plots.

2.2.4 Terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay

The cells were fixed and permeabilized as described above. The cells were
then incubated with 25 µl of TUNEL reaction mixture (in situ fluorescein cell
death detection kit; Boehringer-Mannheim) for 2 to 3 h in the darkness at
37°C. The cells were analyzed by flow cytometry.

2.2.5 Trypan blue staining

To examine cell viability, the adherent cells were washed with PBS -,
trypsinized and combined with the cells in the medium to obtain the entire cell
population. The cells were centrifuged at 960 x g with a tabletop centrifuge
and resuspended in 0.08% trypan blue solution in DMEM. The cells were
placed on a hemacytometer and examined under a microscope
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2.2.6 UV inactivation of virus

Confluent HeLa cells in 60-mm-diameter plates were mock infected or
infected with PIV5 or rPIV5VΔC at an MOI of 5. The infected cells were
incubated in 5 ml of 2% FCS–DMEM for 2 days. Medium from infected cells
was placed inside a Fisher Hamilton class II biological safety cabinet and UV
treated for 30 min. The media were then filtered through a 0.22-um-pore-size
filter to remove cell debris. The effectiveness of the UV treatment with respect
to inactivation of PIV5 was confirmed by plaque assays.

2.2.7 Antibody treatment of infected cells

Confluent HeLa cells in 6-well plates were mock infected or infected with PIV5
or rPIV5VΔC at an MOI of 5 as described before and incubated in 1 ml of
DMEM–2% FCS with neutralizing antibody against IFN-beta (CalBiochem,
San Diego, Calif.) at 105 kU/ml. At 2 dpi, the cells were collected, stained with
trypan blue, and counted. Confluent L929 cells in 6-well plates were mock
infected or infected with PIV5, rPIV5ΔSH, or rPIV5VΔC at an MOI of 5 as
described before and incubated in 1ml of DMEM–2% FCS with neutralizing
antibody against TNF-alpha (BD Pharmingen, San Diego, Calif.) at 20 ug/ml.
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At 2 dpi, the cells were photographed using a light microscope equipped with
a Nikon Eclipse TE300 Inverted Microscope.

2.2.8 Caspase assays

For caspase 3 and 7 assays, triplicates of infected cells (~2 x 106 to 10 x 106
cells/ml) were lysed with cell lysis buffer containing 10 mM Tris-HCl, 10 mM
NaH2PO4/NaHPO4 (pH 7.5), 130 mM NaCl, 1% Triton X-100, and 10 mM
sodium pyrophosphate (NaPPi). Protein concentrations of lysates were
determined using a BCA protein assay kit (Pierce, Rockford, Ill.). For each
reaction in a 96-well microtiter plate, 30 ug of cell lysate was added to 200 µl
of reaction buffer (20 mM HEPES [pH 7.5], 20% glycerol, 4 mMdithiothreitol)
and 20µM caspase 3 substrate Ac-DEVD-AMC (BD Biosciences Pharmingen).
For caspase 2 assays, assay buffer containing 100 mM HEPES (pH 7.5), 10
mM dithiothreitol, and 100 µM caspase 2 substrate Ac-LDESD-AMC
(CalBiochem) were used. Samples in the plates were mixed for 30 s and
incubated for 1 h at 37°C. The plates were then read on a microtiter plate
reader with an excitation wavelength of 380 nm and an emission wavelength
of 430 to 460 nm. Similarly, subsequent caspase assays were carried out
using 20 µM Ac-YVAD-AMC substrate (BD Bioscience) for caspase 1, 50 µM
Ac-LEVD-AMC substrate (A.G. Scientific Inc., San Diego, Calif.) for caspase 4,
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50 µM Ac-LEHD-AMC substrate (A.G. Scientific Inc.) for caspases 5, 9, 10,
and 11, 50 µM Ac-VEID-AMC substrate (A. G. Scientific Inc.) for caspase 6
assay, 20 µM Ac-LETD-AMC substrate (BD Bioscience) for caspase 8, and
100 µM Ac-LEED-AFC substrate (Enzymesys, Aurora, Ohio) for caspase 13.

2.2.9 Treatment of cells with caspase inhibitors

HeLa cells in 24-well plates were mock infected or infected with PIV5 or
rPIV5VΔC and incubated with DMEM–2% FCS containing dimethyl sulfoxide
(DMSO) or 40 µM inhibitors dissolved in DMSO. The cells were photographed
at 2 dpi and counted after trypan blue staining. General caspase inhibitor ZVAD-FMK, caspase 1 and 4 inhibitor Z YVAD-FMK, caspase 2 inhibitor ZVAVAD-FMK, caspase 5, 9, 10, and 11 inhibitor Z-LEHD-FMK, caspase 8
inhibitor Z-LETD-FMK, and caspase13 inhibitor Z-LEED-FMK were from
Enzymesys. Caspase 3, 6, and 7 inhibitor Z-DEVD-FMK was from
CalBiochem.

2.2.10 Immunoblotting

HeLa cells in 6-cm-diameter plates were mock infected or infected with
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rPIV5VΔC or PIV5. At 1 or 2 dpi, cells were lysed in 0.5 ml of protein lysis
buffer (2% sodium dodecyl sulfate, 62.5 mM Tris-HCl [pH 6.8], 2%
dithiothreitol) and sonicated briefly to shear DNA. Up to 100 µl of the lysate
was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
using a 15% gel. Polypeptides were transferred (using a wet-gel transfer
apparatus) to a polyvinylidene difluoride membrane. The membrane was first
blocked with 5% dry fat-free milk and then incubated with primary antibodies
against GRP 78 at 1: 200 dilution (Santa Cruz Biotechnology, Inc., Santa Cruz,
Calif.), GRP 94 at 1 ug/ml (CalBiochem), GADD153 at 1:200 dilution (Santa
Cruz Biotechnology), or actin (Santa Cruz Biotechnology). Two caspase 12
antibodies were used. One (which recognizes residues 95 to 318 of mouse
caspase 12) (Sigma) was used at 1:500; the other (which recognizes residues
100 to 116 of mouse caspase 12) (Oncogene) was used at 1:500. A mixture of
anti-mouse and anti-rabbit secondary antibodies conjugated to horseradish
peroxidase was used to detect primary antibodies. The proteins on the
membrane were detected using an ECL kit (Amersham Pharmacia,
Piscataway, N.J.), and chemiluminescence was detected using a Storm
System PhosphorImager (Molecular Dynamics Inc, Sunnyvale, Calif.).
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2.3 Results

2.3.1 Induction of apoptosis by rPIV5VΔC infection

Previously, it has been observed that rPIV5VΔC infection of several cell types
(e.g., HeLa cells, CV1 cells, Vero cells and L929 cells) caused a severe
cytopathic effect (CPE) by 30 hours post infection (hpi). Whereas wild type
PIV5 infection of HeLa cells produced small syncytial foci from 24 hpi onwards,
rPIV5VΔC infected cells at time >30hpi were detaching from the monolayer.
Although CPE induced by rPIV5VΔC in Vero cells and HeLa cells was evident
by 30hpi, protein synthesis did not appear to be affected at this time and
neither was virus particle production (He et al., 2002) (excluding expression of
viral proteins or production of virions as possible causes for increased CPE in
rPIV5VΔC infected cells).

To examine whether the CPE was due to induction of apoptosis, the presence
of fragmented chromosomal DNA in rPIV5VΔC infected cells was examined.
HeLa cells were mock infected or infected with PIV5 or rPIV5VΔC viruses.
DNAs were purified and resolved in agarose gel. Increasing amounts of
fragmented DNA was detected in rPIV5VΔC infected cells in comparison with
that found in mock infected or PIV5 infected cells, suggesting that rPIV5VΔC
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induced apoptosis in the infected cells (Fig.2-1A).

Figure 2-1 rPIV5VΔC induced apoptosis in HeLa cells. HeLa cells were
infected with PIV5, rPIV5VΔC or Mock infected and were subjected to
apoptosis assays. (A) DNA fragmentation assay. The infected cells were
collected at 1 and 2 dpi, and DNAs were purified and resolved in agarose gel
as described in Material and Methods. The DNA marker was lamda DNA
digested with BstEII enzyme; (B) TUNEL assay. The infected cells were
collected at 2 dpi and subjected to TUNEL assay as described in Materials and
Methods.
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To confirm that the CPE was due to induction of apoptosis in the rPIV5VΔC
infected cells and to quantify the number of apoptotic cells, the TUNEL assay
(which directly measures the presence of nicked chromosomal DNA, a
hallmark of apoptotic cells) was employed. The percentages of TUNEL
positive cells, i.e., apoptotic cells, were quantified using a flow cytometer as
described previously (He et al., 2001). As shown in Fig.2-1B, at 2dpi about
45% of cells infected by rPIV5VΔC were TUNEL positive, whereas only 3-4%
of cells infected by PIV5, a percentage slightly higher than the mock infected
cells, were detected indicating that the detected CPE in rPIV5VΔC infected
cells is apoptosis.

2.3.2 PIV5 V protein inhibited the apoptosis induced
by rPIV5VΔC infection

Deletion of the C-terminal domain of the V protein caused an increased CPE
and apoptosis in the virus infected HeLa cells, indicating that full length V
protein is required to prevent apoptosis in rPIV5VΔC infected cells. It is most
likely that the phenotype of increased apoptosis was a result of loss of
function of the C terminal domain. However, it is possible that the N terminal
domain had acquired a novel function even though the half-life of the N
terminal domain is relatively short (less than 45 min). To test whether intact V
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protein can inhibit apoptosis induced by rPIV5VΔC, PIV5 V protein was
expressed in rPIV5VΔC infected cells by co-infecting cells with wild type PIV5
or by transfecting plasmid expressing the V protein. Co-infection of rPIV5VΔC
with wild type PIV5 did not result in CPE or apoptosis as shown in Fig.2-2A,
suggesting that V from a wild type PIV5 infection was able to block CPE
induced by rPIV5VΔC infection and that the truncated form of the V protein
was unlikely to be the reason for the increased apoptosis observed in
rPIV5VΔC infected cells.

The ability of rPIV5VΔC to induce apoptosis in HeLa cells was further
confirmed by PI staining, which detects cellular DNA content. DNA fragments
due to apoptosis are lost during PI staining (in which lipid membranes of cells
are extracted). As a result, the DNA content profile of apoptotic cells is the
same as that of sub G0-G1 cells. Increased populations of sub-G0-G1 cells,
i.e., apoptotic cells, about 45% were detected only in rPIV5VΔC infected cells
at 2dpi. Furthermore, HeLa cells were transfected with a plasmid encoding V
protein and then infected with rPIV5VΔC. V-expressing cells were gated using
a flow cytometer. The DNA content of the V-expressing cells was compared
(using PI staining) with that of the rPIV5VΔC infected cells that did not
express V in trans. In V-expressing cells, rPIV5VΔC infection did not induce
apoptosis (Fig.2-2B). Thus, V expressed alone can inhibit the apoptosis
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induced by rPIV5VΔC.

Figure 2-2 wild type V protein inhibited rPIV5VΔC induced apoptosis in
HeLa cells. (A) inhibition of rPIV5VΔC induced apoptosis by PIV5 coinfection. HeLa cells were infected with PIV5, rPIV5VΔC or PIV5 plus
rPIV5VΔC at an MOI of 5 or were mock infected. The cells were
photographed at 2 dpi; (B) inhibition of rPIV5VΔC induced apoptosis by V.
HeLa cells were transfected with plasmid encoding the V protein and then
infected with rPIV5VΔC at an MOI of 5. The cells were collected at 2 dpi,
labeled with anti-V specific antibody and staned with PI. rPIV5VΔC infected
cells expressing V were gated and analyzed using a flow cytometer.
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2.3.3 Interferon-beta and IFN signaling were not
responsible for rPIV5VΔC induced apoptosis

The major apoptotic pathways can be categorized into intrinsic and extrinsic
pathways. IFN is thought to be an essential mediator of apoptosis in virus
infected cells, and increased expression of IFN-beta was detected in the
media of rPIV5VΔC infected cells (He et al., 2002). Thus, apoptosis induced
by rPIV5VΔC infection could be caused by IFN via an extrinsic pathway. To
test this notion, U3A cells in which their IFN signaling pathways are impaired
due to STAT1 protein deficiency (Stark, 1997) were mock-, PIV5- or
rPIV5VΔC-infected and apoptotic cell populations were examined using
TUNEL assays. rPIV5VΔC induced apoptosis in U3A cells whereas wild type
PIV5 did not induce apoptosis (Fig.2-3A), suggesting that the IFN signaling is
not required for the induction of apoptosis by rPIV5VΔC.

To further confirm that IFN does not play a critical role in rPIV5VΔC infected
HeLa cells. HeLa cells were mock infected and PIV5 infected or rPIV5VΔC
infected. Right after the infection, 105 kU/ml IFN-beta neutralizing antibody
was added into the media and 24hpi, the cells were collected and stained with
trypan blue. As shown in Fig.2-3B, the one treated with IFN-beta neutralizing
antibody has the same rate of cell death as that without antibody treatment,
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suggesting that the apoptosis induced by rPIV5VΔC did not require interferon
signaling. This is consistent with the observation that rPIV5VΔC induced cell
death in Vero cells, a cell line defective in IFN production.

Figure 2-3 rPIV5VΔC induced apoptosis is independent of IFN and IFN
signaling. (A) Increased levels of apoptotic cells in rPIV5VΔC infected U3A
cell populations. Mock-, PIV5-, or rPIV5VΔC infected U3A cells were
collected at 1, 2, and 3 dpi and examined using TUNEL assays as described in
Materials and Methods. (B) Treatment of infected cells with anti-IFN-beta. The
cells were infected and incubated in the presence of anti-IFN-beta (105 KU/ml)
for 2 days. The cells were then collected and counted after being stained with
trypan blue as described in Materials and Methods.
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2.3.4 rPIV5VΔC induced apoptosis differently from
rPIV5ΔSH

The PIV5 lacking the SH gene grows as well as wild type PIV5, but this virus
caused increased apoptosis or cell death in MDBK cells (a bovine cell line)
and L929 cells (a mouse cell line) but not in human cell lines (such as HeLa
cells and A549 cells) while growing as well as wild type PIV5 (He et al., 2001)
(Fig.2-4A). One possible explanation is that other PIV5 encoded proteins also
inhibit apoptotic pathways activated by PIV5 infection in different cell types.
Because rPIV5VΔC caused CPE and apoptosis in HeLa cells, the V protein
may block apoptosis in HeLa cells. SH and V could inhibit the same apoptotic
pathway or different apoptotic pathways in different cell types. To investigate
whether the V protein and the SH protein block the same apoptotic pathway,
we compared apoptotic pathways activated by rPIV5VΔC and rPIV5ΔSH in
L929 cells in which both viruses induced apoptosis. rPIV5ΔSH infection
induces expression of TNF-alpha, and TNF-alpha is responsible for the
induction of apoptosis in L929 by rPIV5ΔSH. Treating infected L929 cells with
neutralizing antibody against TNF-alpha blocked apoptosis induced by
rPIV5ΔSH but not that induced by rPIV5VΔC (Fig.2-4B), suggesting that
rPIV5VΔC induced apoptosis through a pathway distinct from that of
rPIV5ΔSH.
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Figure 2-4 Induction of apoptosis by rPIV5VΔC and rPIV5ΔSH occurs by
different mechanisms. (A) rPIV5VΔC but not rPIV5ΔSH induces cell death
in HeLa cells. HeLa cells were mock infected or infected with PIV5,
rPIV5VΔC or rPIV5ΔSH at an MOI of 5 and were stained with Hema 3 at 2
dpi. (B) rPIV5VΔC induced apoptosis in a TNF-alpha independent manner.
L929 cells were mock infected or infected with PIV5, rPIV5VΔC or
rPIV5ΔSH at an MOI of 5 and were treated with neutralizing antibody against
TNF-alpha (20ug/ml). The cells were stained at 2 dpi and photographed.
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2.3.5 Intrinsic apoptotic pathway was activated by
rPIV5VΔC infection

To examine whether soluble death factors of extrinsic apoptotic pathways in
the media of rPIV5VΔC infected cells played a role in rPIV5VΔC induced
apoptosis, media from mock-, PIV5-, or rPIV5VΔC-infected cells were
collected at 2 days post infection (dpi) and UV treated for 30 minutes. The
conditioned media (UV-irradiated media) were applied to fresh HeLa cells.
There was no increase of CPE in cells incubated with the conditioned media
from rPIV5VΔC infected cells compared to the results seen with conditioned
media from mock- or PIV5 infected cells, suggesting that soluble death factors
in the conditioned media alone were not sufficient to induce cell death (Fig.25A). Furthmore, the conditioned media from the rPIV5VΔC infected cells were
used to treat PIV5 infected cells and there was no increase of CPE compared
to the results seen with normal PIV5 infection, suggesting that the conditioned
media did not sensitize the infected cells for apoptosis induction (Fig. 2-5B).
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Figure 2-5 HeLa cells are not killed by UV-treated media from rPIV5VΔC
infected cells. (A) incubation of HeLa cells with conditioned medium from
rPIV5VΔC infected cells. Medium from Mock-, PIV5-, or rPIV5VΔC infected
cells was collected at 2 dpi and then UV treated to kill virus and then used to
infect HeLa cells. At 2 dpi, the cells were collected and stained with trypan
blue. (B) Mock-, PIV5-infected cells were inoculated with the conditioned
media from rPIV5VΔC infected cells. The percentages of dead cells were
counted using trypan blue staining as described in Materials and Methods.
Error were standard deviations of means.
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2.3.6 Caspases play an important role in rPIV5VΔC
induced apoptosis

Caspases are key players in the regulation of apoptosis signaling in both the
extrinsic and intrinsic apoptotic pathways. Different apoptotic pathways
activated different caspases. An understanding of which caspase is activated
provides information about which apoptotic pathway is activated in the
apoptotic cells. For example, caspase-9 activation suggests the involvement
of mitochondria in the induction of apoptosis. To examine if caspases play a
role in rPIV5VΔC induced apoptosis, HeLa cells were mock-infected or
infected with PIV5 or rPIV5VΔC. After the infection, the cells were treated with
DMSO (solvent for FMK-VAD) and FMK-VAD (a general caspase inhibitor) for
2 days. At 2 dpi, the cells were photographed. As shown in Fig. 2-6D, little cell
death was detected in general caspase inhibitor treated rPIV5VΔC infected
cells as well as PIV5 infected cells, however in DMSO treated rPIV5VΔC
infected cells, dramatic cell death was detected (Fig. 2-6D). In other words,
rPIV5VΔC induced CPE can be inhibited by general caspase inhibitor FMKVAD, indicating that caspases play an important role in rPIV5VΔC induced
apoptosis.
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Figure 2-6 Caspase 3 activity in rPIV5VΔC infected HeLa cells. HeLa or
U3A cells were mock infected or infected with PIV5 or rPIV5VΔC at an MOI
of 5. The cells were collected at the times indicated and caspase-3 assay was
performed as described in Materials and Methods. (A) HeLa cells (B) U3A
cells (D) Inhibition of apoptosis by caspase inhibitors. Mock-, PIV5-, or
rPIV5VΔC infected HeLa cells were treated with DMSO (the solvent for
caspase inhibitor), DEVD (caspase-3 inhibitor) (100uM) or VAD ( a general
caspase inhibitor) (50uM) and photographed at 2 dpi and (C) the same cells
were collected and stained with trypan blue to assay for the dead cells.
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2.3.7 Caspase-3 was activated, but the activation is
not required for rPIV5VΔC induced apoptosis

The activity of caspase-3, a major effecter caspase, in mock-, PIV5-, or
rPIV5VΔC infected cells was examined. Increased caspase-3 activity was
detected in rPIV5VΔC infected HeLa cells and U3A cells but not in mock- or
PIV5-infected HeLa or U3A cells, suggesting that caspase-3 might play a role
in apoptosis induced by rPIV5VΔC (Fig. 2-6A and B). Furthermore, activation
of caspase-3 was confirmed by immunoblotting using anti-caspase-3 antibody.
FMK-DEVD, a specific inhibitor against caspase-3, did not block apoptosis
induced by rPIV5VΔC (Fig. 2-6C, D), suggesting that caspase-3 is not an
essential regulator for rPIV5VΔC induced apoptosis. Since the general
caspase inhibitor FMK-VAD can inhibit the apoptosis induced by rPIV5VΔC, it
indicates that a caspase or caspases other than caspase-3 are responsible for
rPIV5VΔC induced apoptosis.

2.3.8 Caspase 1, 2, 4, 5, 6, 7, 8, 9, 10, 11, and 13 are not
required for the apoptosis induced by rPIV5VΔC

To identify the caspase that is activated in rPIV5VΔC infected HeLa cells,

48

caspase activity assays were carried out and the results are summarized in
Table 2-1. There are 14 identified casapses and activity assays were carried

Table 2-1 Caspase activity assay

out on 12 casapses. Caspase-14, a keratinocyte-specific caspase, is not
expressed in differentiated adult cells (Hu et al., 1998), and there is no
available activity assay for casapse-12. While increased caspase-2 and
caspase-3, -7 activities were detected in rPIV5VΔC infected cells compared to
the results seen with mock infected and PIV5 infected cells, neither individual
inhibitor against the caspases nor the combination of caspase-2 and -3
inhibitors inhibited rPIV5VΔC induced apoptosis (Fig.2-7A, B and Table 2-2),
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Table 2-2 Caspase inhibitor assay

suggesting that caspase-2 and caspase-3 were not responsible for rPIV5VΔC
induced apoptosis. The levels of activity of caspase-2 and 3 inhibitors were
measured, and the inhibitor were found to be effective as shown in Fig.2-7C,
D. Activities of caspase 1, 4, 5, 6, 8, 9, 10, 11 and 13 were not detected in the
infected cells, although it is possible that the assays were not sufficiently
sensitive. To examine the involvement of these caspases in rPIV5VΔC
induced apoptosis, specific inhibitors against these caspases were applied to
the infected cells; the results are summarized in Table 2-2. None of these
specific caspase inhibitors blocked CPE caused by rPIV5VΔC infection except
for the general caspase inhibitor.
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Figure 2-7 caspase-2 activity in rPIV5VΔC infected HeLa cells. (A)
Combinations of caspase 2 and caspase 3 inhibitors did not block rPIV5VΔC induced cell death. Mock-, PIV5-, or rPIV5VΔC-infected HeLa cells were
treated with DMSO, VAD (at 50 uM), or VAVAD (caspase 2 inhibitor at 80
uM) plus DEVD (caspase 3 inhibitor at 80 uM). Pictures were taken at 1 dpi.
(B) The cells shown in panel A were stained with trypan blue and counted. (C)
The effectiveness of caspase 2 inhibitor. The caspase 2 activities of the cells
shown in panel A were measured using activity assays as described in
Materials and Methods. (D) Caspase 3 activities of the cells shown in panel A.
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2.3.9 Caspase-12 was activated in rPIV5VΔC infected
HeLa cells

Due to the lack of an enzymatic activity assay for caspase-12, the activation
of caspase-12 was examined by immunoblotting using antibodies specific for
caspase-12. The inactive form of caspase-12 (pre-caspase-12) is ~60 kDa
and is activated by cleavage of its N-terminal prodomain. The active form of
caspase-12 is ~50kDa, and it can be further cleaved into a small subunit and
a ~35kDa subunit (Rao et al., 2001). When two different antibodies against
pro-caspase-12 were used, the inactive form of caspase-12 was not detected
in rPIV5VΔC infected cells whereas proteins of the expected mass of procaspase-12 were detected in mock or PIV5 infected cells, suggesting that
caspase-12 was activated in rPIV5VΔC infected cells (Fig. 2-8A). A
polypeptide species of ~35kDa, corresponding to the mass of the large
subunit of active form of caspase-12, was observed in rPIV5VΔC infected
cells as shown in Fig. 2-8B.
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Figure 2-8 activation of caspase-12 in rPIV5VΔC infected HeLa cells. HeLa
cells were mock infected (MK) or infected with PIV5 or rPIV5VΔC at MOI=5. The
cells were collected at 1 dpi and 2dpi and subjected to immunoblotting as described
in Materials and Methods. (A) antibody specific for pro-caspase-12 from sigma
(clone 14F7; cat # C7611) (B) antibody specific for pro-caspase-12 from oncogene
(Cat # PC557T). Note: Non-specific proteins were also detected with antibody.
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2.3.10 ER stress in rPIV5VΔC infected cells

Activation of caspase-12 is often associated with increased endoplasmic
reticulum (ER) stress (Rao et al., 2001). To examine the ER stress in the virus
infected cells, expression levels of major ER stress indicators such as GRP78,
GRP94 and GADD153 (CHOP) were measured using immunoblotting (Hurtley
et al., 1989; Little et al., 1994; Wang and Ron, 1996). Whereas expression
levels of GRP78 and GRP94 increased moderately in PIV5-infected cells
compared with the results seen with mock-infected cells, expression levels of
these proteins were increased dramatically in rPIV5VΔC infected cells,
suggesting that rPIV5VΔC induced ER stress (Fig. 2-9A). Furthermore,
expression of GADD153, which is often associated with cell death after ER
stress, was examined. The result shown in Fig. 2-9B demonstrated that the
expression of GADD153 was increased only in rPIV5VΔC-infected cells.
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Figure 2-9 Increased expression level of ER-stress related proteins. HeLa cells
were mock infected or infected with PIV5 or rPIV5 VΔC at MOI=5. The cells
were collected at 1dpi and subjected to immunoblotting as described in Materials
and Methods. Numbers below the bands are protein expression level relative to
the value for mock infected cells (defined as 1) (A) Anti-Grp 78 and anti-Grp 94
(B) Anti-GADD153.
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2.3.11 ATF3 is upregulated in rPIV5VΔC infected cells

ATF3 is a member of the CREB/ATF family, which can be induced in response
to a variety of stresses including ER stress in vivo and in vitro in mammalian
cells (Hai et al., 1999; Inoue et al., 2004). It has been reported that ATF3 is
involved in accelerating activation of caspases (Mashima, Udagawa, and
Tsuruo, 2001). To examine ATF3 expression in rPIV5VΔC infected cells, ATF3
expression in PIV5 and rPIV5VΔC infected cells were examined by
immunoblotting. As shown in Fig. 2-10A, ATF3 expression is dramatically upregulated in rPIV5VΔC infected cells compared with mock and PIV5 infected
cells. Interestingly, a general caspase inhibitor can’t inhibit ATF3 upregulation
caused by rPIV5VΔC infection, suggesting that ATF3 upregulation is upstream
of caspase activation.

Figure 2-10 Activation of ATF3 in rPIV5VΔC infected cells. HeLa cells were
mock infected (MK) or infected with PIV5 or rPIV5VΔC at MOI=5. The cells were
collected at 24hpi and subjected to immunoblotting against ATF3 and actin
(Control). Note: “+” treated with general caspase inhibitor; “-“ treated with DMSO.
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2.3.12 Mitochondria damage in PIV5 and rPIV5VΔC

Mitochondria are often thought to be the center of intrinsic apoptotic signaling.
Death stimuli are sensed by the Bcl-2 protein family and cause damage to
mitochondria resulting in release of cytochrome c to the cytosol (Bossy-Wetzel,
Newmeyer, and Green, 1998). The released cytochrome c activates Apaf1,
which activates caspase 9 and then activated caspase-9 will activate effector
caspase-3 and finally triggers cell death. Our previous results showed that
caspase-9 and caspase-3 are not required for rPIV5VΔC-induced apoptosis,
suggesting that mitochondria do not play a determining role in rSV5VΔCinduced apoptosis. However, this cannot exclude that mitochondria may play
a secondary role in rSV5VΔC-induced apoptosis, perhaps through an
unidentified caspase. To examine the role of mitochondria in rSV5VΔCinduced apoptosis, HeLa cells were mock infected or infected with PIV5 or
rPIV5VΔC and the infected cells were collected at 24 hpi (hours post infection)
and 36 hpi and then stained with JC-1 (www.biomol.com, Plymouth Meeting,
PA). When cells undergo apoptosis, mitochondria lose membrane potential
(MMP) which is important for mitochondria to carry out their biological
functions, which can be detected using JC-1 staining. In normal cells, JC-1
enters the negatively charged mitochondria and accumulates inside of
functional mitochondria with intact MMP and forms aggregates, which give a
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red fluorescence. However, when mitochondria are damaged, MMP is lost
and JC-1 disperses in the cell, which give a green fluorescence. First the
mitochondria damage in PIV5 infected cells were examined. As shown in
Fig.2-11, both PIV5 and rPIV5VΔC induced mitochondria damage at 24 hpi
compared with mock infected cells. However in rPIV5VΔC infected cells, the
mitochondria damage (~50%) is more than PIV5 infected cells (~20-30%),
suggesting that PIV5 V protein may also play a role in inhibiting rPIV5VΔC
induced mitochondria damage in HeLa cells.
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Figure 2-11 Mitochondria changes in rPIV5VΔC infected cells. HeLa cells were
mock infected or infected with PIV5 or rPIV5VΔC at MOI=5. The cells were
collected at 24hpi and subjected to JC-1 staining as described in Materials and
Methods. Mitochondria damage is qualified and graphed.

59

CHAPTER 3:
V, AKT AND PIV5 REPLICATION

60

3.1 Introduction

It is well documented that host proteins play an important role in the RNA
synthesis of paramyxoviruses. When purified HPIV-3 RNP complex is
examined for transcription activity in vitro, very little transcripts of the full
length mRNA were synthesized. However, the transcriptase activity was fully
restored upon the addition of soluble cytoplasmic protein from mock-infected
cells to the purified RNP complex (De, Galinski, and Banerjee, 1990). It has
been reported that tubulin is required for Measles virus RNA synthesis since
an anti-beta-tubulin monoclonal antibody inhibits viral RNA synthesis and the
addition of purified tubulin stimulates measles virus RNA synthesis in vitro
(Moyer, Baker, and Horikami, 1990). The measles virus (MeV) -restricted
phenotype exhibited by the MODE-K cell line suggests that a cellular factor
besides tubulin contributes to MeV RNA synthesis (Vincent et al., 2002). Host
protein requirements are also reported in Sendai virus (SeV) (Park et al., 1991)
and Respiratory syncytial virus (RSV) (Barik, 1992). Using a mini-genome
system, it has been shown that the V protein inhibits viral RNA synthesis (Lin
et al., 2005). While it is not clear how the V protein regulates viral RNA
synthesis. Work in our lab suggested that host factors are involved in the
regulation of viral RNA synthesis by PIV5 V protein and Akt is identified to
interact with PIV5 V protein.
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Akt, also known as protein kinase B (PKB), was first discovered in retrovirus
AKT8 as a viral proto-oncogene, capable of transforming certain cells (Staal
and Hartley, 1988). Identification and cloning of the Akt gene showed that the
Akt gene sequence has high homology to protein kinase A (PKA) and protein
kinase C (PKC) (Brazil, Park, and Hemmings, 2002), so AKT is also named
PKB (Hanada, Feng, and Hemmings, 2004). Three mammalian Akt genes
(AKT1, AKT2 and AKT3 or AKT-alpha, AKT-beta and AKT-gamma) have been
identified and they all have serine/threonine kinase activity. Their distribution
are characterized by RT-PCR (Yang et al., 2003). AKT1 and AKT2 are
constitutively expressed with higher AKT2 level in insulin target tissues such
as fat cells and liver. There is high level of AKT3 in the brain (Yang et al.,
2003). AKT proteins are highly conserved from C. elegans to humans except
the Yeast (Hanada, Feng, and Hemmings, 2004), suggesting that AKT
proteins have very important functions.

All Akt isoforms contain a pleckstrin homology (PH) domain which interacts
with membrane lipid such as PIP2 (phosphatidylinositol-3,4-bisphosphate)
and PIP3 (phosphatidylinositol-3,4,5-triphosphate) (Hanada, Feng, and
Hemmings, 2004). The center region is the kinase domain or catalytic domain,
which contains a conserved threonine residue. The activation of AKT protein
requires that these threonine residues be phosphorylated. The C terminal
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region of AKT forms a regulatory domain that contains a proline rich region
and a hydrophobic motif with a conserved sequence. The serine or threonine
residue in this motif must be phosphorylated in order to activate kinase activity
of AKT.

Activation of AKT by phosphorylation of T308 and S473 occurs at the cell
membrane and usually as a result of a ligand binding to a receptor tyrosine
kinase (RTK) (Hanada, Feng, and Hemmings, 2004). These receptors bind to
a diverse group of ligands, which include a variety of growth factors. Binding
of ligand to a RTK causes autophosphorylation of tyrosine redisues on the
intracellular

domain of the receptor (Brazil and Hemmings, 2001).

Phosphoinositol 3-kinase (PI3K) is recruited to the phosphotyrosine residues
via SH2 domians in the regulatory domain (p85), and is targeted to the inner
cell membrane. Binding of the p85 subunit of PI3K to the phosphorylated RTK
leads to conformational changes in the catalytic domain of PI3K (p110) and
consequent kinase activation (Brazil and Hemmings, 2001). Activated PI3K
can generate PIP2 and PIP3 which can recruit AKT to the cell membrane.
PIP2 and PIP3 can also recruit PDK1 to the inner surface of the cell
membrane. PDK1 is a 63 kDa serine/ threonine kinase and a regulator of Akt
kinase activity (Nicholson and Anderson, 2002). PDK1 is one of the activating
kinases of AKT and functions by phophorylating Thr308 in the catalytic
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domain of AKT. Localization of AKT and PDK1 to the cell membrane is a
requirement for the Thr308 phosphorylation. AKT without a PH domain can be
phosphorylated by PDK1 in the absence of phopholipid, suggesting that the
AKT PH domain can inhibit its phosphorylation on Thr308. Ser473 of AKT is
phosphorylated by the rictor-mTOR complex in a rictor- and mTOR-dependent
fashion and facilitates phosphorylation of Thr308 by PDK1 (Sarbassov et al.,
2005).

The PI3K–Akt pathway is used by many cell types for blocking apoptosis and
cellular survival. It has become evident that many viruses also up-regulate this
pathway to maintain long-term infections (Darr, Mauser, and Kenney, 2001;
Dawson et al., 2003; Zhang, Spandau, and Roman, 2002) and create an
environment favorable virus replication and growth. For instance, Human
cytomegalovirus (HCMV) infection strongly activates PI3K via phosphorylation
of its p85 subunit, which results in subsequent Akt, p70 S6 kinase activation.
The activation leads to up-regulation of cellular protein synthesis which is
required for HCMV life cycle (Johnson et al., 2001). Nef protein of HIV can
bind directly to the C terminus of PI3K p85 subunit and inhibition of PI3K-Akt
pathway in Jurkat cells reduces the virus production (Linnemann et al., 2002).
It is reported that RSV induced NF-κB activation is dependent on the PI3K-Akt
signaling in A549 cells, which is supposed to inhibit apoptosis in the initial
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infection of RSV. Inhibition of this pathway will rapidly increase the apoptotic
response (Thomas et al., 2002), suggesting that PI3K-Akt signaling increases
cell survival to provide a favorable environment for RSV growth. In this work,
the role of Akt in the PIV5 RNA synthesis was investigated.
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3.2 Materials and methods

3.2.1 Plasmids, viruses and cells

Plasmids expressing V, P and GFP have been described before (Lin et al.,
2005). Genes for Akt1 (accession number NM_001014432), MPAK1
(accession number NM_002745) and PIP3E (accession number NM_015553)
were obtained from Invitrogen (Carlsbad, CA) and OriGene Technologies, Inc.
(Rockville, MD) and cloned into expression vector pCAGGS with FLAG or HA
tag when necessary following standard molecular cloning procedures. The V
mutant (R172A, R173A and S176S) was created using a four-primer PCR as
described before (He et al 1995). Generation of rPIV5-R-Luc, which contains
a R-Luc gene between HN and L of PIV5, was similar to the generation of
rPIV5-GFP (He et al., 1997), which contains GFP between HN and L of PIV5.
PIV5 and rPIV5-R-Luc were grown in MDBK cells as before (He et al., 1997).
MuV and MeV were grown and titrated in Vero cells; RSV was grown in Hep2
cells and titered in Vero cells. VSV was grown and titrated in BHK cells. SeV
was grown in eggs and titers were determined using HA assay. HeLa, MDBK
and Vero cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen Inc., San Diego, CA) with 10% fetal bovine serum (FBS),
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100 I.U/ml Penicillin and 100 μg/ml Streptomycin at 37 °C with 5% CO2. BHK
cells were maintained in the same media plus 10% tryptose phosphate. BSR
T7 cells were maintained in the same media as BHK cells plus 0.4 µg/ml
G418 (Genetecin, Invitrogen Inc., San Diego, CA) to maintain T7 RNA
polymerase expression as described in Buchholz et al (Buchholz, Finke, and
Conzelmann, 1999). After infection, FBS concentration was reduced to 2%.

3.2.2 RT-PCR

To examine the isoforms of Akt in HeLa cells, total RNA was extracted from
HeLa cells using RNeasy mini kit from Qiagen (Cat# 74106). With a one tube
RT-PCR kit from invitrogen, AKT1, AKT2 and AKT3 was analyzed using
mRNA specific primers for AKT1: Forward: 5’-GCTGGACGATAGCTTGGA-3’,
Reverse:

5’-GATGACAGATAGCTGGTG-3’; AKT2: Forward:

5’-GGCCCC

TGATCAGACTCTA-3’, Reverse: 5’-TCCTCAGTCGT GGAGGAGT-3’; AKT3:
Forward: 5’-GCAAGTGGACGAGAATAAGTCTC-3’, Reverse: 5’-ACAATGGT
GGGCTCATGACTTCC-3’; GADPH (Control): Forward: 5’-CGACCACTTTGT
CAAGCTCA-3’, Reverse: 5’-AGGGGAGATTCAGTG TGGTG-3’ at 50°C for
30 min. and then 94°C 45 sec, 55°C 45 sec, 72°C 45 sec for 30 cycles. RTPCR product was loaded on a 1% agarose gel.
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3.2.3 siRNA and inhibitors

siRNAs against Akt1 along with control siRNA were purchased from
Dharmacon (Lafayette, CO). Cells were transfected with 100 nM siRNA using
Oligofectamine (Invitrogen, Carlsbad, CA) following protocols provided by the
manufacture. Briefly, cells in 24-well plates at about 30-50% confluency were
washed once with Opti-MEM medium and incubated in 400 µl of Opti-MEM. 5
µl of GL3 siRNA or Akt1 siRNA (10 µM stock) for each well in 24-well plate
was mixed with 95 µl of Opti-MEM for 5 min at room temperature. Meanwhile,
2 µl of Oligofectamine were mixed with 10 µl of Opti-MEM. The mixture was
added to the siRNA mixture and incubated for 15 min at room temperature.
The mixture of siRNA and Oligofectamine was added to the cells. After 6
hours incubation, 250 µl of DMEM with 30% FBS was added to the cells. At 2
days post transfection, the transfected cells were infected with PIV5 or rPIV5rLuc

at

5

MOI.

The

transfected/infected

cells

were

collected

for

immunoblotting or luciferase assay at 1 day post infection. Inhibitors against
Akt were purchased from CalBiochem, Inc. (San Diego, CA) and inhibitors
against PI3K (LY294002 and Wortmannin) were purchased from Sigma (St.
Louis, MO). The compounds were dissolved in DMSO. The cells were
incubated with inhibitors at concentration indicated after virus absorption.
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3.2.4 Luciferase Assay

To examine the effects of Akt inhibitors on PIV5 replication, cells were infected
with rPIV5-R-Luc at 1 MOI and incubated with Akt inhibitors. The cells were
lysed and assayed for luciferase activity using Renilla Luciferase Assay
System from Promega (CAT# E2820, Madison, WI, USA) following
instructions from the manufacture. A mini-genome system of PIV5 containing
renilla luciferase (R-luc) (Lin et al., 2005) was used to examine the effects of
Akt inhibitors on viral RNA synthesis. The BSR T7 cells in 24-well plates were
transfected with plasmids encoding NP, P, L, and pMG-R-Luc as well as a
firefly luciferase gene (F-Luc) under control of a T7 promoter as a transfection
control (Promega). The cells were collected and dual luciferase assays were
carried out using Dual –Luciferase Reporter Assay System (CAT# E1960,
Promega) according to manufacture’s protocol. Ratios of R-Luc to F-Luc are
used as relative luciferase activity. To examine the effects of the Akt protein on
the mini-genome system, a plasmid encoding Akt1 was transfected into the
cells with mini-genome and the V plasmid. The amount of the V plasmid was
maintained constant and pCAGGS-GFP plasmid was used to balance the
amount of total transfected DNA.
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3.2.5 Immunobloting

For immunoblotting of viral proteins and Akt1, the cells were mock infected or
infected with PIV5 with an MOI of 5 and then lysed in 500 µl of protein lysis
buffer (2% sodium dodecyl sulfate, 62.5 mM Tris-HCl, pH 6.8, 2% dithiothreitol)
and sonicated briefly to shear DNA. Up to 100 µl of the lysate was resolved in
15% SDS-PAGE and subjected to blotting with rabbit anti-PIV5 antibody and
Akt antibody as described above.

3.2.6 Immunoprecipitation

To detect protein interactions, cells were lysed and processed for
immunoprecipitation as described before (Paterson and Lamb, 1993; Ulane
and Horvath, 2002). The cells transfected with plasmids encoding V, Akt1 or
vector were metabolically labeled with
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S-Met and

35

S-Cys for 3 hours at 24

hours post-transfection. The cells were lysed with WCEB buffer (whole cell
extraction buffer: 50mM Tris-HCl, pH 8; 280 mM NaCl; 0.5% NP-40; 0.2 mM
EDTA; 2 mM EGTA and 10% glycerol) and the lysates were pre-cleared with
40 µl Protein A sepharose beads and 4 µg Mouse IgG (Santa Cruz Biotech,
CA) for 1 hour. The lysates were then precipitated with V specific antibody (pk)
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(Randall and Young, 1988) and Akt1 antibody (Cell Signaling Technology,
Danvers, MA). The precipitated proteins were resolved in 15% SDS-PAGE
and visualized using the Storm PhosphorImager (Molecular Dynamics Inc,
Sunnyvale, CA). For

33

P-labeling, the cells were infected at 5 MOIs and at 1

day post infection, the infected cells were first starved in the media lacking
phosphor for 30 minutes and the labeled with
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P-ortho-phosphor for four

hours. The cells were then lysed and immunoprecipitated as before.

3.2.7 Plaque Assay

HeLa cells (or MDBK cells, or A549 cells) in 6 cm plates were infected with
PIV5 or rPIV5VΔC at M.O.I=5. Just after the infection is done (around two
hours infection), the cells are washed with PBS + for once and then supplied
with DMEM with 2% FBS. At the same time, 300µl medium was collected and
used as 0hpi. At specific time points, the medium was collected and frozen at
-70°C. After collecting all the samples, the sample was diluted in DMEM with
1% BSA with series dilution of 1:10 and then infected BHK cells. After
infection, DMEM with 10%FBS, 10%TPB and 1% Low melt agarose was
added. After 3 to 5 days post infection, the plaques appear and were stained
and counted.
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3.3 Result

3.3.1 Looking for V interacting proteins

Previous data suggested that host proteins might be involved in V’s regulation
of viral RNA synthesis. To understand the mechanism of these inhibitions, it
would be plausible to know with which host protein V can interact. To
investigate potential V interacting proteins, a yeast two hybrid system,
bacteria two hybrid system and in-vitro translation were used but no
convincing interacting partner was found. Recently, using a program which
scans the motifs within a protein under high stringency condition in the
www.scansite.mit.edu, three possible candidate proteins that may potentially
interact with the V protein were identified: Akt1, MAPK1 and PIP3-E. An Akt1
target site at Ser176 (surrounding sequences are GFHRREYSIGWVGDE)
was suggested. Ile83 within the sequence of PKKPRPKIAIVPADD was
suggested to be a potential MAPK1-binding site. Phe170 within the sequence
of RGRDTGGFHRRESI was suggested to be a good PIP3-E binding site.
(Fig.3-1)
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Figure 3-1 Scanning results from Scansite.mit.edu using wild type PIV5 V
protein sequence. The scanning was done under high stringency condition,
which only a site ranking in the best 0.2% of all sites in the database is
selected.

3.3.2 V interacted with AKT1

Work from our lab showed that the region which is essential and sufficient for
the V-mediated inhibition of viral RNA synthesis is within residues 120aa to
222aa of the V protein. Interestingly, the target region for Akt1 within V is
between residues 169 and 183, which are well conserved in all paramyxovirus
V proteins (Tidona et al., 1999). To examine the interaction between AKT1
and V protein, first the gene encoding human AKT1 was cloned into an
expression vector pCAGGS. As shown in Fig. 3-2A, in cells expressing both V
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and AKT1 proteins, V/P specific antibody immunoprecipitated V protein,
together with a

A

B
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Figure 3-2 V and AKT1 interaction. (A) Co-IP of V and Akt1. The HeLa
cells were transfected with vector control (empty vector), or plasmids encoding
V, Akt1, or V+Akt1. The cells were metabolically labeled with 35S-Cys and
35
S-Met and immunoprecipitated with anti-V or anti-Akt1 antibody. The
proteins were resolved in 15% PAGE-SDS. (B) HeLa cells were transfected
with plasmids encoding YFP1-V plus YFP2-Zip, YFP1-Zip plus YFP2-Zip and
YFP1-V plus YFP2-Akt1. Fluorescence was measured using a flow cytometer.
(C) Increasing amount of YFP1-zip (0.2ug, 0.4ug and 0.8ug) or YFP1-AKT1
(0.2ug, 0.4ug and 0.8ug) were used to transfect BSR T7 cells together with
YFP2-V (0.2ug). Percentage of YFP positive cells are graphed. Error bars are
standard deviation of the mean (SEM).

smaller amount of AKT1 protein. Virtually no AKT1 protein was precipitated
from control cells in which only V protein was expressed. In a converse
experiment, Akt1 protein specific antibody immunoprecipitated Akt1 protein,
together with a smaller amount of V protein. To further confirm the interaction
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between V and Akt1, bimolecular fluorescence using a split YFP system was
performed. Plasmids encoding YFP2-V and YFP1-Akt1 were transfected into
HeLa cells and the fluorescence of transfected cells were examined by flow
cytometry. As shown in Fig.3-2B, co-transfection of YFP2-V and YFP1-Akt1
gave rise to fluorescence well above background (YFP1-zip+YFP2-V).
However, it is possible that the different expression level of YFP2-V and
YFP1-Akt caused the detected fluorescence difference. To exclude this
possibility, increasing amount of YFP1-zip or YFP1-AKT1 was transfected into
HeLa cells together with the same amount YFP2-V. As shown in Fig.3-2C,
Increasing of YFP1-zip doesn’t cause any increased YFP fluorescence but the
fluorescence in YFP1-AKT1 and YFP2-V co-transfected cells increased with
increasing YFP1-AKT1 transfected, suggesting that V interacts with AKT1.
The data demonstrate an interaction between the V protein and Akt1,
although it should be noted that these experiments can’t distinguish whether
the interaction is direct or indirect.

3.3.3 Over expression of Akt1 abolished the inhibition
of viral RNA synthesis by V

The expression of the V protein inhibits viral RNA synthesis (Lin et al., 2005).
Whether V-Akt1 interaction plays a role in V’s inhibition of viral RNA synthesis
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in the mini-genome system is not clear. To examine the role of Akt1 in viral
RNA synthesis, a plasmid encoding Akt1 was transfected into cells with the
mini-genome system plus a plasmid encoding the V protein. Expression of
Akt1 abolished the inhibition of viral RNA synthesis by the V protein in a dosedependent manner as shown in Fig.3-3A, suggesting that Akt1 plays a role in
viral RNA synthesis. Furthermore, mutant V protein containing mutations
(R172A R173A and S176A) at the target site for Akt1 lost its ability to inhibit
viral RNA synthesis in the mini-genome system, indicating V and Akt1
interaction plays a critical role in the viral RNA synthesis (Fig.3-3B).
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Figure 3-3 Effect of Akt1 expression of V-mediated inhibition of minigenome system (A) Expression of Akt abrogates the inhibition of viral RNA
synthesis by the V protein. A mini-genome system described before in Lin et al
was used. Total amount of DNA transfected into cells were maintained constant
using a plasmid expressing GFP and a fixed amount of the plasmid encoding V
was used. Luciferase activity of the positive control (no V or Akt1 plasmid)
was set as 100%. (B). Mutation in the Akt target region of the V protein lost its
ability to inhibit viral RNA synthesis. Plasmid encoding a mutant V (R172A,
R173A and S176A) that contains mutations at the target site of Akt1 was
transfected into cells along with the mini-genome plasmids.
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3.3.4 AKT1 plays an important role in regulating PIV5
RNA synthesis

To examine the role of Akt1 in virus RNA synthesis, siRNA against Akt1 was
used to knock down Akt1 in HeLa cells and the effect of the Akt1 knock down
was investigated. The effects of the Akt1 siRNA on viral replication was first
examined using a recombinant PIV5 expressing a reporter gene, Renilla
luciferase (R-Luc)(rPIV5-R-Luc), which was constructed by inserting R-Luc
between HN and L of PIV5 genome. Work from our lab has shown that the
luciferase activities reflect the amount of virus replication. First, the
effectiveness of AKT1 siRNA was examined. Total mRNA of siRNA treated
HeLa cells at 48 hours post transfection was extracted and used as the
template for cDNA synthesis and then real time PCR was carried out using
the cDNA as templates. At 48 hours post siRNA treatment, the mRNA level of
AKT1 in AKT1 siRNA treated cells dropped 99% compared with the mRNA
level of AKT1 in the control siRNA treated cells (Fig. 3-4C). Then the effect of
AKT1 knock-down was examined using the luciferase virus, rPIV5-R-Luc, as
described above. There was about 60% luciferase activity drop in the siRNA
against Akt1 compared with the control siRNA treated cells (Fig 3-4A). To
further confirm the role of Akt in viral replication, the effect of siRNA against
Akt1 on viral protein expression was examined. As shown in Fig. 3-4B, siRNA
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against Akt1 reduced expression of PIV5 viral proteins as well as Akt1,
confirming that Akt1 played an important role in PIV5 replication.
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Figure 3-4 AKT1 knock-down Effect of siRNA against Akt1 on PIV5 protein
exoression. The HeLa cells were transfected with siRNA against firefly
luciferase gene (control) or human Akt1 and then infected with rPIV5-R-Luc at
5 MOIs. At 24 hpi, the cells are lyzed and the luciferase activities are shown
(A) and expression levels of Akt1, PIV5 proteins and actin are shown in (B)
using immunoblotting. The effectiveness of Akt1 knock down was examined
by Real-time PCR shown in (C).
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3.3.5 Three isoforms of AKT protein were detected in
HeLa cells

Human AKT has three isoforms: AKT1, AKT2 and AKT3. It is possible that
AKT2 and AKT3 may compensate for the loss of the AKT1 after siRNA knock
down of AKT1 in HeLa cells. To examine whether all AKT isoforms are
expressed in heLa cells, mRNA from HeLa cells were extracted and used for
RT-PCR with mRNA sequence specific primers. The mRNAs of AKT1 as well
as AKT2 and AKT3 were detected in HeLa cells. As shown in Fig.3-5A, AKT1
is the dominant isoform in HeLa cells and AKT2 and AKT3 are expressed in
relatively lower level, supporting the possibility that AKT2 and AKT3 may
compensate the loss of AKT1 in HeLa cells. To examine this possibility, HeLa
cells were transfected with AKT1, AKT2 or AKT3 siRNA at 100nM and 200nM.
At 48 hours post treatment, the cells were super infected with rPIV5-R-Luc. As
shown in Fig.3-5B, knock-down of AKT2 and AKT3 can also moderately
reduce luceferase activity. Comparing the inhibitory effect at different siRNA
concentration, higher concentration of siRNA gave a strengthened inhibition,
even though it was moderate compared with knock-down of AKT1, suggesting
the possibility that Akt2 and Akt3 have redundant function with Akt1 and can
also regulate PIV5 replication. However, the data suggested that Akt1 is the
major isoform responsible for this effect..
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Figure 3-5 AKT isoforms in HeLa cells and their relationsip with PIV5
replication (A) mRNA was extract from HeLa cells and followed by the RTPCR with AKT1, AKT2,AKT3 and GADPH mRNA specific primers as
described in the Materials and Methods. The same amount of template was
used in each sample. M:100bp DNA marker; 1:AKT1 (383bp); 2:AKT2
(276bp); 3: AKT3 (329bp); C: GADPH (Control) (203bp). (B) increasing
amount of siRNA (100nM and 200nM) was tranfected into HeLa cells and
super infected with PIV5R-Luc virus as described in the Materials and
Methods. The luciferase activity was calculated and graphed.
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3.3.6 PIV5 growth was inhibited by AKT inhibitors

To further confirm the role of AKT in virus replication, a general inhibitor
targeting all AKT isoforms was used. As shown in Fig. 3-6A, addition of the Akt
inhibitor to rPIV5-R-Luc infected HeLa cells reduced the luciferase activity by
more than 90% in rPIV5-R-Luc infected cells in a dosage-dependent manner
comparing to the cells treated with DMSO, the solvent used to dissolve the
AKT inhibitor. Similar inhibitory effects of the AKT inhibitor on viral protein
expression

were

observed

in

wild

type

virus

infected

cells

using

immunoblotting with anti-PIV5 antibody (Fig. 3-6B), confirming the role of Akt
in viral replication. In these experiments, the inhibitors were added after virus
was incubated with cells, indicating the effect of the inhibitors was post-entry.
We also examined the effect of the Akt inhibitor on virus assembly and
budding and found that the Akt inhibitor had little effect on virus assembly and
budding. The role of Akt1 in viral replication was further confirmed when the
Akt inhibitor blocked reporter gene expression from a PIV5 mini-genome
(Fig.3-11). It should be noted that the inhibitor itself does not kill the cells at 24
hours post treatment as shown in Fig. 3-9. Taken together, these results
indicate that Akt likely plays a role in viral replication.
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A

B

C

Figure 3-6 AKT inhibitor inhibit PIV5-R-Luc replication HeLa cells in 12well plate were infected with mock or PIV5-R-Luc at M.O.I=5 and then treated
with DMSO (solvent for AKT inhibitor) or different concentration of general
AKT inhibitor or LY294002 (PI3K inhibitor). The luciferase activity was
calculated and graphed. Error bars are standard deviation of the mean (SEM).
(A) General AKT inhibitor (AKT IV) at increasing concentration (B) PIV5
blotting. (C) Akt IV, AKT V, AKT ½ and Akt XI.
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3.3.7 AKT inhibitor reduced PIV5 titer

To examine the effect of the Akt inhibitors on the growth of virus, MDBK cells,
the optimal cell type for growing PIV5, and HeLa cells, were infected with
PIV5 at 5 multiplicity of infection (MOI) and treated with the Akt inhibitor or
DMSO. The cell media were collected at specific time point for plaque assay
to determine the virus titer. As shown in Fig. 3-7D, addition of the Akt inhibitor
reduced virus titers over 10,000 fold in MDBK cells, indicating that the Akt
inhibitor effectively reduced virus growth, while no cytoxicity of the inhibitor
was observed in the cells at the concentration used. About 10 fold reduction of
virus growth was also observed in HeLa cells (Fig.3-7B).
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Figure 3-7 PIV5 replication and virus titer were inhibited in HeLa cells
and MDBK cells. (A) HeLa cells were infected by Mock or PIV5 at M.O.I=5
and then treated with DMSO or general AKT inhibitor (AKT-I). At 24 hpi, the
cells were collected and followed by immunoblotting with PIV5 specific
antibody. (B) At 0 hpi and 24 hpi, media was taken out from the infected cells
used in (A) and followed by plaque assay as described in the Materials and
Methods. The result was calculated and graphed. (C) MDBK cells in 12-well
plates were infected by Mock or PIV5 and incubated with DMSO or AKT
inhibitor (general AKT inhibitor-AKT-I or AKT1/2 specific inhibitor-AKT1/2).
The luciferase activity was calculated and graphed. Error bars are standard
deviation of the mean (SEM). (D) MDBK cells in 6cm plates were infected by
PIV5 and at 1dpi and 2dpi the media was collected and followed by plaque
assay. (E) the cells used in (C) were collected and followed by immunoblotting
against PIV5 specific antibody.
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3.3.8 AKT inhibitor 1/2, AKT inhibitor V, AKT inhibitor
X and XI had inhibitory effect on PIV5 RNA synthesis

Because of concern over specificity of the Akt inhibitor, effects of additional
Akt inhibitors with different chemical structure (summarized in table 3-1) were
examined. As shown in Fig. 3-6C, inhibitor IV (General Akt inhibitor) inhibited
PIV5 RNA synthesis very well at a concentration of 0.5 μM. Inhibitor V and XI
gave a 50% inhibition at concentration of 20 μM compared with the DMSO
treated cells. Inhibitor 1/2 inhibited PIV5 growth at 10 µM. Even the strength of
inhibition by different inhibitors and the working concentration are different,
this is expected since the inhibitor’s stability and how efficiently the inhibitors
enter the cells and bind to the targets are so different. For instance, we have
found that the Akt V inhibitor may associate with a component in the media
(DMEM plus fetal calf serum) since its effective concentration in media is
much lower than expected. The results shown in Fig. 3-6C further confirmed
the conclusion that AKT plays an important role in regulating PIV5 RNA
synthesis.
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Table 3-1 Akt inhibitor: Name, Structure and functions

Name

M.W.

Inhibitor IV
(general AKT
inhibitor)

614.6

Structure

Description
Cell permeable. inhibits Akt
phosphorylation/activation
by targeting the ATP binding
site of a kinase upstream of
Akt, but downstream of
PI3K . Does not affect PI3K.

(Kau et al., 2003)

Inhibitor 1/2

551.6

Cell permeable and
selectively inhibit AKT1 and
AKT2.

(Barnett et al., 2005)
Inhibitor V

320.3

Cell permeable and inhibit
AKT1, 2, 3. Does not inhibit
upstream activator of AKT

(Karst et al., 2006)
Inhibitor X

381.4

Cell permeable and inhibit
AKT phosphorylation. Inhibit
IGF-1 stimulated AKT
translocation.
(Thimmaiah et al., 2005)

Inhibitor XI

381.7

Cell permeable and inhibit
cancer growth in vivo.

(Barve et al., 2006)

89

Figure 3-9 Cells are not killed by treatment with Akt inhibitor at 24 hours
post treatment. (A) HeLa cells or (B) A549 cells were treated with DMSO,
Akt IV,Akt 1/2, Akt XI or PI3K inhibitors. At 24 hours post treatment, the cells
are collected and stained by trypan blue and viable cells were counted and
graphed.
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3.3.9 Akt inhibitor reduced the replication of mumps
virus and measles virus

MuV is very closely related to PIV5 and the V proteins of PIV5 and MuV are
highly homologous (Lamb and Kolakofsky, 2001). To examine whether Akt
plays a role in MuV replication, HeLa cells were infected with MuV and treated
with the Akt inhibitor. At 1 day post infection (dpi), titers of MuV in the media of
infected cells were measured using plaque assays. Treatment with the Akt
inhibitor reduced MuV replication approximately 10-fold (Fig. 3-8A). Similarly,
the Akt inhibitor reduced both cell-associated and released virus in MeV
infection (Fig. 3-8B), with the released virus being more sensitive to Akt
inhibition. The reasons for this difference are not known, though it is possible
that the less dramatic reduction of cell-associated measles virus is due to the
presence of residual virus from the initial infection. Treatment with the Akt
inhibitor also reduced the growth of SeV. Together, these data indicate that
paramyxoviruses from different sub-families require Akt for efficient viral
replication.
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Figure 3-8 Akt inhibitor inhibited growth of MuV and MeV. (A) Inhibition
of MuV growth. The HeLa cells were infected with MuV at 3 MOI and treated
with DMSO or the Akt inhibitor (0.5 µM). Virus titers were determined using
plaque assays. (B) Inhibition of MeV growth. Vero cells were infected with
MuV at 3 MOI and treated with DMSO or the Akt inhibitor (2 µM). Virus titers
of cell-associated virus and virus in media were determined using plaque
assays.
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3.3.10 Inhibition of RSV and VSV replication by the Akt
inhibitors

To study whether Akt plays a more general role in paramyxovirus replication,
A549 cells were infected with a recombinant RSV containing a green
fluorescence protein (GFP) gene (rRSV-GFP) and then treated with the Akt
inhibitor. As shown in Fig. 3-10A, the Akt inhibitor reduced synthesis of GFP
from the virus infection, indicating the Akt plays a role in RSV replication.
Furthermore, Akt inhibitor treatment blocked the production of RSV virions,
confirming Akt’s role in RSV replication (Fig. 3-10B).

To investigate the role of Akt in the replication of Non-segmented Negative
single-stranded RNA viruses (NNSVs) other than paramyxoviruses, the effect
of the Akt inhibitors on rhabdovirus replication was examined. BHK cells were
infected with VSV at a MOI of 2 and treated with the Akt inhibitor. Interestingly,
the inhibitor effectively blocked cytopathic effect (CPE) induced by VSV
(Fig.3-10C). The general Akt inhibitor (AKT IV) also reduced VSV titers by 3
logs. Additional Akt inhibitors were examined and found to be effective in
blocking VSV replication, ranging from 10- to 20 fold-reduction of viral
replication.
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Figure 3-10 Akt inhibitor inhibited growth of RSV and VSV. Inhibition of
RSV gene expression by the Akt inhibitor. (A) A549 cells were infected with
rRSV-GFP at 3 MOI and treated with DMSO or the Akt inhibitor (Akt IV, 0.5
µM). Expression of GFP was monitored using a fluorescence microscope and
photographed at 1 dpi. (B) A549 cells were infected with RSV A2 at 3 MOIs
and treated with DMSO or AktIV. The media were collected and titers of RSV
were determined using plaque assay. (C) Inhibition of VSV growth. BHK cells
were infected with VSV at 2 MOIs and treated with the AktIV inhibitor at 2
µM. The cells were photographed at 18 hours post infection and titers of virus
from media of infected cells were determined using plaque assays.
.
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3.3.11 Inhibition of phosphorylation of P in PIV5infected cells by Akt inhibitor

The fact that Akt inhibitor inhibits viral RNA synthesis from the mini-genome
system, which does not contain the V protein (as shown in Fig. 3-11),
indicates that the likely target of Akt is not the V protein, but a component of
viral RNA

Figure 3-11 Akt inhibitor inhibited PIV5 replication in the mini-genome
system. BSR T7 cells in 24 well plates were transfected with NP,P,L and minigenome plasmid and DMSO or different AKT inhibitor were added 4 hours post
transfection. The relative luciferase activity was calculated and graphed. Error
bars are standard deviation of the mean (SEM). AKT IV: general AKT inhibitor.
AKT ½: AKT 1 and 2 specific inhibitor. LY: PI3K inhibitor. No L: Negative
control for mini-genome system.
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polymerase complex. Interestingly, Akt plays a role in the replication of RSV
and VSV even though they do not encode V protein homologs. Thus, Akt
likely targets a component of the viral RNA polymerase complex, which is
minimally comprised of the P and L proteins for all NNSVs. In addition, the
phosphorylation of the P protein plays a critical role in viral RNA synthesis.
Since Akt is a protein kinase, we examined the effect of the Akt inhibitor on
phosphorylation of P in PIV5-infected cells. HeLa cells were infected for 18 to
24 hours and then labeled with either 33P-ortho-phosphate or 35S-Met and 35SCys mix in the presence or absence of the Akt inhibitor. Viral proteins were
immunoprecipitated and separated by SDS-PAGE. The Akt inhibitor reduced
phosphorylation of the P protein of PIV5 by 30 to 50 percent while the Akt
inhibitor had no effect on viral protein translation during the same labeling
period (Fig. 3-12A). The same experiment was repeated and the statistical
result is shown in Fig. 3-12B, suggesting that Akt inhibitor affects P protein
phosphorylation in PIV5 infected cells. Similar results were obtained using
RSV P protein (Fig. 3-13).
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Figure 3-12 Akt inhibitor inhibited the phosphorylation of PIV5 P protein.
(A) Effect of Akt on the phosphorylation status of the P protein of PIV5. HeLa
cells were infected with PIV5 at 5 MOIs, and then treated with DMSO or AKT
I (general AKT inhibitor) and labeled with 35S-ProMix or 33P-othorphosphor
for 4 hours. The cells were lysed and immunoprecipitated with anti-P antibody
(B) Five separate experiments similar to (A) was qualified and graphed.
DMSO treated P phosphorylation value was set as 1 or 100%. And T test was
done on DMSO treated or AKT I treated group. P <0.05
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Figure 3-13 Akt inhibitor inhibited the phosphorylation of RSV P protein.
(A) Effect of Akt on the phosphorylation status of the P protein of PIV5. A549
cells were infected with RSV at 3 MOIs and then treated with DMSO or AKT
I (general AKT inhibitor) and labeled with 35S-ProMix or 33P-othorphosphor
for 4 hours. The cells were lysed and immunoprecipitated with anti-RSV
antibody (B) Three separate experiments results from (A) was qualified and
graphed. DMSO treated P phosphorylation value was set as 1 or 100%. And T
test was done on DMSO treated or AKT I treated group. P <0.05
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3.3.12 P is phosphorylated by AKT1 in vitro

Since AKT inhibitor IV inhibited phosphorylation of the P protein in both PIV5
and RSV, we hypothesized that maybe P protein is phosphorylated by AKT1
and inhibition of AKT activity by V will inhibit P phosphorylation. Thus inhibiting
PIV5 RNA synthesis since P is a component of viral RNA synthesis complex.
To examine if P is phosphorylated directly by AKT1, a kinase assay using
purified P protein from bacteria and recombinant active AKT1 protein was
carried out in vitro with

32

P labeled ATP. As shown in Fig.3-14A, the P protein

was phosphorylated by AKT1 directly in vitro. Since there are several weak
bands detected, it was possible that the purified His-P protein is not pure as
expected. To circumvent this issue, the His-P protein was purified by P
specific antibody using immunoprecipitation and then the same in-vitro
phosphorylation experiment was done. As shown in Fig. 3-14B, P protein
which is purified by immunoprecipitation can be phosphorylated directly by
AKT1 in vitro.
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Figure 3-14 Phosphorylation of PIV5 P protein by AKT in vitro. (A)
Increasing amount of purified His-P protein and recombinant active AKT1
were mixed in vitro together with 32P-ATP for 2 hours and the samples were
loaded on a 15% SDS-PAGE gel and then followed by autography. (B) Purified
His-P protein was immunoprecipitated with :1. pk antibody 2. P specific
antibody (P282) 3. Mouse IgG and then mixed with purified Akt together with
32
P-ATP for 2 hours and the samples were loaded on a 15% SDS-PAGE gel. (4.
Akt + His-P; 5. His-P only).
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CHAPTER 4:
CONCLUSION AND DISSCUSION
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4.1 Conclusion

The PIV5 V protein contains a cysteine-rich C-terminal domain which is
conserved among all paramyxoviruses. The V protein can block both
interferon (IFN) signaling by causing degradation of STAT1 and IFN
production by blocking IRF-3 nuclear import. Previously, it was reported that
recombinant SV5 lacking the C terminus of the V protein (rPIV5VΔC) induces
a severe cytopathic effect (CPE) in tissue culture whereas wild-type (wt) PIV5
infection does not. In this study, the nature of the CPE was investigated. Our
results suggested that the CPE induced by rPIV5VΔC is apoptosis but not
necrosis. rPIV5VΔC did not induce apoptosis in wt V transfected cells or coinfection with wt PIV5, indicating that wt V protein can block the apoptosis
induced by rPIV5VΔC. Even though IFN-beta is upregulated dramatically in
rPIV5VΔC infected cells, it is not responsible for rPIV5VΔC induced apoptosis.
Caspases are critical regulators in cell apoptosis and a general caspase
inhibitor inhibited rPIV5VΔC induced apoptosis, suggesting that casapse
plays a critical role in this apoptosis. Further studies with caspase activity
assay, inhibitor assay and immunoblotting showed that caspase-12 was
activated. Since caspase-12 activation is always related with elevated
endoplasmic reticulum (ER) stress, ER stress makers such as GRP78,
GRP94 were up-regulated in rPIV5VΔC infected cells, suggesting that
rPIV5VΔC might induce apoptosis by triggering ER stress.
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Recently, it is reported that PIV5 V protein plays a important role in regulating
PIV5 RNA synthesis in the mini-genome, possibly through a host protein. In
chapter 2, the mechanism of the regulation of viral RNA synthesis by PIV5 V
protein is investigated. The data we have suggested that Akt1, a
serine/theronine kinase, also known as protein kinase B (PKB), interacted
with PIV5 V protein. Both inhibitors and siRNA of Akt1 reduced PIV5
replication, indicating Akt plays a critical role in PIV5 replication. Furthermore,
inhibitors of Akt also reduced the replication of Mumps virus (MuV), Measles
virus (MeV), Respiratory Synthcytial Virus (RSV) and Vesicular Stomatitis
Virus (VSV), indicating that Akt plays an important role in replication of many
non-segmented negative single-stranded RNA viruses (NNSVs). The P
protein of NNSVs is phosphorylated at multiple sites and is a part of viral RNA
polymerase complex.

Inhibition of Akt activity reduced the level of P

phosphorylation, which is known to play a critical role in viral RNA synthesis.
Akt plays important roles in many cellular processes such as cell survival,
metabolism, growth, proliferation and mobility and has been targeted for
cancer therapy. The finding that NNSV replication requires Akt will lead to
better understanding how these viruses replicate, as well as novel strategies
to treat infectious diseases caused by NNSVs.
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4.2 Discussion

4.2.1 V protein and apoptosis

PIV5 V protein is known to interrupt host IFN signaling and production (He et
al., 2002; Ulane and Horvath, 2002). However, increased CPE caused by
rPIV5VΔC in Vero cells, an IFN production-defective cell line, suggests that V
has other functions in addition to circumventing the host IFN response.
Recently, He et al, used four- to six-week-old BALB/c mutant mice
homozygous for a targeted disruption of STAT1 to establish a small animal
model system for studying PIV5 pathogenesis (He et al., 2002). In STAT1-/mice, rPIV5 grew to a titer of 0.44X107 PFU/g of lung tissue whereas
rPIV5VΔC grew only to a titer of 0.14X106 PFU/g. The high titer of rPIV5
compared to that seen with rPIV5VΔC in mice that lack a STAT1 signaling
pathway suggests that the C terminus of the V protein has another function in
the virus life cycle in addition to mediating the anti-IFN activities. We
hypothesize that the additional role of the V protein is that of preventing
apoptosis in infected cells. rPIV5VΔC was less pathogenic in vivo than wild
type PIV5 (even though it caused vastly greater CPE in mouse and human
cells), a finding consistent with the notion of virus clearance by apoptosis of
infected cells in an infected animal (He et al., 2001). In this work, we found
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that HeLa cells infected by rPIV5VΔC underwent apoptosis and that the
apoptosis was inhibited by PIV5 V protein, suggesting that V had an antiapoptosis function. Sendai virus, another paramyxovirus, that lacks the V
gene (rSeVΔV), is viable and grows as well as wild type SeV. However,
rSeVΔV induces increased CPE in culture-grown cells and is attenuated in
animal hosts (Kato et al., 1997). The phenotype of rSeVΔV is very similar to
that of rPIV5VΔC (i.e., increased CPE in culture and attenuated in vivo),
suggesting that SeV V protein might have a function similar to that of PIV5 V
protein in preventing cell death. Recently, a recombinant NDV lacking its V
gene (rNDVΔV) has been recovered that induces increased apoptosis in CEF
cells, suggesting that NDV V has an anti-apoptosis function (Park et al., 2003).
The mechanism by which V protein blocks virus-induced apoptosis is not clear.

Virus infection can activate a variety of cellular signaling pathways that lead to
apoptosis. IFN produced in response to virus infection plays an essential role
in inducing apoptosis in virus infected cells (Barber et al., 2001). The infected
host organisms are thought to inhibit and eliminate viral infection by sacrificing
virus infected cells through apoptosis. However, many viruses have
developed means to delay and inhibit apoptosis to avoid being eliminated
along with their host cells (Benedict, Norris, and Ware, 2002; Roulston,
Marcellus, and Branton, 1999). The exact mechanisms of IFN-promoted
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apoptosis in virus infected cells are not clear. It is thought that IFN can
activate caspases and up-regulate expression of genes with pro-apoptotic
functions such as death factors (Barber, 2001; Dai and Krantz, 1999). In
rPIV5VΔC infected HeLa cells, increased IFN production was detected and
the IFN signaling pathway was intact. However, the induction of apoptosis by
rPIV5VΔC also occurred in U3A cells and in Vero cells and in the presence of
neutralizing antibody against IFN, suggesting that rPIV5VΔC induced
apoptosis in an IFN independent manner. As the apoptotic pathway activated
by rPIV5VΔC was blocked by V expression, we hypothesize that V protein
has an anti-apoptotic function which is distinct from its anti-IFN function. Thus,
PIV5 (an RNA virus) can activate IFN independent apoptotic pathways in virus
infected cells.

Examination of possible involvement of death factors showed that medium
components from rPIV5VΔC infected cells were not sufficient to induce cell
death, suggesting that rPIV5VΔC induced apoptosis through an intrinsic
apoptotic pathway. To identify the intrinsic apoptotic pathway activated by
rPIV5VΔC, the involvement of caspases were examined. Whereas a caspase
is undoubtedly involved in rPIV5VΔC induced apoptosis (as demonstrated by
inhibition of the apoptosis by the general caspase inhibitor Z-VAD-FMK), it is
very intriguing that caspase-3 and caspase-9, two major caspases in the
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intrinsic pathway, were not responsible for rPIV5VΔC induced apoptosis.
Examination by using immunoblotting of caspase 12 indicated that caspase12 is activated. Caspase-12 was first identified in the mouse and was found to
be important for ER stress induced apoptosis (Nakagawa et al., 2000).
Although many reports indicated that caspase-12 has a similar function in
human cells (Bitko and Barik, 2001; Kitamura et al., 2003; Tong, Ding, and
Adrian, 2002), there is a report indicating that (due to a mutation in the active
site of caspase-12) there is no functional human caspase-12 (Fischer et al.,
2002). At present, unfortunately, there is no specific inhibitor available against
caspase-12 to aid in resolving this uncertainty.

In our studies, we used immunoblotting analysis with two different antibodies
to detect activation of caspase-12 in rPIV5VΔC infected cells; inhibitors
against all other known caspases did not inhibit rPIV5VΔC induced apoptosis.
We speculate that caspase-12 is responsible for rPIV5VΔC induced apoptosis.
However, we can not rule out the possibility that an as-yet-unidentified
mammalian caspase might be responsible for rPIV5VΔC induced apoptosis.
As activation of caspase-12 is often associated with ER stress, expression
levels of ER stress related proteins were examined and found to be upregulated in rPIV5VΔC infected cells, supporting the hypothesis that caspase12 is activated in rPIV5VΔC infected cells and that it might play an essential
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role in the induction of apoptosis. It is not surprising that viral infection can
cause ER stress, as large amounts of viral glycoproteins are made in virus
infected cells (as reported previously for PIV5 and for cells infected with other
viruses) (Jordan et al., 2002a; Ng, Randall, and Lamb, 1989; Watowich,
Morimoto, and Lamb, 1991). It is interesting that wild type PIV5 caused a mild
increase of ER stress, as was evident in small increases in expression levels
of GRP 78 and GRP94 (two major host proteins involved in unfolded protein
response [UPR]), and that wild type PIV5 did not induce cell death.

It has been reported that increased expression of GRP 78 can prevent
apoptosis by downregulation of Bax protein, a pro-apoptotic protein. It is also
known that UPR can activate proapoptotic gene expression (such as that of
GADD153), which in turn can induce infected cells to undergo apoptosis
(Jordan et al., 2002a). Expression levels of GADD153 were increased only in
rPIV5VΔC infected cells (consistent with the induction of apoptosis seen in
rPIV5VΔC infected cells). It is not clear how cells regulate expression of
GRP78 and GRP94 to have an anti-apoptotic effect at moderate expression
levels and to have a pro-apoptotic effect at higher expression levels. We
speculate that expression levels of GRP 78 and GRP 94 might determine how
cells respond to ER stress. Regardless of how ER stress and cell death is
regulated, it is conceivable that it is beneficial for viruses to prevent ER stress

109

signaling to prevent host cells from undergoing apoptosis. The V protein of
PIV5 may play a role in eliminating ER stress signaling and enabling PIV5
replication in nonapoptotic cells. Interestingly, it has been reported that human
RS virus, which does not encode a V protein, induces expression of GRP78
(a major indicator of ER stress in A549 cells) and causes cell death. However,
there are other reports indicating that infection by RS virus does not induce
apoptosis (Domachowske et al., 2000; Takeuchi et al., 1998).

It has been reported that mutant PIV5 containing mutations in the shared N
termini of V and P protein (known as CPI- virus) accelerates viral gene
expression and causes increased cell death, with characteristics of apoptosis.
Even though the mutant PIV5 (CPI- virus) is different from rPIV5VΔC, they
may induce cell death through similar pathways. CPI- virus encodes two
mutant proteins, whereas rPIV5VΔC encodes a truncated V protein with a
very short half life. Thus, the phenotype of rPIV5VΔC is likely a result of loss
of V function whereas phenotypes of CPI- virus may be due to gain as well as
loss of functions of both V and P mutant proteins. It is not unexpected that
mutations in the shared N termini of P and V proteins of CPI- virus affect viral
gene expression, as PIV5 P is essential for viral RNA replication and
transcription. It is possible that over expression and early expression of viral
proteins ( including glycoproteins F and HN) in CPI- virus infected cells can
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cause ER stress and trigger cell death in a fashion similar to that seen with
the induction of apoptosis by rPIV5VΔC infected cells ( since it still encodes a
wild type P Protein). Alternatively, increased UPR response in rPIV5VΔC
infected cells may be a result of increased ER stress induced by
overexpression of viral glycoproteins even though the increase was not
obvious in rPIV5VΔC infected cells.

Mitochondria play an essential role in intrinsic apoptotic pathways through
caspase dependent and caspase independent pathways. In rPIV5VΔC
infected cells, apoptosis was caspase dependent but caspase 9 activity was
not detected and an inhibitor against caspase 9 did not affect rPIV5VΔC
induced apoptosis. This suggested that a previously unidentified caspase was
activated through mitochondria, or that mitochondria did not play a
determining role in rPIV5VΔC induced apoptosis. Caspase 12 localizes to ER,
and there is no evidence of its association with mitochondria. At present, it is
not clear how ER stress induced by rPIV5VΔC infection affects mitochondria
function.

4.2.2 V, AKT and PIV5 replication

Akt, a serine/theronine kinase, is activated through phosphorylation at
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different sites within the protein (Brazil and Hemmings, 2001). Since some of
the inhibitors such as the AktIV inhibitor used in the experiment are known to
inhibit phosphorylation of Akt and they also inhibited replication of virus (Kau
et al., 2003), it is likely that phosphorylation of Akt plays a role in viral RNA
synthesis. How and what activates Akt in virus-infected cells are not known. It
is well established that in many circumstances Akt is one of the major
downstream targets for PI3K (Brazil and Hemmings, 2001). Interestingly, two
well known PI3K inhibitors, Wortmannin and LY29002, had no effect on PIV5
replication, indicating a novel pathway or a step downstream of PI3K
activation is responsible for activating Akt in virus-infected cells.

Regulation of the phosphorylation status of P is thought to be key in regulating
the switch by vRNAP from viral mRNA synthesis (transcription) to a viral RNA
replication (Chen, Das, and Banerjee, 1997; Das and Pattnaik, 2004;
Spadafora et al., 1996). P is phosphorylated by host kinases (Lenard, 1999).
There are two regions (N-terminus region, domain I and C-terminus region,
domain II) within the P protein of VSV that are phosphorylated. One of the
host kinases known to phosphorylate the N-terminal region of VSV P is casein
kinase II (CKII) (Barik and Banerjee, 1992). While the host kinase for the Cterminal region has not been identified (Das and Pattnaik, 2005), there are
many hints as to what the host kinase may be. Kim et al first reported that K-
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252a, a broad non-specific kinase inhibitor (isolated from Nocardiopsis sp.),
and its derivative KT5926 have anti-VSV activities in BHK cells (Kim, Sagara,
and Kawai, 1995). CKII, originally thought to be one of the targets of these
compounds, was not inhibited by KT5926 at all and only weakly inhibited by
K-252a, suggesting a host kinase different from CKII is targeted by K-252a
and KT5926. KT5926 is thought to inhibit activity of myosin light chain kinase
(MLCK). However, Teng and Greene have shown that KT5926 inhibits nerve
growth factor-dependent neurite elongation by targeting a host kinase other
than MLCK (Teng and Greene, 1994). Interestingly, the size of the host kinase
targeted by KT5926 matches to the size of Akt (Teng and Greene, 1994).
Riguat et al found that staurosporine, a broad kinase inhibitor, inhibits VSV
RNA synthesis (Rigaut, Gao, and Lenard, 1993). Staurosporine is often
thought as an inhibitor targeting protein kinase A, C and G. However, it has
been reported that staurosporine targets Akt as well (Hill et al., 2001). Our
results that Akt plays a role in VSV replication are consistent with these earlier
reports.

Like other P proteins of paramyxoviruses, RSV P is a major co-factor for
vRNAP and plays an essential role in viral RNA synthesis. Phosphorylation of
P plays an essential role in the functions of P (Dupuy et al., 1999). There are
five major phosphorylation sites within the P protein (Navarro, Lopez-Otin,
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and Villanueva, 1991). Mutating these five phosphorylation sites resulted in a
recombinant RSV that is severely attenuated in animals and is reduced in
growth in tissue culture cells (Lu et al., 2002). Interestingly, this mutant P
protein was still phosphorylated in infected cells, albeit at much lower levels
compared with wild type P (Lu et al., 2002). The P protein purified from
bacteria can be phosphorylated by casein kinase II and this phosphorylated P
is as active as the P protein treated with cell extract (presumably containing
the host kinase that phosphorylates P) in an in vitro viral RNA synthesis assay,
indicating that CKII can phosphorylate P (Mazumder, Adhikary, and Barik,
1994; Villanueva et al., 1994). However, it is not clear whether CKII is the host
kinase that phosphorylates P in infected cells. We found that inhibition of Akt
reduced the phosphorylation of the P protein, indicating that Akt plays a
critical role in the phosphorylation of the P protein in RSV-infected cells.
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Figure 4-1 A model for the involvement of Akt in viral RNA synthesis The
replication of viral RNA and synthesis of viral mRNA require P and L
complex. The phosphorylation status of the P protein plays a critical role in
viral RNA synthesis. Akt phosphorylates P, thus, leading to activation of P. For
viruses encoding the V protein, the V protein can regulate viral RNA synthesis
via its interaction with Akt.

Our data lead us to a specific model for the role of Akt in the replication of
NNSVs (Fig.4-1). Infection of cells by NNSVs results in the activation of Akt.
While the mechanism by which Akt is activated is unclear, PI3K is unlikely
involved as treatment with PI3K inhibitors has no effect on viral replication.
Activated Akt then phosphorylates the viral P protein, which is an essential co-
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factor for the vRNAP, regulating viral RNA synthesis. Since Akt inhibition
causes in a significant decrease in viral protein production, it is possible that
phosphorylation of P by Akt is responsible for regulating the switch between
transcription and RNA replication by the vRNAP in favor of transcription.
Increased transcription would then allow for increased viral protein production
and, subsequently, genome replication and virion morphogenesis. Inhibition of
Akt thus blocks viral replication at an early stage post-entry. In the
paramyxoviruses encode V proteins or other accessory proteins such as W or
C, we propose that these proteins regulate viral RNA synthesis by interacting
with Akt and inhibiting its function, either by decreasing its kinase activity or by
sequestering Akt itself. Thus, we propose that Akt plays a critical role in viral
replication by regulating RNA synthesis through the phosphorylation of the P
protein in infected cells.

The V protein of PIV5 is known to inhibit apoptosis induced by a mutant PIV5
lacking the conserved domain of V (Sun et al., 2004). Akt plays an important
role in many cellular signaling pathways such as apoptosis (Franke et al.,
2003). The interaction between V and Akt is consistent with the role of V in
apoptosis. V is known to be involved in evading innate immune responses
such as blocking interferon production and interferon signaling (Didcock et al.,
1999; He et al., 2002). It will be interesting to examine whether the interaction
between V and Akt plays a role in these processes since it has been reported
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that Akt also plays a role in IFN signaling and production (Kaur, Uddin, and
Platanias, 2005). PIV5 infection slows down the cell cycle and the V protein of
PIV5 is thought to play a critical role in the process as well (Lin and Lamb,
2000a). It is known that Akt affects cell cycle control (Brazil and Hemmings,
2001). It is tempting to speculate that the interaction of V and Akt may
contribute to the slowing down of cell cycle caused by PIV5.

Because of the interest in Akt as a target for cancer therapy, there are many
good compounds targeting Akt with low toxicity and high efficacy and some of
them have been advanced to clinical trials (Cheng et al., 2005). It is possible
that some of these compounds will be effective against infections caused by
Non-segmented negative single-stranded RNA viruses (NNSVs) in vivo. There
are many important pathogens in the NNSV family. Respiratory syncytial virus
(RSV) is the most important etiologic agent of pediatric viral respiratory
infection and remains a major cause of morbidity and mortality among infants
as well as immunocompromised subjects and the elderly (reviewed in (Collins,
Chanock, and Murphy, 2001)). In addition, RSV infection has been associated
with wheezing and asthma later in life. Currently, there is no vaccine for RSV,
nor are there effective curative treatments for severe RSV disease, although
aerosolized ribavirin and prophylactic immunoglobulin therapy are used in the
clinical setting. However, the high cost of palivizumab prophylaxis due to the
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need for monthly injections during RSV season raises the question of costeffectiveness relative to health benefits. Therefore, there is a pressing need
for safe and effective therapeutic interventions to RSV. While MuV and MeV
infections have been well controlled in vaccinated population, MuV and MeV
infection still post a serious health threat in developing counties in which
vaccine coverage is poor. VSV, a livestock pathogen, is a model for rabies
virus, which causes lethal infection in humans and also lacks an effective antiviral drug. The fact that the Akt inhibitor effectively blocked VSV replication
provides a good strategy for developing anti-rabies virus drugs. The effects of
Akt inhibitors were variable in different cells for different viruses. For instance,
in MDBK cells, a bovine cell line that is optimal for PIV5 growth, the Akt
inhibitor had a dramatic effect on virus growth, reducing virus titers by 3 to 4
logs while the same inhibitor only reduced the PIV5 growth by 1 to 2 logs in
HeLa cells. We speculate that the differences are a reflection of how effective
the inhibitors are in various cell types. Further optimization of inhibitors for use
in human for therapy of infectious diseases caused by NNSV will enhance the
potency of the inhibitors as anti-viral drugs. While we have not tested the
effects of Akt inhibitors on DNA virus replication, we do not expect the
inhibitors would be effective against DNA viruses. The AktIV inhibitor was
originally identified as an inhibitor of the FOXO protein nuclear translocation,
in which FOXO was expressed from a recombinant adenovirus (Kau et al.,
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2003). In the report, the inhibitor did not appear to inhibit adenovirus gene
expression.

MeV and VSV have been used as oncolytic agents and some of them have
advanced to clinical trials (Barber, 2004; Fielding, 2005). However, the
underlying reason that causes these viruses to preferentially replicate in
cancer cells is not clear. Since Akt is activated in many cancer cells, one
possibility worthy of further investigation is that Akt is the host factor that
enables selectivity of oncolytic virus on cancer cells over normal cells.
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