
ABSTRACT 

CULVER, CAROLYN ANNE. Adenovirus Triggers Reorganization of Vimentin-
Containing Intermediate Filaments Resulting in the Perinuclear Movement of cPLA2 
and Suppression of Prostaglandin Production. (Under the direction of Dr. Scott M. 
Laster.) 

 

Prostaglandins are important inflammatory mediators generated by the 

cleavage of arachidonic acid (AA) from phospholipid membranes by cytosolic 

phospholipase A2 (cPLA2). The AA is subsequently converted into prostaglandins 

(PGs) by the cyclooxygenase enzymes.  In these experiments we examine the 

effects of adenovirus (Ad) 5 infection on the expression and activity of cPLA2, COX-

2, and the production of PGs. Our experiments reveal multiple complex effects. Ad 

infection results in the rapid induction of cPLA2 specific AA release, COX-2 

expression, and PG production. These effects are initiated before the onset of Ad 

gene expression, suggesting this is a receptor mediated host cell response. Later, 

as infection progresses, PG production stops and the cells become unable to 

produce PGs even in response to a broad range of external stimuli. UV inactivation 

experiments revealed that Ad gene expression is required for this later suppressive 

phase. While no effect was seen on cPLA2 activity, and COX-2 was still expressed, 

we found that infection with Ad causes cPLA2 to shift from its normal cytosolic 

location to the nuclear region of the cell where it is unable to translocate normally in 

response to ligand stimulation.  We conclude, therefore, that Ad inhibits the 

production of PGs by causing the intracellular relocation of cPLA2 to a position that 

prevents its participation in inflammatory responses. These events are accompanied 

by an Ad induced reorganization of the vimentin containing intermediate filaments.  



Importantly, cPLA2 and vimentin were found to not only colocalize, but also to 

directly interact in our model system. These findings suggest that cPLA2 is relocated 

to the perinuclear region because of its association with vimentin. Importantly, these 

effects are seen in cells expressing E1A, the early transactivating protein of Ad, 

suggesting E1A is the viral protein responsible for these effects. As modulation of 

PGE2 production was also seen with Ad5 infected primary human lung fibroblasts, 

these effects may influence Ad pathogenesis and immune responsiveness to Ad and 

Ad derived vectors.    
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LITERATURE REVIEW 

Introduction 

In 1994, Terry Thorne, a master's degree student in Dr. Laster's 

laboratory observed that cells infected by adenovirus released less [3H]arachidonic 

acid (AA) following stimulation with PMA than did control cells.  At the time, the 

innate immune response to viruses was largely uncharacterized and a paper 

submitted with this data was quickly rejected.  "An uninteresting non-specific effect 

of a virus" was one of the reviewer's comments and the phenomenon remained 

unstudied for the next decade.  Then, in 2005, Dr. Laster and I attended a Gordon 

Research Conference focusing on nuclear lipids.  At this conference, we discussed 

the adenovirus effect with several senior scientists and each agreed 

that this could be an important observation.  Upon return, Dr. Laster 

and I agreed that studying this phenomenon would make a worthy Ph.D. 

project.  We also observed that very little had been published on the topic 

of viral interference with the synthesis of inflammatory lipids and that 

our studies would be groundbreaking in this regard.  This dissertation 

summarizes my efforts to understand the effect of adenovirus on the 

release of arachidonic acid and the production of inflammatory lipids.  My 

first paper in this area has been published recently in the Journal of 

Immunology and a second manuscript is nearing submission.  I believe the 

results of my experiments are exciting and have revealed an entirely 

novel mechanism of viral pathogenesis. 
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The Arachidonic Acid Cascade 

While more than 15 different mammalian phospholipase A2 enzymes (PLA2s) 

have been identified, cytosolic PLA2-α, which will be referred to in this work as 

cPLA2, is the most universally important in mediating the synthesis of eicosanoids 

[1]. This is due to its unique ability to selectively and preferentially cleave 

arachidonic acid (AA) from membrane phospholipids [2, 3]. Indeed, cPLA2 exhibits a 

20-fold preference for AA over other fatty acids (cPLA2 will be discussed in detail in 

future sections) [4]. Following cleavage, AA is used for the metabolism of a variety of 

biologically active lipids called eicosanoids. These include prostaglandins (PGs), 

leukotrienes (LTs), hydroxyeicosatetraenoic acids (HETES), epoxyeicosatrienoic 

acids, lipoxins, and hepoxilins [5]. The two major, and subsequently best studied, 

eicosanoids produced via AA metabolism are the leukotrienes and prostaglandins 

[1].  Importantly, the biosynthesis of these key mediators occurs via two distinct 

biosynthetic pathways. 

Prostaglandins are produced when the cyclooxygenase (COX) enzymes, the 

constitutive COX-1 (PGH2 synthase 1) and the inducible COX-2 (PGH2 synthase 2), 

rapidly convert AA into the endoperoxide intermediate PGH2 [6-8]. This intermediate 

is subsequently converted into the biologically active PGs including PGE2, PGI2, and 

PGD2 via prostaglandin isomerases, or into thromboxane A2 via thromboxane 

synthase [9, 10]. (The COX reaction will be discussed in detail in the next section.) 

Alternatively, AA can be metabolized into LTA4 via the activity of 5-lipoygenase. The 

resulting LTA4 metabolite can then be converted to LTB4 by LTA4 hydrolase or LTC4 
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by LTC4 synthase [11]. Additional metabolism of LTC4 results in the sequential 

production of LTD4 and LTE4 [11]. 

These potent lipid mediators are produced in response to a variety of 

biological stimuli including viruses, bacteria, fungi, C5a complement fragment, 

platelet derived activating factor, and interleukin-8. However, they are also strongly 

induced by soluble pharmacological agents including phorbol esters and calcium 

ionophores [1].  Once generated, eicosanoids have a diverse range of biological 

roles in inflammation, pain, platelet aggregation, cellular proliferation, microvascular 

permeability, labor induction, immune system modulation, and smooth muscle 

contraction [12-17]. 

While virtually all cells can synthesize eicosanoids, the types of eicosanoids 

produced are cell type specific. Cells of parenchymal origin like fibroblasts, epithelial 

cells, endothelial cells, and smooth muscle cells predominantly metabolize AA via 

the COX pathway into prostaglandins. Bone marrow derived cells typically 

metabolize AA via the lipoxygenase pathway (neutrophils and macrophages), 

however, some also use the COX pathway (Mast cells) [1].  As fibroblasts of mouse 

and human origin were used as the model system for these studies, the remainder 

of this discussion will focus on prostaglandins. Specific emphasis will be placed on 

PGE2, as this is the major prostaglandin produced by fibroblasts [1, 18]. 

 

Prostaglandins and PGE2 

Prostaglandins participate in a wide variety of biological responses including 

regulation of B [19] and T [20] cell function, modulation of inflammation [21], 
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luteolysis [22], angiogenesis [23], and regulation of viral replication [24]. These 

potent lipid mediators are generated by the COX enzymes following AA cleavage by 

cPLA2 [1]. The COX enzymes, the constitutively expressed COX-1 and the inducible 

COX-2, are membrane bound enzymes located on the endoplasmic reticulum 

lumenal surface, as well as, on the inner and outer membranes of the nuclear 

envelope [25, 26]. They are bifunctional in nature and are both responsible for two 

key reactions taking place at distinct sites on the enzymes [27, 28]. The peroxidase 

(POX) reaction, which reduces PGG2 to PGH2, occurs at a heme containing active 

site near the enzyme’s surface. The second reaction, called the cyclooygenase 

reaction, occurs in the core of the enzyme within a hydrophobic channel [27, 28]. 

In vitro studies indicate that the POX reaction can occur independently from 

the COX reaction [29]. However, the COX activity of the enzyme is peroxide-

dependent and requires a two-electron oxidation of the heme group at the 

peroxidase site on the COX enzyme [30, 31]. It is currently unknown how this heme 

oxidation is initiated in vivo. However some studies have implicated peroxynitrite, 

which is generated in vivo by the reaction of nitric oxide and superoxide free radicals 

[32-34]. In vitro it can be initiated by hydroperoxide contaminants of fatty acid 

preparations. 

Importantly, COX-2 activation occurs at a 10-fold lower concentration of 

hydroperoxide than COX-1.  As many cells express both isoforms of COX, this 

difference in hydroperoxide requirement is believed to result in the ability of both 

enzymes to function independently within the cell [35, 36].  COX-1 is not tightly 

regulated at the transcriptional level, but is expressed consistently at low levels and 
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requires a high amount of hydroperoxide to result in enzyme activation; the end 

result is low continuous basal levels of PGs [27, 28]. The expression of COX-2, on 

the other hand, is induced in response to inflammatory stimuli such as 

lipopolysaccharide (LPS), Tumour Necrosis Factor alpha (TNFα), and interleukin-1 

Beta (IL-1β) which lead to the activation of NF-кB, C/EBP, and mitogen-activated 

protein kinase (MAPK) cascades. All of these signaling pathways lead to increases 

in COX-2 expression [37-39]. Once expressed, COX-2 is rapidly activated due to a 

low requirement for hydroperoxide, or the in vivo counterpart. Upon activation, both 

COX-1 and COX-2 undergo the same reaction process [27, 28]. 

In vitro studies have shown that when hydroperoxide reacts with the heme 

containing active site on the COX enzyme, it results in a two electron oxidation 

yielding Compound I. Compound I is characterized by an oxyferryl-heme radical 

cation [31, 40-42].  Compound I rapidly undergoes an intramolecular reduction. The 

result is intermediate II, which contains a tyrosyl radical [40, 41, 43, 44]. 

As stated earlier, the cleavage of AA by cPLA2 is considered the rate limiting 

step in PG production. Therefore, the remainder of the reaction will only take place if 

an appropriate fatty acid such as arachidonate is present in the COX active site. If 

AA is present, the tyrosyl radical of intermediate II will trigger the COX reaction by 

abstracting the 13proS hydrogen atom to generate an arachidonyl radical [45]. This 

radical will immediately react with molecular oxygen and the 11-hydroperoxyl radical 

will be produced. This 11-hydroperoxyl radical subsequently forms the endoperoxide 

cyclopentane moiety of PGH2. A second molecular oxygen is then added at carbon 

15, resulting in PGG2. PGG2 will ultimately form PGH2 as POX reduces the 15-



 7

hydroperoxide of PGG2 to form PGH2 [27, 28, 46]. Subsequent activation of COX 

occurs autocatalytically with the generation of additional PGG2 [27, 28, 46]. The 

PGH2 intermediate is subsequently converted into the biologically active PGs 

including PGE2, PGI2, and PGD2. via prostaglandin isomerases or into thromboxane 

A2 via thromboxane synthase [9, 10]. Once synthesized, PGs must exit the cell to 

exert their biological activities. Most believe that they exit the cell by passive 

diffusion, however, carrier mediated processes have also been demonstrated [47, 

48]. 

Once generated and secreted, PGs mediate their effects through the 

activation of specific G-protein-coupled receptors, called prostanoid receptors, which 

have seven hydrophobic transmembrane segments. They are rhodopsin-like 

receptors which require both the extracellular and transmembrane regions for ligand 

binding [49-51]. The receptors are named using a specific nomenclature based on 

the ligand that binds them with the greatest affinity. For example, the prostanoid EP 

receptors bind PGE2 with the greatest affinity, whereas the prostanoid DP receptor 

binds PGD2 with the greatest affinity [52]. 

Biological activities of PGE2 are mediated via four EP receptors designated 

EP1-4 which activate a variety of intracellular signaling pathways [21]. PGs induce 

both autocrine and paracrine responses [24]. PGE2 specific activities include fever 

induction and blood vessel dilation in the brain [53], the suppression of both 

chemokine [54] and cytokine [55, 56] production in activated macrophages, as well 

as, regulation of dendritic cell  migration [57, 58], maturation [57], survival [59], and 
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modulation of Th1 vs. Th2 differentiation [60]. PGE2 also induces the proliferation 

and migration of endothelial cells [23]. 

 

Viruses and Prostaglandins 

In addition to these immune modulatory activities, PGE2 has well documented 

effects on viral replication, the activation of transcription of viral promoters, and 

modulation of the host immune response to viruses. Indeed, COX-2-dependent 

PGE2 production is induced by several viruses and has been shown to increase viral 

replication in the majority of viruses tested including: herpes virus, human 

immunodeficiency virus Type 1 (HIV-1), picornavirus, rhabdovirus, and respiratory 

syncytial virus [24]. The mechanism responsible for PGE2 enhancement of viral 

replication remains unclear, however, it may be cAMP dependent [61-63]. 

Conversely, PGE2 has been reported to inhibit the replication of adenovirus, 

parainfluenza virus, hepatitis B virus, HIV-1, Epstein-Barr virus, and measles [24]. 

The underlying mechanisms responsible for these effects remain to be elucidated. It 

should be noted that several conflicting reports with regard to the suppressive 

verses stimulatory effects of PGE2 on viral replication have been reported, especially 

for HIV-1. These contradictory results are likely due to differences in cell type tested 

[24]. 

In addition to the above effects of PGE2 on viral replication, PGE2 has been 

found to modulate transcription. PGE2 increases transcription of the long terminal 

repeat (LTR) in HIV-1 infected T cells via NF-кB dependent and independent 

pathways. The LTR of HIV-1 contains sequences that are critical to DNA integration 



 9

and the internal polymerase II promoter which is needed for transcription of the 

retroviral DNA upon integration [61]. 

Despite the apparent advantages PGE2 confers to certain viruses during 

replication it is important to remember that PGE2 and other PGs are critical 

components of the host immune response. These roles are clearly evident in 

reviewing the regulatory effects of PGs and PGE2 on T cells, B cells, macrophages, 

and dendritic cells, as discussed in the previous section. Moreover, as previously 

mentioned, PGE2 actually inhibits the replication of certain viruses, including 

adenovirus. There is currently very little information regarding viral modulation of the 

pathway to prostaglandin production. Therefore, it is the focus of this dissertation to 

determine the effect of adenovirus infection on this pathway, with specific emphasis 

on modulation of cPLA2 activity. 

 

Adenovirus 

The human adenovirus was first isolated in primary cell cultures from human 

adenoids in 1953 by Rowe and colleagues [64]. A second group, Hilleman and 

Werner, also isolated adenovirus from respiratory secretion in 1954, from army 

recruits suffering from respiratory disease [65]. The two viruses were found to be 

related and because they were first isolated in adenoid tissue were subsequently 

named adenoviruses [66, 67]. Originally the Adenoviridae family, to which 

adenoviruses belong, was divided into only two genera: the bird infecting 

Aviadenovirus genus and the mammalian infecting Mastadenovirus genus [68]. 

However, two additional genera were added to the family in 2002: the Atadenovirus 
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which infect marsupials, ruminants, and birds and are different from other family 

members due to a very high adenine and thymine content, and the Siadenovirus 

genus which contain viruses with putative sialidase homologs [69, 70]. Currently, 

there are six species (A-F) of human infecting adenoviruses within the 

Mastadenovirus genus. They are divided into species based on the amount of 

guanine and cytosine in their DNA molecules and their ability to agglutinate red 

blood cells. These human infecting species are further subdivided into 50 distinct 

human infecting serotypes based on neutralization assays [71]. 

 

Clinical Features 

Human adenoviruses generally cause only mild respiratory infections. 

However, in children under 5, about 5% of acute respiratory disease cases are 

attributed to adenovirus [72] and 10% of the pneumonia cases [73]. Symptoms 

resulting from respiratory infection include cough, nasal congestion, fever, chills, 

headache, tonsillitis, and malaise [73].  In addition to  respiratory infections in 

children, adenovirus is also associated with acute respiratory infection in military 

recruits, epidemic keratoconjuctivitis, and gastroenteritis [73]. 

Adenovirus also causes persistent infections lasting up to 24 months after the 

initial infection [74, 75]. In situ hybridization experiments have revealed adenovirus 

DNA in the peripheral lymphocytes of healthy individuals (1 in 104 to 106 peripheral 

lymphocytes). Positive samples increased with the age of the individual tested. True 

viral latency is also believed to occur in tonsillar tissue, even after multiple passages 

adenovirus nucleic acid was present in this tissue in the absence of infectious virus 
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[76].  This latency is believed to contribute to chronic obstructive pulmonary disease 

(COPD), a disease seen in smokers resulting in significant inflammation of the lung 

and airway obstruction, as polymerase chain reaction analysis revealed E1A 

sequences in pulmonary nodules of COPD patients [77, 78]. The ability of the virus 

to persist within the host has been attributed to the immune modulatory functions of 

the early region gene products of adenovirus [73]. 

 

Adenovirus Structure, Genome Organization, and Gene Expression 

Adenoviruses are composed of a non-enveloped icosahedral capsid with a 

diameter of 70-100 nm which surrounds the DNA containing core [79, 80]. The 

icosahedral capsid itself is made up of 252 subunits including 240 hexons and 12 

pentons. Each of the pentons is located at one of the 12 vertices of the capsid, and 

are made up of  a base forming the surface of the capsid with a projecting fiber 

protein that contains a globular knob domain [70, 81]. It is this fiber protein that 

interacts with the coxsackie adenovirus receptor (CAR) on the host cell [82, 83]. 

To date, all of the adenovirus genomes located within this capsid have had 

the same overall organization. Ad2 and Ad5 have been the most extensively studied; 

therefore much of what we know about human adenoviruses comes from the 

knowledge of these two very closely related viruses. The virion core contains the 

~36 kb linear double stranded adenovirus genome [84, 85]. The virally encoded 

polypeptide VII is histone-like and associates with the DNA resulting in its highly 

condensed nucleosome-like structure [86, 87]. Two identical origins for DNA 

replication are present on the linear genome, and they are located within the 
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inverted terminal repeat (ITR) of the viral genome [71]. Each viral chromosome also 

has a cis-acting packaging sequence which mediates the interaction of the viral DNA 

with the encapsidating proteins critical to the generation of new viral progeny [88]. In 

addition, covalently attached to the 5′ termini of the DNA is a terminal protein which 

acts as the primer for DNA replication [89, 90]. 

Five early transcription units are carried on the viral chromosome and are 

designated the E1A, E1B, E2, E3, and E4. The IX and IVa2 units are also generated 

early, and are referred to as the delayed early transcriptional units. These early 

genes provide many functions including a variety of regulatory and enzymatic 

activities. A complex series of splicing events of the major late transcription unit 

generates the five late transcripts (L1, L2, L3, L4, and L5), that code for proteins 

important to the structure, encapsidation, and maturation of the virus particles [91]. 

All of these are transcribed by the host RNA polymerase II and each unit leads to 

multiple mRNAs. The early viral gene products facilitate the strict sequence of 

expression of subsequent viral gene products [71]. 

E1A is the first viral gene product expressed during infection. It encodes two 

major mRNAs expressed during early viral infection [71]. In later infection three other 

E1A mRNAs are also generated, however, the functions of the products of these 

mRNAs have not been elucidated [92]. The two major E1A products, expressed 

early in infection, are referred to as the 12S (243 residues) and 13S (289 residues) 

E1A proteins, their mRNAs are generated by alternative splicing. The primary roles 

of these E1A proteins are to regulate viral transcription and to alter cellular 

programming to induce the S phase of the cell cycle which is optimal for viral 
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infection [71]. Importantly, E1A proteins exert their effects not by binding to DNA, but 

rather by binding to cellular proteins that modulate transcription and the cell cycle to 

alter their function [71, 93, 94].  E1A proteins interact promiscuously with a variety of 

regulatory proteins and host cell transcription factors including, TATA-binding protein 

(TBP), Signal Transducer and Activator of Transcription (STAT)-1, retinoblastoma 

gene product (pRB), p107, p300, YY1, SP1, ATF-2, AP-1, and MED23 [71, 91, 95, 

96].  In addition E1A proteins can alter gene expression via chromatin remodeling, 

modulate protein stability by interaction with the 26S proteasome, downregulate 

expression of Major Histocompatibility Complex class l (MHC-1), and deregulate the 

cell cycle by inactivation of the pRB cell cycle check point [71, 95, 96]. 

Interactions of E1A with these proteins are facilitated via three conserved 

domains CR1, CR2, and CR3, present across all adenovirus serotypes examined 

[97, 98]. The 12S E1A protein contains only CR1 and CR2; whereas, the 13S 

contains all three [71]. The CR3 domain is particularly important for early viral gene 

transcription, as mutations in CR3 result in a 5 to 20 fold decrease in transcription 

from the four early viral transcription units [99, 100]. The CR2 region, via interactions 

with pRB and E2F, is sufficient to drive cells into S phase, although CR1 inhibition of 

p300/CBP has also been implicated [95].  Independent of these roles during viral 

infection, E1A is also capable of partial or unstable transformation of cell lines and 

can induce full transformation with the addition of the E1B region [101-107]. E1A, in 

association with other oncogenes such as activated RAS, can also induce 

transformation [71, 108]. 
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Overall, the additional early region gene products assist in viral replication 

and modulation of the host immune response. The E1B-19kDa and E1B-55kDa 

proteins are expressed following E1A and are responsible for rendering the cell 

more susceptible to viral infection and inhibiting apoptosis [71]. The E2 transcription 

unit is critical to DNA replication encoding the DNA polymerase (pol), preterminal 

protein (pTP), and the DNA binding protein (DBP) [71]. The E3 region is responsible 

for inhibition of apoptosis, modulation of the innate and cellular immune response to 

infection, as well as, the production and assembly of components of the capsid [71]. 

The E4 region gene products are involved in viral DNA replication, the transport of 

viral mRNAs, splicing, modulation of host cell protein synthesis, and regulation of 

apoptosis [71]. The E1B-55kDa and E4-34kDa also act together to prevent 

accumulation of cellular mRNA and promote viral mRNA accumulation via a 

currently unknown mechanism, although direct binding to the mRNAs has been 

implicated [109]. 

The IVa2 protein is involved in activation of the major late promoter [110]. 

While, the function of the IX protein is still unclear, it does also act to initiate 

transcription, although, it does not appear to be specific for the major late promoter 

[111]. The late viral genes are expressed at the commencement of viral DNA 

replication; the major late transcript undergoes a complex series of splicing events. 

The five late mRNAs generated encode the proteins of the viral capsid, as well as, 

proteins required for assembly of new virus particles within the cell nucleus [71]. 
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Viral Interactions with the Host 

Adenoviruses first enter the host via either the mouth, nasopharynx, or ocular 

conjunctiva.  Primary replication of the virus occurs in the oropharynx and 

nonciliated respiratory epithelium [73]. The initial interaction between the virus and a 

specific host cell occurs between the coxsackie and adenovirus receptor (CAR) and 

the globular knob domain of the fiber protein of the capsid and is a high affinity 

interaction [112-114]. The CAR receptor belongs to the immunoglobulin superfamily 

and is responsible for binding the human adenovirus subgroups A, C, D, E, and F 

[115]. CAR is mainly expressed on epithelial cells [116]. The histocompatability class 

I molecule may also act as a receptor for adenoviruses in subgroup C, as this 

receptor is also a member of the immunoglobulin superfamily [117]. After initial 

receptor docking, the virus is then internalized by clathrin-mediated endocytosis 

initiated by the interaction of the penton base protein’s Arg-Gly-Asp (RGD) peptide 

sequence [118] with the secondary host cell receptors αvβ3 and αvβ5 [119]. 

Importantly, human bronchial epithelial cells, a major site of primary adenovirus 

infection in vivo, express the integrin αvβ5 [120]. 

These initial viral interactions with the host initiate a number of signaling 

pathways. The interaction of the Ad5 fiber with CAR initiates ERK1/2, JNK Mitogen 

Activated Protein Kinases (MAPK), and Nuclear Factor-кβ (NF- кβ). This is believed 

to occur independent of viral gene expression [83]. Indeed, both transcription-

defective or empty capsids of Ad2 or Ad5 within only 15 minutes postinfection 

activate MAPKs including Erk, p38, and JNK; in addition, by 2-4 hours postinfection 

NF-кB is also activated  [121-124].   While clearly the activation of these pathways 
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serves as an early warning system to the host cell, by activating immune responses 

and pathways to apoptosis, they may also be important to the activity of viral 

proteins. E1A, for example, is phosphorylated by MAPK members which results in 

an increase in E4 promoter expression [125]. However, activation of these key 

signaling pathways is not on the whole beneficial for the virus; therefore adenovirus 

has several methods of modulating the host immune response in order to evade 

detection. 

E1A is able to block interferon induced transcription of antiviral genes by 

modulating the activity of the IFN specific transcription factors [126]. While the 

function of the two E1B gene products is to prevent apoptosis: The E1B-55kDa 

counteracts the stabilization of p53 by E1A (E1A uses p53 to modulate the cell 

cycle). p53 accumulation results in apoptosis, therefore, E1B-55kDa prevents this by 

binding to p53 and repressing p53 mediated transcription and thereby preventing 

apoptosis [127]. The E1B-19kDa is a functional homolog of BCL-2. E1B-19kDa 

binds to BAX, a proapoptotic protein which is induced by p53, and by this binding 

prevents the mitochondrial release of cytochrome C which would have lead to 

apoptosis [128, 129].  The E3-19 kDa protein binds directly to the MHC class I 

molecule and prevents its transport to the cell surface from the ER thereby 

effectively blocking killing of the adenovirus infected cell by cytotoxic T lymphocytes 

[130, 131]. Together, the E3 RID, E3-14.7, and E1B-19kDa proteins also can inhibit 

apoptosis by targeting and modulating death domain containing receptors like 

TNFR1, FAS, and the TNF-related apoptosis-inducing ligand (TRAIL)-R1 [132]. 
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Adenovirus also must modulate the host cell in order to allow for the release 

of the viral progeny. During the late stage of infection, the nuclear infrastructure is 

modified and the nuclear membrane becomes permeable to allow for the viral 

progeny to enter into the cytoplasm. The eventual lysis of the plasma membrane 

results in the release of the newly formed viral progeny.   This is believed to be 

facilitated in part by alterations in the vimentin intermediate filament network that 

occur immediately upon infection and do not requiring viral gene expression [133], 

as well as, by early region gene products. Both E1A [134] and E1B [135] have been 

reported to be involved in vimentin modifications. The end result is that vimentin, 

which is normally extended well into the cytoplasm, collapses around the perinuclear 

region [136, 137]. These perturbations in the intermediate filament network make the 

cells more susceptible to lysis [73]. The final lysis is induced by the E3-11kDa 

protein. Accumulation of this protein kills and lysis the cells, resulting in the release 

of virus particles [73, 138]. The mechanism behind this is currently unknown. 

 

Adenovirus as a Vector for Gene Delivery 

In addition to being a human pathogen, adenovirus is also extensively studied 

as a gene delivery vehicle. The majority of the vectors are derived from either Ad2 or 

Ad5 serotypes of the human adenovirus. These serotypes are used most often 

because they are considered non-oncogenic  and their resulting infections are 

generally very mild [70, 139]. Moreover, adenoviruses in general are readily 

propagated to high titers, are stable in the bloodstream, and are very efficient at 

delivering their genomes to the nucleus. In addition, adenovirus-based vaccines 
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have also been administered without adverse effects [70, 139]. First generation Ad2 

and Ad5 vectors, or E1-region deleted vectors, are by far the most widely used to 

date [139, 140]. They are considered replication defective due to the E1-region 

deletion and can carry up to 7.5 kb of foreign DNA to the target site [70, 139]. 

However, some viral DNA replication still occurrs with these vectors. In addition, 

expression of the transgene product was itself immunogenic resulting in only 

transient gene expression due to destruction of transgene expressing cells by 

cytotoxic T lymphocytes [70, 139, 140]. Additional generations of adenovirus vectors 

have attempted to reduce immunogenicity by preventing viral DNA replication with 

additional adenovirus gene deletions.  Recently gutted vectors, which have only the 

ITR and packaging signals of the original adenovirus, have been developed which 

can accommodate up to 36 kb of foreign DNA. These have shown improvement with 

reduced immunogenicity and longer expression of the gene of interest [70]. 

However, despite these considerable advances many obstacles remain to be 

overcome. For example, adenovirus vectors display tropism for specific tissue based 

on their expression of the CAR receptor and secondary integrin receptors, therefore, 

they may not be suitable for all gene transfer targets. Research is underway to try to 

redirect tropism by modification of the knob domain of the fiber capsid protein [70]. 

Perhaps the greatest obstacle facing the use of adenovirus vectors, especially first 

generation vectors, is the very strong cellular and humoral immune response they 

induce [141, 142].  Gene expression is transient due to immune system destruction 

of the expressing cells and repeated gene therapy treatments are thwarted due to a 

strong humoral response [70, 139]. Importantly, strong inflammatory responses are 
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observed in response to just the viral capsid suggesting that viral gene expression is 

not required for the initial response to vector treatment. Indeed, viral capsid proteins 

alone have been shown to induce the release of IL-6 and IL-8, and to result in  

neutrophil and effector cell recruitment [70]. In addition, as described above, both 

transcription-defective or empty capsids of Ad2 or Ad5 within only 15 minutes 

postinfection activate Mitogen Activated Protein Kinases (MAPK) including Erk, p38, 

and JNK and by 2-4 hours postinfection NF-кB is also activated [121-124].   Clearly, 

further understanding of host cell responses to adenovirus that are independent and 

dependent on viral gene expression will help in future design of more efficient gene 

delivery vehicles or in identifying new strategies to increase gene expression by 

immune suppression of the host.  As the cleavage of AA by cPLA2 is the rate limiting 

step in the production of the lipid mediators of inflammation [143, 144] understanding 

how adenovirus modulates cPLA2 will not only offer insight into adenovirus infection 

but it could also help develop more efficient adenoviral vectors. 

 

Phospholipase A2  Enzymes and cPLA2 

Phospholipase A2 enzymes play a critical role in inflammation by catalyzing 

the hydrolysis of membrane phospholipids at the sn-2 position. Generally, the 

phospholipase A2 enzymes are divided into three main categories based on their 

requirement for calcium as an intracellular activation signal. These groups include: 

the secretory PLA2 (sPLA2) which requires millimolar concentrations of calcium for 

activation, cytosolic PLA2 (cPLA2) which requires only micromolar concentrations of 

calcium for activation, and the Ca2+ independent PLA2 (iPLA2) which do not require 
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calcium for their activity [145-147]. Both cPLA2 and sPLA2 isozymes are important 

molecules in cellular signaling and eicosanoid production, while iPLA2 is a critical 

housekeeping enzyme involved in phospholipid membrane remodeling [147]. 

Importantly, among these enzymes, only cytosolic PLA2 is highly selective for 

cleavage of AA at the sn-2 position [148, 149]. This selective cleavage is considered 

the rate limiting step in the biosynthesis of eicosanoids, therefore, the regulation of 

cPLA2 is considered of particular interest and will be the focus of this dissertation 

[143, 144]. 

cPLA2 was characterized and purified by Leslie and colleagues in 1988 from 

RAW 264.7, a murine macrophage cell line [148]. The location of the cPLA2 gene 

has been mapped to the q arm of chromosome 1, is comprised of 18 exons and 17 

introns,  and spans over 137 kb [150, 151]. The encoded protein is comprised of 749 

amino acids and has a predicted molecular weight of 85.2 kDa [4, 152]. However, it 

migrates on a sodium dodecyl sulfate (SDS)-polyacrylamide gel as a 100-110 kDa 

protein [4, 152]. cPLA2 is composed of two distinct functional domains, the N 

terminal calcium dependent lipid binding domain (CaLB) and the C-terminal catalytic 

domain [153]. The CaLB domain is a member of the C2 domain family, and is 

therefore frequently referred to as simply the C2 domain [154, 155]. The C2 domain 

regulates the calcium dependent translocation of cPLA2 to intracellular membranes 

[2]. This calcium dependent translocation event places the catalytic domain of the 

enzyme within the proximity of its membrane substrate [156]. However, exposure of 

the catalytic site to AA requires phosphorylation and structural rearrangement of the 

enzyme [156]. This structural rearrangement is necessary because the catalytic 
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domain of cPLA2 contains a “cap”, made up of two sets of anti-parallel beta sheets 

and four helices which normally conceal the catalytic site. Once this rearrangement 

occurs the substrate can gain access to the active site. A single phospholipid 

molecule binds the active site and an acyl-enzyme complex is formed. This complex 

is subsequently hydrolyzed by water to produce free arachidonic acid [156]. 

Importantly, three of the five serine phosphorylation sites on cPLA2 are located within 

the cap; therefore, phosphorylation on one or more of these sites is likely critical to 

this catalytic activity of the enzyme [156]. 

 

Overview of cPLA2 Activation and Regulation 

cPLA2 is activated in response to a wide variety of stimuli including mitogens, 

cytokines, hormones, antigens, endotoxins, neurotransmitters, oxidation, UV light, 

hyperglycemia, and shear stress [4, 157, 158]. The intracellular activation of cPLA2 

is complex and not fully elucidated; however, both calcium and phosphorylation are 

well documented as key regulatory factors [153, 159-164]. These two factors can 

regulate cPLA2 activity in concert, or independently of one another [165]. In resting 

cells, cPLA2 is generally retained in the cytosol [4, 158, 166]. Therefore, in order to 

cleave its AA substrate it must translocate from the cytosol to a fatty acid containing 

membrane [167]. Generally, a rise in intracellular calcium has been reported to 

initiate translocation from the cytosol to a specific target membrane, while 

phosphorylation increases the enzymatic activity of the phospholipase [144, 168]. In 

addition to regulation by calcium and phosphorylation, cPLA2 activity is regulated at 



 22

the transcriptional and post-transcriptional level, as well as, by specific binding to the 

intermediate filament family member vimentin and the sphingolipid ceramide. 

 

Regulation of cPLA2 by Phosphorylation 

A number of serine/threonine kinase and tyrosine kinase phosphorylation 

consensus sequences have been identified on cPLA2 [4]. On the whole, the minimal 

data available indicate that cPLA2 phosphorylation is both cell type and agonist 

specific and likely is important to regulation of both membrane binding, and the 

catalytic activity of the enzyme [169]. The  regulation of cPLA2 by phosphorylation 

appears to occur mainly by phosphorylation on serine (Ser) residues including Ser-

437, Ser-454, Ser-505, and Ser-727 sites [143, 170, 171].  A fifth phosphorylation 

site, Ser-515, has also been identified in vascular smooth muscle cells. 

Phosphorylation at this site by calcium-calmodulin-dependent protein kinase II 

(CaMKII) is required for norepinephrine induced translocation of cPLA2 to the 

nuclear envelope [172]. To date the only other phosphorylation site with a known 

function is Ser-505, all others remain to be elucidated. 

Phosphorylation of Ser-505 results in a 2 to 3 fold increase in cPLA2 activity 

[170]. Moreover, mutation of Ser-505 to an alanine prevents phosphorylation at this 

site and abrogates AA release [4]. These findings clearly demonstrate the 

importance of Ser-505 phosphorylation independent of other regulatory events. Ser-

505 is also conserved across species including humans, mice, chicken, rats, and 

zebrafish [143, 170]. These data clearly establish Ser-505 phosphorylation as a 

major modulator of cPLA2 activity, therefore it is not surprising that it is currently the 
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best studied. Research suggests the phosphorylation on Ser-505 increases the 

phospholipid binding affinity of the enzyme by promoting the hydrophobic interaction 

between the catalytic domain of the enzyme and membrane phospholipids, this 

appears to be a calcium independent event [173]. 

Importantly, Ser-505 is contained within the MAPK consensus sequence 

[174-176]. Several studies in a variety of systems have established that cPLA2 

requires protein kinase C and mitogen-activated protein kinases (MAPK)-dependent 

phosphorylation for enzyme activity. Indeed, full activation of cPLA2 requires 

phosphorylation of Ser-505 by a MAPK family member [160, 165, 174, 177]. MAPK 

dependent phosphorylation on Ser-505 is also required for translocation of cPLA2 in 

β-adrenergic stimulated cardiomyocytes [178]. However, phosphorylation alone is 

typically not sufficient for cPLA2 activation. Several studies have demonstrated that 

phosphorylation fails to result in AA release if Ca2+ is not present [2, 158]. 

 

Regulation of cPLA2 by Intracellular Calcium 

The role that calcium plays in the translocation of cPLA2 has been extensively 

studied in a variety of model systems and in response to diverse agonists including 

zymosan, thrombin, TNF, and the calcium ionophore A23187 [163-165, 179-181] . 

Translocation of cPLA2 occurs in response to a rise in intracellular Ca2+ 

concentration.  Calcium ions subsequently bind to the C2 domain of cPLA2 resulting 

in an increased affinity for membrane surfaces [158, 182]. The C2 domain is 

sufficient for this target specific translocation event in response to calcium, as both 

full length cPLA2 or the C2 domain alone are targeted to the same intracellular 
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membranes [179]. These data clearly demonstrate that calcium, independent of 

phosphorylation is a critical mediator of cPLA2 activity. 

cPLA2 mainly translocates to the endoplasmic reticulum (ER), golgi, or 

nuclear envelope in response to calcium-mobilizing agonists [4, 163, 179, 181, 183]. 

However, a functional C2 domain is also required to induce translocation in 

response to agonists that do not mobilize calcium [184]. These data support the idea 

that even basal levels of intracellular calcium are sufficient for cPLA2 to associate 

with membranes [165].  Indeed, Ca2+ levels from .3-1 µM are sufficient to induce 

cPLA2 membrane binding [2, 185]. However, the duration of translocation is 

modulated by the duration of the calcium increase; therefore, transient increases in 

calcium result in rapid and transient cPLA2 translocation, while a sustained calcium 

increase, as observed in treatment with Ca2+ ionophores, leads to sustained 

translocation of cPLA2 to intracellular membranes. Importantly, the amount of AA 

release and duration of binding to the nuclear membrane were equal to the kinetics 

of these reactions [183]. These data clearly demonstrating the important role of 

calcium in cPLA2 activation and modulation of AA release. In addition to calcium and 

phosphorylation, both vimentin and ceramide have been shown to modulate cPLA2 

activity and lipid mediator production. 

 

Other Cellular Regulators of cPLA2 

Nakatani et al. have demonstrated that the C2 domain of cPLA2 interacts with 

the head domain of vimentin, a member of the intermediate filament family of 

proteins  [186]. Their data indicated that this interaction modulated AA release and 
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PGE2 production. Nakatani et al. suggested that the abrogation they observed in 

cells expressing only the head domain of vimentin, stemmed from the inability of this 

mutant to form filaments [186]. Therefore, the interactions of vimentin and cPLA2, as 

well as, conformational changes in the vimentin filaments are believed to be critical 

regulators of cPLA2. These changes likely effect not only the interaction between 

cPLA2 and vimentin, but also the interaction of vimentin and cPLA2 with lipid 

bilayers. The C2 domain of cPLA2, in addition to binding vimentin, is also 

responsible for binding calcium and the lipid head group of membrane phospholipids 

[2, 154, 186-189]. Importantly, only the first four beta sheets of the eight in the C2 

domain of cPLA2 appear to be required for cPLA2 recognition of vimentin [186]. As 

key residues outside of these regions are known to be required for cPLA2 binding to 

membrane phospholipids, it has been suggested that cPLA2 could bind to both 

vimentin and the phospholipid bilayer at the same time, with vimentin acting as a  

molecular adaptor to stabilize these interactions [190]. 

The sphingolipid ceramide is another important intracellular regulator of 

cPLA2. Ceramide binds directly to the C2 domain of cPLA2, and facilitates 

membrane docking and subsequent AA release [191]. In addition, studies have 

reported that ceramide kinase (CERK) and ceramide-1-phosphate (C1P), the 

product it produces, are required for the activation and translocation of cPLA2 [192-

194].  Indeed, down regulation of CERK by RNAi drastically inhibits AA release and 

PGE2 synthesis [193, 194]. In addition, the sphingolipids, sphingosine-1-phosphate ( 

S1P) and C1P, have been reported to coordinate the production of PGE2 by cPLA2 
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and COX-2 in many cell types including A549 lung adenocarcinoma cells, J774.1 

macrophages, and L929 fibroblasts [195]. 

 

Regulation of cPLA2 at the Transcriptional and Post-transcriptional Level 

There is currently very little information regarding the transcriptional and post-

transcriptional regulation of cPLA2. cPLA2 is constitutively expressed in most tissue 

and cells [158, 196]. However, cPLA2 expression also is induced in response to a 

number of stimuli including growth factors and cytokines [158, 169]. Interestingly, the 

human cPLA2 gene is located next to the gene encoding COX-2 on chromosome 

1q25 [197] and the induction of cPLA2 is often associated with an increase in COX-2 

expression and accompanied eicosanoid production [169]. Alternatively, 

glucocorticoids can repress the expression of cPLA2 resulting in the suppression of 

eicosanoid production [150, 158]. Importantly, both post-transcriptional effects on 

mRNA stability, as well as, transcriptional mechanisms have been implicated in the 

regulation of cPLA2 synthesis in response to cytokines [150, 198]. The only evidence 

currently available on post-transcriptional regulation of  cPLA2 is the presence of 

AUUUA sequences in the 3′ untranslated region of the cPLA2 mRNA, these are 

believed to make the mRNA unstable [199]. 

Transcriptional regulation of the cPLA2 gene is also beginning to be 

elucidated. The human and rat promoters have been characterized revealing that 

these lack a TATA box, but unlike other TATA-less promoters, the cPLA2 promoter  

is GC-poor and does not have an SP1 binding site [150, 151, 198, 200].  The 

promoter does have several interferon-γ-response-elements, an interferon-γ-
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activated sequence, and two glucocorticoid response elements [151, 200]. In 

addition, several putative binding sites for NF-кB, AP-1, AP-2, PEA3, OCT, and 

C/CEBP have been identified [200]. The signal transducer and activator of 

transcription-3 (STAT-3) dependent induction of  cPLA2 has also been reported in 

smooth muscle cells stimulated with thrombin and platelet-derived growth factor-BB 

[201, 202]. 

 

cPLA2 Effector Functions 

cPLA2 is activated in response to a diverse range of stimuli including, 

cytokines, mitogens, endotoxins, hormones, neurotransmitters, shear stress, 

oxidation, hyperglycemia, and viral infection [4, 15, 157, 158, 203] .  Given the 

activation of cPLA2 by these diverse stimuli, the ubiquitous expression of cPLA2, and 

its critical role in the production of eicosanoids it is not surprising that cPLA2 is 

involved in a number of physiological and pathophysiological processes [2]. Major 

insights into these functions have been provided by studies conducted in cPLA2 

knockout mice, which were independently generated in the labs of Uozumi and 

Bonventre [22, 204]. While overall the cPLA2 knockout mice developed normally, the 

loss of cPLA2 expression resulted in severe reproductive defects. Female null mice 

were unable to deliver their offspring due to impaired lysis of the corpus luteum, an 

event normally mediated by PGF2α [22]. cPLA2 is also important to the implantation 

of the embryo. Indeed, most pregnancies in female null mice terminated due to 

defective embryo implantation [205]. 
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In addition to these reproductive effects, peritoneal macrophages from these 

knockout mice failed to generate prostaglandins, leukotrienes B4, or cysteinyl 

leukotrienes following stimulation with LPS or the calcium ionophore A23187 [206].  

These mice also have a greatly reduced anaphylactic response, are refractory to 

methacholine-induced inflammation in the lung [22], and display reduced 

neurological damage following transient ischemia [204]. In addition to these 

knockout studies, the role of cPLA2 has been defined through several inflammatory 

disease models.  For example, the degeneration of neurons occurring during 

Alzheimer’s disease has been linked to the upregulation of cPLA2 and 

overproduction of eicosanoids, as has the pathogenesis of experimental 

autoimmune encephalitis, the experimental model for multiple sclerosis [207, 208]. 

The activity of cPLA2 has also been linked to the oxidative response generated in 

phagocytic cells [209, 210] and several forms of apoptosis [211-215]. Indeed, 

several studies have demonstrated that cPLA2 is required for cell death [211, 212, 

214, 216]. In addition, our lab and others have reported that AA can directly induce 

apoptosis via direct effects on the mitochondrial permeability transition pore [217, 

218]. 

 

Adenovirus and cPLA2 

The main focus of this dissertation is to determine how adenovirus infection 

modulates cPLA2. A number of adenovirus gene products can affect the activity of 

cPLA2 [219]. The major transactivating gene product of the virus, E1A, enhances the 

ability of TNF to cause phosphorylation and activation of cPLA2 [220] and induces 
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apoptosis in the absence of other sensitizing agents [211]. The E3 region protein 

14.7 can overcome the effect of E1A, prevent TNF-induced activation of cPLA2, 

induction of AA release [221] and prevent TNF-induced apoptosis [222] Further, the 

10.4 and 14.5 E3 region gene products also protect E1A expressing cells from TNF-

induced apoptosis [223] by preventing translocation of cPLA2 to membranes [224]. 

As a result, cells infected with full length recombinant or wild type adenoviruses 

remain resistant to TNF-induced apoptosis 

While the understanding of how cPLA2 is modulated during adenovirus 

induced apoptosis is expanding, very little is known about how adenovirus effects 

cPLA2 during the inflammatory response of infected cells. Recently, Crofford and 

colleagues reported that infection with a recombinant Ad triggered PGE2 production 

in cultured synoviocytes via MAPK pathways and induction of COX-2 expression 

[225].  Importantly, PGE2 production in both respiratory syncytial virus [15] and 

influenza virus [203] infected cells has been reported to occur via cPLA2 activation. 

Therefore, cPLA2 may also be critical in the production of PGE2 observed by 

Crofford and colleagues. 

Interestingly, the COX-2 induction reported by Crofford and colleagues, using 

the recombinant adenovirus, was equivalent in untreated and UV-psoralen-treated 

transcriptionaly inactive adenovirus [225]. These data suggest viral gene products 

are not required for the induction of COX-2 and PGE2 production they observed 

during infection with the recombinant adenovirus. Therefore, the response they 

observed may be indicative of a receptor mediated host cell response. However 

given that the recombinant adenovirus they used lacked several of the early region 
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gene products of adenovirus; these data do not present a solid foundation for the 

effect of wild type adenovirus on the lipid mediators of inflammation. Moreover, the 

specific effects of adneovirus infection on cPLA2 with regard to the inflammatory 

responsiveness of the cell have not been elucidated. Further study of this pathway 

with regard to understanding the lifecycle of adenovirus is of particular importance, 

as exogenous PGE2 has been reported to inhibit the replication of adenovirus types 

1, 5, and 12 [226]. 

Adenovirus infection also alters many of the other cellular components known 

to regulate cPLA2 including vimentin and ceramide. As discussed earlier, cPLA2 has 

been shown to interact directly with vimentin and these two proteins are believed to 

act together to regulate AA release and PG production [186]. Adenovirus infection 

has been reported to alter vimentin organization. This is believed to be facilitated in 

part by alterations in the vimentin intermediate filament network that occur 

immediately upon infection and not requiring viral gene expression [133]. In addition, 

both the E1A [134] and E1B [135] early region gene products have been reported to 

modify vimentin. In adenovirus infected cells vimentin, which is normally extended 

well into the cytoplasm, collapses around the perinuclear region [136, 137]. These 

perturbations in the intermediate filament network make the cells more susceptible 

to lysis [73]. 

Adenovirus infection also modulates another important regulator of cPLA2, 

ceramide. Kanj and colleagues reported that adenoviral infection results in 

accumulation of the sphingolipid ceramide, and that adenovirus may hijack the 

ceramide pathway to promote alternative splicing of both viral and cellular proteins in 
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late infection [227]. As previously discussed, ceramide can directly bind to the C2 

domain of cPLA2, and facilitates membrane docking and subsequent AA release 

[191]. Therefore, the adenoviral hijacking of the ceramide pathway, reported by the 

research of Kanj and associates, could have important implication for modulation of 

cPLA2 activity and lipid mediator production during adenovirus infection [227]. Viral 

modulation of COX-2 and the effects of PGE2 on viral replication has been reported 

in several viruses, and appears to be not only virus type, but also cell type specific 

[24] However, the effects of viral infection on cPLA2 location and activation, as well 

as, a detailed understanding of the mechanisms behind viral modulation of PGE2 

production are largely unknown.    

The data presented in this study offer insight into adenovirus modulation of 

these critical inflammatory mediators. Initial adenovirus infection results in a rapid 

induction of cPLA2 specific AA release, which does not require adenovirus gene 

expression. Once viral gene expression occurs, a suppressive phase begins, and 

prostaglandin production is abrogated even in response to external stimuli. The 

release of AA follows a similar pattern. This suppression of AA release and 

prostaglandin production correlates with the mislocation of cPLA2 to the perinuclear 

region. This mislocation is a result of the direct interaction between cPLA2 and 

vimentin, as vimentin networks are selectively reorganized during adenovirus 

infection and cPLA2 directly interacts with vimentin. Importantly, the expression of 

adenovirus E1A alone is sufficient to relocalize cPLA2 and vimentin to the 

perinuclear region of the cell and to abrogate the production of AA and PGE2 in 

response to external stimuli. Therefore, adenovirus E1A is the viral gene responsible 



 32

for the mislocation of cPLA2 and vimentin resulting in the suppression of AA and 

PGE2 production. These data reveal dynamic effects of Ad infection on key 

mediators of inflammation; cPLA2, arachidonic acid, COX-2, and PGE2 and may 

present a mechanism used by adenovirus to evade the host immune system while 

ensuring efficient viral replication. 
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ABSTRACT 

In this report we examine how infection of murine and human fibroblasts by 

Adenovirus (Ad) serotype 5 (Ad5) affects the expression and activity of cytosolic 

phospholipase A2 (cPLA2), cyclooxygenase-2 (COX-2), and production of 

prostaglandins (PGs). Our experiments showed that infection with Ad5 is 

accompanied by the rapid activation of cPLA2 and the cPLA2-dependent release of 

[3H]arachidonic acid ([3H]AA).   Increased expression of COX-2 was also observed 

after Ad infection as was production of PGE2 and PGI2.  Later, however, as the 

infection progressed, release of [3H]AA and production of PGs stopped.  Late stage 

Ad5-infected cells also did not release [3H]AA or PGs following treatment with a 

panel of biologically diverse agents. Experiments with UV-inactivated virus 

confirmed that Ad infection is accompanied by the activation of a host-dependent 

response that is later inhibited by the virus.  Investigations of the mechanism of 

suppression of the PG pathway by Ad5 did not reveal major effects on the 

expression or activity of cPLA2 or COX-2.  We did note a change in the intracellular 

position of cPLA2 and found that cPLA2 did not translocate normally in infected cells, 

raising the possibility that Ad5 interferes with the PG pathway by interfering with the 

intracellular movement of cPLA2. Taken together, these data reveal dynamic 

interactions between Ad5 and the lipid mediator pathways of the host and highlight a 

novel mechanism by which Ad5 evades the host immune response.  In addition, our 

results offer insight into the inflammatory response induced by many Ad vectors 

lacking early region gene products. 
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INTRODUCTION 

PGs are lipid mediators whose activities are critical to a number of biological 

processes.  PG synthesis begins with the PLA2-dependent release of AA from 

membrane phospholipids.  Many different PLA2’s can participate in this process, 

although cPLA2 is the only PLA2 that displays selectivity for arachidonic acid and 

therefore its activity is likely critical to PG synthesis (1, 2).  The COX enzymes 

sequentially convert the AA to PGG2 and PGH2 and finally, a series of PG synthase 

enzymes convert PGH2 to the biologically active PG’s such as PGE2, PGI2, and 

PGJ2.  PG’s exert their effects by binding to cell surface or intracellular receptors.  

PGE2, for example, can bind to four different receptors referred to as EP1-4.  These 

are rhodopsin-type receptors with seven membrane spanning regions that can 

activate a variety of intracellular signaling pathways (3). 

Through these receptors PG’s participate in a wide variety of biological 

responses.  PGE2, for example, can suppress cytokine (4, 5) and chemokine (6) 

production by activated macrophages.  In the brain, PGE2 can promote fever and 

vessel dilation (7).   PGE2 can also exert multiple effects on dendritic cells, such as 

promoting survival (8), enhancing maturation (9), modulating rates of migration (9, 

10) and regulating TH1 vs. TH2 differentiation (11).  PGD2 (12) and PDJ2 (13) also 

regulate dendritic cell function, indicating that PG’s represent a critical link between 

the innate and adaptive immune response.  PG’s can also regulate B (14) and T (15) 

cell functions and the anti-viral activities of PG’s have been well documented (16).  

Of course, overproduction of PG’s can have damaging consequences to the host.  

For example, the degeneration of neurons that occurs during Alzheimer’s disease 
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has been linked to the upregulation of cPLA2 and overproduction of eicosanoids 

(17), as has the pathogenesis of experimental autoimmune encephalitis (17, 18). 

The human Ad is a non-enveloped, double stranded DNA virus. Over 50 

serotypes of Ad have been reported, with Ad5 being one of the most common in the 

human population.  Ads typically cause mild respiratory disease or conjunctivitis in 

healthy humans, although more severe infections have been reported in 

immunocompromised individuals including those recovering from bone marrow 

transplants or infected with HIV (19).  Ads can also establish long term persistent 

infections in the tonsils (20).  Decades of research with these viruses have revealed 

extensive interference with the host immune response.  Several immunomodulatory 

genes are located in the E3 transcription unit, including;  E3 19K, which causes 

MHC class I molecules to be retained in the ER (21), E3 14.7K, which prevents TNF 

from triggering apoptosis in infected cells (22), and E3 10.4K and E3 14.5K, whose 

products together cause internalization of TNF receptors and Fas (23).  Several anti-

immune factors are also encoded outside the E3 region including E1B 19K and VA 

RNA1 (24).   Ads are also important for their potential use as live vaccine vectors 

and as vectors for therapeutic genes.  Various replication-competent and replication 

incompetent Ad vectors have been developed (25).  Many contain early region 

deletions to enhance the carrying capacity of the vector and to reduce the 

inflammatory response in the host. 

In this report, we examine the impact of Ad5 on the production of PGs and 

key enzymes in the PG pathway.  Our results show that Ad5-infected cells initially 

produce PGs, but later once viral gene expression occurs, PG production ceases 
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and infected cells also become refractory to stimulation by external ligands.  Release 

of [3H]AA follows the same pattern and we have correlated these effects with 

changes in the intracellular position of cPLA2. 
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MATERIALS AND METHODS 

Reagents 

All media and chemicals were purchased from Sigma Chemical Co., St. 

Louis, MO unless otherwise stated.  The phospho-specific cPLA2 (p505/cPLA2) Ab 

was obtained from Cell Signaling Technology, Inc, Danvers, MA. The murine 

monoclonal cPLA2 Ab (cPLA2 mAb, sc-454) was purchased from Santa Cruz 

Biotechnology, Santa Cruz, CA. The murine monoclonal COX-1 Ab, and the rabbit 

polyclonal COX-2 Ab were purchased from Cayman Chemicals, Ann Arbor, MI. The 

Ad E1A murine monoclonal Ab (MS-588-P1) was purchased from Labvision Corp., 

Fremont, CA. Horseradish peroxidase conjugated goat-anti-rabbit and goat-anti-

mouse secondary antibodies, as well as, TRITC conjugated goat-anti-mouse and 

FITC conjugate goat-anti-rabbit were obtained from Sigma Chemical Co., St. Louis, 

MO. Radiolabeled compounds were purchased from Dupont NEN Corporation, 

Boston, MA.  Phorbol 12-myristate 13-acetate (PMA) was purchased from Biomol 

International, Plymouth Meeting, PA and Lipopolysaccharide (LPS) was purchased 

from List Biological Laboratories, Inc., Campbell, CA. The cPLA2 Inhibitor was 

purchased from Calbiochem, San Diego, CA. 

 

Cell Culture 

Murine cell lines were cultured in Dulbecco's Modified Eagle's medium 

supplemented with 10% FCS and maintained at 37oC and 8% CO2. IMR-90 and 

HEL299 human lung fibroblasts were purchased from ATCC and were cultured in 

Minimum Essential Medium (Eagle) with 2 mM L-glutamine and Earle’s BSS 
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adjusted to contain 1.5 g/L of sodium bicarbonate and 0.1 mM non-essential amino 

acids and 1 mM sodium pyruvate and supplemented with 10% FCS and maintained 

at 37oC and 5% CO2. 

 

Viruses and Infection 

Construction of the mutant adenovirus dl309 and dl758 has been described 

previously (26, 27). The mutant dl309 was derived from Ad5 and lacks the 10.4K, 

14.5K and 14.7K genes of the E3 transcription unit.  The mutant dl758 was derived 

from a full length Ad5-Ad2-Ad5 recombinant virus (rec700) and lacks the E3 14.7k 

gene.  The Ad5 and dl309 viruses were originally provided by L. Gooding, Emory 

University, while rec700 and dl758 were originally provided by W. S. M. Wold, St. 

Louis University. For these experiments, virus stocks were prepared using standard 

methods with A549 cells.  For virus infections, cells were plated overnight, washed, 

and incubated with 10 pfu/cell for 2 hours in media containing 2% FCS. The cells 

were returned to media with 10% FCS and incubated for indicated times.  Infection 

rates were monitored by immunofluorescence with an anti-E1A antiserum and were 

typically 85-90%.  UV inactivation was performed by exposing a thin film of virus 

stock to UV light, 2 cm from a UVG-11 UV lamp (UVP, Upland CA) for 20 m.  UV-

inactivated virus displayed no growth on permissive A549 cells. 

 

Quantitative PG Immunoassays 

Production of PGE2 and 6-keto-PGF1α were determined using specific 

immunoassays purchased from R & D Systems, Minneapolis, MN.  Briefly, 2.5 X 104 
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C3HA cells or 4 X 104 HEL299 cells were plated into 24-well flat bottom tissue 

culture plates (Fisher Scientific, Pittsburgh, PA) and allowed to adhere overnight. 

Virus infections and treatments were performed as indicated, samples collected, and 

analysis performed according to the manufacturer’s instructions.  Optical density 

was determined using a PolarStar microplate reader (BMG Labtechnologies., 

Durham, NC). 

 

Immunoblotting 

Cell monolayers were washed twice with cold phosphate buffered saline 

(PBS), solubilized in lysis buffer (50 mM Hepes, pH 7.4, 1 mM EGTA, 1mM EDTA, 

0.2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM 

leupeptin, 0.5% SDS), and collected by scraping. The protein concentration for each 

sample lysate was determined using the Pierce BCA system (Pierce, Rockford, IL). 

Equal protein samples (15 to 30 µg) were loaded on 8% Tris-Glycine gels and 

subjected to electrophoresis using the Novex Mini-Cell System (Invitrogen). 

Following transfer, blocking and probing, bands were visualized using the 

SuperSignal Chemiluminescent system (Pierce, Rockford, IL). 

 

[3H]AA-release assays 

2.5 X 104 cells were plated into 24-well flat-bottom tissue culture plates 

(Fisher Scientific, Pittsburgh, PA) and labeled overnight with 0.1 µCi/ml [3H]AA.  The 

following morning, the cells were washed 2X with Hank’s balanced salt solution 

(HBSS), allowed to recover for an additional 2 h, and washed again prior to 



 62

treatment. At indicated time points, 275 µl aliquots of media were removed from the 

wells and centrifuged to remove debris.  200 µl of the supernatant was removed for 

scintillation counting (Beckman model LS 5801, Fullerton, CA) and total [3H]AA-

release was calculated by multiplying by a factor of 2.  Each point was performed in 

triplicate and maximum radiolabel incorporation was determined by lysing untreated 

controls with 0.01% SDS and counting the total volume. 

 

cPLA2 enzyme assay 

Lysates were prepared by sonication in 20 mM Tris, pH 8.0, 100 mM NaCl, 1 

mM EDTA, 50 mM NaF, 30 mM sodium pyrophosphate, and 0.2 mM Na3VO4, and 

cleared by ultracentrifugation (100,000 X g for 1 hour at 4oC). The activity of cPLA2 

was measured in vitro using vesicles of [14C]arachidonyl phosphatidylethanolamine 

and dioleoylglycerol, as described previously (28, 29). The [14C]arachidonyl 

phosphatidylethanolamine and dioleoylglycerol were mixed, dried under nitrogen, 

and resuspended in 50 mM HEPES, pH 7.4.  The solution was sonicated on ice for 

10 s, quick frozen in liquid nitrogen, and resonicated for 1 m.  Enzymatic reactions 

were initiated by adding 10 µl of freshly prepared substrate to assay tubes 

containing 90 µl buffer (50 mM HEPES, 150 mM sodium chloride, 2 mM 2-ME, and 1 

mM calcium chloride, pH 7.4, with 1 mg/ml BSA) and test protein.  The final 

concentration of substrate was 2 µM [14C]arachidonyl phosphatidylethanolamine 

and 1 µM dioleoylglycerol.  Reaction tubes were incubated at 37oC for 1 h and the 

reaction was terminated with EDTA.  To extract free fatty acids, 2 ml 

isopropanol/heptane/sulfuric acid (90:10:1) were added to each tube, the tubes 
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vortexed, 750 µl water and 1.2 ml heptane added followed by revortexing.  The 

phases were separated by low speed centrifugation, and 1 ml of the heptane phase 

transferred to a fresh tube containing 2 ml heptane and 100 mg silicic acid.  After 

mixing, the tubes were centrifuges and 1 ml of heptane was removed for scintillation 

counting. All points were performed in triplicate. 

 

Immunofluorescence Microscopy 

Cells were plated on 8-well glass chamberslides (Nalge Nunc International 

Corp., Naperville, IL), incubated overnight to achieve 80% confluence (1-4 X 104 

cells/well depending upon cell type), infected with Ad5 for indicated time point and/or 

treated with 10 ng/ml PMA, washed two times with phosphate buffered saline (PBS) 

and fixed for 20 m in 10% formaldehyde in PBS. The cells were permeabalized with 

0.1% saponin and incubated with primary antibody in 2% BSA for 45 m. Cells were 

washed with PBS, and incubated with secondary antibodies for 45 m. For calcium 

experiments, 15 m before the end of treatment time Fluo-4, AM was added to each 

well for a final concentration of 5 µM. Cells were washed twice with PBS and fixed 

with 10% formaldehyde in PBS for 15 m.  Cells were washed twice and mounted in 

10% glycerol.  Microscopy was conducted on a Zeiss Axioscop 2 Plus and images 

were captured and processed by a SpotTM CCD camera and software (Diagnostic 

Instruments, Inc., Sterling Heights MI). 
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RESULTS 

Infection of C3HA murine fibroblasts with Ad5.   

The murine, 3T3-like cell line, C3HA, was used for many of the experiments 

in this report.  We chose these cells because they strongly express Ad early gene 

products and have been used previously to study the effects of Ad on host cell 

function (22, 30-32).  (Note that since C3HA cells are murine in origin Ad late genes 

are not expressed and the cells are non-permissive for Ad replication).  C3HA cells 

were also selected because they express high levels of cPLA2 (29), and the 

regulation of cPLA2 activity in these cells has been characterized previously (29, 31-

33).  The progress of Ad infections in C3HA cells were monitored with an Ab to the 

Ad5 E1A gene product, the major transactivating gene product of Ad.  As shown in 

Fig. 1, the Ad5 E1A gene product was first detected in the cytosol 6 h post infection 

(p.i.) (Fig. 1B), while strong cytosolic expression of E1A occurred 8 h p.i. (Fig. 1C).   

By 16-18 h p.i. (Fig. 1D) 85-90% of the cells displayed strong, uniform nuclear 

staining for E1A. 

 

Infection with Ad5 induces rapid release of [3H]AA and rapid activation of 

cPLA2.   

As shown in Fig. 2A, we found that infection with Ad5 was accompanied by 

the rapid release of [3H]AA, which continued linearly for 6 h then ceased.  Note that 

the break in the x-axis shown in Fig. 2A represents the point in the infection protocol 

where the inoculating medium containing 2% FCS was removed and replaced with 

fresh media with 10% FCS.  Fig. 2A also shows that mock infected cells released 
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[3H]AA.  The release of [3H]AA from mock infected cells occurred later (2-4 h p.i) and 

was typically a third the magnitude seen with Ad5-infection.  Our experiments 

showed that the release of [3H]AA from mock infected cells stemmed from the 

increase in FCS concentration which occurred when the inoculating media was 

removed and replaced with fresh media (data not shown).   Our experiments also 

showed that the release of [3H]AA from C3HA cells infected with Ad5 was dependent 

on the activity of cPLA2.  We found that the Ad5-induced release of [3H]AA could be 

blocked completely by cPLA2α Inhibitor (Calbiochem), an N,N-disubstituted 4-

aminopyrrolidine compound (34) (Fig. 2B).  We also investigated whether 

phosphorylation of serine residue 505 is important in this situation for cPLA2 

activation.  As shown in Fig. 2C, we found that infection with Ad5 resulted in the 

rapid phosphorylation of cPLA2 at serine 505 (35) suggesting that phosphorylation at 

this residue may indeed be important for activation of cPLA2 and initiation of [3H]AA 

release.  On the other hand, while [3H]AA release continued for 6h p.i., 

phosphorylation of serine 505 returned to control levels by 2 h p.i. Long term 

experiments did not reveal any rephosphorylation at this site (Fig. 2D), making it 

unlikely that phosphorylation at serine 505 is responsible for the sustained activity of 

cPLA2 throughout the entire 6 h time period.   We did not observe any changes in 

the total amount of cPLA2 throughout the experimental period (Figs. 2C and D). 

 

Ad5-infection induces production of PGE2 and expression of COX-2. 

 As shown in Fig. 3A, infection of C3HA cells by Ad5 was also accompanied 

by production of PGE2.  PGE2 was detected 2 h p.i. and levels continued to increase 
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until approximately 12 h p.i.  Again, switching the cells from 2% to 10% FCS-

containing media also induced a response.  In this case, PGE2 production by mock 

infected cells occurred 4-8 h p.i. and reached levels approximately one third of the 

Ad5-infected cultures.  As shown in Fig. 3B, infection by Ad5 was also accompanied 

by the rapid induction of COX-2.  Levels of COX-2 increased above constitutive 

levels 1 h p.i. (Fig. 3B) and peaked 8 h p.i. (Fig. 3C).  In contrast, the expression of 

COX-1 did not change following Ad5-infection (Fig. 3C).  We did not observe 

increases in the expression of COX-2 in mock infected cells (Figs. 3B and C) 

suggesting that constitutive levels of COX-1 and COX-2 are sufficient for PGE2 

production in mock infected cells. 

 

Ad5 infection inhibits the release of [3H]AA and PGE2 in response to external 

stimuli.   

The experiments in Figs. 2 and 3 showed that although Ad5 induced release 

of [3H]AA and PGE2 , these processes also stopped after 6 and 12 h, respectively.  

In our experience, release of [3H]AA or production of PGE2 from C3HA cells can 

continue in a linear manner for at least 24 h following treatment with ligands such as 

PMA or LPS. We hypothesized, therefore, that Ad5 was exerting a suppressive 

effect on these processes.  To test this hypothesis, late stage Ad5-infected cells 

were treated with a panel of biologically diverse ligands.  As shown in Fig. 4A, we 

found that release of [3H]AA from late stage Ad5 infected cells was greatly reduced 

following stimulation with fibroblast growth factor (FGF), PMA, A23187, IL-1, and 

LPS; where levels of suppression were 76, 77, 76, 100, and 100 %, respectively.  In 
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addition, we found that production of PGE2 was greatly suppressed in late stage 

Ad5-infected cells that were treated with external stimuli.  As shown in Fig. 4B, 

production of PGE2 was greatly reduced in C3HA cells that were infected by Ad5 for 

18 h and then treated with PMA or LPS. 

 

Ad5 gene expression is required for suppression of [3H]AA release but not for 

early release of [3H]AA.   

Experiments were next performed with UV inactivated Ad5 to test whether 

Ad5 gene expression is indeed required for late stage suppression of [3H]AA 

release.  As shown in Fig. 4C, UV inactivation completely abrogated the ability of 

Ad5 to suppress the PMA-induced release of [3H]AA, indicating that transcriptionally 

active virus is required for this effect. The time required for suppression of [3H]AA 

release to appear in Ad5 infected cells is also consistent with the need for Ad5 gene 

expression.  As shown in Fig. 4D, inhibition of the PMA response was first detected 

6 h after the infection was initiated, the time point at which Ad5 E1A protein is first 

detected in infected cells (Fig. 1).  Infection by Ad5 for 18 h was required to observe 

maximum inhibition of this response (Fig.4D), which correlates with the time required 

for uniform nuclear expression of E1A in the culture (Fig. 1).  In contrast, as shown 

in Fig. 4E, UV-inactivated virus was capable of inducing release of [3H]AA at levels 

similar to live virus indicating that viral gene expression is not required for this 

response. 
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Suppression of [3H]AA release in late stage Ad-infected cells is independent of 

E3 region gene products.   

Several Ad5 genes whose products are responsible for suppressing host 

immune function are located in the E3 transcription unit.  We tested, therefore, 

whether E3 products are responsible for the suppression of [3H]AA release seen in 

late stage Ad-infected cells.  As shown in Fig. 4F, we found that Ad deletion mutants 

lacking either the E3 14.7K gene (dl758) or the entire E3 transcription unit (dl309) 

suppressed PMA-stimulated release of [3H]AA as effectively as wild type Ad5 or the 

full length Ad5/Ad2 recombinant rec700.   We conclude, therefore, that the ability of 

Ad5 to prevent cPLA2 activation is a novel activity independent of E3 encoded gene 

products. 

 

Inhibition of [3H]AA release is not due to lack of signaling or inactivation of 

cPLA2.  

 A series of experiments were next performed to understand the mechanism 

of Ad5-mediated suppression of [3H]AA and PGE2 release.  The inset in Fig. 4B 

shows that, although Ad5 infection prevented induction of additional COX-2 by PMA, 

levels of COX-2 remained elevated from the early stages of infection.  This result 

suggested to us that levels of COX-2 were not limiting production of PGE2 and, 

therefore, we focused our experiments upstream on cPLA2.  Initially, we examined 

the signals responsible for cPLA2 activation.  PMA was used as the ligand since 

activation of cPLA2 by PMA is well defined and dependent on the sequential 

activation of protein kinase C and p42/44 MAP kinase (36).  As shown in Fig. 5A, 
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following treatment with PMA we observed a two fold increase in phosphorylation of 

serine 505 that was not inhibited by infection with Ad5 suggesting that kinase-

dependent phosphorylation of cPLA2 is normal in Ad5 infected cells.  Western blots 

examining the phosphorylation of p42/44 MAP kinase also revealed normal 

phosphorylation in PMA-treated, Ad5 infected cells (data not shown).  To confirm 

that phosphorylation was indeed causing activation of cPLA2, lysates from control 

and infected cells were assayed for enzymatic activity in vitro using a mixed micelle 

assay (29, 32).  As shown in Fig. 5B, lysates from mock or infected cells treated with 

PMA displayed similar levels of enhanced enzymatic activity.  Apparently, the 

phosphorylation of cPLA2 in Ad infected cells is indeed resulting in a normally 

activated enzyme.   

Another important signal for the activation of cPLA2 is calcium (37).  We 

hypothesized that if Ad5 infected cells were depleted of calcium, cPLA2 could be 

inhibited from properly binding to and inserting in membranes.  As shown in Fig. 5C, 

Ad5-infection did not cause calcium levels to decrease.  Rather, we found that Ad5-

infection was accompanied by a 50% increase in intracellular calcium 6-8 h after the 

infection was initiated (Fig. 5C).  Increased levels of calcium were generally seen in 

the cytosol and perinuclear region of the cell (compare Figs. 5D and E).  In 

summary, while cPLA2 in infected cells is inhibited from releasing [3H]AA following 

treatment with PMA, Ad5-infection did not inhibit kinase-dependent signaling to 

cPLA2 nor were Ad5-infected cells depleted of intracellular calcium. 
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Infection with Ad5 alters the intracellular position cPLA2.   

cPLA2 is typically found in the cytosol and upon stimulation the enzyme 

translocates to internal membranes. Fig. 6A shows the somewhat punctate, cytosolic 

staining pattern typically observed in unstimulated C3HA cells.  This pattern 

changed dramatically in cells infected by Ad5.  We found that at 6 h p.i cPLA2 

staining was observed almost exclusively in the nuclear/perinuclear region of the cell 

(Fig. 6B).  Later, 10-12 h p.i., this pattern changed to some extent and we observed 

both concentrated nuclear/perinuclear staining and diffuse cytosolic staining (Fig. 

6C).  Finally, 16-18 p.i., another change occurred and we again noted only 

nuclear/perinuclear cPLA2 staining (Fig. 6D).  We questioned, therefore, whether the 

altered position of cPLA2 in Ad5-infected cells could account for the inability of cPLA2 

to respond to PMA.  As shown in Fig. 6E, treatment of mock infected C3HA cells 

with PMA caused a ring of perinuclear staining to appear in virtually every cell.  In 

contrast, the cPLA2 in Ad5 infected cells did not translocate similarly.  Instead, Ad5 

infected cells that were stimulated with PMA retained the pattern of 

nuclear/perinuclear staining seen with only Ad infection (Fig. 6F).   We did note that 

the treatment of Ad5-infected cells with PMA caused the cells to shrink and retract 

from the substrate.  This change in morphology was not seen following the PMA-

treatment of mock-infected cells. 

 

Infection with Ad5 exerts similar effects on the production of PGI2.  

PGI2, prostacyclin, is another prostanoid that can exert effects on immunity 

and inflammation (38).  PGI2 is unstable but its levels can be estimated by 
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measuring amounts of its reaction product, 6-keto-PGF1α.  As shown in Fig. 7A, we 

found that infection by Ad5 resulted in the production 6-keto-PGF1α, which ceased 

after approximately 12 h.  Fig. 7B shows that C3HA cells produce 6-keto-PGF1α in 

response to PMA or LPS and that infection by Ad5 inhibits these responses.  From 

these results we conclude that the effects of Ad5 on the prostaglandin biosynthetic 

pathway are not specific for PGE2 and likely apply to all of the prostaglandins that 

can be produced by these cells. 

 

Infection with Ad5 exerts similar effects on prostaglandin production in human 

lung fibroblasts.   

Ad5 is a human virus and, therefore, experiments were performed to test 

whether Ad5 influences production of PGE2 in human fibroblasts as it does in murine 

fibroblasts. IMR90 cells are normal human lung fibroblasts that have been used 

extensively in studies with Ad (39-41).  As shown in Fig. 8A, these cells produced 

PGE2 rapidly following infection with Ad5, and PGE2 production by IMR90 cells 

ceased approximately 12 p.i.  IMR90 cells infected with Ad5, also did not respond to 

PMA (Fig. 8B) or LPS (Fig. 8C).  A similar pattern was noted with HEL299 cells, 

human embryonic lung fibroblasts that have also been used to study Ad gene 

expression (42).  As shown in Fig. 8D, in these cells we found rapid production of 

PGE2 after infection with Ad5 which continued for approximately 4 h, after which 

both mock and Ad5-infected cells released similar levels of PGE2.  Overnight 

infection of these cells with Ad5 results in near complete inhibition of PGE2 

production in response to both PMA (Fig. 8E) and LPS (Fig. 8F). 
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DISCUSSION 

In these experiments we have attempted to characterize the effects of 

infection by Ad5 on the production of PGs and several key enzymes in the PG 

biosynthetic pathway.  Our experiments revealed two phases to this response; an 

early stimulatory phase followed later by an inhibitory phase.  Since our laboratory is 

particularly interested in identifying new methods for inhibiting the activity of cPLA2, 

we focused our mechanism studies on the later inhibitory phase.   Our experiments 

did not reveal an effect of Ad5 on the expression or activity of cPLA2, nor on signals 

reaching cPLA2.  We did note an effect of Ad5 on the intracellular position of cPLA2 

and its ability to translocate, raising the hypothesis that Ad5 interferes with the 

activity of this enzyme by altering its intracellular mobility. 

Crofford et al. (43), have reported that infection of synoviocytes with the 

vector Ad/RSVlacZ, which lacks E1A, E1B, and a portion of E3, results in rapid 

expression of COX-2 and production of PGE2.   UV-psoralen treatment of the virus 

did not block this effect, indicating that this response is likely a component of the 

host innate response triggered when the virus binds to the cell surface.  Hirschowitz, 

et al. (44, 45) have also reported prostaglandin production in small cell lung cancer 

cells following infection with E1/E3 deleted Ad vectors.  These reports did not, 

however, examine the breadth of this response.  Our results show that infection by 

Ad5 induced the production of both PGE2 and PGI2, raising the possibility that Ad-

infection results in broad activation of the PG biosynthetic machinery and production 

of several different PGs.  There are several potential reasons why cells might want 

to produce PGs following infection by Ad5.  PGE2, for example, can have a direct 
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benefit to host cells and actually inhibit Ad replication (46).  PGE2 might also be 

beneficial to the host because of its ability to drive the immune response towards a 

TH2 phenotype (47).  Ab responses are well known to be effective against this virus 

(48).  Finally, PGs could be beneficial to the host for their distant affects on a variety 

of organs and physiological processes (7). 

Our experiments did, for the first time, reveal that infection by Ad5 also 

triggers the release of [3H]AA.  A cPLA2 inhibitor we tested blocked this response, 

suggesting that the Ad5-dependent release of [3H]AA is dependent on the activity of 

cPLA2.  We also observed the rapid phosphorylation of cPLA2 at serine 505, 

suggesting that this may be the activating signal responsible for the Ad5-dependent 

activation of cPLA2.  Phosphorylation of cPLA2 at this residue is p42/44 MAP kinase-

dependent (35) and Ad-dependent activation of MAP kinases has been reported 

previously (43).  On the other hand, phosphorylation of serine 505 was transient, 

while release of [3H]AA continued for several hours.  It is possible; therefore, that 

additional signals are involved, or that additional PLA2’s play a role in this response.  

Sequential activation of different PLA2 isoforms has been reported previously (49-

52) and will clearly need to be evaluated in this system. 

The activation of cPLA2, induction of COX-2, and ultimately PG production all 

occurred rapidly, before Ad5 gene expression occurred.  Because viruses often 

carry genes to counteract the host immune response, we were interested in knowing 

whether Ad5 made any attempt to silence this response.   Suppressing PG 

production might permit the virus to replicate to higher levels.  It is also possible that 

suppression of PG production results in a TH1 type response which would be less 
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effective against this virus.  Preventing a highly effective immune response may be 

part of the mechanism that allows Ad to form persistent infections.  Our evidence 

suggests that Ad exerts multiple effects on the PG pathway.  We were not surprised 

to find the PMA-induced expression of COX-2 blocked in late stage Ad infected cells.  

Ad exerts broad affects on host cell transcription and translation, and in addition, Ad 

E1A inhibits the translocation of NF-кB (53) which can be critical for expression of 

COX-2 (54).  On the other hand, late stage Ad5-infected cells still retained COX-2 

from the early phase of the infection making it unlikely that the failure of late stage 

cells to produce PG’s results from a lack of COX-2. Instead, our experiments pointed 

to an effect on cPLA2 that ultimately limits PG production.  We hypothesize that 

sufficient AA is released in the early phase of infection to enable COX-2 and 

downstream PG synthases to continue PG production for 12 h.  Beyond that, 

because of the inhibitory effects of Ad5 on cPLA2, free AA becomes limiting and PG 

production ceases.  Clearly, confirmation of this hypothesis will require a more 

complete analysis of the activity of COX-2 and downstream PG synthases during the 

later stages of infection. 

A number of experiments were performed to understand the basis for 

inhibition of cPLA2 activity in late stage Ad5-infected cells.  These cells did not 

respond to any of the ligands we tested, which represented a broad range of 

biologically active compounds, indicating to us that suppression was unlikely 

mediated through effects on receptors or upstream signaling.  In the absence of any 

affect of Ad5 on the expression of cPLA2, we hypothesized unresponsiveness might 

arise from disruption of the terminal kinases responsible for phosphorylation of 
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cPLA2.  We focused our experiments on the response to PMA since this pathway 

has been well defined (35).  Our data did not support that hypothesis; the PMA-

induced phosphorylation and activation of cPLA2 was normal, as was 

phosphorylation of p42/44 MAP kinase (data not shown).  Instead, we correlated the 

unresponsiveness of cPLA2 to changes in its intracellular position and ability to 

translocate.  We found that after 6-8 h of infection, about the time Ad5 proteins 

began appearing, cPLA2 became located in the nuclear/perinuclear region of the 

cell.  Although some diffuse, cytosolic cPLA2 staining was noted later in the 

response, the bulk of the cPLA2 was found in the nuclear/perinuclear region of Ad5 

infected cells.  The nuclear/perinuclear translocation of cPLA2 has been noted in a 

number of cell types following ATP depletion (55), or treatment with norepinephrine 

(56), and histamine (57).  We have also noted the nuclear/perinuclear translocation 

of cPLA2, in C3HA cells treated with TNF and cycloheximide to induce apoptosis 

(33).  Experiments with calcium ionophores (58-61) suggest that this is the normal 

site for cPLA2 translocation following elevation of intracellular calcium.  However, 

these translocation events have been associated with activation of cPLA2 and 

release of AA.  We did not observe translocation to this location early in response to 

Ad5 (when [3H]AA release was occurring), nor when Ad5-infected cells were 

activated with PMA, raising the possibility that Ad5 is “trapping” cPLA2 in an 

inappropriate location that, regardless of signaling, prevents its normal translocation 

and membrane binding. 

There are several potential mechanisms by which Ad5 gene products could 

influence the intracellular position of cPLA2.  As mentioned above, the 
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perinuclear/nuclear translocation of cPLA2 has been associated with elevated 

intracellular calcium and we did note an increase in levels of intracellular Ca2+ about 

this time, possibility indicating a role for Ca2+ in this repositioning process. 

Alternatively, cPLA2 can bind the nuclear oncogene B-myb which in turn can carry it 

into the nucleus (62).  Since the Ad E1A gene product and B-myb share homology 

(63) it is possible that E1A itself may be responsible for the late stage movement of 

cPLA2 into the nuclear/perinuclear region.  It is also possible that Ad5 influences the 

movement of cPLA2 through effects on the cytoskeleton.  Ad E1A has been shown 

to exert effects on both vimentin-containing (64) and actin-containing filaments (65, 

66) both of which are important for the intracellular position and translocation of 

cPLA2 (67, 68).   It is also possible that Ad5 influences the position and translocation 

of cPLA2 through effects on the ceramide biosynthetic pathway.  Ceramide can 

directly bind to the C2 domain of cPLA2, facilitating membrane docking and 

subsequent AA release (69) and recent studies indicate that Ad infection results in 

ceramide accumulation (70).    Ceramide-1-phosphate (71-73). and sphingosine-1-

phosphate (72, 73) can also influence movement of cPLA2 and membrane binding, 

although the effects of Ad infection on these molecules has not been tested.  It is 

likely the Ad5 gene(s) responsible for this effect are located in the E1, E2, or E4 

transcription units.  Ad late genes are not expressed in murine cells and our 

experiments with viruses lacking the E3 region rule out this section of the genome. 

Ad derived vectors have been used extensively to deliver foreign gene 

products.  In many cases, these vectors provoke a strong inflammatory response 

which can limit replication and expression of foreign antigens (25, 74).  While it is 
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clear that cytokine production is elevated in these situations (25) the role of PGE2 

and other lipid mediators has not been examined.  Since these vectors often lack 

several or all Ad early gene products, it is likely that the vectors are unable to 

suppress production of PGE2 once it has been initiated by the host.  It is possible, 

therefore, that excess PG production contributes to the vector-dependent 

inflammatory response and that higher levels of antigen production could be 

achieved by controlling PG production.  In addition, because of the effects of PGs on 

dendritic cells, the immune response to vectored antigens may, a priori, be biased 

towards a TH2 phenotype.  Further study in this area will undoubtedly improve our 

understanding of the immune response to Ad-derived vectors.  Overall, while a 

handful of viruses have been examined for their effects on the production of lipid 

mediators (75, 76), information in this area is highly limited. 
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Figure 1. Time course of Ad5 infection in murine fibroblasts.  C3HA fibroblasts 

were infected with 10 pfu/cell Ad5 then stained for E1A using a commercial mouse 

mAb and fluorescent secondary Ab.  A, mock infected. B, infected for 6 h. C, 

infected for 8 h. D, infected for 16 h.  When tested on its own, the TRITC-coupled 

goat anti-mouse secondary did not display any reactivity with Ad5-infected cells.   
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Figure 2. Ad5 infection induces rapid release of [3H]AA and phosphorylation of 
cPLA2.  A, Release of [3H]AA from C3HA fibroblasts infected with Ad5.  Cells were 

labeled overnight with [3H]AA, infected the next day with Ad5 (10 pfu/cell) or mock 

infected, and supernatants collected at the indicated time points.   Radioactivity in 

supernatants was then determined by liquid scintillation counting.  All points were 

performed in triplicate and values shown are means +/- S.E.M. from a representative 

experiment.  Error bars are less than symbol size where not shown.  The first 2 h 

time point on the x-axis represents the point in the protocol where the virus inoculum 

(in media with 2% FCS) was removed and replaced with media containing 10% 

FCS.  Fresh media with 10% FCS was then added, the y-axis value reset to zero 

(which we confirmed), and the infection allowed to proceed.  B, The cPLA2 Inhibitor 

(N-{(2S,4R)-4-(Biphenyl-2-ylmethyl-isobutyl-amino)-1-[2-(2,4-difluorobenzoyl)-

benzoyl]-pyrrolidin-2-ylmethyl}-3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-

phenyl]acrylamide, HCl) inhibits the Ad5-dependent release of [3H]AA.  The inhibitor 

was added with Ad5 (10 pfu/ml) during the 2 h inoculation time period, supernatants 

were collected and radioactivity determined by liquid scintillation counting. All points 

were performed in triplicate and values shown are means +/- S.E.M. from a 

representative experiment.  Error bars are less than symbol size where not shown.  

In parallel cultures, after 16 h, staining with anti-E1A Ab did not reveal any effect of 

the inhibitor on Ad5 infectivity.  C and D, Western blots examining the expression of 

cPLA2 and phosphorylation of cPLA2 at serine 505.  Cells were infected with Ad5 (10 

pfu/cell) for the indicated times and lysates prepared.  Following SDS-PAGE and 

transfer, membranes were probed with indicated Abs.  Results shown are 

representative of three experiments.  In C, densitometry revealed 2.5, 7.6, 3.2, and 

2.5 fold increases in phospho-cPLA2 vs. mock infected at 15, 30, 60, and 120 m, 

respectively.  Also in C, densitometry revealed 0.92, 0.99, 1.0, and 1.0 fold changes 

in cPLA2 vs. mock infected at 15, 30, 60, and 120 m, respectively.  In D, fold 

changes in phospho-cPLA2 vs. zero time at 4, 8, 12, 16, 20, and 24 h were 1.2, 1.1, 

1.1, 1.1, 1.0, and -0.9, respectively.  Also in D, fold changes in cPLA2 vs. zero time 

at 4, 8, 12, 16, 20, and 24 h were 1.1, 1.1, 1.0, 1.0, 1.0, and -0.9, respectively.   
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Figure 3.  Ad5 infection induces rapid production of PGE2 and expression of 
COX-2.  A, Production of PGE2 by C3HA cells infected with Ad5.  Cells were infected 

with Ad5 (10 pfu/cell) or mock infected and levels of PGE2 measured in supernatants 

at indicated time points by commercial ELISA.  All points were performed in 

duplicate and values shown are means +/- S.E.M. from a representative experiment.  

Where not shown error bars are less than symbol size.  The procedures used to 

generate the break in the x-axis at the 2 h time point are described in the legend to 

Fig. 2.  B and C, Western blots examining the expression of COX-1 and COX-2.  

Infections were performed for the indicated times and lysates separated by SDS-

PAGE.  Following transfer, membranes were probed with indicated Abs.  In B, 

densitometry revealed -1.5, -1.1, 1.4, and 2.5 fold changes in the expression of 

COX-2 vs. mock-infected samples at 15, 30, 60 and 120 m, respectively.  In C, 

densitometry revealed 3.5, 4.3, 3.6, 2.8, 1.9, and 1.3 fold increases in the expression 

of COX-2 vs. the zero time point at 4, 8, 12, 16, 20, and 24 h, respectively.  Also in 

C, densitometry revealed 1.1, 1.2, 1.0, 1.0, -0.9, and -0.9 fold changes in the 

expression of COX-1 vs. the zero time point at 4, 8, 12, 16, 20, 24 h, respectively.  

Results shown are representative of at least two independent experiments. 
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Figure 4. Characterization of the effects of Ad5 on the production of PGE2 and 
release of [3H]AA.   A, Release of [3H]AA by late stage Ad5 infected cells following 

exogenous stimulation.  C3HA cells were either mock infected or infected with Ad5 

(10 pfu/cell) for 18 h, then treated with FGF (10 ng/ml), PMA (10 ng/ml), A23187 (10 

µM), IL-1β (10 ng/ml), or LPS (1 µg/ml) for 2 h.  B, Production of PGE2 following 

exogenous stimulation in late stage Ad5 infected cells.  C3HA cells were either mock 

infected or infected with Ad5 (10 pfu/cell) for 18 h then treated with PMA (10 ng/ml) 

or LPS (1 µg/ml) for the indicated times.  Levels of PGE2 in culture supernatants 

were quantified by ELISA.  Values shown are means +/- SEM from a representative 

experiment and all points were performed in duplicate.  The PMA-induced 

expression of COX-2 in late stage Ad5 infected cells is shown in the inset in panel B.  

C3HA cells were either mock infected or infected by Ad5 for 18 h, treated with PMA 

(10 ng/ml) for the indicated times and Western blots performed with COX-2 specific 

Ab.  Densitometry revealed -0.3, -0.2, 1.9 and 2.7 fold changes in mock infected 

cells treated with PMA vs. time zero for 15, 30, 60, and 120 m, respectively.  

Densitometry for Ad5 infected cells showed -.04, -.04, -.07, -.08 fold changes 

following treatment with PMA vs. time zero for 15, 30, 60, and 120 m, respectively.  

C, UV inactivated Ad5 fails to inhibit the PMA-induced release of [3H]AA.  C3HA cells 

were either mock infected, infected with Ad5, or UV inactivated Ad5 for 18 h then 

treated with PMA (10 ng/ml) for 2 h.  D, Full suppression of PMA-responsiveness by 

Ad5 requires overnight infection.  C3HA cells were labeled overnight with [3H]AA, 

infected with Ad5 or mock infected for varying times, then stimulated with PMA (10 

ng/ml) for 2h.  E, UV inactivated Ad5 stimulates early release of [3H]AA.  C3HA cells 

were either mock infected, infected with Ad5, or UV inactivated Ad5 for the indicated 

times.  F, E3 deletion mutants suppress the PMA-induced release of [3H]AA.  C3HA 

cells were infected with the indicated full length or deletion mutant Ads overnight 

then treated with PMA (10 ng/ml) for 2 h.  For panels A and C-F, culture 

supernatants were collected and radioactive content determined by scintillation 

counting.  Values shown are means +/- SEM from representative experiments and 

all points were performed in triplicate.   
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Figure 5. Infection by Ad5 does not suppress signaling to cPLA2.  A, The PMA-

induced phosphorylation of cPLA2 at serine 505 following infection with Ad5.  C3HA 

cells were either mock infected or  infected for 18 h with Ad5, and then treated with 

10 ng/ml PMA for the indicated times.  Lysates were separated by SDS-PAGE and 

western blots performed using a serine 505-phosphospecific rabbit polyclonal 

antiserum.  Densitometry revealed 2.0, 2.1, 2.0, and 1.8 fold increases for mock 

infected cells vs. time zero at 15, 30, 60, and 120 m, respectively.  Ad5 infected cells 

showed 2.1, 2.0, 1.9, and 1.8 fold increases vs time zero at 15, 30, 60 and 120 m, 

respectively.  B, PMA-dependent increase in enzyme activity was not inhibited by 

infection with Ad5.  C3HA cells were mock infected or infected with Ad5 for 18 h then 

treated with PMA (10 ng/ml) for 2 h.  Lysates were prepared and analyzed for cPLA2 

activity as described in the Materials and Methods.   All points were performed in 

duplicate and values shown are means +/- SEM from a representative experiment. 

C, Infection by Ad5 does not deplete intracellular calcium. C3HA cells were infected 

with Ad5 for the indicated times and levels of calcium visualized by fluorescence 

microscopy following staining with Fluo-4, AM.  Fluo-4, AM was added to the 

cultures 15 m prior to end of each time period.  Fluorescence intensity was 

determined using Photoshop™ software and values shown are means +/- SEM for 

30 cells at each time point.  D and E, Representative images of intracellular calcium 

at 6 and 8 h p.i. with Ad5.   
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Figure 6.  Infection by Ad5 triggers changes in the intracellular position of 
cPLA2.  The intracellular distribution of cPLA2 in mock and Ad5 infected cells 

visualized by fluorescence microscopy using a cPLA2 specific mAb.  A, cPLA2 

staining in mock infected cells.  B-D, cPLA2 staining following infection with Ad5 for 

6, 8, and 18h, respectively.  E, cPLA2 staining in mock infected cells treated with 

PMA (10 ng/ml) for 1 h.  F, cPLA2 staining in C3HA cells infected by Ad5 for 18 h 

then treated for 1 h with PMA (10 ng/ml).   Non-specific staining, using only the 

secondary Ab, in C3HA cells infected with Ad5 for 18 h is shown in the inset in panel 

D.   

 

 

 

 

 

 

 

 

 

 



 99

 

   

 

 

 

 

  

 

 

A B

C D

E F



 100

 

 

 

 

 

 

 

Figure 7. Characterization of the effects of Ad5 on the production of 6-keto-

PGF1α. The effects of Ad5 on the production of PGI2 were estimated from affects on 

production of the stable hydration product 6-keto-PGF1α.  A, C3HA cells were mock 

infected or infected with Ad5 (10 pfu/cell) for the indicated times.  B, C3HA cells 

were mock infected or infected with Ad5 for 18 h then treated with PMA (10 ng/ml) or 

LPS (1 µg/ml) for an additional 16-18 h.  In both panels, culture supernatants were 

collected and analyzed for 6-keto-PGF1α by ELISA. 
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Figure 8.  The effects of Ad5 on PGE2 production are also seen with human 
fibroblasts.  Human fibroblasts were infected with Ad5 and levels of PGE2 

determined by ELISA.  A, IMR-90 cells were mock infected or infected with Ad5 and 

culture supernatants collected at the indicated times.  B, IMR-90 cells were mock 

infected or infected with Ad5 then treated with PMA.  C, IMR-90 cells were mock 

infected or infected with Ad5 then treated with LPS.  D, HEL299 cells were mock 

infected or infected with Ad5 and culture supernatants collected at the indicated 

times.  E, HEL299 cells were mock infected or infected with Ad5 then treated with 

PMA.  F, HEL299 cells were mock infected or infected with Ad5 then treated with 

LPS.  For all panels, samples were assayed in duplicate and representative 

experiments are shown.  All infections were for 18 h with 10 pfu/cell.  Treatments 

with PMA (10 ng/ml) and LPS (1 µg/ml) were for an additional 16-18 h.  Levels of 

PGE2 were determined by ELISA and values shown are means +/- SEM and where 

not shown error bars are less than symbol size. 
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ABSTRACT 

 
Infection of cells by human adenovirus type 5 (Ad5) is accompanied by a 

rapid host-dependent prostaglandin (PG) response followed later, as the infection 

proceeds, by suppression of PG production.  The suppression of this response seen 

in infected cells appears to be mediated through an effect of the virus on cPLA2, the 

first enzyme in the PG pathway.   Arachidonic acid (AA) is not released by cPLA2 in 

Ad5 infected cells and the intracellular position of cPLA2 becomes altered; it 

becomes clustered in the perinuclear/nuclear region of the cell rather than diffuse in 

the cytosol.  In this report we seek to understand the mechanism causing the 

relocation of cPLA2 in infected cells.  Our experiments show that the effects of Ad5 

on the intracellular position of cPLA2 are paralleled by effects on the vimentin-

containing intermediate filaments, which also relocate to the perinuclear region of 

the cell during Ad5 infection and strongly colocalize with cPLA2.  Ad infection did not 

cause significant changes in microfilament or microtubule structures suggesting that 

the effect of Ad5 on the intermediate filaments is selective.  Similar effects were also 

noted for the Golgi apparatus and endoplasmic reticulum suggesting that infection 

by Ad5 is accompanied by the major reorganization of cellular structures which 

results in suppression of lipid mediator synthesis.  Finally, we show that the effect of 

Ad5 on the PG production machinery can be mediated by the adenovirus E1A gene 

product.  Transformed cells expressing E1A failed to produce PGs or release [3H]AA 

in response to ligand stimulation and displayed strong perinuclear colocalization of 

cPLA2 and vimentin. 
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INTRODUCTION 
 

Prostaglandins (PGs) are inflammatory lipids generated by the coordinate 

action of phospholipase A2-type enzymes, the cyclooxygenase enzymes COX-1 and 

COX-2, and a number of specific prostaglandin synthases (1).  Prostaglandins 

mediate their effects much like cytokines, by binding to specific receptors called 

prostanoid receptors. Prostanoid receptors are rhodopsin-like, G-protein-coupled 

receptors, requiring both the extracellular and transmembrane regions for ligand 

binding (2-4). Through these receptors, PGs modulate a variety of inflammatory and 

immune reactions. For example, regulation of B (5) and T (6) cell function, 

modulation of inflammation (7), luteolysis (8), angiogenesis (9), and regulation of 

viral replication (10). PGE2 activity appears to be of particular importance and is the 

major prostaglandin produced by fibroblasts (11, 12). PGE2 specific activities include 

fever induction and blood vessel dilation in the brain (13), the suppression of both 

chemokine (14) and cytokine (15, 16) production in activated macrophages, as well 

as, regulation of dendritic cell  migration (17, 18), maturation (17), survival (19), and 

modulation of Th1 vs. Th2 differentiation (20). 

Cytosolic phospholipase A2 (cPLA2) is a high molecular weight, Ca2+-

dependent PLA2-type enzyme.  cPLA2 is the only PLA2-type enzyme that is selective 

for the cleavage of arachidonic acid from membrane glycerophopholipids and is, 

therefore, considered to be critical for PG production  (21-23). The regulation of 

cPLA2 is complex and is not yet fully elucidated, however, both intracellular calcium 

and phosphorylation are well documented as key regulatory factors (24-30).  Five 

potential phosphorylation sites have been identified but only one, Ser-505, has been 
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characterized as critical for enzyme activity (31). In addition, cPLA2 is likely regulated 

via interaction with other cellular proteins. cPLA2 has been shown to bind directly to 

vimentin (32), annexins I and  V (33), p11 (34) and B-Myb (35). The interaction of 

cPLA2 with vimentin is believed to be especially important for the activity of cPLA2.  

The C2 domain of cPLA2 interacts with the head domain of vimentin, a member of 

the intermediate filament family of proteins, and this interaction was found to be 

necessary for AA release and PGE2 production  (32).  A model has been suggested 

in which cPLA2 could bind to both vimentin and the phospholipid bilayer at the same 

time, with vimentin acting as a molecular adaptor to stabilize these interactions (32, 

36). 

Adenovirus (Ad) is a non-enveloped, double stranded DNA virus, with at least 

51 distinct human serotypes. In healthy adults, Ad infection generally causes only 

mild respiratory disease or conjunctivitis. However, Ad is responsible for about 5% of 

acute respiratory disease cases and 10% of the pneumonias cases in children under 

five. In addition, it can result in severe infection in immunocompromised or 

immunodeficient individuals including infants, recovering bone marrow recipients, 

and HIV-infected patients (37).  Ad can also cause long term persistent infections of 

the tonsils, these infections have been implicated in the pathogenesis of chronic 

obstructive pulmonary disease (COPD) in cigarette smokers (38).  Ads have also 

been extensively studied as vectors for vaccine and therapeutic gene delivery. While 

several generations of Ad vectors have been developed, the complex and well 

orchestrated host response to these vectors, as well as, the lack of knowledge 
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regarding the roles of specific Ad viral gene products has limited their effectiveness 

(39, 40). 

We have recently reported that infection with Ad5 abrogates the release of AA 

and production of PGs (41). We found that while viral infection did not alter the 

phosphorylation of cPLA2 at ser-505, it did cause the enzyme to relocate to the 

perinuclear/nuclear region of the cell.  Then, from this location, cPLA2 did not 

translocate to membranes and release AA in response to external ligand stimulation.  

In this report we sought to understand the mechanism underlying the relocation of 

cPLA2 in Ad5-infected cells.  As mentioned above, cPLA2 has been shown to bind 

vimentin and this association has been shown to be critical for cPLA2 activity (32, 

36).  Interestingly, infection by Ad serotypes 2, 5, 4, and 9 has been shown to induce 

alterations in the vimentin-containing intermediate filaments (42).  In addition, 

infection by Ad has been reported to cause relocation of the intermediate filaments 

into the perinuclear region (43).  We hypothesized, therefore, that because cPLA2 

can bind vimentin, Ad-induced changes in the location of vimentin-containing 

intermediate filaments could be responsible for the relocation of cPLA2.  The results 

of our experiments strongly support this hypothesis.  Furthermore, our results 

suggest that the Ad5 E1A protein is responsible for the relocation of both cPLA2 and 

vimentin in the infected cell. 
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MATERIALS AND METHODS 

Reagents 

All media and chemicals were purchased from Sigma Chemical Co., St. 

Louis, MO unless otherwise stated.  The murine monoclonal cPLA2 Ab (cPLA2 mAb, 

sc-454) and murine monoclonal IgG vimentin Ab (sc-32322) were purchased from 

Santa Cruz Biotechnology, Santa Cruz, CA. The Ad E1A murine monoclonal Ab 

(MS-588-P1) was purchased from Labvision Corp., Fremont, CA. The murine 

monoclonal vimentin IgM Ab (ab20346), rabbit polyclonal beta tubulin Ab (ab64404), 

rabbit polyclonal Lamin B1 Ab (ab16048), rabbit polyclonal giantin Ab (ab24586), 

and the rabbit polyclonal calreticulin Ab (ab4) were purchased from Abcam, 

Cambridge, MA. The Alexa Fluor 488 IgG2a specific (A-21131), Alexa Fluor 488 IgM 

specific (A-21042), Alexa Fluor 546 IgG2b specific (A-21143) Alexa Fluor 546 IgG (H 

+ L) specific (A11030) goat-anti-mouse Abs and the Alexa Fluor 488 IgG (H+L) 

specific (A11008) goat-anti-rabbit Ab were purchased from Molecular Probes, 

Eugene, OR. Horseradish peroxidase conjugated goat-anti-mouse secondary 

antibodies, TRITC conjugated goat-anti-mouse, and TRITC conjugated phaloidin 

were obtained from Sigma Chemical Co., St. Louis, MO. Radiolabeled compounds 

were purchased from Dupont NEN Corporation, Boston, MA.  Phorbol 12-myristate 

13-acetate (PMA) was purchased from Biomol International, Plymouth Meeting, PA 

and Lipopolysaccharide (LPS) was purchased from List Biological Laboratories, Inc., 

Campbell, CA. 
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Cell Culture 

C3HA and NIH 3T3 cell lines are murine cell lines that were cultured in 

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal calf 

serum (FCS) and maintained at 37oC and 8% CO2. NR-5 cells are NIH 3T3 cells 

cotransfected with the pSV2-neo plasmid (44) and the T24 ras vector (45). NER-7 

cells were cotransfected with the same two vectors plus the pE1A plasmid 

containing the E1A gene (46). Both cells lines were maintained under selection with 

G418 (Calbiochem) at 400 µg/ml. C3HA, NIH 3T3, NER-7, and NR-5 cell lines were 

graciously supplied by L. Gooding, Emory University, Atlanta, Ga. HeLa cell lines are 

cervical epithelial cells that were cultured in DMEM supplemented with either 10% 

FCS, HeLa and GH329, or 20% FCS, GH354, and maintained at 5% CO2. GH329 

and GH354 cell lines were purchase from American Type Culture Collection and are 

HeLa cell lines stably transfected with multiple copies of a plasmid construct 

containing the E1A and E1B open reading frames, as well as, part of the pIX gene 

under the control of the phosphoglycerate kinase promotor. The plasmid also 

contains the neomycin resistance gene. GH354 and GH329 cell lines were 

maintained under selection with G418 (Calbiochem) at 400ug/ml. 

 

Viruses and Infection 

For these experiments, virus stocks were prepared using standard methods 

with A549 cells.  For virus infections, cells were plated overnight, washed, and 

incubated with 10 pfu/cell for 2 hours in media containing 2% FCS. The cells were 

returned to medium with 10% FCS and incubated for indicated times.  Infection rates 
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were monitored by immunofluorescence with an anti-E1A antiserum and were 

typically 85-90%. 

 

Immunofluorescence Microscopy 

Cells were plated on 8-well glass chamberslides (Nalge Nunc International 

Corp., Naperville, IL), incubated overnight to achieve 80% confluence (1-4 X 104 

cells/well depending upon cell type), infected with Ad5 or mock infected for indicated 

time point, washed two times with phosphate buffered saline (PBS), and fixed for 20 

m in 10% formaldehyde in PBS. The cells were permeablized with 0.1% saponin and 

incubated with primary antibodies in 2% BSA for 1h. Cells were washed with PBS, 

and incubated with secondary antibodies for 45 m. For filamentous actin staining, 

cells were fixed and stained with 10% formaldehyde in PBS containing 1 µg/ml of 

TRITC-conjugated phaloidin for 10 min. For 4′, 6 - diamidino - 2 - phenylindole, 

dihydrochloride (DAPI) staining, cells were mounted using Molecular Probes 

Slowfade Gold antifade reagent with DAPI (S36938), according to the 

manufacturer’s directions. Microscopy was conducted on a Zeiss Axioscop 2 Plus 

and images were captured by a SpotTM CCD camera and software (Diagnostic 

Instruments, Inc., Sterling Heights MI) and processed using Adobe Photoshop 5.5. 

For confocal images staining was performed as above. Confocal images where 

taken at the Cellular and Molecular Imaging Facility (CMIF) of NCSU with the Leica 

TCS confocal workstation, the image stacks were processed using Leica Confocal 

Software version 2.61 Build 1538 LCS Lite (Heidelberg, GmbH). 
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Immunoblotting 

Cell monolayers were washed twice with cold phosphate buffered saline 

(PBS), solubilized in lysis buffer (50 mM Hepes, pH 7.4, 1 mM EGTA, 1mM EDTA, 

0.2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM 

leupeptin, 0.2 mM aprotinin, and 0.5% SDS), and collected by scraping. The protein 

concentration for each sample lysate was determined using the Pierce BCA system 

(Pierce, Rockford, IL). Equal protein samples (10 to 20 µg) were loaded on 8% Tris-

Glycine gels and subjected to electrophoresis using the Novex Mini-Cell System 

(Invitrogen). Following transfer, blocking and probing, bands were visualized using 

the SuperSignal Chemiluminescent system (Pierce, Rockford, IL). 

 

Subcellular Fractionation 

For subcellular fractionation, 0.8 X106 cells were plated in a 100 mm tissue 

culture dish (Fisher, Pittsburgh, PA) and allowed to adhere overnight. Plates were 

then infected or mock infected overnight, using the above protocol. Plates were 

washed with cold PBS twice, and 500 ul of cold homogenization buffer [50mM 

Hepes, .25 M sucrose, 1 mM EDTA, 1 mM EGTA, 0.2 mM sodium orthovanadate, 1 

mM phenylmethylsulfonyl fluoride, 0.2 mM leupeptin, 0.2 mM aprotinin] was added 

to each plate. EDTA and EGTA were omitted from the buffer for samples prepared 

without chelators. Cells were scraped into an ice cold tissue homogenizer and 

disrupted with 25 strokes of the homogenizer. The sample was removed from the 

homogenizer into a 1.5 ml eppendorf tube, mixed by pipetting, and 125 µl removed 

for use as the whole cell lysate. The remaining sample was centrifuged at 2300 rpm 
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for 10 min. The supernatant was removed and saved as the cytoplasmic fraction. 

The remaining crude nuclear pellet was washed twice with 200 µl of homogenization 

buffer and centrifuged at 2300 rpm for 10 min. The pellet was resuspended in 125 µl 

of homogenization buffer and used for immunobloting as the nuclear fraction. Purity 

of the fractions on each immunoblot was confirmed using a rabbit polyclonal 

antibody specific for the nuclear protein Lamin B (Abcam). 

 

Extraction of the Vimentin Containing Cytoskeleton 

The cytoskeleton was extracted as previously described (47). Cells were 

washed twice with PBS and extracted using cytoskeletal buffer (10 mM Pipes, pH 

6.8, 250 mM sucrose, 3 mM MgCl2, 150 mM KCL, 0.5% Trition X-100, 0.2 mM 

sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM leupeptin, and 

0.2mM aprotinin) for 5 minutes. The extraction was performed at room temperature 

to preserve the integrity of the cytoskeletal components. The triton soluble fraction 

was removed and spun for 10 minutes at 2300 rpm to remove any particulate 

material, the supernatant was removed and saved for immunoblotting as the triton 

soluble fraction. The plate was washed gently with cytoskeletal buffer. The 

cytoskeletal fraction was then scraped from the plate and 0.5% SDS was added by 

volume to each sample. Samples were spun at 14,000 rpm to remove DNA before 

use in immunobloting. Protein concentrations were determined using the Pierce BCA 

Protein Assay. Isolation of the vimentin containing cytoskeletal fraction was 

confirmed for each blot by probing for vimentin with a mouse monoclonal antibody 

(Abcam). 
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Immunoprecipitation 

For immunoprecipitation, 0.8 X106 cells were plated in a 100mm tissue culture 

dish (Fisher, Pittsburgh, PA) and allowed to adhere overnight. Plates were then 

infected or mock infected overnight using the above protocol. Plates were washed 

with cold PBS twice and placed on ice. 600 ml of immunprecipitation buffer [150 mM 

NaCl, 50 mM Tris, pH , 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM 

EDTA, 1 mM EGTA, 0.2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl 

fluoride, 0.2 mM leupeptin, and 0.2 mM aprotinin] was added to each plate and 

incubated on ice for 15 min with occasional rocking by hand. The sample was 

transferred to an eppendorf, kept on ice, and disrupted by several passes through a 

22 gauge needle. The sample was centrifuged at 14,000 rpm for 10 min, and the 

supernatant transferred to a fresh eppendorf tube. Immunoprecipitation was 

performed using the Catch and Release v2.0 reversible immunoprecipitation system 

(Upstate, Charlottesville, VA) according to the manufacturer’s instructions. The 

samples were shaken overnight at 4ºC with 10 ml (2ug) of Vimentin Mouse 

Monoclonal IgG Antibody (SC-32322, Santa Cruz Biotechnology, Santa Cruz, CA), 

Negative control mock and infected samples were incubated with 10 µl of normal 

mouse serum to detect nonspecific binding. For immunoblotting, 25 µg of protein 

from a C3HA whole cell lysate (WCL) was used as a positive control, this sample 

was prepared using the above immunoblotting protocol. All immunoprecipitate and 

WCL control samples used contained 5% v/v β-mercaptoethanol. 
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[3H]AA-release assays 

4.0 X 104 NIH 3T3, NR-5, or NER-7 cells or 6 X 104 HeLa, GH329, or GH354 

cells were plated in 24-well flat-bottom tissue culture plates (Fisher Scientific, 

Pittsburgh, PA) and labeled overnight with 0.1 µCi/ml [3H]AA.  The following 

morning, the cells were washed twice with Hank’s balanced salt solution (HBSS), 

allowed to recover for an additional 2 h, and washed again prior to treatment. At 

indicated time points, 275 µl aliquots of media were removed from the wells and 

centrifuged to remove debris.  200 µl of the supernatant was removed for scintillation 

counting (Beckman model LS 5801, Fullerton, CA) and total [3H]AA-release was 

calculated by multiplying by a factor of 2.  Each point was performed in triplicate and 

maximum radiolabel incorporation was determined by lysing untreated controls with 

0.01% SDS and counting the total volume. 

 

Quantitative PG Immunoassays 

Production of PGE2 was determined using specific immunoassays purchased 

from R & D Systems, Minneapolis, MN.  Briefly, 4.0 X 104 NIH 3T3, NR-5, or NER-7 

cells, or 6.0 X 104 HeLa, GH329, or GH354 cells were plated into 24-well flat bottom 

tissue culture plates (Fisher Scientific, Pittsburgh, PA) and allowed to adhere 

overnight. Treatments were performed as indicated, samples collected, and analysis 

performed according to the manufacturer’s instructions.  Optical density was 

determined using a PolarStar microplate reader (BMG Labtechnologies., Durham, 

NC). 
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RESULTS 

The effects of Ad5 infection on the cytoskeleton of C3HA fibroblasts 

C3HA cells are a well characterized murine 3T3-like fibroblast cell line that 

have been used extensively to study the effects of Ad on host cellular function (46, 

48-50).  Moreover, because these cells are murine in origin and do not express Ad5 

late genes they are ideal to study the effects of Ad5 early gene products.  The 

effects of infection by Ad5 on the cytoskeleton of C3HA mouse fibroblasts are shown 

in Fig. 1.  As shown in panels A and B, in cells infected for 18 h, we did not observe 

major changes in the structure of the microtubules.  Similarly, as shown in panels C 

and D, microfilament and stress fiber structures were not substantially altered in 

infected cells, although we did note a slight decrease in the density of microfilaments 

in the perinuclear region.  In contrast, we noted a major change in the structure of 

the vimentin-containing intermediate filaments in Ad5 infected cells.  The normal 

diffuse, web-like staining pattern was replaced with a very obvious ring of 

perinuclear staining.  Note that the cell shown in Fig. 1F is fully spread and 

encompasses virtually the entire panel. 

 

The association between vimentin and cPLA2. 

We have reported previously that during infection by Ad5 cPLA2 also 

becomes located in the perinuclear region (41).  Since vimentin and cPLA2 have 

been reported to associate with each other (32), we examined the interaction 

between cPLA2 and vimentin in infected cells.   Fig. 2 shows the results of a typical 

experiment where mock-infected and Ad5-infected cells are stained with Abs to 
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cPLA2 and vimentin.  In mock infected cells (panels a-c), both cPLA2 (panel a) and 

vimentin (panel b) were diffusely located throughout the cytosol and considerable 

colocalization noted (yellow color in panel c). In contrast, following infection with Ad5 

(panels d-f), both cPLA2 (panel d) and vimentin (panel e) condense in the 

nuclear/perinuclear region.  Considerable colocalization was again noted suggesting 

that the level of association between cPLA2 and vimentin was maintained in Ad5 

infected cells (panel f).  We tested this hypothesis directly by examining the level of 

physical association between cPLA2 and vimentin.   Two methods for retrieving 

vimentin and cPLA2 from infected cells were tested.  In the first method, cytoplasm 

and cytoskeleton were separated by centrifugation following solubilzation with Triton 

X-100.  As shown in Fig. 2B, triton-insoluble cytoskeletal fractions from mock-

infected and Ad5-infected cells displayed similar levels of vimentin and cPLA2.  

Immunoprecipitation of vimentin from mock-infected and Ad5-infected cells also 

revealed similar levels of co-precipitating cPLA2.  We conclude, therefore, that 

despite the near complete reorganization of cPLA2 and vimentin into the perinuclear 

region the physical association between cPLA2 and vimentin in Ad5-infected cells 

remains relatively constant. 

 

The association of cPLA2 with the nucleus. 

cPLA2 is normally found in the cytosol of resting cells, however, upon 

stimulation it translocates to internal membranes. The differential translocation of 

cPLA2 to the ER, Golgi, and nuclear envelope has been reported in response to a 

variety of stimuli (47, 51-54) while the intranuclear localization of cPLA2 has also 
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been reported in apoptotic cells (30).   Because the intracellular position of cPLA2 

may be critical to its function, we next sought to determine the exact intracellular 

position of cPLA2 in Ad5-infected cells.  In these experiments we focused on the 

association of cPLA2 with the cell nucleus. 

First, we used confocal microscopy to determine whether infection by Ad5 

actually caused cPLA2 to enter the nucleus.  C3HA cells were costained using DAPI 

and a specific antibody to cPLA2. Fig. 3A demonstrates the diffuse staining pattern 

typical of resting C3HA cells, with the majority of the enzyme located in the cytosol 

and some diffuse nuclear staining evident (Fig.3 A-C). Ad5 infection results in a 

dramatic relocation of cPLA2 almost exclusively to the nuclear/perinuclear region of 

the cell (Fig.1D-F).  To confirm the nuclear localization of cPLA2 in C3HA cells, the 

five innermost nuclear sections, as confirmed by tandem DAPI staining, were 

stacked to generate a nuclear projection image of mock (Fig.3 G-I) and Ad5 (Fig. 3 

J-L) infected cells. These images clearly show intranuclear staining in both mock 

(Fig. 3 G-I) and Ad infected cells (Fig. 3 J-L). However, the intranuclear staining was 

significantly more pronounced in Ad infected cells. We conclude, therefore, that 

infection with Ad5 results in the intranuclear translocation of cPLA2. 

Is cPLA2 associated with the nuclear membrane?  To test this hypothesis, 

mock-infected and Ad5-infected cells were stained with DAPI, and Abs to cPLA2 and 

lamin B1, a nuclear membrane marker.  As shown in Fig. 4C, panel b, in addition to 

staining the periphery of the nucleus, the Ab to lamin B1 also produced punctate 

intranuclear staining.  It is likely that these regions represent channels through the 

nucleus (55-59), that stain very brightly because they are perpendicular to the plane 
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of focus.  As shown in panel c, the merged image did not reveal substantial 

colocalization of lamin B1 and cPLA2 in mock-infected cells.  In cells infected by 

Ad5, our experiments revealed a decrease in lamin B1 staining as well as a 

decrease in the number of punctate intranuclear foci.  We found this interesting 

because the nuclei in Ad5 infected cells actually increase in size.  Approximately 34 

slices were required to section through these nuclei for confocal analysis as 

opposed to 12 from uninfected cells.  However, as shown in panel h, we did note 

colocalization between lamin B1 and cPLA2, suggesting that in Ad5-infected cells a 

fraction of cPLA2 may indeed be associated with the nuclear membrane. 

Finally, we tested whether cPLA2 was stably bound to nuclei of Ad5-infected 

cells.   To ensure maximum recovery of nuclear cPLA2, a detergent free dounce 

homogenization technique was utilized. Nuclei produced by this technique have an 

intact nuclear envelope, as well as, attached remnants of endoplasmic reticulum and 

golgi (60-62). As shown in Fig. 4A, cPLA2 was not found stably associated with 

nuclei prepared in this manner.  It should also be noted that we tested two additional 

nuclear fractionation methods including detergent extraction and osmotic swelling. 

We were unable to demonstrate a stable interaction of cPLA2 with the nuclei using 

either of these isolation techniques (data not shown).  Calcium was also considered 

for its potential role in the binding of cPLA2 to nuclei.   Calcium is an important 

regulator of cPLA2 activity and has been shown to be critical to membrane binding 

(63-65). The buffers used for fractionation in Fig. 4A contain the calcium chelators 

EDTA and EGTA, possibly affecting the ability of cPLA2 to bind to the nuclei.  

Therefore, fractionation was performed using a buffer without calcium chelators. Fig. 
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4B demonstrates that even in the absence of calcium chelators, cPLA2 does not 

stably associate with the nuclei of mock or Ad5 infected cells. 

 

cPLA2 colocalizes with the endoplasmic reticulum and Golgi apparatus in Ad5 

infected C3HA mouse fibroblasts 

As mentioned above, cPLA2 has also been reported to translocate to Golgi 

and ER membranes (29, 54, 65-67). Colocalization experiments were performed 

with Abs directed against the Golgi (68-70) and ER (71-73) to determine if these 

membranes were the target of cPLA2 translocation during infection by Ad5.  The 

results of these experiments are shown in Fig. 5.  In mock-infected cells we found 

that Golgi (Fig. 5B) and ER-specific mAbs (Fig. 5L) revealed similar, extensive 

networks throughout the cytoplasm.  Colocalization with cPLA2 was not observed in 

these cells.  A very different pattern of staining emerged from experiments with Ad5-

infected cells.  Golgi (Fig. 5G) and ER staining (Fig. 5Q) became concentrated 

around the nucleus in a pattern reminiscent of that seen with vimentin and cPLA2.  

Colocalization with cPLA2 was also noted for Golgi (Fig. 5H) and ER (Fig. 5R) 

markers in Ad5-infected cells.  To our knowledge, the reorganization of the Golgi 

and ER compartments has not been reported previously and suggests that Ad5 

causes extensive, yet selective re-engineering of its host cell. 
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Expression of Ad E1A is sufficient for nuclear localization of cPLA2 and 

vimentin 

The effects of Ad5 on cPLA2 responsiveness, prostaglandin production (41), 

and cPLA2 intracellular position (this manuscript) in C3HA cells can be attributed to 

an Ad5 early gene product since Ad5 late genes are not expressed in murine cells.  

In previous experiments using various deletion mutants, we ruled out a contribution 

of the E3 region (41).  In this report we tested whether the Ad5 E1A gene is 

responsible.  E1A is the major transactivating gene of Ads and mediates many 

effects on host cell structure and function. 

Initially, experiments were performed to test the responsiveness of E1A 

expressing cells to PMA.  We hypothesized that if E1A was mediating the effect of 

Ad5 on cPLA2, then responses to PMA should be suppressed.  First, we examined a 

panel of three cell lines which include the cell lines NER-7 (cotransfected with 

plasmids pE1A, containing the E1A gene, T24 ras, and pSV2 containing the 

neomycin gene), NR-5 (transfected with T24 ras and pSV2 alone), and the parental 

NIH 3T3 fibroblasts.  As shown in Fig. 6A, the PMA-induced release of 

[3H]arachidonic acid was strongly suppressed in the NER-7 cell line (75% 

suppression vs. NR-5 cells) suggesting that E1A is indeed responsible for the effects 

of Ad5 on cPLA2.   As would be predicted, this effect is accompanied by strong 

inhibition of PGE2 production (95% vs NR-5 cells) (Fig. 6B).  To confirm that this 

effect was mediated by E1A, we examined two other transfected cell lines that 

express E1A; GH354 and GH329.  As shown in Fig. 6, when compared with parental 

HeLa cells, the PMA-induced release of [3H]arachidonic acid (Fig. 6C) and 
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production of PGE2 (Fig. 6D) are strongly suppressed in GH354 and GH329 cells 

confirming that expression of E1A can indeed suppress lipid mediator production 

through effects on cPLA2. 

Next, we examined whether E1A also triggered effects on the intracellular 

location of cPLA2 and vimentin.  These experiments were performed with NIH 3T3, 

NR-5 and NER-7 cell lines.  As shown in Fig. 7, NIH 3T3 and NR-5 cells are large 

fibroblastic cells and in these cells we found a diffuse pattern of primarily cytosolic 

cPLA2 staining (Figs. 7A and E, respectively).  As shown in Figs. 7B and F, a pattern 

of diffuse cytosolic staining for vimentin was also noted in NIH 3T3 and NR-5 cell 

lines, while limited levels of colocalization between cPLA2 and vimentin were noted 

for these cells (Figs. 7 C and G).  NER-7 cells, which tend to be smaller, spindle 

shaped cells, for the most part displayed diffuse, cytosolic cPLA2 staining (Fig. 7I).  

Some increase in staining in the perinuclear region was noted, however, we did not 

find the increase in perinuclear staining nearly as pronounced as in infected C3HA 

cells.  Overall, cPLA2 staining in these cells tended to be much brighter than in NIH 

3T3 or NR-5 cell lines, a result likely arising from the decrease in the size of NER-7 

cells since western blots revealed approximately the same level of cPLA2 expression 

per µg of cell protein in the three cell lines (data not shown). 

In contrast, the pattern of vimentin staining in NER-7 cells was very different 

than in the other two cell lines.  We noted a very bright ring of perinuclear staining 

(Fig. 7J), and many NER-7 cells displayed one or more perinuclear “hotspots” of 

vimentin staining.  As shown in Fig. 7K, we also noted a greater level of 

colocalization between cPLA2 and vimentin in NER-7 cells than in the other two cell 
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types.  Panels D, H, and L show that NER-7 cell line, but not NIH 3T3 or NR-5 cells, 

express the Ad5 E1A gene product. 

Fig. 7 also shows the intracellular positions of cPLA2 and vimentin in GH329 

cells and parental HeLa cell line.  We found that the large size of these cells made 

for a more straightforward analysis of the effects of E1A on subcellular location of 

these molecules.  As shown in Fig. 7M and N, staining for cPLA2 and vimentin in 

HeLa cells revealed diffuse patterns of intracellular staining with limited 

colocalization evident (Fig. 7O).  In contrast, in GH329 cells, both molecules 

displayed nuclear/perinuclear patterns of staining (Fig. 7Q and R) with enhanced 

colocalization evident (Fig.7S). Panels P and T show that the GH329 cells, but not 

the HeLa parental control cells, express the Ad5 E1A gene product. Taken together 

these results suggest that E1A induces reorganization of the vimentin network 

resulting in the relocation of cPLA2 to the perinuclear region. 
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DISCUSSION 

Recent experiments from our laboratory have shown that infection by Ad5 

modulates host cell production of PGs (41).  Initially, host cells react to the virus by 

activating cPLA2, expressing COX-2, and initiating PG production.  Later, as the 

virus takes control and expresses its genes, PG production is strongly suppressed.  

We correlated the Ad5-mediated suppression of PG production with the “aberrant” 

movement of cPLA2 to the perinuclear region of the cell.  From this position, cPLA2 

failed to translocate normally in response to inflammatory stimuli and we proposed 

that the virus was interfering with PG production by altering the intracellular position 

of cPLA2.  The experiments in this study were designed to further our understanding 

of the effects of Ad5 on the intracellular position and activity of cPLA2.  We have 

focused on the “aberrant” movement of cPLA2 to the perinuclear region and sought 

to understand more clearly how Ad5 suppresses the activity of cPLA2. 

Vimentin is one of the proteins that form intermediate filaments.  Vimentin-

containing intermediate filaments are found in many cells of mesenchymal origin 

including macrophages, neutrophils, lymphocytes, endothelial cells, and fibroblasts 

(74). Vimentin-containing intermediate filaments play an important role in cell 

structure (75).  Intermediate filaments also interact with membrane bound organelles 

and are believed to play roles in both controlling organelle positioning and regulation 

of vesicular traffic (76). Indeed, vimentin interactions with the Golgi apparatus have 

been clearly demonstrated at the molecular and structural levels (77). In addition, 

vimentin tightly associates with autophagosomes which are believed to be derived 

from the ER and are involved in the endocytic pathway (78-82). Recent research has 
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also supported a role for vimentin in lipid storage and accessibility (83-85).  Vimentin 

is extensively regulated by phosphorylation, indeed at least 16 phosphorylation sites 

have been identified to date (86, 87). Differential phosphorylation is responsible for 

the ability of vimentin to participate in a broad range of diverse cellular activities 

including the stress response (88), mitosis (89-91), integrin trafficking (92), and 

differentiation (93). Vimentin also serves as a scaffold to facilitates molecular 

interactions and mechanosignaling events by direct interactions with protein kinases 

to facilitate their translocation (94-96), direct interactions with integrins to modulate 

cell adhesion (97), modulation of 14-3-3 signal transduction by direct binding and 

sequestering of this critical signaling molecule (98), and apoptosis induction (99-101) 

by modulation of caspase activity and its direct interaction with heat shock protein 90 

(HSP90) (102). 

The results of our experiments showed that movement of cPLA2 to the 

perinuclear region in infected cells strongly correlated with the movement of vimentin 

into this region of the cell.  Our experiments also showed that the ER and the Golgi 

apparatus moved into the same region of the cell.  The perinuclear movement of 

vimentin during infection by Ad has been reported previously (43) and evidence 

suggests that a host cell protease is actually responsible for this effect which is likely 

necessary for virus replication (42, 43). The movement of the Golgi and ER during 

Ad infection has not been reported previously and it is not known whether the same 

protease, through its action on vimentin, is responsible for Golgi apparatus and ER 

movement.  Such a hypothesis would be reasonable, however, since both the Golgi 

apparatus and ER are known to associate with the intermediate filaments.  Overall, 
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these results lead us to several hypotheses to explain what is happening to cPLA2 in 

Ad5 infected cells. 

One possibility is that since cPLA2 can bind vimentin that the reorganization 

of vimentin causes the relocation of cPLA2.  We noted substantial colocalization of 

cPLA2 and vimentin in Ad5-infected cells.  We did not find an increase in cPLA2 

bound to vimentin, although it is possible that the association is weak and does not 

survive subcellular fractionation.  Alternatively, it is possible that cPLA2:vimentin 

binding is dependent on a particular vimentin conformation and that this 

conformation does not survive isolation and purification.  Conformational changes in 

vimentin are believed critical to cytoskeletal mediated signaling events as well as cell 

adhesion and morphology (103).  Vimentin has been reported to form a “cage-like” 

structure around the nucleus and therefore may effectively trap cPLA2, and other 

cytoplasmic components, within.   Perhaps a vimentin “cage”, if formed in infected 

cells, can segregate regions of the cytoplasm in a wall-like manner, effectively 

trapping cPLA2 in the perinuclear region of the cell.  The molecules might therefore 

colocalize in three dimensional space, but not need to be physically associated.   It 

is possible that the shift in position of these molecules results from pathological 

effects of the virus on major structures in the host cell including the intermediate 

filaments, the Golgi, and ER.  Many molecules, including cPLA2 may be “swept” 

along with the movement of these major cellular structures.  On the other hand, 

while the effects of the virus on these structures were dramatic several points argue 

against a purely pathological event.  Ad5 will not replicate in C3HA cells and does 

not trigger the cells to enter apoptosis.  In addition, the microtubules and 
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microfilaments did not shift position in the infected cell ruling out a generalized 

collapse of cytoplasm into the perinuclear region.  The shift in position of the 

vimentin-containing intermediate filaments, therefore, occurs selectively while the 

other cytoskeletal components remain largely intact. 

There are several potential mechanisms that could cause vimentin 

reorganization in the infected cell.  Cleavage of the filaments by the protease 

mentioned above and their reassembly in the perinuclear region might account for 

this effect.  Alternatively, the intermediate filaments might be repositioned through 

the action of dynein motors which normally drive the filament along microtubules in 

an inward direction (104, 105). Phosphorylation of vimentin could also be important 

to its reorganization in infected cells (106).  Vimentin has a complex phosphorylation 

pattern that is critical for its functional regulation, organization into networks, and 

subcellular localization (77, 86, 107). 

Another possibility we considered for the perinuclear sequestration of cPLA2 

was trapping in nuclei or binding to the nuclear membrane.  We did observe some 

intranuclear cPLA2 in both mock and infected cells colocalizing with DAPI suggesting 

that some cPLA2 may indeed be trapped in nuclei.  On the other hand, because 

nuclei contain deep invaginations and channels (55-59), it is possible that this 

represents cPLA2 associated with the nuclear membrane.  However, we were 

unable to demonstrate a stable association with nuclei in Ad5 infected cells with any 

of the disruption techniques and buffers we tested making it unlikely that the binding 

of cPLA2 to the nuclei and/or nuclear membranes is a critical component of its 

relocation. 
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Another goal of these studies was to identify the Ad5 gene responsible for the 

translocation of cPLA2.  Expression of this phenomenon in murine cells is indicative 

of an early gene product and we have previously eliminated the E3 region.  The E1A 

gene is the major transactivating gene for Ad5 and an obvious suspect for the 

effects we have noted.  E1A is essential for virus gene expression and replication, 

making the use of deletion mutants problematic and therefore we decided to 

examine transfected cell lines.  In each case we found that release of [3H]AA and 

production of PGE2 were greatly reduced.  We also found that cPLA2 and vimentin 

were located perinuclearly in the E1A-transfected cell line GH329.  Together these 

data suggest that expression of E1A is sufficient to trigger the relocation of cPLA2 

and vimentin and suppression of PG production.  These effects have not previously 

been attributed to E1A, and do not rule out the participation of other early gene 

products during infections with live virus. 

E1A exerts a great number of effects and there are several mechanisms by 

which it could be causing the effects we have observed on the intracellular position 

of cPLA2 and vimentin. Differential phosphorylation of vimentin is a critical regulator 

of the assembly dynamics of vimentin intermediate filaments. Protein kinase C 

(PKC) and protein kinase A are the major kinases involved in this phosphorylation 

(86) and the expression of Ad E1A has been shown to modulated the activity of PKC 

(108). Therefore, E1A may alter the localization and activity of vimentin, and 

therefore cPLA2 localization and activity, via differential phosphorylation of vimentin.  

Alternatively, E1A could be triggering these effects by altering the expression or 

activation of intracellular proteases.  E1A has been shown to increase the 
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expression of caspases 3, 7, 8, and 9 in human lung fibroblasts (IMR-90) via a direct 

E2F-1 transcription factor dependent mechanism (109). Vimentin is cleaved by 

caspases 3, 7, 8, and 6 on multiple sites (99, 110), therefore E1A induced 

expression of caspases may also be responsible for differential cleavage and 

relocation of vimentin.  Alternatively, as mentioned above, Ad infection has been 

shown to trigger the rapid cleavage of vimentin via activation of a Ca2+ dependent 

cellular protease (42). However, since virus gene expression is not required for this 

cleavage event, it is unlikely that this protease is responsible for the effects we have 

observed. In one report, E1A has actually been shown to inhibit vimentin cleavage, 

but this only occurred in dense cell cultures (111) which we did not use in our 

experiments. 

The reorganization of vimentin has been reported in response to several 

diverse viruses including Ad (42), african swine fever virus (88), human 

immunodeficiency virus (112), vaccinia virus (113), frog virus 3 (114), and simian 

virus 40 (115). Specific processing of vimentin by a virally encoded protease is also 

believed to be required for HIV viral replication (116). Importantly, differential 

phosphorylation of vimentin within the head domain, has been shown to prevent the 

processing of vimentin by the HIV encoded protease (112).  The results of our 

experiments suggest that inhibiting processing of vimentin may also exert a pro-

inflammatory effect and preserve PG responsiveness. 
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Figure 1. Infection with Ad5 results in the selective reorganization of the 
vimentin-containing intermediate filament network. C3HA fibroblasts were 

infected for 18 h with Ad5 (10 pfu/cell) (B, D, and F) or mock infected (A, C, and E).  

Staining for tubulin (A and B) and vimentin (E and F) were performed using 

commercial polyclonal or mAbs, respectively, and fluorescent secondary Abs.  

TRITC-conjugated phaloidin (C and D) was used to stain f-actin.  Specific 

procedures are described in the Materials and Methods.  Results shown are 

representative of three independent experiments.  
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Figure 2. cPLA2 and vimentin interact in C3HA fibroblasts and colocalize 
during infection by Ad5. A, The intracellular position of cPLA2 (a and d) and 

vimentin (b and e), and the respective overlay images (c and f) in mock infected (a-

c) or Ad5 infected (d-f) C3HA fibroblasts.  B, Western blot analysis of the vimentin 

containing cytoskeletal (CSK) fraction and triton X-100 (T) soluble fraction in mock or 

Ad5 infected cells probed for vimentin and cPLA2 using specific antibodies. C, 

Western blot anlysis of vimentin immunoprecipitates obtained using a specific 

vimentin mAB (VmAb) or negative control immunoprecipitates obtained using normal 

mouse serum (NMS). The positive control in lane one is 25 µg of a whole cell lysate 

from C3HA cells. Following SDS PAGE and transfer, the immunoprecipitated and 

control protein was probed for cPLA2. Results shown are representative of three 

independent experiments.  
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Figure 3. cPLA2 relocates to the perinuclear and nuclear regions of C3HA 
fibroblasts. Confocal microscopy of mock infected (A-C and G-I) and Ad5 infected 

(D-F and J-L) C3HA fibroblasts co-stained for cPLA2 (A, D, G, and J) and DAPI (B, 

E, H, K). Images A-F are full projection confocal images compiled using Leica 

Confocal Software version 2.61. Images G-L are compilations of the 5 innermost 

nuclear sections as determined by DAPI staining using the same software package.  

The respective merged images are shown in (C, F, I, and L).   
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Figure 4. cPLA2 does not stably associate with the nuclei of Ad5 infected cells. 

A and B, Western blot analysis of subcellular fractionations of C3HA fibroblasts. 

Whole cell, cytosolic, and nuclear fractions were obtained using a detergent free 

dounce technique in the presence (A) or absence (B) of the calcium chelators EDTA 

or EGTA. The purity of the cytosolic fractions were confirmed by probing the same 

membrane for Lamin B1. C, Triple labeling of mock (a-e) and Ad5 infected (f-j) C3HA 

cells for cPLA2 (a and f), Lamin B1 (b and g), and DAPI (d and i) and the respective 

merged images of cPLA2 and Lamin B1 (c and h) and DAPI, cPLA2, and Lamin B1 (e 

and j). Results shown are representative of three independent experiments.  
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Figure 5.   Ad5 infection results in translocation of cPLA2 to the ER and Golgi 
and the reorganization of these organelles into the perinuclear region. Triple 

labeling of mock (A-E and K-O) and Ad5 (F-J and P-T) infected C3HA for cPLA2 (A, 

F, K, and P), DAPI (D, I, N, and S) and giantin for Golgi localization (B and G) or 

calreticulin Ab for ER localization (L and Q). Merged images are as follows, cPLA2 

and giantin (C and H); cPLA2, giantin, and DAPI (E and J); cPLA2  and calreticulin (M 

and R); cPLA2, calreticulin, and DAPI (O and T).  Results shown are representative 

of three independent experiments.  
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Figure 6.  Expression of Ad5 E1A is sufficient to abrogate release of [3H]AA 
and production of PGE2. A, Release of [3H]AA from NIH 3T3, NR-5, and NER-7 

cells in response to PMA (10 ng/ml). Cells were labeled overnight with 3[H]AA and 

supernatants were collected after a 2 h treatment. All points were performed in 

triplicate and values shown are means +/- SEM from a representative experiment. B, 

Production of PGE2 by NIH 3T3, NR-5, and Ner-7 following stimulation with PMA (10 

ng/ml) for 18 h.  Levels of PGE2 in culture supernatants were quantified by ELISA. 

Values shown are means +/- SEM from a representative experiment and all points 

were performed in duplicate. C, Release of [3H]AA from HELA, GH354, and GH329 

cell lines in response to a 2 h treatment with PMA (10 ng/ml). All points were 

performed in triplicate and values shown are means +/- SEM from a representative 

experiment. D, PGE2 production by HELA, GH354, and GH329 cells in response to 

18 h treatment with PMA (10 ng/ml).  Levels of PGE2 in culture supernatants were 

quantified by ELISA. Values shown are means +/- SEM from a representative 

experiment and all points were performed in duplicate. 
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Figure 7. Expression of Ad5 E1A is sufficient for nuclear localization of cPLA2 
and vimentin. The intracellular position of cPLA2 (A, E, I) and vimentin (B, F, J) and 

the respective overlay images (C, G, K) in NIH 3T3 (A-C), NR-5 (E-G), and NER-7 

(I-K) cell lines.  The intracellular positions of cPLA2 (M and Q) and vimentin (N and 

R), and the respective overlay images (O and S), in HeLa (M-O) and GH329 (Q-S) 

cell lines.  Also shown is E1A staining in NIH 3T3 (D), NR-5 (H), NER-7 (L), HeLa 

(P) and GH329 (T) cell lines. Results shown are representative of three independent 

experiments. 
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SUMMARY 

In this report we examined the effects of adenovirus (Ad) infection on the lipid 

mediators of inflammation. Our experiments revealed that Ad exerts biphasic effects 

on the activity of cPLA2, COX-2, and prostaglandin (PG) production. Initial Ad 

infection results in the rapid induction of cytosolic phospholipase A2 (cPLA2) specific 

arachidonic acid (AA) release, COX-2 expression, and PG production. This effect 

does not require viral gene expression. However, following this rapid induction 

phase, Ad infection renders cells non-responsive to external ligand stimulation, 

resulting in the inhibition of 3H-AA release and abrogation of PG production. 

Importantly, UV inactivation of the virus conferred responsiveness to stimulation, 

demonstrating that viral gene expression was required for suppression. This 

biphasic effect on PG production was seen in both murine and human cell types and 

both PGE2 and PGF-1α production were suppressed. Moreover, suppression 

occurred in response to a broad range of external ligands.  

Surprisingly the expression of COX-1 or COX-2 was not blocked by infection 

with Ad5; in fact Ad5 infection strongly induced expression of COX-2 protein. Moving 

upstream we examined the effects of Ad on cPLA2 expression and activity. Ad 

infection had no effect on the expression of cPLA2 or its activity in cell lysates, in 

addition, agonist induced phosphorylation of cPLA2 on serine 505 was also not 

affected. However, a dramatic relocation of cPLA2 to the nuclear/perinuclear region 

of the cell was observed with Ad infection. As cPLA2 normally resides in the 

cytoplasm and translocates to intracellular membranes upon external stimulation, 

this Ad induced mislocation of cPLA2 resulted in the enzymes inability to 
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subsequently translocate in response to external stimuli. Importantly, this effect was 

seen with both Ad2 and Ad5 and occurred with E3 deletion mutants, indicating that 

this is a novel non-E3 encoded activity. Further experimentation into the intracellular 

localization of cPLA2 during Ad infection revealed that cPLA2 is targeted to the 

endoplasmic reticulum, golgi apparatus, and nuclear envelope of Ad5 infected cells.  

In addition, Ad5 infection resulted in reorganization of the golgi apparatus and 

ER to the perinuclear region. Interestingly, intranuclear cPLA2 was also noted, 

however fractionation analysis revealed that cPLA2 was not stably associated with 

the nuclei even in the presence of calcium. Therefore, these data indicated that 

nuclear entry or sequestering of cPLA2 was not the mechanism resulting in 

nonresponsiveness. Importantly, Ad infection has been shown to result in vimentin 

re-organization [1] and vimentin has been reported to bind cPLA2 [2]; subsequently 

we turned our focus to investigation of the cytoskeleton to determine if this 

interaction was responsible for the mislocation of cPLA2.  While no significant 

change occurred in the tubulin and actin networks, a dramatic reorganization of 

vimentin around the nuclear region of Ad infected cells was observed in our model 

system. Co-immunofluorescence and subcellular fractionation revealed co-

localization of cPLA2 and vimentin in both mock and infected cells. Moreover, a 

specific interaction was determined by co-immunoprecipitation between vimentin 

and cPLA2. Therefore, cPLA2 is relocated to the perinuclear region in association 

with vimentin. As we previously reported, the E3 region of Ad is not responsible for 

the loss of cPLA2 responsiveness. Therefore, using several E1A expressing cell 

lines we were able to determine that expression of Ad E1A was sufficient for the 
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relocation of both cPLA2 and vimentin, and to abrogate AA release and PGE2 

production. Taken together these data suggest, for the first time, that E1A is the viral 

gene responsible for the loss of responsiveness of cPLA2 and the reorganization of 

vimentin in Ad infected cells. Moreover, these data implicate that vimentin alters 

cPLA2 activity within these cells both directly, through specific binding to cPLA2, and 

indirectly by acting as a molecular cage preventing cPLA2 already bound to 

membranes from subsequent participation in inflammatory responses.  

Importantly, the reorganization of vimentin has been reported in response to 

several diverse viruses including Ad [1], African swine fever virus [3], human 

immunodeficiency virus [4], vaccinia virus [5], frog virus 3 [6], and simian virus 40 [7]. 

Importantly, the processing of vimentin by a cellular protease has been reported to 

be required for productive Ad5 infection [1]. Our experiments reveal, for the first 

time, that viral induced reorganization of vimentin and specific interactions between 

cPLA2 and vimentin also play critical roles in viral modulation of inflammatory 

responses. Given the number of viruses that have been shown to alter vimentin 

organization, the important roles of PGs in immune system modulation [8-15],  and 

the increasing number of viruses reported to modulate cPLA2 activity [16-18] these 

findings could have broad and important implications to our understanding of viral 

pathogenesis and viral immune system evasion. 
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