
Viruses 2013, 5, 3192-3212; doi:10.3390/v5123192 
 

viruses 
ISSN 1999-4915 

www.mdpi.com/journal/viruses 

Review 

Make Yourself at Home: Viral Hijacking of the PI3K/Akt 
Signaling Pathway 

Nora Diehl and Heiner Schaal * 

Universitätsklinikum Düsseldorf, Institut für Virologie, Universitätsstraße 1, Düsseldorf 40225, 

Germany; E-Mail: nora.diehl@med.uni-duesseldorf.de 

* Author to whom correspondence should be addressed; E-Mail: schaal@uni-duesseldorf.de;  

Tel.: +49-211-81-12393; Fax: +49-211-81-10856. 

Received: 29 October 2013; in revised form: 3 December 2013 / Accepted: 5 December 2013/  

Published: 16 December 2013 

 

Abstract: As viruses do not possess genes encoding for proteins required for translation, 

energy metabolism or membrane biosynthesis, they are classified as obligatory intracellular 

parasites that depend on a host cell to replicate. This genome limitation forces them to gain 

control over cellular processes to ensure their successful propagation. A diverse spectrum 

of virally encoded proteins tackling a broad spectrum of cellular pathways during most 

steps of the viral life cycle ranging from the host cell entry to viral protein translation has 

evolved. Since the host cell PI3K/Akt signaling pathway plays a critical regulatory role in 

many cellular processes including RNA processing, translation, autophagy and apoptosis, 

many viruses, in widely varying ways, target it. This review focuses on a number of 

remarkable examples of viral strategies, which exploit the PI3K/Akt signaling pathway for 

effective viral replication. 
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1. Introduction 

The PI3K/Akt signaling pathway controls numerous cellular processes such as glucose metabolism, 

protein synthesis, and proliferation. Whereas the basal activity ensures cell survival, inactivation of 

PI3K/Akt signaling results in apoptosis. For an infected organism, apoptosis represents an effective 

antiviral instrument which is simple but highly effective. Thus, in order to secure its own replication, 

the virus must prevent or delay apoptosis. This may be achieved by maintaining the basal stimulatory 
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activity of the PI3K/Akt signaling pathway. Since disabling host cell apoptosis is likely to be an 

obligatory step in the viral life cycle [1], regulation of the PI3K/Akt signaling pathway by viruses is 

quite likely to have had a considerable evolutionary impact. In response to this viral hijacking of key 

cellular processes, the PI3K/Akt pathway appears to be involved in the host cell immune response as a 

form of “adaptive strategy” to counteract viral invasion. Thus, when apoptosis is blocked by the virus, 

the PI3K/Akt signaling pathway induces expression of interferon-responsive genes [2–6]. Nevertheless, 

as a large number of viruses rely on PI3K activity for their replication, there would appear to be a 

greater benefit for the virus in activating rather than suppressing the PI3K/Akt signaling pathway. 

PI3K/Akt Signaling 

The family of phosphoinositide 3-kinases (PI3Ks) is divided into three classes, based on  

(i) subcellular distribution; (ii) activating signals; and (iii) substrate specificity (for review see [7]). 

The best studied and presumably most relevant class when concerning viral targeting is the class I of 

PI3Ks, the members of which are composed of a regulatory (p85) and a catalytic subunit (p110) (for 

review see [8]). 

When growth factors or cytokines are sensed by their receptor tyrosine kinases (RTKs) or  

G protein-coupled receptors (GPCRs), PI3K phosphorylates the 3-hydroxyl group of the inositol ring 

of membrane bound phosphatidylinositol (PtdIns) lipid substrates, generating phosphatidylinositol-

3,4,5-trisphosphates (PIP3), which subsequently serve as docking stations for proteins that harbor lipid 

binding domains [8] (Figure 1). The most prominent effector of PI3K is the serine/threonine kinase 

Akt (for review see [9]). After binding of its pleckstrin homology (PH) domain to PIP3, Akt  

becomes phosphorylated at Thr308 by the phosphoinositide-dependent kinase 1 (PDK1) and at Ser473 

by mammalian target of rapamycin complex 2 (mTORC2) leading to its full activation. Notably, 

stimulus-dependent, as in the case of the DNA-damage response, Ser473 is phosphorylated  

by the DNA-dependent protein kinase (DNA-PK) [10,11]. Finally, several downstream targets like 

tuberous sclerosis protein 2 (TSC2; translation), glycogen synthase kinase 3 (GSK3; cell growth), or  

Bcl-2-associated death promoter (BAD; cell survival) and forkhead box protein (FOXO; cell survival) 

are altered in their function through the Akt-mediated phosphorylation. Termination of this signaling 

cascade can occur through the dephosphorylation of PIP3 either by the phosphatase and tensin 

homolog (PTEN) or the Src homology domain 2 containing inositol-5-phosphatase (SHIP). Akt 

activity can also be directly abolished through its dephosphorylation carried out by phosphatases like 

the protein phosphatase 2A (PP2A) or the H domain and leucine-rich repeat protein phosphatase 

(PHLPP) [12,13]. 

2. Viral Entry 

In the course of the virus life cycle, viral attachment to the host cell is the earliest time point at 

which host signaling pathways are activated. Interaction with the viral receptor embedded within the 

host cell membrane activates and triggers a signaling cascade coincident with viral entry to set the 

stage for a favorable cellular environment for viral needs. For example, within a minute after HIV-1 

exposure, more than 200 phosphorylation sites are modified in T-cells, with the potential to alter 

several cellular processes immediately after infection and thus to support viral replication [14]. 
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Figure 1. Schematic drawing of the PI3K/Akt signaling pathway. The phosphatidylinositol 

3-kinase (PI3K) is activated through receptor-binding (receptor tyrosine kinases (RTKs) or 

G protein-coupled receptors (GPCR), sidled blue line) by growth factors (GF) or cytokines 

(CY) resulting in phosphorylation of PIP2. PIP3 subsequently serves as a second messenger 

allowing the binding of pleckstrin homology domain-containing proteins like Akt. Thereby 

the latter undergoes conformational changes leading to its phosphorylation and activation 

by PDK1 and mTORC2. Akt finally participates in the regulation of cellular processes like 

translation, cell growth and apoptosis by phosphorylating further proteins. Termination of 

the signaling cascade can either occur through the dephosphorylation of PIP3 by the 

phosphatase PTEN or SHIP, or further downstream through the dephosphorylation of Akt 

by PHLPP or PP2A. 

 

In general, enveloped viruses can enter their host cell via two routes (for review see [15]). Using a 

pH-independent route, the virus attaches to its host cell and by interacting with its corresponding  

host-cell receptor induces conformational changes of the viral glycoprotein causing the fusion of the 

viral envelope with the plasma membrane of the target cell. This directly leads to the delivery of the 

capsid into the cytoplasm followed by its uncoating. In a second route which is pH-dependent, the 

virus enters the cell via endocytosis, a process essential in eukaryotes to internalize extracellular 

molecules. In this process the virus is first engulfed into early endosomes, which later on mature into 

late endosomes with a low pH, inducing the necessary conformational change of the viral glycoprotein 

to induce fusion of the viral and endosomal membranes. Non-enveloped viruses can also enter through 

endocytotic mechanisms, however they cross this internal membrane by pore formation or penetration 

of the membrane [15] (Figure 2). 

In immunological terms, endocytosis represents an inconspicuous way of entering a host cell by 

delaying the immune recognition of infection but still guarantees a subsequent ferry to subcellular sites 

of viral replication (for review see [16]). The success of this pathway may explain its use by a 

multitude of viruses. Importantly, the attachment of the virus to the host cell membrane not only seems 

to be a suitable instance for activating the PI3K/Akt signaling pathway for already triggering a desired 

cellular surrounding; rather it seems that the pathway is directly involved in the entry of various 

viruses by facilitating endocytotic uptake. 
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Figure 2. Overview of viruses utilizing the PI3K/Akt signaling pathway during host cell 

entry. (a) Viruses using the pH-dependent route to enter the host cell are engulfed in 

endosomes and released inside the cell. Attachment of influenza A or vaccinia virus 

(VACV) results in a clustering of lipid rafts at the cell surface (here: accentuated part of the 

membrane), which is followed by PI3K/Akt-supported endocytosis. Inhibition of PI3K 

(LY294002 or Wortmannin) reduces the infection by both viruses. The endosomal entry of 

Hepatitis C virus (HCV), Avian leucosis virus (ALV), and African swine fever virus 

(ASFV) is also diminished after inhibition of this signaling pathway. In the case of Zaire 

Ebola virus (ZEBOV) the signaling pathway is important for further trafficking into the 

cell as inhibition traps virus particles in vesicular compartments; (b) Likewise, the  

pH-independent entry of herpes simplex virus 1 (HSV-1)—carried out through fusion of 

the viral envelope with the plasma membrane—relies on PI3K activity. The receptor 

binding of human immunodeficiency virus (HIV-1) already affects several hundred 

intracellular phosphorylation events, which potentially support the viral life cycle. The 

respective viral receptors are shown in green. 

 

This is the case for the enveloped influenza A virus, whose binding to its sialic acid receptor results 

in the clustering of plasma membrane lipid rafts [17] (Figure 2). These are small domains within the 

plasma membrane enriched for cholesterols and glycosphingolipids [18]. As they contain different sets 

of proteins—mainly signaling molecules—lipid rafts are thought to be involved in signal transduction 

(for review see [19]). The clustering of such lipid rafts after influenza A attachment subsequently leads 

to the activation of at least two RTKs followed by signaling events through the PI3K/Akt signaling 

pathway, which promote viral internalization [20], supported by the cross-interaction of PI3K with the 

Ras signaling pathway [21]. Moreover, acidification of the endosomal interior, necessary for fusion of 

the viral and endosomal membranes is in part controlled by ERK and PI3K by upregulating the 

vacuolar H+-ATPase activity. Based on immunoprecipitation experiments using extracts from the 

epithelial cell lines MDCK and A549, direct interactions between the phosphorylated forms of  

ERK 1/2 and the PI3K p85α subunit with the E subunit of this proton pump have been shown [22]. 
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Infection with the enveloped vaccinia virus (VACV) also causes a clustering of lipid rafts at the 

host plasma membrane, leading to co-localization of virus and raft-associated integrin β, which finally 

activates the PI3K/Akt signaling pathway to support endocytosis of the virus [23,24]. 

The enveloped Zaire Ebola virus (ZEBOV) likewise enters the host via the cellular endocytotic 

pathway. In this case, the PI3K/Akt signaling pathway appears to be essential for a step immediately 

after viral uptake, as inhibition of the cascade leaves virus particle stuck in vesicular compartments, 

compatible with an arrest of further trafficking within the cell [25]. Recently an early and transient 

activation of Akt by the enveloped hepatitis C virus (HCV) was also reported, which is most certainly 

achieved through an interaction between the viral envelope protein E2 and its cellular co-receptors 

CD81 and claudin-1. This early activation is essential for HCV entry, whereas later in infection Akt 

activity seems dispensable [26]. 

Infection with the enveloped, acute-transforming oncogenic retrovirus, avian leucosis virus (ALV), 

results in a transient, PI3K-dependent phosphorylation of Akt as early as 15 minutes post infection. 

Moreover, treatment of cells with either PI3K inhibitor LY294002 or Wortmannin prior to infection 

significantly reduces viral replication in a dose-dependent manner [27], pointing to a role of the 

pathway during the entry mechanism. 

The enveloped herpes simplex virus type-1 (HSV-1) attaches to the cell by heparan sulfates leading 

to the fusion of the viral envelope with the plasma membrane. In addition to this, the infection is 

accompanied by cytoskeletal changes facilitating filopodia formation and thus membrane fusion. The 

filopodia formation leads to the activation of Rho-GTPase signaling [28]. The PI3K signaling pathway 

seems to be involved in both, as inhibition prior to infection blocks Rho-GTPase signaling, reduces 

filopodia formation and thus RhoA activity [29]. Activation of signaling events typical of 

macropinocytosis also seems to be activated directly, following cellular entry of the highly pathogenic 

African swine fever virus. This virus not only induces two critical effectors, Pak1 and Rac1, which link 

Rho-GTPases to cytoskeleton reorganization and thus membrane perturbations and actin remodeling, 

but also to the EGFR and PI3K/Akt pathway. Consequently, specific inhibitors of EGFR, i.e., 324674 

or the phytoestrogen genistein, as well as inhibition of PI3K with LY294002, analyzed by the 

phosphorylation status of its specific substrate PIP2, efficiently reduced viral uptake [30]. 

Although the molecular mechanisms within the PI3K pathway leading to endocytotic uptake still 

remain elusive in many cases, the usage of this pathway for assisting viral uptake seems to be a 

widespread viral strategy [20,21,23,25–27,29,30] (Figure 2). 

3. Pre-mRNA Splicing 

Eukaryotic pre-mRNA splicing is a process during which introns are removed and the flanking 

exons ligated to form the mature mRNA. Alternative splicing enables differential usage of splice sites, 

thus generating various transcript isoforms originating from one genetic template and increasing the 

proteomic diversity (for recent review see [31]). 

The usage of alternative splice sites is regulated by trans-acting splicing factors like SR (serine 

arginine rich) proteins or hnRNPs (heterogeneous nuclear ribonucleoproteins) which bind to  

cis-regulatory elements in the neighborhood of the splice sites (for review see [32]). Both classes of 

these splicing regulators show dual and antagonistic functionality in a strict position-dependent  
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manner [33]. Accordingly, expression, positioning and activity of these proteins are critical to splice 

site selection. A growing body of evidence reveals the contribution of signaling pathways controlling 

alternative splicing by transmitting incoming signals to the splicing machinery. This allows a faster 

reaction to changing environmental conditions as transcript variants of different stability or protein 

isoforms can be generated in the absence of a new round of transcription. 

In response to extracellular stimuli, Akt indirectly acts on splicing regulation by phosphorylating 

serine/threonine-protein kinase 2 (SRPK2) or by inducing the autophosphorylation of serine/threonine-protein 

kinase 1 (SRPK1), leading to the translocation of both kinases into the nucleus thus modifying SR 

protein activities [34,35]. Furthermore, SRSF1, SRSF7 and SRSF5 can directly be phosphorylated by 

Akt itself [36–38] (Figure 3). 

Figure 3. PI3K/Akt contribution to the regulation of alternative splicing and viruses 

utilizing the pathway for splicing regulation. After PI3K-mediated phosphorylation, Akt 

indirectly—through SRPK1/2—or directly phosphorylates SR proteins resulting in their 

translocation into the nucleus where they bind to corresponding pre-mRNAs. hnRNP 

proteins can also be targeted by Akt-mediated phosphorylation. Measles virus (MV) 

interferes with PI3K activity, leading to altered SR protein phosphorylation and 

subsequently to the alternative splicing of a constitutively active isoform of the PIP3 

phosphatase SHIP, namely SIP110, which results in the down regulation of Akt activity 

(this route is marked with blue arrows). The adenovirus E4-ORF1 protein and herpes 

simplex virus 1 (HSV-1) control SR protein activity in support of viral replication either 

through modulating PP2A or SRPK1 activity. Human immunodeficiency virus (HIV-1) 

seems to depend on PI3K activity for accurate splicing of its own mRNA. 

 

However not only SR proteins but also hnRNP L was demonstrated recently to be phosphorylated 

in an Akt-dependent manner leading to the exclusion of 4 exons from the caspase-9 pre-mRNA. 

Skipping of exons 3, 4, 5, and 6 results in the anti-apoptotic caspase-9b isoform, whose protein product 

interferes with the formation of a functional Apaf-1-caspase-9 complex [39,40]. Inclusion of these four 

exons, on the other hand, led to the synthesis of the antagonistic protein isoform of caspase-9, which is 
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necessary for induction of apoptosis by the pro-apoptotic Bcl-2 family members [39], calling for a 

precise regulation of these particular splice sites. The study elegantly refutes the dogma that the 

PI3K/Akt pathway only modulates alternative splicing through the regulation of SR proteins. 

Concerning apoptosis, Acinus—a component of the apoptosis-and splicing-associated protein  

complex (ASAP) which is present in functional spliceosomes [41,42]—was also shown to be directly 

phosphorylated by Akt, at least during chromatin condensation, leading to the inhibition of its  

pro-apoptotic function [43]. This might be a clue to the general role of Akt in regulating the function of 

the splicing relevant ASAP complex, once again emphasizing the close relationship between splicing 

and apoptosis. These examples underline the significance of intermediated kinases, like PI3K and Akt, 

in transforming incoming signals via the regulation of alternative splicing. 

Viruses also profit from the presence of multiple cellular protein isoforms and apparently are able to 

regulate their synthesis. In T-cells, for example, the single-stranded RNA measles virus blocks 

PI3K/Akt activity, and thereby down regulates SR protein phosphorylation and their translocation into 

the nucleus. As a result, a constitutively active splicing isoform of the lipid phosphatase SHIP, termed 

SIP110, containing intronic sequences between exon 5 and 6, is expressed. This, in turn, leads to an 

increase in PIP2 levels and consequently to a down regulation of activated PI3K levels, necessary for 

activating T-cell proliferation [44]. In this particular case, the virus inhibits the signaling pathway 

instead of stimulating it, emphasizing the ability of viruses to trigger cascades in either direction. 

Recently, a global role of the PI3K signaling pathway in T-cell activation was revealed [45]. Using 

exon arrays, Riedel et al. [45] showed that the inhibition of PI3K interferes with T-cell activation 

through altered mRNA expression levels and alternative splicing patterns. 

Expanding their coding potential, many viruses take advantage of the host splicing machinery to 

ensure the production of their own protein diversity and to regulate the different stages of infection by 

temporally expressing transcripts. Adenoviruses and HSV-1, both containing a double-stranded DNA 

genome, seem to manipulate mRNA splicing in favor of viral gene expression and replication. Both 

viruses do so via hypophosphorylation of particularly two SR proteins, SRSF1, SRSF9 (Adenovirus) 

and SRSF3, SRSF5 (HSV-1), by modifying either PP2A or SRPK1activity [46,47] (Figure 3). 

In monocyte-derived macrophages, the expression levels of hnRNP A1, hnRNP A2/B1 and hnRNP 

H decrease upon human immunodeficiency virus 1 (HIV-1) infection, reaching levels comparable to 

untreated control cells 2 weeks after infection. SRSF2 levels, on the other hand, are increased  

2–3 weeks post infection and then decline again [48]. In CD4+ T-cells, the phosphorylation status of 

six SR proteins—including SRSF2—and five other splicing related proteins immediately changed after  

HIV-receptor interaction. Furthermore, most of these proteins were crucial for balanced HIV-1 

transcripts and thus p24 levels [14]. 

Interestingly, the PI3K signaling pathway seems to be involved in HIV-1-mediated phosphorylation 

of SR proteins, as inhibition of the kinase results in an altered phosphorylation pattern of some SR 

proteins and concomitantly in an alternative splicing pattern of HIV-1 mRNAs, accompanied by a 

significant reduction of viral replication [49]. These observations suggest an HIV-1-induced  

PI3K/Akt-dependent modulation of splicing regulation, which seems to be essential for the viral life 

cycle. In sum, these results emphasize the importance of splicing regulatory proteins for proper HIV-1 

splicing, yet the impact on cellular alternative splicing and reprogramming in favor of viral replication 

has not yet been examined. It will take further effort to uncover the number of viruses targeting the 
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cellular splicing machinery to support and modulate gene expression. The identification of the cellular 

players concerned will likewise help decipher the biological relevance of the PI3K/Akt pathway 

regarding the regulation of pre-mRNA processing. 

4. Cell Survival 

Maintaining cell survival by acting downstream of growth factors is another key function of the Akt 

kinase (for review see [50] and [51]). For this purpose Akt interferes with pro-apoptotic molecules to 

inhibit their activity either through a direct phosphorylation of the regulators as in the case of several 

Bcl-2 homology domain 3 (BH3)-only proteins (e.g., BAD), or indirectly through the phosphorylation 

of certain transcription factors such as FOXO1 which thereupon translocate out of the nucleus and thus 

can no longer promote the transcription of their pro-apoptotic target genes [52,53] (Figure 4). 

As survival of the host cell ensures maintenance or replication of the intracellular viruses until the 

infectious particles are assembled and spread throughout the organism, it is of no surprise that quite a 

lot of work has been done to investigate virus-induced Akt-dependent anti-apoptotic mechanisms. 

Figure 4. As a key regulator of cellular survival the PI3K/Akt signaling pathway is often 

triggered by viruses. Upon incoming survival signals, the Akt-mediated inhibitory 

phosphorylation of pro-apoptotic molecules such as BAD prevents the induction of the 

caspase cascade. In addition, the inhibitory phosphorylation of the transcription factor 

FOXO1 by Akt blocks its translocation into the nucleus and thus prevents the expression of 

pro-apoptotic genes. A variety of viral proteins steps into this regulatory network to assure 

cell survival, and thus maintaining the cellular environment for viral replication. Known 

viral proteins interacting with the cellular member of the signaling pathways are 

highlighted in red. 

 

An HIV-1 Nef-mediated inhibition of PI3K activation through preventing the interaction of PI3K 

with the platelet-derived growth factor receptor was demonstrated by Graziani and colleagues in  

1996 [54]. Later a Nef-mediated activation of PI3K, which resulted in the inhibitory phosphorylation 

of the pro-apoptotic factor BAD blocking premature apoptosis in T-cells, was observed. Although the 

decline of T-cells is characteristic of progressive HIV infection, this early delay may ensure cellular 
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survival until viral particles are assembled and released from the cell [55]. The authors suggest that 

these conflicting observations could be the result of a different cellular localization of Nef during the 

experiments. Graziani and colleagues used a stable cell line expressing Nef mostly in the cytoplasm 

and not directly at the plasma membrane [54], at which Wolf and coworkers showed the protein to be 

necessary for the activation of PI3K signaling [55]. Although ectopic expression of viral genes might 

be a useful, and sometimes indispensable tool to unravel protein interactions, there is also an inherent 

risk of missing out on the temporal and spatial aspects of kinase activation during viral replication. 

Several groups have established that the influenza A non-structural protein 1 (NS1), known for its 

role in suppressing host immune responses [56], directly activates the PI3K/Akt pathway to secure 

anti-apoptotic signaling by interacting with the PI3K regulatory subunit p85 [57–60]. In contrast, 

Jackson and coworkers suggested an NS1-mediated, but PI3K-independent, prevention of apoptosis as 

NS1 mutant viruses induced apoptosis, while FCS-activated Akt was not able to overcome this  

effect [61]. Even though strain-specific viral requirements for NS1-activated PI3K have been 

discovered, mere strain-specificity cannot explain the observed differences concerning the role of PI3K 

in NS1-mediated anti-apoptotic signaling, since both labs used the same influenza A strain [62,63]. 

However, Ayllon and colleagues, using mouse-adapted viruses, demonstrated in vivo subtle differences 

in NS1 protein localizations depending on the NS1 isoform, which only differs in seven amino acids 

between the two strains, A/Puerto Rico/8/34 (PR8) and A/WSN/33. Applying a cell-based assay, they 

observed that PR8/NS1-induced PIP3, the target of PI3K, appeared to accumulate in microdomains 

whereas WSN/NS1-induced PIP3 was broadly distributed throughout the plasma membrane, which 

may explain that different NS1 variants define intracellular sites of PI3K activation [62,63]. To 

entirely decode how influenza A virus impacts the PI3K signaling pathway, the authors suggest 

carefully selecting the viral strain, host-cell type, time post-infection and the PI3K isotype to be used 

in further experiments [62].  

HSV-1, with a genome of approximately 150 kb encoding more than 70 proteins, is able to afford 

its own serine/threonine kinase. Nonetheless, early during HSV-1 infection, apoptosis is still blocked 

in an Akt-dependent manner until the virus has accumulated enough Us3 protein kinase to mimic Akt 

activity. However, in the absence of Us3, the virus appears to have evolved a backup mechanism to 

retain the activity of Akt thereby ensuring anti-apoptotic signaling [64]. Another herpes virus thought 

to manipulate the PI3K/Akt-signaling pathway is the human cytomegalovirus (HCMV). Both the 

HCMV major immediate-early proteins (MIEPs) and a constitutive active form of Akt can inhibit 

temperature-induced apoptosis in ts13 cells. Since this ability of the MIEPs to inhibit apoptosis is lost 

when PI3K/Akt signaling is inhibited by LY294002 and since MIEPs can activate Akt, it was 

concluded that the MIEPs induced anti-apoptotic activity is Akt-mediated [65]. 

A third member of the herpes virus family, Epstein-Barr virus (EBV), induces the PI3K/Akt 

pathway through the viral latent membrane protein 1 (LMP1), resulting in host-cell survival,  

which most probably contributes to EBV persistence in B cells necessitating sustained apoptotic 

inhibition [66]. Both viral EBV transcriptional activators, BZLF1 and BRLF1, can reactivate the lytic 

form of viral replication with BRLF1 acting in a PI3K/Akt-dependent manner as inhibition of PI3K 

abolishes BRLF1-induced transcriptional activation [67]. Recently, however, for two other herpes 

viruses, murine gamma herpesvirus-68 (MHV-68) and human herpesvirus-8/Kaposi’s sarcoma-associated 

herpesvirus (HHV8/KSHV), Peng and coworkers demonstrated that Akt promotes viral persistence by 
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suppressing transcriptional reactivation of these viruses rather than reactivating lytic replication. In this 

case reactivation or the transition from latency to lytic replication is controlled by the viral 

transcription activator (RTA), an immediately-early (IE) gene, whose activity is negatively regulated 

by the PI3K/Akt pathway [68]. They observed enhanced MHV-68 production in permissive fibroblast 

after either LY294002 treatment in a dose-dependent manner or RNAi-mediated Akt1 silencing. For 

the various other capabilities of the virus to modulate host cell pathways for longer periods the reader 

is referred to the detailed review by Cooray [69]. 

Two members of the poxvirus family, VACV—which already uses the pathway to assist its 

endocytotic uptake [23]—and cowpox virus (CPXV), also hijack the PI3K/Akt signaling pathway to 

prevent apoptosis. Inhibition of Akt activity either by the pharmaceutical PI3K inhibitor LY294002 or 

by expressing a dominant-negative form of Akt reduces viral titers by up to 90%, corresponding to 

cleavage of caspase-3 and PARP as significant indicators of apoptotic cells [70]. 

In rotavirus infected cells an increased Akt phosphorylation depends on a direct interaction between 

the viral nonstructural protein NSP1 and PI3K. This interaction leads to the Akt-dependent inactivation 

of pro-apoptotic proteins on the one hand and the activation of NFkβ-dependent induction of  

anti-apoptotic genes on the other [71,72]. An association of these two survival pathways has been 

known for a long time [73] and Bagchi and coworkers suggest these to be partially overlapping or even 

cooperative in case of rotavirus infection [71]. Dengue virus and japanese encephalitis virus, both 

members of the single-stranded RNA flavivirus family, also make use of a PI3K-dependent blocking 

of apoptosis as early as 15 min after infection, indicating that the mere viral attachment leads to an 

activation of the signaling pathway [74]. However, treatment of infected cells with the PI3K inhibitors 

LY294002 or Wortmannin did not alter effective viral replication. Nonetheless the PI3K/Akt signaling 

appears to protect the infected cells from early apoptosis and thereby offers more time to generate 

virus progeny. 

Besides its beneficial role during HCV entry [26], the PI3K/Akt pathway also mediates survival  

of the HCV-infected cells [75,76]. The replication of HCV is accompanied by the formation of lipid 

rafts, followed by an increased production of the proto-oncogene N-Ras, a known activator of the 

PI3K-signaling pathway [77]. This consequently results in Akt activity leading to protection against 

apoptosis. Interestingly, upon inhibition of either signaling molecules, the levels of HCV replication is 

raised. As this virus establishes chronic infection in most of the cases, Mannova and Beretta claimed 

that the activation of the Ras-PI3K-Akt signaling pathway may ensure both cellular survival and the 

maintenance of persistent infection by maintaining the virus production at a low level [76]. 

As respiratory syncytial virus (RSV), coxsackievirus B3 (CVB3), avian reovirus (ARV), rubella 

virus and SARS coronavirus also utilize the PI3K-mediated cell survival [78–82], this highlights the 

obvious advantage viruses enjoy from the prolonged cell survival. 

5. Viral Translation 

Protein synthesis requires many different enzymes, none of which are encoded by viral genomes. 

As viruses use the cellular translation machinery for protein synthesis, their mRNAs must efficiently 

be recognized by the cellular ribosomal 40S subunit, either in a cap-dependent or cap-independent manner. 
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One indirect downstream target of Akt is the kinase mTOR (mammalian target of rapamycin) 

within the mTOR complex 1 (for review see [83]). This kinase is necessary for the regulation of  

cap-dependent translation carried out by the initiation complex eIF4F. After its inhibitory 

phosphorylation by activated Akt kinase [84], the TSC is unable to stimulate the intrinsic GTPase 

activity of Rheb, which finally leads to the maintenance of high levels of GTP. GTP then removes 

FKBP38 from mTORC1, thus restoring the latters’ activity. Active mTOR in turn phosphorylates both 

the p70S6 kinase (S6K), which promotes translation elongation and ribosome biogenesis, and the 

eIF4E binding protein (4E-BP). Phosphorylated 4E-BP cannot prevent formation of the eIF4F 

complex—consisting of the cap-binding subunit eIF4E, the RNA helicase eIF4A and the scaffolding 

protein eIF4G—thus translation can be initiated by the recruitment of the preinitiation-complex to the 

7-methylguanosine (m7G) cap of the 5' end of the mRNA [85] (Figure 5). Hence viruses, depending on 

cellular 5’cap-dependent translation, must establish a strategy to either maintain mTOR activity or 

directly ensure eIF4F complex formation. 

Figure 5. PI3K/Akt-mediated mTOR activation positively regulates protein synthesis. 

Inhibitory phosphorylation by Akt prevents TSC-mediated stimulation of the GTPase 

Rheb, leading to the activation of mTOR. Activated mTOR then phosphorylates 4E-BP, 

thereby enabling eIF4F cap-binding complex formation and thus cap-dependent translation. 

It also phosphorylates S6K to facilitate ribosome biogenesis. Human cytomegalovirus 

(HCMV)-mediated phosphorylation of the eIF4F subunit eIF4E is both mTOR- and  

PI3K-independent, whereas its phosphorylation of 4E-BP is dependent on PI3K. This is 

also the case for the vaccinia virus (VACV)-mediated 4E-BP phosphorylation. Epstein-Barr 

virus (EBV) and adenovirus on the other hand seem to regulate translation in a PI3K and 

mTOR-dependent manner. Known viral proteins interacting with the cellular member of 

the signaling pathways are highlighted in red. 

 

HCMV-induced Akt phosphorylation seems to regulate, in addition to the prolonged cell survival [65], 

viral translation. Treatment of infected cells with the pharmaceutical PI3K inhibitor LY294002  

reduces viral titers by more than 4 logs. Surprisingly, rapamycin (an mTOR inhibitor), as opposed to 

LY294002 treatment, does not diminish viral protein synthesis, indicating an HCMV-induced,  
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mTOR-independent mechanism to maintain translation [86]. Later it was indeed found that HCMV 

phosphorylates two downstream targets of mTOR: the transcriptional repressor 4E-BP and the 

scaffolding protein eIF4G to maintain the activity of the eIF4F complex. Thereby, both phosphorylations 

are in fact mTOR-independent, whereas the phosphorylation of 4E-BP is PI3K-dependent, explaining 

the diminished viral protein synthesis after PI3K inhibition [87]. 

Additionally, HCMV enhances the activity of the cap-binding unit eIF4E [88] and also activates 

rictor, the kinase of Akt S473 [89]. Remarkably, both the raptor complex (mTORC1) and the rictor 

complex (mTORC2) can mediate an inhibitory phosphorylation of 4E-BP and a stimulatory 

phosphorylation of p70S6K. This indicates that upon HCMV infection the substrate specificity of 

rictor and raptor is modified, correlating with a beneficial rictor-mediated Akt activation. 

Yet another member of the herpes virus family, EBV, affects, in addition to the regulation of 

apoptosis [66], the cellular translational machinery. The viral protein LMP2A activates mTOR1, most 

certainly via the PI3K/Akt signaling pathway since the activation is sensitive to the PI3K inhibitor 

Wortmannin. This leads to an enhanced disassociation of 4E-BP from eIF4E and thus to an activation 

of the cap-dependent translation [90]. 

VACV gains, besides the facilitated viral uptake and the prevention of apoptosis [23,70], a third 

benefit out of the PI3K/Akt signaling activation. The increased phosphorylation level of Akt post 

infection corresponds with a decreased level of repressor 4E-BP bound to eIF4E. Inhibition of the 

PI3K, but not the mTOR1 pathway, suppresses the production of VACV proteins, indicating an  

mTOR-independent but PI3K-dependent mechanism to regulate 4E-BP repressor activity, as in the 

case of HCMV [91]. Two of the human papillomavirus (HPV) early proteins, E6 and E7, not only 

activate Akt/mTOR signaling but also maintain the phosphorylation status by inhibiting the Akt 

phosphatase PP2A. This results in an inactivation of 4E-BP and in an activation of S6K, supporting 

viral cap-dependent protein synthesis [92,93]. These signaling events were recently also shown to be 

triggered by the HPV-mediated EGFR stimulation during viral entry [94]. 

Besides the modification of SR protein phosphorylation [46], adenoviruses also activate the 

mTOR1 pathway [95]. Two viral proteins, E4-ORF1 and E4-ORF4, function to mimic incoming 

signals to activate this pathway. Interestingly, the proteins seem to act via different mechanisms as 

only E4-ORF1 is necessary and sufficient for the PI3K-dependent activation of S6K, whereas  

E4-ORF4 acts independently of PI3K. Both proteins seem to collaborate to induce mTOR activity, 

independent of the stimulation by nutrients or growth factors. 

Taken together, the manipulation of cap-dependent protein synthesis—irrespective of the 

involvement of mTOR1—is a common mechanism of viruses to guarantee an efficient translation of 

viral proteins. 

6. Conclusions 

In the past decades our knowledge of virus-induced modifications of host signaling pathways has 

grown rapidly and the diversity of viruses interfering with the PI3K/Akt pathway notably highlights 

the importance of this research field. Table 1 summarizes interacting viral proteins and Figure 6 

additionally points out the remarkable temporal range of processes during viral life cycles affected by 

either transient or long-term activation of the PI3K pathway. 
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Table 1. Viruses and viral proteins (if known) that interact with the PI3K/Akt signaling 

pathway during different steps of the viral life cycle. 

Viral Life Cycle Virus Protein Function Reference 

Entry 

Influenza - Virus internalization;Endosomal acidification [20,22] 

VACV - Integrin β1-dependent virus entry [23] 

HCV E2 Facilitation of virus entry [26] 

ALV - Facilitation of virus entry [27] 

HSV-1 - Filopodia formation; Fusion [29] 

ASFV - Macropinocytosis [30] 

pre-mRNA 

Splicing 

HIV-1  Alternative splicing of viral mRNAs [49] 

Adenovirus E4-ORF4 
Dephosphorylation of SF2/ASF and SRp30c; 

splicing of viral mRNAs 
[46] 

MV  T-cell proliferation [44] 

Cell Survival 

HIV-1 Nef Anti-apoptotic effects [54,55] 

Influenza NS1 Anti-apoptotic effects [57–59] 

VACV - Anti-apoptotic effects [70] 

HCV NS5A Anti-apoptotic effects; viral persistence [75,76] 

CPXV - Anti-apoptotic effects [70] 

DENV - Anti-apoptotic effects [74] 

JEV - Anti-apoptotic effects [74] 

HCMV MIEPs Anti-apoptotic effects [65] 

Rotavirus NSP1 Anti-apoptotic effects [71] 

EBV LMP1 Persistence [66] 

RSV - Anti-apoptotic effects [78] 

CVB3 - Anti-apoptotic effects [79] 

ARV - Anti-apoptotic effects [80] 

Translation 

VACV - Translation initiation via activity of 4E-BP [91] 

HCMV - Translation initiation via activity of 4E-BP [87] 

Adenovirus E4-ORF1 mTOR activation [95] 

EBV LMP2A mTOR activation [90] 

HPV E6, E7 mTOR activation [93] 

In general, unraveling of signaling pathways is a challenging task, especially where viral 

interference occurs. The sensitive regulatory system can be easily disturbed by experimental conditions 

used to mimic the infection of a complex organism. In particular the cell lines used may omit the 

complex network of cross-talk between signaling pathways in a real infection situation. Moreover, 

many cancer T-cell lines, which are commonly utilized when concerning infections, often carry 

mutations in genes encoding members of the PI3K/Akt signaling pathway [96,97]. This is of no 

surprise bearing in mind the role of the pathway in the regulation of apoptosis and proliferation. 

Nevertheless, the growing body of evidence of the continuous interaction between the viral survival 

strategies and the host cell-induced defense mechanisms, such as apoptosis, not only helps us 

understand the viral strategy of taking over control of cellular processes, but also offers additional 

insights into general mechanisms of such processes. New methods like next generation sequencing and 

high throughput protein identification are promising tools to track the viral-host interactions and to 
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monitor the impact on several levels of the host cell metabolism, finally supporting the development of 

antiviral therapies. 

Figure 6. Time schedule of viral-induced interference with PI3K/Akt signaling based on 

the time point of activation and benefit during viral life cycles. Early activation of the 

PI3K/Akt signaling pathway during the first contact with the cell or a few minutes after 

entry can lead to both short-term cellular answers to facilitate viral entry and long-term 

reactions (lasting for hours or even days) to support viral and cellular splicing, viral 

translation and cell survival. Later activation, hours or days post-infection, can likewise 

promote such long-term effects. 

 

Acknowledgments 

We are grateful to Colin R. Mackenzie for critical reading and editing of the manuscript. We thank 

Frank Hillebrand and Marek Widera for helpful comments. N.D. is funded by a Jürgen Manchot 

foundation fellowship. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References and Notes 

1. Galluzzi, L.; Brenner, C.; Morselli, E.; Touat, Z.; Kroemer, G. Viral control of mitochondrial 

apoptosis. PLoS Pathog. 2008, 4, e1000018. 

2. Kaur, S.; Katsoulidis, E.; Platanias, L.C. Akt and mRNA translation by interferons. Cell Cycle 

2008, 7, 2112–2116. 



Viruses 2013, 5 3206 

 

 

3. Kaur, S.; Sassano, A.; Dolniak, B.; Joshi, S.; Majchrzak-Kita, B.; Baker, D.P.; Hay, N.; Fish, E.N.; 

Platanias, L.C. Role of the Akt pathway in mRNA translation of interferon-stimulated genes. 

Proc. Natl. Acad. Sci. USA 2008, 105, 4808–4813. 

4. Kaur, S.; Sassano, A.; Joseph, A.M.; Majchrzak-Kita, B.; Eklund, E.A.; Verma, A.; Brachmann, S.M.; 

Fish, E.N.; Platanias, L.C. Dual regulatory roles of phosphatidylinositol 3-kinase in IFN signaling. 

J. Immunol. 2008, 181, 7316–7323. 

5. Freudenburg, W.; Moran, J.M.; Lents, N.H.; Baldassare, J.J.; Buller, R.M.; Corbett, J.A. 

Phosphatidylinositol 3-kinase regulates macrophage responses to double-stranded RNA and 

encephalomyocarditis virus. J. Innate Immun. 2010, 2, 77–86. 

6. Chang, T.H.; Liao, C.L.; Lin, Y.L. Flavivirus induces interferon-beta gene expression through  

a pathway involving RIG-I-dependent IRF-3 and PI3K-dependent NF-kappaB activation.  

Microbes Infect. 2006, 8, 157–171. 

7. Vanhaesebroeck, B.; Guillermet-Guibert, J.; Graupera, M.; Bilanges, B. The emerging 

mechanisms of isoform-specific PI3K signalling. Nat. Rev. Mol. Cell Biol. 2010, 11, 329–341. 

8. Cantrell, D.A. Phosphoinositide 3-kinase signalling pathways. J. Cell Sci. 2001, 114, 1439–1445. 

9. Manning, B.D.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 

1261–1274. 

10. Surucu, B.; Bozulic, L.; Hynx, D.; Parcellier, A.; Hemmings, B.A. In vivo analysis of protein 

kinase B (PKB)/Akt regulation in DNA-PKcs-null mice reveals a role for PKB/Akt in DNA 

damage response and tumorigenesis. J. Biol. Chem. 2008, 283, 30025–30033. 

11. Bozulic, L.; Surucu, B.; Hynx, D.; Hemmings, B.A. PKBalpha/Akt1 acts downstream of DNA-PK 

in the DNA double-strand break response and promotes survival. Mol. Cell 2008, 30, 203–213. 

12. Millward, T.A.; Zolnierowicz, S.; Hemmings, B.A. Regulation of protein kinase cascades by 

protein phosphatase 2A. Trends Biochem. Sci. 1999, 24, 186–191. 

13. Gao, T.; Furnari, F.; Newton, A.C. PHLPP: A phosphatase that directly dephosphorylates Akt, 

promotes apoptosis, and suppresses tumor growth. Mol. Cell 2005, 18, 13–24. 

14. Wojcechowskyj, J.A.; Didigu, C.A.; Lee, J.Y.; Parrish, N.F.; Sinha, R.; Hahn, B.H.; Bushman, F.D.; 

Jensen, S.T.; Seeholzer, S.H.; Doms, R.W. Quantitative phosphoproteomics reveals extensive 

cellular reprogramming during HIV-1 entry. Cell Host Microbe 2013, 13, 613–623. 

15. Thorley, J.A.; McKeating, J.A.; Rappoport, J.Z. Mechanisms of viral entry: Sneaking in the front 

door. Protoplasma 2010, 244, 15–24. 

16. Mercer, J.; Schelhaas, M.; Helenius, A. Virus entry by endocytosis. Annu. Rev. Biochem. 2010, 

79, 803–833. 

17. Lakadamyali, M.; Rust, M.J.; Zhuang, X. Endocytosis of influenza viruses. Microbes Infect. 2004, 

6, 929–936. 

18. Waheed, A.A.; Freed, E.O. The role of lipids in retrovirus replication. Viruses 2010, 2, 1146–1180. 

19. Pike, L.J. Lipid rafts: Bringing order to chaos. J. Lipid Res. 2003, 44, 655–667. 

20. Eierhoff, T.; Hrincius, E.R.; Rescher, U.; Ludwig, S.; Ehrhardt, C. The epidermal growth factor 

receptor (EGFR) promotes uptake of influenza A viruses (IAV) into host cells. PLoS Pathog. 

2010, 6, e1001099. 



Viruses 2013, 5 3207 

 

 

21. Fujioka, Y.; Tsuda, M.; Hattori, T.; Sasaki, J.; Sasaki, T.; Miyazaki, T.; Ohba, Y. The Ras-PI3K 

signaling pathway is involved in clathrin-independent endocytosis and the internalization of 

influenza viruses. PLoS One 2011, 6, e16324. 

22. Marjuki, H.; Gornitzky, A.; Marathe, B.M.; Ilyushina, N.A.; Aldridge, J.R.; Desai, G.; Webby, R.J.; 

Webster, R.G. Influenza A virus-induced early activation of ERK and PI3K mediates V-ATPase-

dependent intracellular pH change required for fusion. Cell. Microbiol. 2011, 13, 587–601. 

23. Izmailyan, R.; Hsao, J.C.; Chung, C.S.; Chen, C.H.; Hsu, P.W.; Liao, C.L.; Chang, W.  

Integrin beta1 mediates vaccinia virus entry through activation of PI3K/Akt signaling. J. Virol. 

2012, 86, 6677–6687. 

24. Tian, B.; Lessan, K.; Kahm, J.; Kleidon, J.; Henke, C. Beta 1 integrin regulates fibroblast viability 

during collagen matrix contraction through a phosphatidylinositol 3-kinase/Akt/protein kinase B 

signaling pathway. J. Biol. Chem. 2002, 277, 24667–24675. 

25. Saeed, M.F.; Kolokoltsov, A.A.; Freiberg, A.N.; Holbrook, M.R.; Davey, R.A. Phosphoinositide-3 

kinase-Akt pathway controls cellular entry of Ebola virus. PLoS Pathog. 2008, 4, e1000141. 

26. Liu, Z.; Tian, Y.; Machida, K.; Lai, M.M.; Luo, G.; Foung, S.K.; Ou, J.H. Transient activation of 

the PI3K-AKT pathway by hepatitis C virus to enhance viral entry. J. Biol. Chem. 2012, 287, 

41922–41930. 

27. Feng, S.Z.; Cao, W.S.; Liao, M. The PI3K/Akt pathway is involved in early infection of some 

exogenous avian leukosis viruses. J. Gen. Virol. 2011, 92, 1688–1697. 

28. Oh, M.J.; Akhtar, J.; Desai, P.; Shukla, D. A role for heparan sulfate in viral surfing.  

Biochem. Biophys. Res. Commun. 2010, 391, 176–181. 

29. Tiwari, V.; Shukla, D. Phosphoinositide 3 kinase signalling may affect multiple steps during 

herpes simplex virus type-1 entry. J. Gen. Virol. 2010, 91, 3002–3009. 

30. Sanchez, E.G.; Quintas, A.; Perez-Nunez, D.; Nogal, M.; Barroso, S.; Carrascosa, A.L.;  

Revilla, Y. African swine fever virus uses macropinocytosis to enter host cells. PLoS Pathog. 

2012, 8, e1002754. 

31. Roca, X.; Krainer, A.R.; Eperon, I.C. Pick one, but be quick: 5' splice sites and the problems of 

too many choices. Genes Dev. 2013, 27, 129–144. 

32. Hertel, K.J. Combinatorial control of exon recognition. J. Biol. Chem. 2008, 283, 1211–1215. 

33. Erkelenz, S.; Mueller, W.F.; Evans, M.S.; Busch, A.; Schoneweis, K.; Hertel, K.J.; Schaal, H. 

Position-dependent splicing activation and repression by SR and hnRNP proteins rely on common 

mechanisms. RNA 2013, 19, 96–102. 

34. Jang, S.W.; Liu, X.; Fu, H.; Rees, H.; Yepes, M.; Levey, A.; Ye, K. Interaction of  

Akt-phosphorylated SRPK2 with 14-3-3 mediates cell cycle and cell death in neurons. J. Biol. 

Chem. 2009, 284, 24512–24525. 

35. Zhou, Z.; Qiu, J.; Liu, W.; Zhou, Y.; Plocinik, R.M.; Li, H.; Hu, Q.; Ghosh, G.; Adams, J.A.; 

Rosenfeld, M.G.; et al. The Akt-SRPK-SR axis constitutes a major pathway in transducing EGF 

signaling to regulate alternative splicing in the nucleus. Mol. Cell 2012, 47, 422–433. 

36. Blaustein, M.; Pelisch, F.; Tanos, T.; Munoz, M.J.; Wengier, D.; Quadrana, L.; Sanford, J.R.; 

Muschietti, J.P.; Kornblihtt, A.R.; Caceres, J.F.; et al. Concerted regulation of nuclear and 

cytoplasmic activities of SR proteins by AKT. Nat. Struct. Mol. Biol. 2005, 12, 1037–1044. 



Viruses 2013, 5 3208 

 

 

37. Jiang, K.; Patel, N.A.; Watson, J.E.; Apostolatos, H.; Kleiman, E.; Hanson, O.; Hagiwara, M.; 

Cooper, D.R. Akt2 regulation of Cdc2-like kinases (Clk/Sty), serine/arginine-rich (SR) protein 

phosphorylation, and insulin-induced alternative splicing of PKCbetaII messenger ribonucleic 

acid. Endocrinology 2009, 150, 2087–2097. 

38. Shultz, J.C.; Goehe, R.W.; Wijesinghe, D.S.; Murudkar, C.; Hawkins, A.J.; Shay, J.W.; Minna, J.D.; 

Chalfant, C.E. Alternative splicing of caspase 9 is modulated by the phosphoinositide 3-kinase/Akt 

pathway via phosphorylation of SRp30a. Cancer Res. 2010, 70, 9185–9196. 

39. Vu, N.T.; Park, M.A.; Shultz, J.C.; Goehe, R.W.; Hoeferlin, L.A.; Shultz, M.D.; Smith, S.A.; 

Lynch, K.W.; Chalfant, C.E. hnRNP U enhances caspase-9 splicing and is modulated by  

AKT-dependent phosphorylation of hnRNP L. J. Biol. Chem. 2013, 288, 8575–8584. 

40. Srinivasula, S.M.; Ahmad, M.; Guo, Y.; Zhan, Y.; Lazebnik, Y.; Fernandes-Alnemri, T.;  

Alnemri, E.S. Identification of an endogenous dominant-negative short isoform of caspase-9 that 

can regulate apoptosis. Cancer Res. 1999, 59, 999–1002. 

41. Schwerk, C.; Prasad, J.; Degenhardt, K.; Erdjument-Bromage, H.; White, E.; Tempst, P.;  

Kidd, V.J.; Manley, J.L.; Lahti, J.M.; Reinberg, D. ASAP, a novel protein complex involved in 

RNA processing and apoptosis. Mol. Cell. Biol. 2003, 23, 2981–2990. 

42. Singh, K.K.; Erkelenz, S.; Rattay, S.; Dehof, A.K.; Hildebrandt, A.; Schulze-Osthoff, K.;  

Schaal, H.; Schwerk, C. Human SAP18 mediates assembly of a splicing regulatory multiprotein 

complex via its ubiquitin-like fold. RNA 2010, 16, 2442–2454. 

43. Hu, Y.; Yao, J.; Liu, Z.; Liu, X.; Fu, H.; Ye, K. Akt phosphorylates acinus and inhibits its 

proteolytic cleavage, preventing chromatin condensation. EMBO J. 2005, 24, 3543–3554. 

44. Avota, E.; Harms, H.; Schneider-Schaulies, S. Measles virus induces expression of SIP110, a 

constitutively membrane clustered lipid phosphatase, which inhibits T cell proliferation.  

Cell. Microbiol. 2006, 8, 1826–1839. 

45. Riedel, A.; Mofolo, B.; Avota, E.; Schneider-Schaulies, S.; Meintjes, A.; Mulder, N.; Kneitz, S. 

Accumulation of splice variants and transcripts in response to PI3K inhibition in T cells.  

PLoS One 2013, 8, e50695. 

46. Estmer Nilsson, C.; Petersen-Mahrt, S.; Durot, C.; Shtrichman, R.; Krainer, A.R.; Kleinberger, T.; 

Akusjarvi, G. The adenovirus E4-ORF4 splicing enhancer protein interacts with a subset of 

phosphorylated SR proteins. EMBO J. 2001, 20, 864–871. 

47. Sciabica, K.S.; Dai, Q.J.; Sandri-Goldin, R.M. ICP27 interacts with SRPK1 to mediate HSV 

splicing inhibition by altering SR protein phosphorylation. EMBO J. 2003, 22, 1608–1619. 

48. Dowling, D.; Nasr-Esfahani, S.; Tan, C.H.; O’Brien, K.; Howard, J.L.; Jans, D.A.; Purcell, D.F.; 

Stoltzfus, C.M.; Sonza, S. HIV-1 infection induces changes in expression of cellular splicing 

factors that regulate alternative viral splicing and virus production in macrophages. Retrovirology 

2008, 5, doi:10.1186/1742-4690-5-18. 

49. Hillebrand, F. Der Einfluss des PI3-Kinase Signalwegs auf die Regulation des alternativen HIV-1 

prä-mRNA Spleißens. Ph.D. Thesis, Bayerische Julius-Maximilians-Universität Würzburg: 

Würzburg, Germany, 2013. 

50. Duronio, V. The life of a cell: Apoptosis regulation by the PI3K/PKB pathway. Biochem. J. 2008, 

415, 333–344. 



Viruses 2013, 5 3209 

 

 

51. Datta, S.R.; Brunet, A.; Greenberg, M.E. Cellular survival: A play in three Akts. Genes Dev. 

1999, 13, 2905–2927. 

52. Datta, S.R.; Dudek, H.; Tao, X.; Masters, S.; Fu, H.; Gotoh, Y.; Greenberg, M.E.  

Akt phosphorylation of BAD couples survival signals to the cell-intrinsic death machinery.  

Cell 1997, 91, 231–241. 

53. Biggs, W.H., 3rd; Meisenhelder, J.; Hunter, T.; Cavenee, W.K.; Arden, K.C. Protein kinase  

B/Akt-mediated phosphorylation promotes nuclear exclusion of the winged helix transcription 

factor FKHR1. Proc. Natl. Acad. Sci. USA 1999, 96, 7421–7426. 

54. Graziani, A.; Galimi, F.; Medico, E.; Cottone, E.; Gramaglia, D.; Boccaccio, C.; Comoglio, P.M. 

The HIV-1 nef protein interferes with phosphatidylinositol 3-kinase activation 1. J. Biol. Chem. 

1996, 271, 6590–6593. 

55. Wolf, D.; Witte, V.; Laffert, B.; Blume, K.; Stromer, E.; Trapp, S.; d’Aloja, P.; Schurmann, A.; 

Baur, A.S. HIV-1 Nef associated PAK and PI3-kinases stimulate Akt-independent  

Bad-phosphorylation to induce anti-apoptotic signals. Nat. Med. 2001, 7, 1217–1224. 

56. Hale, B.G.; Randall, R.E.; Ortin, J.; Jackson, D. The multifunctional NS1 protein of influenza A 

viruses. J. Gen. Virol. 2008, 89, 2359–2376. 

57. Ehrhardt, C.; Wolff, T.; Pleschka, S.; Planz, O.; Beermann, W.; Bode, J.G.; Schmolke, M.; 

Ludwig, S. Influenza A virus NS1 protein activates the PI3K/Akt pathway to mediate antiapoptotic 

signaling responses. J. Virol. 2007, 81, 3058–3067. 

58. Hale, B.G.; Jackson, D.; Chen, Y.H.; Lamb, R.A.; Randall, R.E. Influenza A virus NS1 protein 

binds p85beta and activates phosphatidylinositol-3-kinase signaling. Proc. Natl. Acad. Sci. USA 

2006, 103, 14194–14199. 

59. Shin, Y.K.; Liu, Q.; Tikoo, S.K.; Babiuk, L.A.; Zhou, Y. Influenza A virus NS1 protein activates 

the phosphatidylinositol 3-kinase (PI3K)/Akt pathway by direct interaction with the p85 subunit 

of PI3K. J. Gen. Virol. 2007, 88, 13–18. 

60. Zhirnov, O.P.; Klenk, H.D. Control of apoptosis in influenza virus-infected cells by up-regulation 

of Akt and p53 signaling. Apoptosis 2007, 12, 1419–1432. 

61. Jackson, D.; Killip, M.J.; Galloway, C.S.; Russell, R.J.; Randall, R.E. Loss of function of the 

influenza A virus NS1 protein promotes apoptosis but this is not due to a failure to activate 

phosphatidylinositol 3-kinase (PI3K). Virology 2010, 396, 94–105. 

62. Ayllon, J.; Garcia-Sastre, A.; Hale, B.G. Influenza A viruses and PI3K: Are there time, place and 

manner restrictions? Virulence 2012, 3, 411–414. 

63. Ayllon, J.; Hale, B.G.; Garcia-Sastre, A. Strain-specific contribution of NS1-activated 

phosphoinositide 3-kinase signaling to influenza A virus replication and virulence. J. Virol. 2012, 

86, 5366–5370. 

64. Benetti, L.; Roizman, B. Protein kinase B/Akt is present in activated form throughout the entire 

replicative cycle of deltaU(S)3 mutant virus but only at early times after infection with wild-type 

herpes simplex virus 1. J. Virol. 2006, 80, 3341–3348. 

65. Yu, Y.; Alwine, J.C. Human cytomegalovirus major immediate-early proteins and simian virus 40 

large T antigen can inhibit apoptosis through activation of the phosphatidylinositide 3'-OH kinase 

pathway and the cellular kinase Akt. J. Virol. 2002, 76, 3731–3738. 



Viruses 2013, 5 3210 

 

 

66. Dawson, C.W.; Tramountanis, G.; Eliopoulos, A.G.; Young, L.S. Epstein-Barr virus latent 

membrane protein 1 (LMP1) activates the phosphatidylinositol 3-kinase/Akt pathway to promote 

cell survival and induce actin filament remodeling. J. Biol. Chem. 2003, 278, 3694–3704. 

67. Darr, C.D.; Mauser, A.; Kenney, S. Epstein-Barr virus immediate-early protein BRLF1 induces 

the lytic form of viral replication through a mechanism involving phosphatidylinositol-3 kinase 

activation. J. Virol. 2001, 75, 6135–6142. 

68. Peng, L.; Wu, T.T.; Tchieu, J.H.; Feng, J.; Brown, H.J.; Feng, J.; Li, X.; Qi, J.; Deng, H.; 

Vivanco, I.; et al. Inhibition of the phosphatidylinositol 3-kinase-Akt pathway enhances gamma-2 

herpesvirus lytic replication and facilitates reactivation from latency. J. Gen. Virol. 2010, 91,  

463–469. 

69. Cooray, S. The pivotal role of phosphatidylinositol 3-kinase-Akt signal transduction in virus 

survival. J. Gen. Virol. 2004, 85, 1065–1076. 

70. Soares, J.A.; Leite, F.G.; Andrade, L.G.; Torres, A.A.; de Sousa, L.P.; Barcelos, L.S.;  

Teixeira, M.M.; Ferreira, P.C.; Kroon, E.G.; Souto-Padron, T.; et al. Activation of the PI3K/Akt 

pathway early during vaccinia and cowpox virus infections is required for both host survival and 

viral replication. J. Virol. 2009, 83, 6883–6899. 

71. Bagchi, P.; Dutta, D.; Chattopadhyay, S.; Mukherjee, A.; Halder, U.C.; Sarkar, S.; Kobayashi, N.; 

Komoto, S.; Taniguchi, K.; Chawla-Sarkar, M. Rotavirus nonstructural protein 1 suppresses  

virus-induced cellular apoptosis to facilitate viral growth by activating the cell survival pathways 

during early stages of infection. J. Virol. 2010, 84, 6834–6845. 

72. Halasz, P.; Holloway, G.; Turner, S.J.; Coulson, B.S. Rotavirus replication in intestinal cells 

differentially regulates integrin expression by a phosphatidylinositol 3-kinase-dependent pathway, 

resulting in increased cell adhesion and virus yield. J. Virol. 2008, 82, 148–160. 

73. Ozes, O.N.; Mayo, L.D.; Gustin, J.A.; Pfeffer, S.R.; Pfeffer, L.M.; Donner, D.B. NF-kappaB 

activation by tumour necrosis factor requires the Akt serine-threonine kinase. Nature 1999, 401, 

82–85. 

74. Lee, C.J.; Liao, C.L.; Lin, Y.L. Flavivirus activates phosphatidylinositol 3-kinase signaling to 

block caspase-dependent apoptotic cell death at the early stage of virus infection. J. Virol. 2005, 

79, 8388–8399. 

75. Street, A.; Macdonald, A.; Crowder, K.; Harris, M. The Hepatitis C virus NS5A protein activates 

a phosphoinositide 3-kinase-dependent survival signaling cascade. J. Biol. Chem. 2004, 279, 

12232–12241. 

76. Mannova, P.; Beretta, L. Activation of the N-Ras-PI3K-Akt-mTOR pathway by hepatitis C virus: 

Control of cell survival and viral replication. J. Virol. 2005, 79, 8742–8749. 

77. Rodriguez-Viciana, P.; Warne, P.H.; Dhand, R.; Vanhaesebroeck, B.; Gout, I.; Fry, M.J.; 

Waterfield, M.D.; Downward, J. Phosphatidylinositol-3-OH kinase as a direct target of Ras. 

Nature 1994, 370, 527–532. 

78. Thomas, K.W.; Monick, M.M.; Staber, J.M.; Yarovinsky, T.; Carter, A.B.; Hunninghake, G.W. 

Respiratory syncytial virus inhibits apoptosis and induces NF-kappa B activity through a 

phosphatidylinositol 3-kinase-dependent pathway. J. Biol. Chem. 2002, 277, 492–501. 



Viruses 2013, 5 3211 

 

 

79. Esfandiarei, M.; Boroomand, S.; Suarez, A.; Si, X.; Rahmani, M.; McManus, B. Coxsackievirus 

B3 activates nuclear factor kappa B transcription factor via a phosphatidylinositol-3 kinase/protein 

kinase B-dependent pathway to improve host cell viability. Cell Microbiol. 2007, 9, 2358–2371. 

80. Lin, P.Y.; Liu, H.J.; Liao, M.H.; Chang, C.D.; Chang, C.I.; Cheng, H.L.; Lee, J.W.; Shih, W.L. 

Activation of PI 3-kinase/Akt/NF-kappaB and Stat3 signaling by avian reovirus S1133 in the 

early stages of infection results in an inflammatory response and delayed apoptosis. Virology 

2010, 400, 104–114. 

81. Cooray, S.; Jin, L.; Best, J.M. The involvement of survival signaling pathways in rubella-virus 

induced apoptosis. Virol. J. 2005, 2, doi:10.1186/1743-422X-2-1. 

82. Mizutani, T.; Fukushi, S.; Saijo, M.; Kurane, I.; Morikawa, S. Importance of Akt signaling 

pathway for apoptosis in SARS-CoV-infected Vero E6 cells. Virology 2004, 327, 169–174. 

83. Sengupta, S.; Peterson, T.R.; Sabatini, D.M. Regulation of the mTOR complex 1 pathway by 

nutrients, growth factors, and stress. Mol. Cell 2010, 40, 310–322. 

84. Inoki, K.; Li, Y.; Zhu, T.; Wu, J.; Guan, K.L. TSC2 is phosphorylated and inhibited by Akt and 

suppresses mTOR signalling. Nat. Cell Biol. 2002, 4, 648–657. 

85. Ma, X.M.; Blenis, J. Molecular mechanisms of mTOR-mediated translational control. Nat. Rev. 

Mol. Cell Biol. 2009, 10, 307–318. 

86. Johnson, R.A.; Wang, X.; Ma, X.L.; Huong, S.M.; Huang, E.S. Human cytomegalovirus  

up-regulates the phosphatidylinositol 3-kinase (PI3-K) pathway: Inhibition of PI3-K activity 

inhibits viral replication and virus-induced signaling. J. Virol. 2001, 75, 6022–6032. 

87. Kudchodkar, S.B.; Yu, Y.; Maguire, T.G.; Alwine, J.C. Human cytomegalovirus infection induces 

rapamycin-insensitive phosphorylation of downstream effectors of mTOR kinase. J. Virol. 2004, 

78, 11030–11039. 

88. Walsh, D.; Perez, C.; Notary, J.; Mohr, I. Regulation of the translation initiation factor eIF4F by 

multiple mechanisms in human cytomegalovirus-infected cells. J. Virol. 2005, 79, 8057–8064. 

89. Kudchodkar, S.B.; Yu, Y.; Maguire, T.G.; Alwine, J.C. Human cytomegalovirus infection alters 

the substrate specificities and rapamycin sensitivities of raptor- and rictor-containing complexes. 

Proc. Natl. Acad. Sci. USA 2006, 103, 14182–14187. 

90. Moody, C.A.; Scott, R.S.; Amirghahari, N.; Nathan, C.O.; Young, L.S.; Dawson, C.W.; Sixbey, J.W. 

Modulation of the cell growth regulator mTOR by Epstein-Barr virus-encoded LMP2A. J. Virol. 

2005, 79, 5499–5506. 

91. Zaborowska, I.; Walsh, D. PI3K signaling regulates rapamycin-insensitive translation initiation 

complex formation in vaccinia virus-infected cells. J. Virol. 2009, 83, 3988–3992. 

92. Pim, D.; Massimi, P.; Dilworth, S.M.; Banks, L. Activation of the protein kinase B pathway by 

the HPV-16 E7 oncoprotein occurs through a mechanism involving interaction with PP2A. 

Oncogene 2005, 24, 7830–7838. 

93. Spangle, J.M.; Munger, K. The human papillomavirus type 16 E6 oncoprotein activates mTORC1 

signaling and increases protein synthesis. J. Virol. 2010, 84, 9398–9407. 

94. Surviladze, Z.; Sterk, R.T.; DeHaro, S.A.; Ozbun, M.A. Cellular entry of human papillomavirus 

type 16 involves activation of the phosphatidylinositol 3-kinase/Akt/mTOR pathway and inhibition 

of autophagy. J. Virol. 2013, 87, 2508–2517. 



Viruses 2013, 5 3212 

 

 

95. O’Shea, C.; Klupsch, K.; Choi, S.; Bagus, B.; Soria, C.; Shen, J.; McCornmick, F.; Stokoe, D. 

Adenoviral proteins mimic nutrient/growth signals to activate the mTOR pathway for viral 

replication. EMBO J. 2005, 24, 1211–1221. 

96. Zuurbier, L.; Petricoin, E.F., 3rd; Vuerhard, M.J.; Calvert, V.; Kooi, C.; Buijs-Gladdines, J.G.; 

Smits, W.K.; Sonneveld, E.; Veerman, A.J.; Kamps, W.A.; et al. The significance of PTEN and 

AKT aberrations in pediatric T-cell acute lymphoblastic leukemia. Haematologica 2012, 97, 

1405–1413. 

97. Calzavara, E.; Chiaramonte, R.; Cesana, D.; Basile, A.; Sherbet, G.V.; Comi, P. Reciprocal 

regulation of Notch and PI3K/Akt signalling in T-ALL cells in vitro. J. Cell. Biochem. 2008, 103, 

1405–1412. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


