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A b s t r a c t : 

The key role of Ras in diverse cellular functions qualifies it as a central 

divergence point for many signal transduction pathways, the most extensively studied of 

which include the ERK (extracellular signal-regulated kinase), JNK (c-Jun N-terminal 

kinase ) and p38-kinase pathways. 

In this study, a new role for Ras signaling pathway as key determinant of host cell 

permissiveness to viral infection was investigated. HSV-1 was chosen because of its 

importance as a human pathogen and its potential use in cancer therapy. 

The author initially compared the level of viral infection in untransformed NIH-3T3 cells 

with that in cells transformed with oncogenes that activate the Ras pathway (e.g. v-erbB, 

sos and ras). Only transformed cells demonstrate significant morphological changes as a 

result of infection (such as cell rounding and clumping), increased viral protein synthesis 

and a high titer of viral progeny. The demonstration that inhibitors of Ras (farnesyl 

transferase inhibitors or FTIs) and a blocker of MEK1/2 (a downstream molecule in ERK 

pathway) named PD98059, prevented this increase in HSV-1 infection further proved that 

an activated Ras pathway is important for infection. 

To further elucidate the role(s) of the Ras pathway in HSV-1 infection, it was 

important to identify the step at which HSV-1 infection is blocked in the non-permissive 

NIH-3T3 cells. The results show that while the immediate early a transcript 

cc27 accumulated to comparable levels in the two cell lines, the (3 and y transcripts were 

present at significantly higher levels in the H-ras cells than in the untransformed NIH-
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3T3 cells. Since transcription of these later (P and y) genes requires early a gene 

products, the drastic reduction in P and y gene expression in NIH-3T3 cells was likely 

due to the inability of the a transcripts to be efficiently translated. Indeed, Western blot 

analysis revealed that the a.27 gene product ICP27 was present at a much lower level in 

NIH-3T3 cells than H-ras cells, despite the presence of comparable amounts of all 

transcripts in the two cell lines. 

The author then proceeded to investigate the mechanism by which the translation of a 

genes was inhibited in NIH-3T3 cells and not in H-ras cells. A well-known anti-viral 

strategy of cells is the phosphorylation/activation of the double-stranded RNA-activated 

protein kinase (PKR) by viral transcripts, which leads to phosphorylation of the 

translation initiation factor eIF2a and therefore blocks its function in initiation of 

translation of viral transcripts. In this study, In-vitro kinase assays were used to 

demonstrate that PKR phosphorylation is more pronounced in untransformed cells as 

compared with H-ras cells. This was followed by western blotting to show that 

phosphorylation of eIF2a is also more pronounced in untransformed NIH-3T3 cells. 

A mutant version of HSV-1, G207, is currently being tested in clinical trials as an anti

cancer therapeutic. G207 is a derivative of another mutant called R3616 which lacks both 

copies of Yi34.5 (a viral anti-PKR gene) and can be considered as an attenuated virus. 

R3616 was found to infect ras-transformed, but not untransformed, cells suggesting that 

the Ras signalling pathway can compensate for the loss of the virus' anti-PKR 

mechanism. Confirming the role of PKR in this regard, mouse embryonic fibroblasts 

(MEFs) that were deleted for PKR gene could be infected by the mutant virus while 
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parental MEFs remained unpermissive. As expected, the use of farnesyl transferase 

inhibitors caused a restoration in PKR phosphorylation, thereby promoting the resistance 

of H-ras cells to HSV infection. 

HSV-1 therefore exploits the attenuating effect of the Ras pathway on the PKR system. 

Once PKR system is down-regulated by overactivity of the Ras signalling pathway, the 

stage is set for infection of cells by oncolytic viruses. This study not only provides 

knowledge on the mechanism behind host-cell permissiveness to HSV-1, but also 

provides a news basis for application of Ras blocking agents for the treatment of HSV 

infections. 
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C H A P T E R O N E : 

A N I N T R O D U C T I O N T O R A S S I G N A L I N G 
P A T H W A Y 



Ras and its oncogenic signalling pathway stand i n the center of attention when it 

comes to oncogenic signalling network (figure 1-1). Overactivity of Ras has 

been detected in an average of 35% of all human cancers ranging from 10% in kidney 

and bladder tumors to 90% in pancreas cancer (4;5). Considering the importance of a 

clear understanding of Ras signalling mechanism in this research, I will commit to 

provide the reader with a brief review of this complicated network in this chapter. 

R A S A S A M E M B E R O F T H E F A M I L Y O F S M A L L G T P -

B I N D I N G P R O T E I N S 

Small GTP-binding proteins (G proteins) are monomeric G-proteins w i t h 

molecular masses of 20-40 kDa. The discovery of the first members of Ras gene 

family as viral genes (v-Ha-Ras and v-Ka-Ras) of sarcoma virus dates back to 1978 

(45;265)and their mutations in human carcinomas was first detected in 1982 

(215;253). The mutated forms were shown to stimulate proliferation and 

transformation of cultured cells. 

Although the family of small G-proteins includes more than 100 small G-proteins 

they are all structurally classified into at least five families: Ras, Rho, Rab, Sari/Arf 

and Ran with the Ras subfamily including 5 members (Ha-Ras, Ki-Ras, N-Ras, R-
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Ras and M-Ras) in mammals which are usually involved in regulating gene expression. 

Rho subfamily is involved in cytoskeletal reorganization and gene expression and 

members of Rab and sari/Arf subfamilies regulate intracellular vesicle trafficking. 

The Ran members regulate cytoplasmic transport during Gl, S and G2 phases of the 

cell cycle and microtubule organization during M-phase (28;34;37;67;132). Ras 

subfamily members like other members of the superfamily of small G-proteins have 

both GTP-binding and GTP-ase activities. 

S T R U C T U R E : 

Ras proteins show a 30-55% homology to each other between different 

species. Nevertheless, like other G-proteins, all small G-proteins have consensus 

amino acid sequences for specific interaction with GDP and GTP and for GTPase 

activity which hydrolyzes bound GTP to GDP and inorganic phosphate (figure 1-2) 

(31;303). They also have a region which interacts with down stream effectors. 

Additionally, the members of Ras subfamily (and Rho and Rab proteins) have 

sequences in their COOH terminal which allows them to undergo post-translational 

modifications such as farnesylation, geranylgeranylation, palmitoylation, addition of 

methyl moieties and proteolysis which are necessary for their function (39; 174;335). 

The COOH terminal of Ras proteins are designed in slightly different manner. For 

Ki-ras the motif is Cys-A-A-X with a polybasic region upstream of it while there is 
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an additional cysteine residue upstream to the cysteine of the motif in case of Ha-Ras 

and N-Ras (figure 1-3 and 1-4). 

Ha- and Ki-Ras are first farnesylated at the Cys residue followed by the proteolytic 

removal of the A-A-X portion and the carboxymethylation of the exposed Cys 

residue (101;125)(247, 313). Ha- Ras has an additional Cys residue that is further 

palmitoylated. 

Localization of Ras protein is mediated by such modifications; these proteins are 

located at the cytoplasmic face of plasma membrane with the help of both farnesyl 

and palmitoyl moieties in case of Ha-Ras and farnesyl group and polybasic 

neighbouring region in case of Ki-Ras (figure 1-5) (106). Ras proteins like many other 

small G-proteins have two convertible forms: GDP-bound (inactive) and GTP-

bound (active) form (31; 103). An upstream signal can stimulate the dissociation of 

GDP which is followed by the binding of GTP, leading to a conformational change 

of effector-binding domain of Ras molecule. This serves as the basis for recognition 

of many different effectors by Ras and activation of the different down-stream 

signalling pathways. Following this, the GTP-bound form (active form) is converted 

by the intrinsic GTPase activity to inactive form. The term "molecular switch" is 

therefore applied to the members of small G-protein family including Ras since they 

have such capability of cycling through active/inactive states resulting in 

activation/inactivation of down-stream pathways (figure 1-6). 
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F I G U R E 1-3: 

Molecular of structures of farnesyl diphosphate and the CaaX tetrapeptide from the carboxy-

terminus of the K-Ras protein (CVIM). Natural product inhibitors of FTase often resemble 

The structure of farnesyl diphosphate while many rationally designed FTase inhibitors 

resemble CaaX tetrapeptides. 
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F I G U R E 1-4: 

The COOH terminal structures and posttranslational modification of small G 

proteins. The COOH terminal regions of small G proteins are classified into at least 

four groups. The CAAX structure is furthermore subclassified into two groups. 

A, aliphatic acid; X, any amino acid; P. palmitoyl; F, farnesyl; GG, geranylgeranyl. 
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F I G U R E 1-5: 

Simplified scheme of the post-translational processing of H-ras. Farnesyl transferase 

(FT) transfers a farnesyl group (F) from farensyl-pyrophosphate (FPP) to the thiol 

group of the cysteine residue of the CAAX motif (CVLS in case of H-ras). The 

terminal tripeptide is cleaved by a specific endoprotease in the endoplasmic 

reticulum. The methyl donor for the reaction catalyzed by a prenyl protein specific 

methyl transferase is S-adenosylmethionine. Palmitoylation of C-terminal cysteine 

occurs before mebrane localization. CoA = coenzyme A. 
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F I G U R E 1-6: 

Cycling of the Ras protein between the inactive form with bound GDP and the active form 

with bound GTP occurs in four steps: 

1. GEF facilitates dissociation of GDP from Ras. 

2. GTP then binds spontaneously and GEFs dissociates yielding the active Ras-GTP form. 

3. Binding of GAP to Ras increases its hydrolytic function on bound GTP. 

4. GTP is hydrolyzed and inactive complex of Ras-GDP is formed. 
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R E G U L A T I O N O F G E N E E X P R E S S I O N B Y R A S P R O T E I N S 

The three members of Ras family in mammalian cell, Ha-, Ki and N-Ras are 

capable of transforming cells when overactivated by mutations (83;280). Ras protein 

is regulated by GEPs (Guanine nucleotide exchange proteins) and GAPs (GTPase 

activating proteins). Such activity in induced by a variety of extracellular signals, 

mainly the ones which activate receptors with intrinsic or associated tyrosine kinase 

function (79;210). Phospho-tyrosines on the intracellular portion of these proteins 

serve as the docking sites for the adaptor proteins such as GRB2 or SHC which in 

turn can recruit molecules like SOS with guanine nucleotide exchange activity (figure 

1-7). After localization of SOS to plasma membrane by such mechanism, it will be 

capable of exchanging the GDP molecule of Ras (which is recruited to the plasma 

membrane as well because of its lipid post-translational modifications) with GTP 

resulting in its activation. Receptors which do not exert kinase activity (e.g. T-cell 

receptor) can also activate Ras. 

The first downstream effector of Ras in mammals (as well as C.elegans and Drosphila) 

was found to be Raf molecule, which can bind to Ras directly and become activated 

(37;76). Consequently, Raf can activate an important pathway called ERK • 

(extracellular-regulated kinase) which is a branch of the family of MAPKs (Mitogen 

Activated Protein Kinases). ERK-pathways lead to a variety of cellular functions 
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F I G U R E 1-7: 

Activation of Ras following binding of a hormone (e.g. EGF) to an RTK. The 

adaptor protein GRB2 binds to a specific phospho-tyrosine on the activated RTK 

and to Sos, which in turn interacts with the inactive Ras-GDP. The GEF activity of 

Sos then promotes formation of the active Ras-GTP. Ras is tethered to the 

membrane by farnesyl anchor. 
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including proliferation and differentiation (figure 1-8). Many other pathways inside 

and outside MAPK family have also found to be activated by Ras which will be 

discussed briefly in next section. 

M A P K - P A T H W A Y S I N D U C E D B Y R A S 

Mitogen-activated protein kinases (MAPKs) are components of a three kinase 

regulatory cascade (figure 1-9) (50;234). Specificity of regulation is achieved by 

organization of MAPK modules, in part, by use of scaffolding and anchoring 

proteins. Scaffold proteins bring together specific kinases for selective activation, 

sequestration and localization of signaling complexes. The recent elucidation of 

scaffolding mechanisms for MAPK pathways has begun to solve the puzzle of how 

specificity in signaling can be achieved for each MAPK pathway in different cell types 

and in response to different stimuli. As new MAPK members are defined, 

determining their organization in kinase modules will be critical in understanding 

their select role in cellular regulation. On the other hand, although they are 

traditionally involved in induction of cell growth/proliferation, the term "Mitogen 

activated protein kinases" seems to become misleading since some members of this 

family are not induced by mitogens and can even lead to cell cycle inhibitory effect. 

Other than ERK-pathway, activation of a second cascade in MAPK family called 
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F I G U R E 1-8: 

Ras regulates a cascade of kinases. Ras is a GDP/GTP-regulated binary switch that 

resides at the inner surface of the plasma membrane and acts to relay extracellular 

ligand-stimulated signals to cytoplasmic signaling cascades. A linear pathway where 

Ras functions downstream of receptor tyrosine kinases (RTK) and upstream of a 

cascade of serine/threonine kinases (Raf > M E K > E R K ) provides a complete l i n k 

between the cell surface and the nucleus. Activated E R K s can translocate into the 

nucleus to phosphorylate and activate transcription factors, such as Elk-1. Activated 

E R K s also phosphorylate substrates i n the cytoplasm, including the M n k kinase, and 

thus contribute to translation i n i t i a t i o n of m R N A s wi t h structured 5'-untranslated 

regions. 
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JNK/SAPK (c-Jun amino-terminal kinase/stress-activated protein kinase) is triggered 

by the stimulating effects of Ras on Rac/cdc42 which in turn (and in addition to actin 

rearrangements) can lead to the phosphorylation/activation of MEKK1-3 which can 

phosphorylate MEK4 resulting in phosphorylation of JNK/SAPK (234)(figure 1-10). 

JNK/SAPK pathway is activated by a variety of cell surface receptors and cellular 

stresses such as heat shock, UV radiation, and changes in osmolarity, by the protein 

synthesis inhibitors anisomycin and cycloheximide, and by the cytokines interleukin-1 

(IL-1) and tumor necrosis factor alpha (TNF-) (71)and can be inhibited by high cell 

density (150;151;153). JNK/SAPK pathway can also become activated by stress 

stimuli (e.g. by U. V and independent of Ras). Once activated, this pathway leads to 

transcriptional induction of genes essential for a diverse number of cellular processes. 

These processes include inflammatory and stress responses, mitogenesis, 

differentiation, cell growth, cell cycle progression, apoptosis, prostaglandin 

biosynthesis, myocyte hypertrophy, and immunity gene expression. JNK/SAPKs 

phosphorylates Ser63 and Ser73 in the N terminus of the c-Jun subunit of the AP-1 

transcription factor. 

The other major MAPK pathway down-stream of Ras is p38-kinase pathway 

(figure 1-11). Being first identified in 1994 as a MAPK kinase targeted by endotoxin 

and hyperosmolarity in mammalian cells (13; 104; 105), p38-kinase was discovered by 

cloning for the target of an anti-inflammatory drug (SB203580, a blocker of p38-
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Figure 1-11 
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kinase) (160;161). P38-kinase, like JNK-pathway, is involved in responding to stress 

situations caused by a variety of signals including UV radiation, x-rays, heat shock, 

H2O2 and TNFa (tissue necrosis factor). The main MAP kinase kinase that activates 

mammalian p38 by phosphorylation appears to be MKK6 (72) which is activated by 

upstream kinases like TAO (thousand and one amino acid kinase) and TAKl 

(transforming growth factor-(3-activated kinase.). TAKl is stimulated in response to 

TGF-P and bone morphogenetic protein (330). Several observations including the 

use of inhibitor SB203580, demonstrate that p38-kinase directly mediates the 

activation of several of different factors in particular ATF2, MEF2C, CHOP and the 

members of the TCF family ELK1 and SAP1 (330). 

Although the role of p38-pathway is yet to be fully understood, major inflammatory 

cytokines, TNF (tumor necrosis factor) and IL-1 (interleukin-1) characteristically 

activate JNK- and p38-pathways (150). The physiological role of these cytokines are 

mediated by NF-kB system which can be inhibited by sodium salicylate (NaSal, an 

activator of p38-kinase pathway) pointing to the inhibitory effects of p38-kinase 

pathway on NF-kB. Such involvement of p38-kinase in stress and immunity related 

processes is highly conserved in different species(178). Other studies refer to the 

inhibitory effects of p38-kinas pathway on differentiation as was studied in adipose 

cells (310)and on growth/proliferation as was studied in NIH3T3 and Human U-937 

myeloid leukemia cells following to exposure to the DNA-damaging agent ara-C. 
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From other less studied MAPK pathways, ERK3, ERK5 and p38-like (ERK6) 

pathway can be mentioned which are activated by ERK3-kinase, MEK5 and MEKs 

(234) (figure 1-10). Transcription of ERK6 is induced during the differentiation of 

myoblasts to myotubes (159). More studies are needed to elucidate the biological role 

of these pathways. 

CROSS TALK BETWEEN MAPK-PATHWAYS 

Cross talk between different pathways is crucial to the generation of 

appropriate response in mammalian cells. MAPK pathways act in concert with each 

other and with other signaling systems (figure 1-10 & 1-12). In some cases, MAPKs 

may act antagonistically to each other for example, in B cells, ERK facilitates while 

JNK protects against apoptosis (251). In PC 12 cells, withdrawal of nerve growth 

factor causes apoptosis and activates JNK and p38 concurrently with inhibition of 

ERK (329). On the other hand, both ERK and JNK activation are required for T-cell 

activation and IL-2 (interleukin-2) production (71;287)but JNK is responsible for 

signal integration during co-stimulation. Signal integration can occur at any level; 

upstream of signaling cascades, within cascades and at the last substrates of signaling 

chain. For example, the proline-rich area of MEK1/2 can integrate signals from 

other pathways like MEKK1-3 of JNK pathway (figure 1-10) (40). At the same time 

MEKK1 can also activate MAPK phosphatases which can suppress ERK activity 
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(30). MAPKs may also cooperate with each other in steroid-dependent transcription 

via phosphorylation of receptors (135). Several protein kinases lie down-stream of 

MAPKs and may be regulated by more than one pathway for example MAPKAP 

(MAPK activated protein kinase) kinase-3 can become activated by ERK, JNK and 

p38-kinae pathways integrating signals from all these three cascades (172). Same 

convergence is also seen at the level of transcription factors as ELK-1 can become 

phosphorylated by ERK, JNK and p-38-kinase while eight splice variants of JNK in 

brain have differing abilities to bind a set of transcription factors including c-JUN, 

ATF2 and ELK-1 (100). This suggests that same module can induce different 

transcriptional activities leading to a variety of biological responses such as tissue 

specific ones. 

R A S T A R G E T S M U L T I P L E O T H E R E F F E C T O R S 

Other than Raf and Rho/Rac, Ras acts through additional proteins. Evidence for 

this in mammalian cells comes from different studies such as: 

1. Activation of Raf is not sufficient to promote all Ras functions, such as the 

transformation of some epithelial cells (209). 

2. Studies with Ras mutants that discriminate between effectors suggest that multiple 

effector-mediated pathways are important for establishing and maintaining the 



29 

transformed state (315) 

A plethora of candidates of Ras effectors in addition to Raf include p 120 Ras GAP 

(GTPase activating proteins) (10), GEFs (Guanine nucleotide exchange factors) for 

the small GTPase Ral (RalGDS, RGL, RFL/RGL2) (11)(23), AF6/Canoe (12;13)(24, 

25), RIN1 (14)(26) andphosphatidylinositol-3-kinase (PI3K) (15)(figure 1-13). All of 

these effectors have affinity for Ras-GTP and become activated by it. Mutation of 

residues 25-45 which includes Ras effector domain (32-40) provides useful mutants 

to decipher the contribution of specific effectors for Ras function. Other than Raf, 

interaction of Ras with some of these effectors seems to be critical for mediating the 

role of this oncogenic protein in malignant transformation. 

RAS MEDIATED TRANSFORMATION CONTRIBUTES TO MULTIPLE 

E F F E C T O R P A T H W A Y S 

Activation of the Raf/ERK pathway with its concomitant activation of 

transcription factors, is essential for cell proliferation. The Ras GTPase-activating 

protein, p 120GAP, in addition to negatively regulating Ras function may impinge on 

the Rho family via its association with p 190, a GAP for Rho family members. The 

family of GEFs of Ral have also been implicated as target proteins for Ras. A role for 

Ral in regulation of phospholipase D and in actin cytoskeletal rearrangement by 
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F I G U R E 1-13: 

A surfeit of candidate Ras effectors. M u l t i p l e effector pathways contribute to Ras 

function. P L D , phospholipase D; PIP3, phosphatidylinositoltrisphosphate; M E K K , 

M E K kinase; SEK, S A P K / J N K kinase; SRF, serum response factor. 

L o w e r panel: Partial listing of farnesylated mammalian proteins 
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interaction with RalBPl has been suggested (115). In one study, RalA has been 

reported to cooperate with Ras for transformation (300) but others have not been 

able to confirm this (236). 

RIN1 is another effector of Ras identified originally because of its capability to 

suppress the phenotype associated with Ras pathway (52). This molecule interacts 

with Ras-GTP directly and localizes to the plasma membrane. Evidence for the role 

of RIN1 in oncogenic activity of Ras has been provided by studying the effects of 

RIN1 on Bcr/Abl where an enhancement of the transforming effect of Bcr/Abl and 

the rescue of several Bcr/Abl-transformation defective mutants have been reported 

(6). 

AF6/Canoe are also considered as candidate effectors for Ras as they were 

related to eye development functions of Ras in Drosophila and contain a motif which 

is found in proteins associated with cellular junctions (180). 

PI3K is the last effector which will be discussed in this section. Interaction between 

Ras and catalytic domain of PI3K results in actin cytoskeletal rearrangements in 

transformed phenotypes (236). On the other hand, accumulation of the second 

messenger IP3 (phosphatidylinositol 3,4,5-phosphate) by PI3K can lead to the 

activation of another kinase, Akt/PTB (110) which in turn can phosphorylate and 

inactivate BAD, a pro-apoptotic protein (68;69)(figure 1-14). Inhibition of normal 

apoptotic response by such PI3K mediated mechanism can also play a role in survival 
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F I G U R E 1-14: 

A simplified drawing of Ras signaling and its effector pathways including PI3K. 

Activation of PI3K pathway leads to activation of Akt resulting in an anti-apoptotic 

effect. 
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of cancer cell. 

Ras effector mutants have provided us with invaluable information about the 

involvement of such effectors in malignant transformation. Each one of these 

mutants is impaired in terms of capability to bind to a specific target (68;138;236;315). 

RasV12C40 is an activated mutant of Ras which is incapable of binding to Raf 

because of an alteration of tyrosine to cysteine at position 40. Such mutant is not 

capable of triggering ERK pathway but is still capable of inducing membrane ruffling 

to the same extent as Ras with intact effector domain suggesting that stimulation of 

membrane ruffling is most likely not a function of ERK pathway (68). However, 

other effectors like PI3K and AF6 which can bind to RasV12C40 might have a role 

in mediating these effects. Considering the fact that this mutant still causes 

tumorgenic transformation, effectors other than Raf/ERK pathway seem to be 

involved in malignant transformation. 

From the other approaches to investigate the contribution of this surfeit of effector 

molecules in Ras function, overexpression or membrane localization can be named. 

Insertion of a CAAX box (responsible for Ras plasma membrane association) to the 

effector localizes it to the plasma membrane: this has ended iO n constitutive 

activation of Raf and PI3K (307;307). Although effectors like Raf and PI3K will 

associate with plasma membrane upon stimulation others like adenylate cyclase (in 

yeast) and Ral/GDS are constantly plasma membrane associated. 
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Another approach to determine the role of Ras target proteins in oncogenesis is 

designed by investigating the capability of fibroblasts from mice model which are 

deficient for the gene of Ras effectors to undergo transformation (304). 

I N T E R V E N T I O N W I T H R A S S I G N A L I N G P A T H W A Y A S A 

T H E R A P E U T I C A P P R O A C H T O C A N C E R T H E R A P Y 

Al t h o u g h the earliest attractive achievements i n the field of oncology is likely 

to appear in the area of early detection, the improvements of our knowledge in 

molecular basis of neoplastic transformation has opened our eyes toward new 

horizons. The basis for such novel understanding is made on discoveries about 

oncogenes, tumor suppressor genes, cell-cycle regulation, DNA-repair mechanism 

and tumor immunology. 

Considering the central role of Ras signaling pathway in oncogenesis, an 

attempt to intervene with its transforming capability at molecular level seems crucial 

in designing molecular strategies against cancer. Over the last 10 years many different 

modalities have been designed which usurp Ras pathway to exert specific oncolytic 

activity. Such agents can vary from chemicals to viruses and will be discussed briefly 

in this section. 
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RAS OVERACTIVITY AND HUMAN CANCERS 

Mutations of Ras which empower its oncogenic activity have been investigated 

in relation to the prognosis of different types of human cancer. In a large study 

performed on colon cancer the existence of K-Ras mutation was found to be 

associated with poor prognosis (252). Although there are some studies which deny 

such relevance, most of the data gathered to date confirms the Ras mutations to be 

an indicator of poor prognosis (98;119;137;205). Induction of malignant 

transformation by Ras has been confirmed by studies reporting transformation in 

rodent fibroblasts following transfection with oncogenic Ras (264), increased 

incidence of oncogenesis in transgenic mice bearing Ras mutations, (2)and elevated 

incidence of tumorigenesis in experimental and natural tumors with Ras mutation. 

Occurrence of these mutations can vary in different tumor types ranging from up to 

90% in pancreatic cancer to 53% in follicular thyroid cancer, 44% in colorectal 

cancer, 43% in seminoma, 40% in myeloid syndrome and 30% in liver carcinoma 

(table 1-1). 

R A S S I G N A L I N G P A T H W A Y : A T A R G E T F O R N O V E L A N T I 

C A N C E R A G E N T S 

As mentioned before, one of the two potential approaches to utilize Ras 
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Tabic I. ras mutation* in human tumors 

Mutation Predominant 
Cancer or site or tumor frequency, % ras isofonrv* 

Non-sinali-ccll lung cancer (adenocarcinomal 33 K 
Colorectal 44 K 
Pancreas 90 K 
Thyroid 

Follicular 53 H. K. N 
U ndifi'ere nt rated papillary 60 H. K. N 
Papillary 0 

Seminoma 4 3 K. N 
Melanoma 13 N 
Bladder to H 
Liver 30 N 
Kidney 10 H 
Myelody aplastic syndrome 40 N. K 

Acute mveloeenous leukemia 30 N 

-K Kirsten; H ~ Harvey; N ~ neuroblastoma. 

Ras mutations in human tumors 
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signaling pathway in cancer therapy includes strategies which constitute an 

intervention with signaling cascade, for example, inhibition of Ras translation, 

inhibition of its plasma membrane association and inhibition of RAF or MAPKK 

molecules which collectively lead to a decrease in neoplastic capabilities of Ras. As 

the puzzle about the effector molecules downstream of Ras becomes more and more 

completed, novel opportunities to design antagonists for such targets will appear 

providing us with better tools to intervene with oncogenic characteristics of Ras. 

A P P L I C A T I O N O F A N T I S E N S E S T R A T E G Y A G A I N S T R A S A N D R A F 

O v e r the last few years, antisense technology has emerged as an exciting and 

promising strategy in the fight against cancer. The antisense concept is involved in 

selective binding of short, modified DNA or RNA molecules to messenger RNA in 

cells which prevents the synthesis of the encoded protein. As anticancer agents, these 

molecules can be targeted against a myriad of genes involved in cell 

transformation, cell survival, metastasis, and angiogenesis including Ras genes. Such 

oligonucleotides have shown an ability to target specific oncogene transcripts and 

inhibit their expression in cells, but the degree to which sustained treatment can 

suppress the levels of an oncogenic protein enough to benefit a patient remains to be 

determined. In a recent study, the application of antisense strategy in gastric cell lines 
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which either over expressed the wild type K-ras or had a mutation in this genes 

caused a significant down-regulation of this gene and had no influence on the 

expression of either H-ras or N-ras. The antisense-transduction caused an overall 

decrease in cell growth rate and for one of the cancerous clones, the tumorigenicity 

was totally lost (275). 

In human colorectal cancer, K-ras point mutations occur in approximately 40-50% of 

the cases, a frequency second only to pancreatic cancer (80-90%). A recombinant 

adenovirus vector expressing an antisense or sense K-ras gene fragment (AxCA-AS-

K-ras or AxCA-S-K-ras) was first transduced into seven human colorectal cancer cell 

lines. Stable expression of antisense K-ras RNA was detected by RNA blot analysis. 

Western blot analysis confirmed a reduction of up to 25% of K-ras-specific p21 

protein in the antisense K-ras-transduced HCT-15 cells without correlation to the 

location of the K-ras point mutation (203). 

Pancreatic cancer is another extremely lethal type of neoplasia which has been treated 

with a combinatorial therapeutic approach including a recombinant adenovirus, 

Ad.mda-7, expressing gene associated with induction of irreversible growth arrest, 

cancer reversion, and terminal differentiation in human melanoma cells. Despite the 

apparently ubiquitous anti-tumor effects of mda-7, pancreatic carcinoma cells are 

remarkably refractory to Ad.mda-7 induced growth suppression and apoptosis. In 

contrast, the combination of Ad.mda-7 with antisense phosphorothioate 
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oligonucleotides, which target the K-ras oncogene (mutated in 85 to 95% of 

pancreatic carcinomas), induces a dramatic suppression in 

growth and a decrease in cell viability by induction of apoptosis pointing to the value 

of intervention with Ras expression in treatment of this type of malignancy (319). 

Antisense strategy has also used against H-ras overactivity with inhibition of H-Ras 

expression being sequence-specific, dose-dependent, and correlated with inhibition of 

focus formation. When the antisense oligos were designed against first intron, a more 

pronounced reduction was observed as compared with that of initiation codon target. 

Interestingly, pretreatment of H-ras transformed solid tumor cells with first intron 

antisense DNA caused a 90% reduction in cellular levels of Ras whereas a 

nonspecific control showed a pick reduction of 20%. When bladder cancer cells were 

implanted into nude mice, and then a 31 day course of treatment with oligonucleotide 

phosphorothioates was applied, tumor growth in test group was reduced by about 

80% throughout the treatment period, reiterating the sustained effect seen in 

pretreated tumor cells. Application of the scrambled phosphorothioate control 

inhibited tumor growth by about 60%, illustrating some nonspecific inhibition (319). 

Bioavailability of antisense system faces a few problems including their poor 

stability in biological medium and their weak intracellular penetration. In order to 

resolve this, colloidal drug carriers such as nanoparticles were developed for the 

delivery of oligonucleotides. Association of oligonucleotides with nanoparticles was 
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shown to be protective against degradation while facilitating the drug penetration into 

different types of cells. As a consequence, nanoparticles were shown to improve the 

efficiency of oligos for the inhibition of the proliferation of cells expressing the point 

mutated Ha-ras gene. In vivo, polyalkylcyanoacrylate (PACA) nanoparticles were able 

to efficiently distribute the oligonucleotides to the liver whereas the alginate 

nanosponges could concentrate them in the lungs. Finally, oligos loaded to PACA 

nanoparticles were able to improve the treatment of RAS cells expressing the point 

mutated Ha-ras gene in mice model (154). 

Antisense strategy has also been targeted against effector molecules of Ras which 

participate in its oncogenic action. CGP 69846A (ISIS 5132), for example, is an 

antisense oligo which targets human C-Raf kinase. Following a pre-clinical evaluation 

of its toxic effects in mice which were mostly reported to be well tolerated and 

reversible (198), it was shown that ISIS 5132-therapy could result in significant 

reduction in the expression of Raf-mRNA by day 3 in 13 of 14 patients. This was 

proved by analyzing patients' peripheral blood mononuclear cell (PBMCs) samples 

for C-Raf expression following to i.v. injection of oligos (2-hour intravenous infusion 

three times weekly for 3 consecutive weeks at nine different dose levels ranging from 

0.5 to 6.0 mg/kg with no intrapatient dose escalation) (208). In another clinical trial 

with the purpose of studying the pharmakokinetics of antisense therapy, thirty-one 

patients received ISIS 5132 at one of nine dose levels ranging from 0.5 mg/kg to 6.0 
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mg/kg. Clinical toxicities included fever and fatigue, but were not dose limiting. A 

mean half-life of 59.8 minutes was calculated for ISIS 5132 (range, 35.5 to 107.3 

minutes). Two patients experienced prolonged stable disease lasting more than 7 

months, which was associated with persistent reduction in C-Raf-1 expression in 

PBMCs. Finally, in one of the most recent phase I studies, administration of ISIS 

5132 in a weekly 24 hour i.v injection (maximum dosage 24 mg/kg/week) appeared 

to have no effect on C-Raf expression in PBMCs suggesting the importance of 

schedule of administration in the efficacy of this agent (248). 

INTERVENTION WITH RAS SIGNALLING PATHWAY AT THE LEVEL 

O F M A P K K ( M E K ) 

MAPKK or MEK are located downstream from Raf as MEKl/2 can be triggered 

by Raf and phosphorylate/activate ERK. Although all such events happen in 

cytoplasm, the tail of the cascade ends in nucleus. Upon phosphorylation, ERK 

translocates to nucleus where it has access to different transcription factors including 

ELK. Phosphorylation of ELK by ERK enables this molecule to participate in a 

ternary complex with Serum response factor (SRF) and bind to the serum response 

element (SRE), an enhancer element, which can induce the transcription of Fos, an 

important transcription factor with a variety of biological activities. Thus, the ERK 

kinase pathway represents a significant mechanism of signal transduction by growth 

factor receptors from the cell surface to the nucleus that results in the regulation of 
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gene expression. Thus the ERK kinase pathway (like other MAPK pathways) 

represents a significant mechanism of signal transduction by growth factor receptors 

from the cell surface to the nucleus that results in the regulation of gene expression. 

From the clinical point of view, overactivity of ERK has been documented in human 

cancers (118;259;269). In a study about breast cancer (269). The activity, abundance, 

and localization of MAP kinase was investigated in normal and malignant neoplasia 

of the breast where MAP kinase was heavily phosphorylated on tyrosyl residues and 

its activity elevated 5-10 folds higher in carcinoma as compared with benign 

conditions, such as fibroadenoma and fibrocystic disease. Therefore blockade of 

ERK pathway is a logical way to interfere with the Ras oncogenic signalling in some 

cases which can be achieved by discovery of an orally active specific inhibitors for 

MEK1/2. 

RAS PLASMA MEMBRANE ASSOCIATION: A CRITICAL TARGET FOR 

S U P P R E S S I N G O N C O G E N I C S I G N A L I N G 

Localization of Ras in vicinity of plasma membrane is extremely important in 

its capability in activating down stream effector molecules and pathways which 

collaborate in neoplastic transformation. As was mentionedbefore, post-translational 

modifications happening at C-terminal CAAX motif of the Ras molecule allows 

acceptation of fatty acid moieties and attachment to plasma membrane. Prenylation 

(on cysteine residues) is followed by proteolytic cleavage of the remaining AAX part 



T a b l e 1 - 2 

Table 2. Partial listing of farnesylated mammalian proteins 

Reference 
Protein Function Nos. 

H-. K-. and N-ras Growth; differentiation: (6-9.12-14) 
inhibits apoptosis 

Rho-B and Rho-E Cell cycle control: eytoskeletal (61,151.152) 
organization 

HDJ-2 Chaperone protein (126,137.174) 
Lamins A and B Nuclear membrane structure (119.120) 
PxF Peroxisomal protein of (123) 

unknown function 
Transducin Visual protein (124) 
Rhodopsin kinase Visual protein (122) 
Cyclic guanosine Visual signal transduction (121) 

monophosphate 

phosphodiesterase a 
Phosphorylase kinase a Platelet function (126,175) 

and B 

P a r t i a l l i s t i n g o f f a r n e s y l a t e d m a m m a l i a n 

p r o t e i n s 
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and addition of carboxy methyl to the prenylated cysteine (97). Plasma membrane 

association is instrumental to Ras oncogenic properties, once CAAX motif and 

plasma membrane attachment is disrupted by mutations, Ras transforming capability 

will be lost as was measured by a significant reduction in relative focus-forming 

activity of affected mutants (134). Therefore, enzymes involved in prenylation of Ras, 

namely prenyltransferases, can be considered as logical targets for design of anti

cancer agents. Furthermore, although these agents were originally developed to 

inhibit tumors by preventing activation of oncogenic Ras, their anticancer activity 

appears to also stem from their ability to inhibit farnesylation of various proteins that 

mediate signal transduction, growth, apoptosis, and angiogenesis. 

Two types of prenyltransferases are important in this regard, farnesyl transferase (FT) 

and geranylgeranyltransferase(GGT). Although both enzymes can act upon K- and 

N-Ras, other types of Ras are only modified by FT. In such cases GGT-inhibitors 

does not show any preference over FT-inhibitors (FTIs) as was shown for K-Ras 

(288). In one study, the oncogenic Ras processing, MAP kinase activation and growth 

in nude mice were found to be inhibited by the farnesyltransferase inhibitor FTI-276 

in H- and N-Ras transformed NIH3T3 cells. In K-Ras transformed NIH3T3 cells, 

however, both FTI-276 and the geranylgeranyltransferase I inhibitor GGTI-297 were 

required for inhibition. In human lung A-549 and Calu-1 carcinoma cell lines, H-, N-

and K-Ras were found to be co-expressed and in Calu-1 cells and the processing of 
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H- and N-Ras was inhibited greatly by FTI-276 (but only partially by GGTI-297) 

while K-Ras required both FTI-276 and GGTI-297 to be efficiently stopped. In case 

of A549 cells, the same combination seemed to be ineffective. 

In animal models, the growth of both cell lines in nude mice is inhibited by FTI-276 

(80% inhibition) and GGTI-297 (60%). Furthermore, FTI-276 inhibits tumor growth 

of NIH3T3 cells transformed by oncogenic H-ras that is exclusively 

geranylgeranylated and whose processing is resistant to this inhibitor. It is evident 

from these data and other studies (62) that specific isoprenoid modification is 

required for function of normal, but not oncogenic, Ras protein and also that the 

type of Ras in charge of neoplastic transformation has an important role in 

determining the sensitivity of tumor to treatment with prenylation inhibitors. It has 

also been observed in earlier studies that FTase inhbitor molecules (e.g. L-739, 749) 

could cause rapid morphological reversion and growth inhibition of Ras-transformed 

fibroblasts (Rati/ras cells) as early as 18 hours which was stable for several days in 

the absence of inhibitor. While a transient use of these compounds can trigger 

cytoskeletal/morphological changes, it is only a repetitive application which can cause 

significant reduction of cell growth suggesting a difference in the biological activity of 

these compounds based on the pattern of their application (222). A new farnesyl 

protein transferase inhibitor, SCH 66336, has been designed to be orally active. In H-

ras transgenic mouse model, prophylactic treatment with SCH 66336 could cause a 
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delay in initiation of tumor growth. Significant tumor regression was also induced by 

SCH 66336 in a dose-dependent fashion when SCH 66336 was orally provided to 

transgenic mouse after development of palpable tumors (168). Pharmacological 

effects of FTIs were also studied on targets other than Ras (table 1-2). Rho is another 

prenylated small G-protein which is also involved in anti-neoplastic effects of FTIs. 

Although most of the molecules are geranylgeranylated, RhoB is farnesylated and 

involved in cell growth (3). 

Rho proteins integrate signals from integrins and cytokine receptors. A 

connection between FTIs and Rho alteration is interesting given that histological 

differences have long been used to define clinical cancer. RhoB is dispensable for 

normal cell growth and differentiation in mice. Thus, research about the 

antineoplastic effects of FTIs has led to the identification of a function(s) that is 

unnecessary for normal cell physiology but crucial for controlling malignant 

phenotypes (221). FTI treatment elicits a gain of the geranylgeranylated RhoB 

isoform (RhoB-GG) that occurs due to modification of RhoB by 

geranylgeranyltransferase I in drug-treated cells. Notably, this event is sufficient to 

mediate antineoplastic effects in murine models and human carcinoma cells (165). In 

clinical trials, Rl 15777, an orally active FTI, were recently investigated in a phase I 

dose-ranging study in patients with leukemias and solid tumors (225;338). Patients 

with acute myelogenous leukemia (AML), acute lymphocytic leukemia (ALL), or 
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chronic myelogenous leukemia (CML) in blast crisis received Rl 15777 100 mg, 300 

mg, 600 mg, 900 mg, or 1,200 mg twice daily for 21 days for 4 cycles. An overall 

response rate of 29% (10/34 patients, including 2 complete remissions) was observed 

across the study while the agent were reported to be well tolerated; dose-limiting 

toxicity occurred at 1200 mg bid, with central neurotoxicity evidenced by ataxia, 

confusion, and dysarthria. Non-dose-limiting toxicities included reversible nausea, 

renal insufficiency, polydipsia, paresthesias, and myelosuppression. Rl 15777 inhibited 

FT activity at 300 mg bid and farnesylation of FT substrates lamin A and HDJ-2 at 

600 mg bid. ERK was detected in its phosphorylated (activated) form in 8 (36.4%) of 

22 pretreatment marrows and became undetectable in 4 of those 8 after one cycle of 

treatment. 

Another compound, BMS-214662, was recently discovered as a potent FTase 

inhibitor with cellular activity at concentrations below 100 nM. Different 

concentrations of BMS-214662 (also called compound 20) were used to assess its in-

vivo anti-tumor efficacy in HCT-116 human colon tumor (192) resulting in curative 

efficacy at the top dose of 600 mg/kg/day, and substantial efficacy at one-half of the 

optimal dose (LCK = 3.5). Future clinical trials are still to be conducted with this 

class of FTase inhibitors. 
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R E P L I C A T I O N C O M P E T E N T V I R U S T H E R A P Y O F C A N C E R 

A N D R A S S I G N A L L I N G P A T H W A Y 

The attention of scientist has been attracted to the effects of infectious agents 

on malignant cells as early as 1912(323). Indeed a set of different viruses have been 

tested for their potential use against cancer in a replication competent manner. For 

example, in a period of 10 years, thirty patients with locally advanced cervical 

carcinoma were treated with direct administration of adenovirus. Although many 

different types of viruses including adenovirus derivatives, HSV-derivatives, Reovirus, 

autonomous Parovirus (196;243), Newcastle disease virus (NDV) derivatives(64), 

poxvirus(179), poliovirus derivatives(99) and vesicular stomatitis virus (VSV) have 

been investigated for their oncolytic activity(140;206;272), the only ones discussed in 

this section will be the ones which their usurpation of Ras pathway has been 

investigated. The subject of this thesis is to investigate such relationship for one of 

the most important viruses known to human for both its pathogenic and oncolytic 

activities, HSV. The reader is referred to chapters 5 and 6 for a detailed discussion 

about this matter. Reovirus and VSV will be also briefly discussed here as some data 

about their interaction with Ras pathway has become available. 
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R E O V I R U S A S A N O N C O L Y T I C A G E N T 

Reovirus belongs to the family of Reoviridae w h i c h includes viruses of a 

variety of tropisms and, most notably, the major human pathogen, rotavirus. Unlike 

rotavirus, reovirus infections in humans are believed to be mild and restricted to the 

upper respiratory and gastrointestinal tracts. Mammalian reoviruses share a common 

group antigen, however three serotypes are identified. As many as 50% of adults aged 

20-30 years have been exposed to reovirus and thus carry antibodies against it. 

Although silaic acid is the major signal on the cell surface recognized by reovirus, not 

all cells bearing this ubiquitous moiety support productive infection by this virus(78). 

Preferential infection of transformed cell lines by reovirus has been known for a long 

time without insight toward its molecular mechanism (78; 107; 124). Recent studies in 

our lab have revealed the Ras signaling activity to be the major signaling pathway in 

charge of increasing cell susceptibility to Reovirus (51;286). The resistance to reovirus 

infection was found to be related to a translational block in untransformed cells. 

Recently, RAL-pathway (one of the effector pathways down-stream of Ras) has been 

found to be involved in increased sensitivity of H-ras transformed cells to reovirus. 

This has been confirmed by observing increased susceptibility of cells with RAL-

signaling promoting mutations in the effector binding domain of Ras as compared 
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with their parental cell line (personal communications with K.L. Norman and 

P.W.K.Lee). Application of reovirus, therefore, would lead in elimination of 

transformed cells with limited effects on untransformed cells. As was shown in 

studies with SCID mouse, a single intratumoral injection can result in tumor 

regression in 65-80% of animals while in immunocompetent mice a series of 

injections were needed (51). 

V E S I C U L A R S T O M A T I T I S V I R U S (VSV) 

Vesicular stomatitis virus (VSV) is a negative-stranded R N A virus and 

prototypic member of the family, Rhabdoviridae, that is extremely sensitive to the 

antiviral actions of the interferons (IFNs, a family of cytokines produced in response 

to viral infection that act by inducing the expression of more than 30 genes). Indeed, 

the importance of the IFNs in controlling VSV infection has been underscored by 

research demonstrating that embryonic fibroblasts and mice lacking a functional IFN 

system or the IFN-inducible double-stranded RNA-dependent protein kinase (PKR) 

are extremely susceptible to VSV infection (283;284). On the other hand, attempts to 

exploit the ability of IFNs in limiting the growth of tumors in patients has met with 

limited results because of cancer-specific mutations of gene products in the interferon 

pathway. In addition to these studies, it has become apparent that, although VSV 
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replicates inefficiently in primary cells that contain a functional IFN/PKR system, 

this virus can replicate to high titers in a majority of immortalized and transformed 

tissue culture cell lines. Therefore, although interferon-non-responsive cancer cells 

may have acquired a growth/survival advantage over their normal counterparts, they 

may have simultaneously compromised their antiviral response. Recent studies have 

shown that VSV exhibits potent oncolytic activity both in vitro and in vivo (17). Such 

antitumoral activity of VSV was shown to be efficient against interferon non-

responsive tumors invitro and in nude mice (17) and also in tumors defective in p53 

function or transformed with c-myc or activated Ras (17). In Rat C6 glioblastoma 

cells (p53-defective) and BALB/3T3 cells with the c-myc or K-ras oncogene, VSV 

was found to be rapidly replicating and capable of inducing cell death. 

HERPES SIMPLEX VIRUS (HSV) DERIVATIVES 

Recent advances in HSV molecular biology have led to the development of 

novel strategies by which mutant versions of HSV are made oncolytic by the 

deletion of two major genes, yi34.5 (encoding ICP34.5) and Ul39 (encoding the viral 

ribonucleotide reductase) (177;231). The normal function of yi34.5 is to disrupt the 

cell's defense mechanism against infection. This defense mechanism is often activated 

by phosphorylation of the double-stranded RNA-activated protein kinase (PKR), an 

inevitable event in most viral infections (49). PKR phosphorylation in turn leads to a 
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shift in its kinase specificity towards the translation initiation factor eIF2a, resulting 

in inhibition of translation of the viral transcripts. The gene product of yi34.5 (called 

ICP34.5) presumably forms a complex with protein phosphatase 1, and redirects its 

activity to dephosphorylate eIF2a, thereby promoting the infection and inhibiting the 

induction of apoptosis (108;239). It has also been suggested that association of 

ICP34.5 with the proliferating cell nuclear antigen (PCNA, involved in DNA 

replication and repair) could also enhance HSV-1 infection (231). 

A null mutant of yi34.5 (designated R3616), in which both copies of the gene 

have been deleted, is an attenuated virus that is incapable of replicating in healthy 

adult neurons. Interestingly, the same mutant was found to destroy malignant glioma 

cells in culture and in vivo, suggesting that deletion of yi34.5 somehow allows the 

virus to specifically target cancer cells while sparing normal ones (8;9;42). To reduce 

the possibility of a viral or cellular mutation, which could suppress or eliminate the 

effects of the yi34.5 deletion, a second mutation was carried out in the Ui_39 gene 

which encodes the large subunit of viral ribonucleotide reductase (or ICP6) (192) 

(193). Deletion of this gene compels the virus (designated G207) to replicate 

preferentially in proliferating cancer cells with high endogenous ribonucleotide 

reductase activity (32; 191). Normal neurons in the brain are quiescent and would 

therefore be protected. Although originally designed for treatment of nervous system 

malignancies, G207 has been tested on animal models of other types of cancer 
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including colon (141), ovarian (61), breast (299), prostate (309), as well as head and 

neck squamous cell cancers and melanoma (232). A recent study evaluated the use of 

this mutant in bladder cancer in nude mice and reported significant tumor growth 

inhibition when G207 was inoculated intraneoplastically (213). In this study, 

intravesicular administration of G207 was found to be effective for localized bladder 

tumors whereas intravenous therapy appeared to be promising for invasive or 

metastasized bladder tumor. Combination of G207 and chemotherapy or 

radiotherapy has also been studied. Cisplatin, which is routinely used for the 

treatment of squamous cell carcinoma, has been used in combination with G207 (41). 

In human cisplatin-sensitive tumors established in athymic mice, combination 

therapy has resulted in 100% cure rate in contrast to 42% with G207, or 14% with 

cisplatin alone, painting a promising picture for the combined use of herpes therapy 

and conventional chemotherapy. It is interesting to note that herpes therapy has also 

been shown to be effective against cancers that are resistant to chemotherapy (60). 

Herpes therapy has also been used in combination with radiation therapy in which 

human U-87 malignant glioma xenografts grown in nude mice received both virus 

and radiation (33). Results of this study showed reduced tumor size and longer 

survivals compared with either of these treatment separately. 

The long awaited results of phase I clinical trial of HSV mutants were recently 

reported. Two teams of investigators (one in USA [using G207] (177), and the other 
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in Scotland [using a yi34.5-nu.il mutant called 1716] (23 ^evaluated the safety of these 

viruses in humans. Patients with malignant glioma were involved in these trials with 

viral doses of 103-105 p.f.u. in the Scottish study(231), and 106-3xl09 p.f.u. in the 

American study(177). The results indicate no toxicity or major adverse clinical 

symptoms in either group. It is important to note that although the primary objective 

of these studies was to evaluate the safety of these viruses in humans, there was 

evidence of inhibition of tumor progression and even tumor shrinkage. Further 

studies are necessary to provide us with a better understanding of other key issues in 

herpes therapy, including safety issues (e.g. possible integration of viral genes with the 

host cell genome), the role of the host immune system in modulating tumor 

regression, and the possibility of enhanced efficacy when used in combination with 

other anti-cancer therapeutics. 

Considering the fact that an important part of this thesis deals with the 

connection between Ras signaling pathway and double-stranded RNA (dsRNA)-

dependent protein kinase (PKR), it is necessary to provide a brief back ground about 

the major functions of PKR system as the last part of the introduction. 

http://yi34.5-nu.il
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D O U B L E - S T R A N D E D R N A ( d S R N A ) - D E P E N D E N T P R O T E I N 

K I N A S E P K R : A H O S T D E F E N S E M E C H A N I S M A G A I N S T 

V I R A L I N F E C T I O N 

The human double-stranded R N A (dsRNA)-dependent protein kinase or 

PKR is transcriptionally induced by interferon and activated in virus-infected cells by 

dsRNAs produced during the virus life cycle. PKR interferes with virus replication by 

phosphorylating the alpha subunit of translation initiation factor 2 (eIF2a), 

converting eIF2 from a substrate to an inhibitor of its guanine nucleotide exchange 

factor, eIF2B (figure 1-15). This reduction in recycling of eIF2 by eIF2P leads to a 

general inhibition of translation that limits viral protein synthesis(18;324). The yeast 

Saccharomyces cerevisiae harbors an eIF2 kinase known as GCN2 which is activated 

by uncharged tRNA when cells are starved for amino acids. Limited phosphorylation 

of eIF2 by GCN2 under starvation conditions leads to increased translation of GCN4 

mRNA, encoding a transcriptional activator of amino acid biosynthetic genes. Low 

level expression of PKR in yeast produces a moderate level of eIF2 phosphorylation 

that is sufficient to induce GCN4 expression without inhibiting general protein 

synthesis (75) (3). When PKR is expressed at higher levels, eIF2 phosphorylation 

increases to the point where general translation and yeast cell growth are strongly 

inhibited (46;75). PKR kinase activity is stimulated in vitro by dsRNA. The N-

terminal (168 amino acids) of the protein contains two copies of a dsRNA-binding 
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T h e m e c h a n i s m o f P K R f u n c t i o n 

a n d i t s i n t e r a c t i o n w i t h e l F 2 a 



F i g u r e 1 - 1 6 

59 

10 T8 101 l&B 232 261 

4 ! < 1 I I "18 I ' UMlir -i ORBM-II 3 • • 1 
t II IV vi VII vm ix xi 

A244-29S 

r.j . '-(Jr. -..,- SS«J** >* : . >• mg H 
;c ]« 44 <4 

01 p2 SJ 
c 

PKfl Altetes Studied: 
FIPKP (WTj 
Fl PKF) fOnrntmUOJ defect) 

DRBM Region 3; 
fi -PKft̂tA i iS.«4 K6G4J 
Fi •«« A* f r\49A K '5M,I 
ft AKfik&t f 124 ttfS&M K<m TH9A KtSOA) 
ORBM fleglcm* t una 3: 
FI-PKR-3A I (H37A SSSM HHQA) 
FI F-HH.IA Hi was* rr«a» KT:CW. 
ft PK« .M i • 3A il (HOTA SSSA MM w«4 r;w *?SCA/ 
OF1BM fleijia/M 1 -3: 
ft rWA u4 I .,V'.-.-t .*»<«* H3?A SSSA ><isM ntf)4f 
fW».ft4 i -64 UtWSA T '.fA M.17A SiOA K6BA KG1A WOGA «?0/4 CUM T'*»A trSCA ©?5t4; 



60 

F I G U R E 1-16: 

Schematic representation of the wild-type P K R protein showing the locations of 

D R B M s I and II between amino acid residues 10-78 and 101-168, respectively, and 

the t h i r d basic domain between residues 232 and 261. 
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motif (DRJBMs I and II, figure 1-16) that is also present in other dsRNA-binding 

proteins (85). Point mutations in the DRBMs which impair dsRNA binding by PKR 

in vitro reduce the ability of PKR to phosphorylate eIF2 in yeast cells, supporting the 

idea that the DRBMs mediate the stimulatory effect of dsRNA on PKR kinase 

activity (241;242). DsRNA stimulates the autokinase activity of PKR (88; 143), and 

multiple autophosphorylation sites have been identified in the dsRNA binding and 

kinase domains of PKR (241;294;295;336). Alanine substitution of the 

autophosphorylation site at Thr-258 (T258A), located between the DRBMs and 

kinase domain, can produce a modest reduction in PKR function in yeast and 

mammalian cells (294). In contrast, substitution of the autophosphorylation site at 

Thr-446 (T446A) in the activation loop of the kinase domain substantially reduced 

kinase activity. The T451A mutation in the activation loop completely destroyed 

kinase function, but the evidence that this site is autophosphorylated was 

inconclusive (241). 

It has been proposed that dsRNA binding overcomes a negative effect of the 

DRBMs on PKR catalytic function, based on the finding that extensive deletions in 

the N-terminal region of the protein that removed both DRBMs did not abolish 

(326), and even enhanced (337)kinase activity. Additionally, dsRNA binding induces a 

conformational change in PKR (176;256). These results have led to models in which 

the DRBMs (or just DRBM-II) bind to the kinase domain and interfere with its 
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enzymatic function, and this inhibitory interaction is eliminated by a conformational 

change in PKR elicited by dsRNA binding to the DRBMs (204;327). There is also 

evidence that dsRNA activates PKR by promoting dimerization of the enzyme and 

intermolecular autophosphorylation (143; 156). 

PKR activation is inhibited by high concentrations of dsRNA, leading to a bell-

shaped dsRNA activation curve (120). This behavior has been explained by 

proposing that dimerization requires binding of two PKR molecules to the same 

dsRNA, as high dsRNA concentrations would favor dissociation of dimers into 

inactive monomers bound to different dsRNA molecules (143). Consistently, high 

level activation of PKR requires a minimum length of dsRNA (— 40 base pairs) which 

is considerably larger than the binding site for two DRBMs in a single PKR molecule 

(11-16 base pairs) (27;176;256). These data, combined with the observation that PKR 

can autophosphorylate in trans (212;297), have led to the idea that binding of two 

PKR molecules to the same dsRNA promotes dimerization and intermolecular 

autophosphorylation events required for substrate phosphorylation. 

Although there is some evidence that PKR dimerization is strongly dependent on 

dsRNA binding (58), many studies suggest that dimerization is relatively unaffected 

by point mutations in the DRBMs that impair dsRNA binding in vitro 

(58;212;217;218;326). The results of the latter studies suggest that protein-protein 

interactions can mediate PKR dimerization in the absence of dsRNA binding. 
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P K R A N D A P O P T O S I S 

Interferons are a family of cytokines that exerts antiviral, antitumor and 

immunomodulatory actions by inducing a complex set of proteins. One of the best 

known IFN-induced proteins is PKR, that mediates both antiviral and anticellular 

activities. As was mentioned before PKR inhibits translation initiation through the 

phosphorylation of the alpha subunit of the initiation factor eIF-2a (eIF-2 alpha) and 

also controls the activation of several transcription factors such as NF-kappa B, p53, 

or STATs. 

In addition, PKR mediates apoptosis induced by many different stimuli, such as 

treatment with LPS, TNF-a, viral infection, or serum starvation. The mechanism of 

apoptosis induction by PKR involves phosphorylation of eIF-2a and activation of 

NF-kB (figure 1-17). In this way, expression of different genes is regulated by PKR. 

Among the genes up-regulated in response to PKR are Fas, Bax and p53. The 

pathway of PKR-induced apoptosis involves FADD activation of caspase 8 by a 

mechanism independent of Fas and TNFR. Since IFNs are used as drugs for 

different disorders such as viral infection and cancer, understanding the pathway of 

apoptosis induction triggered by PKR should be useful in the rational design of IFN 

therapies (94). Down-regulation of PKR expression by antisense mRNA in U937 
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cells protects these cells against TNF-induced apoptosis (332), and overexpression of 

the cellular PKR inhibitor-p58IPK renders cells resistant to dsRNA- and TNF-

induced apoptosis 

(293). Thus, PKR7- mouse embryonic fibroblasts are resistant to TNF-induced 

apoptosis (70). Conversely, induction of apoptosis by TNF increases phosphorylation 

of the eIF2a(279). The mechanism linking PKR activation to the TNF-signaling 

pathway leading to programmed cell death is still unclear. 

Apoptosis involves ordered activation of cysteinyl aspartate-specific proteinases 

(caspases), giving rise to cleavage of a particular subset of the cellular proteome 

(112)(26). These cleavage events most often lead to loss of function of the target 

protein. In a number of cases, however, the substrate becomes activated after 

cleavage due to removal of regulatory domains (302). Since PKR activation by an 

unknown mechanism has been described downstream of TNF-induced apoptosis 

(70;279;332)(10,12,13), researchers have searched for a possible mechanism of PKR 

activation and consequent phosphorylation of eIF2a during extrinsic apoptosis by 

death domain receptor aggregation and during apoptosis by staurosporine (STS), a 

broad-spectrum kinase inhibitor. In both apoptotic pathways phosphorylation of 

eIF2a, as well as proteolysis and activation of PKR was found to occur in a caspase-

dependent manner, illustrating the existence of a novel, caspase-dependent mode of 

PKR activation (250). 
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By screening a mouse cDNA expression library, a ubiquitously expressed 

PKR-associated protein has recently been identified called as RAX. RAX has a high 

sequence homology to human PACT, which activates PKR in the absence of dsRNA. 

Although RAX can directly activate PKR in vitro, overexpression of RAX does not 

induce PKR activation or inhibit growth of interleukin-3 (EL-3)-dependent cells in the 

presence of IL-3. However, IL-3 deprivation as well as diverse cell stress treatments 

including arsenite, thapsigargin, and H2O2, which are known to inhibit protein 

synthesis, induce the rapid phosphorylation of RAX followed by RAX-PKR 

association and activation of PKR. Therefore, cellular RAX may be a stress-activated, 

physiologic activator of PKR that couples transmembrane stress signals and protein 

synthesis(123). 

P K R A N D A N T I - P R O L I F E R A T O R Y E F F E C T S 

The antiviral aspect of P K R is, perhaps, o n l y one part of its cellular 

function(s). Indeed, the action of PKR in regulating protein synthesis suggests an 

important role in cellular growth and differentiation (75; 142; 162). Recent evidence 

supports the critical contributions of translational control in regulating cellular 

proliferation (274). Perturbing the homeostatic balance of translation can probably tip 

the cell towards either transformation or programmed cell death. Evidence 

supportive of this hypothesis comes from over-expression studies using dominant 
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negative mutants of PKR or a mutated eIF-2 which induced malignant 

transformation of mouse cells (20;46;77;142). The direct mechanistic explanation for 

this observation has been postulated to be the facilitated translation of mRNAs 

encoding growth control genes which are normally repressed biosynthetically. 

Considering the critical role of PKR in cellular metabolism, cells have presumably 

developed mechanisms to regulate its activity that are at least as intricate as those 

evolved by viruses. Possibly, multiple factors exist to modulate PKR. In fact, a 58 

kDa cellular protein has been described as an inhibitor of PKR autophosphorylation 

(19; 163) and a second protein, TAR RNA binding protein (TRBP), has also recently 

been suggested as a regulator of PKR function (91;216). TRBP is a cellular RNA 

binding protein isolated by its ability to bind HrV-1 TAR RNA (90;92). Functional 

studies show that TRBP augments protein expression from the HIV-1 LTR and a 

number of other viral promoters. An RNA binding protein motif in PKR (183) is 

conserved in TRBP (23;91;144). Thus, in principle, these two proteins would overlap 

in RNA binding properties. Indeed, like TRBP, PKR also binds TAR RNA and 

binding to TAR RNA activates PKR function (175;260). 

One mechanism that TRBP might impose on PKR is to compete for common RNA 

substrate(s) (182). In recent studies some evidence for an RNA binding-independent 

process through which TRBP regulates PKR function in cells has been presented 

(23). TRBP and PKR form a hetero-complex through direct protein-protein contact 
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F I G U R E 1-17: 

Mechanism of PKR-induced apoptosis. Panel A: PKR activation regulates 

translational and transcriptional pathways resulting in the specific expression of 

selected proteins that trigger cell death by engaging with the caspase pathway. 

Panel B: Through an unknown mechanism upon PKR activation, FADD recruits 

procaspase 8 and activates it which in turn can result in activation down-stream 

caspases causing apoptosis 
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and this prevents PKR autophosphorylation and PKR-mediated inhibition of viral 

protein synthesis. It was also shown that TRBP subverts IFN-activation of PKR, 

defining the IFN-/PKR/TRBP axis as an important intracellular check to cellular 

proliferation. Disturbance of this critical balance in NIH3T3 cells through over-

expression of TRBP results in malignant transformation. 

In another study, the tumor suppressor p53 (a multifunctional protein that plays a 

critical role in modulating cellular responses upon DNA damage or other stresses) 

has been linked to PKR (65). These functions of p53 are regulated both by protein-

protein interactions and phosphorylation. The interaction of PKR with p53 is 

enhanced by IFNs and upon conditions that p53 acquires a wild type conformation. 

PKR/p53 complex formation in vitro requires the N-terminal regulatory domain of 

PKR and the last 30 amino acids of the C-terminus of human p53. In addition, p53 

may function as a substrate of PKR since phosphorylation of human p53 on 

serine392 is induced by activated PKR in vitro. These novel findings raise the 

possibility of a functional interaction between PKR and p53 in vivo, which may 

account, at least in part, for the ability of each protein to regulate gene expression at 

both the transcriptional and the translational levels (65). 
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C H A P T E R T W O : 

H E R P E S S I M P L E X V I R U S ( H S V ) I N F E C T I O N 
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Herpes Simplex V i r u s (HSV), designated formally as human herpes virus 

belongs to the family of Alphaherpesvirinae subfamily of the Herpesviridae. This 
family has been known to have tropism for neuronal cells with the capability of 

establishing latent infection in these cells. 

Using the term "simplex" for HSV exemplifies our lack of knowledge about this 

virus. The large genome of HSV comprises about 152 kb of double stranded- DNA 

with 84 open reading frames (ORFs) of which more than half can be deleted without 

any significant effect on replication of virus in cell culture(316) (figure 2-1 and 2-2). 

The genome encodes about 40 virion proteins and a variety of viral enzymes involved 

in nucleic acid metabolism, DNA synthesis and protein processing (kinases) that are 

essential for virus replication in cells, especially cells of the central nervous system, 

which are deficient in metabolic pathways of DNA synthesis (318). Other than this, 

HSV-1 includes genes which can inhibit cell cycle progression from Gl to S phase, 

evade immunity responses, block cellular mitosis and disrupt the apoptotic pathways 

as well as paralyzing anti-virus defense mechanisms of cell. Such a sophisticated 

interactive network is the basis for the capability of HSV to replicate efficiently in 

host cell and play the role of one of the most important human pathogens(317). On 
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F I G U R E 2-1: 

HSV is a nuclear replicating, icosahedral, enveloped DNA viruses. The HSV envelope 

contains at least 8 glycoproteins. The matrix or tegument which contacts both the envelope 

and the capsid contains at least 15-20 proteins. 
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F I G U R E 2-2: 

HSV is a nuclear replicating, icosahedral, enveloped DNA viruses. The HSV 

envelope contains at least 8 glycoproteins. The matrix or tegument which contacts 

both the envelope and the capsid contains at least 15-20 proteins. The capsid itself is 

made up of 6 proteins--the major one being the 150,000d MW major capsid protein 

(UL19). This picture shows a nucleus of a Vero cell culture harvested at 18 hrs after 

infection with HSV- 1(F). A: Empty capsids devoid of scaffolding protein. B: Capsids 

containing internal proteins arranged as a ring and presumed to be scaffolding 

proteins. C: Capsids containg DNA. 
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the same basis, different mutant versions of HSV have been designed for different 

purposes spanning from studying the molecular biology of HSV to the most clinically 

related purpose, oncolysis. 

P O L Y P E P T I D E S O F V I R I O N / E N V E L O P E 

The number of polypeptides i n the H S V v i r i o n are greater than 30, all of which 

are made after the infection with no host proteins detected in virion preparations 

(109). Surface proteins of HSV include gB (VP7 and VP8.5) , gC (VP8), gD (VP 17 

and VP18) and gE (VP12.3 and VP12.6), gG, gH, gl, gK, gL and gM and gj which 

was predicted by DNA sequence analysis. All the envelope proteins mentioned above 

are glycosylated while others (UL20, UL24, UL34 and UL43) are nonglycosylated 

intrinsic membrane proteins (237). 

H S V D N A 

The bulk of the packaged H S V D N A is linear and double stranded (22; 139). In 

the virion, HSV-DNA is packaged in the form of a toroid. The ends of the genome 

are probably held together or are in close proximity in as a fraction of the linear DNA 
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circularizes rapidly in the absence of protein synthesis after it enters the nuclei of 

infected cells (24). DNA extracted from virions contains ribonucleotides, nicks, and 

gaps (figure 2-3). It consists of two covalently linked components, designated as L 

(long) and 5 (short). Each component consists of unique sequences bracketed by 

inverted repeats. The repeats of the L component are designated ah and ha: those of 

the S component are ac and ca (25). The number of a sequence repeats at the L-S 

junction and at the L terminus is variable; the HSV genome can then be represented 

as (figure 2-4): 

aLanb-UL-b'a'mc'-Us-cas 

where ai_ and as are terminal sequences with unique properties described below, and an 

and am are terminal a sequences directly repeated zero or more times (n) or present in 

one to many copies (m) (199;200;308). 

a sequence is structurally highly conserved while consisting of a variable number of 

repeat elements. HSV-1 strain F, the a sequence is highly conserved but consists of a 

20-bp direct repeat (DR1), a 65-bp unique sequence (Ub), a 12-bp direct repeat 

(DR2) present in 19 to 23 copies per a sequence, a 37-bp direct repeat (DR4) present 

in two to three copies, a 58-bp unique sequence (Uc), and a final copy of DR1 

(194; 195) . The size of the a sequence varies from strain to strain, reflecting in pan 

the number of copies of DR2 and DR4. The structure of the HSV-1 (F) a sequence 

can be represented as: 
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F I G U R E 2-3: 

The HSV-1 genome is a linear, double stranded DNA duplex 152,000 base pairs in 

length, and with a base composition of 67% G + C. The genome circularizes upon 

infection. Because the genome circularizes, the transcription and genetic map is 

conveniently shown as a circle. 
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F I G U R E 2-4: 

Schematic representation of the sequence arrangement of the HSV-1 genome and the 

location and polarity of genes. 
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DRl-Ub-DR2n-DR4m-Uc-DRl 

With adjacent a sequences sharing the intervening DR1. 

The L and S components of HSV can invert relative to one another, generating four 

linear isomers designated as P (prototype), lL(inversion of the L component), Is 

(inversion of S component) and ISL (inversion of both S and L components). Such 

inversions are not essential for growth of the virus in cell culture since mutants which 

are frozen in one arrangement for L and S components grow in cell culture (199;200). 

From other constituents, we can name polyamines. The search for polyamines 

was started in consideration of the fact that assembly of capsid requires the addition of 

arginine to the medium, meanwhile the capsid does not contain highly basic proteins 

that would neutralise viral DNA for proper folding inside the capsid. Lipids are another 

constituent of HSV. It has been assumed that this virus acquires the envelope lipids 

from its host although little is known about the composition of this envelope. Recent 

studies emphasise on the similarity of the viral envelope to cytoplasmic membrane but 

not nuclear membrane (26). 
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V I R A L R E P L I C A T I O N 

EARLY STAGES OF INFECTION: ATTACHMENT AND PENETRATION 

A N D R E L E A S E O F V I R A L D N A T O N U C L E U S 

Attachment of the virus to the cell surface by fusion of the viral envelope with 

plasma membrane is a primary stage in infection (figure 2-5). Since envelope 

glycoproteins like gC, gE, gG, gl and gM are indeed dispensable for entry of the virus 

to cells other surface glycoproteins (170; 171) including gB, gD, gH, gK and gL are 

considered to be stronger candidates to direct virus-cell interaction (122;230). 

Interestingly, when each one of the envelope glycoprotein genes (excluding gK) are 

deleted from the viral genome, each of those knock-out viruses retain their ability to 

attach and infect epithelial cells revealing the fact that HSV can utilize more than one 

way to successfully attach the cells (164;169;244). 

Polarized epithelial cells in culture express more than one receptor for HSV 

which vary from the apical to basal surface of the cell. This may explain the 

observation that removal of one glycoprotein at a time cannot completely eliminate 

attachment: there is always another viral envelope protein to compensate for such an 

absence. The cell surface heparan sulfate has also been distinguished as a major factor 

in binding of HSV (figure 2-6) (267)to the cell surface. Heparin can strongly inhibit 

(but not totally eliminate) the viral attachment and removal of heparin from cells 
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F I G U R E 2-5: 

Attachment and penetration of HSV-1 to cells in culture. A,B: Virions attached to 

plasma membrane. C: Capsids with DNA at nuclear pores in cells infected with ts-

HSV-1 maintained at non-permissive temperature. D: Empty capsids accumulating in 

cells late in infection with mutant HSV-1 late in infection. 
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F I G U R E 2-6: 

Virus entry requires sequential interaction between specific viral membrane 

glycoproteins and cellular receptors, upon entry the nucleocapsid is transported to the 

nuclear pores, where viral DNA is released into the nucleus. The viral genome is 

accompanied by the a-TIF protein which functions in enhancing immediate early viral 

transcription via cellular transcription factors. The virion-associated host shutoff 

protein (vhs~UL41) appears to remain in the cytoplasm where it causes the 

disaggregation of polyribosomes and degradation of cellular and viral RNA. 
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(enzymatic or by use of mutant cells lacking heparan sulfate synthesis) can also exert 

the same effect (263;328). Basic fibroblast growth factor receptor (FGFR) has also 

been claimed to be involved in the attachment process (133). Following the 

attachment, a fusion between the viral envelope and plasma membrane proceeds, 

resulting in the entry of virus to the cell. Penetration may be considered as a multistep 

event involving more than one viral protein. In nonpolarized cells, gB, gD, gH and 

possibly gL are involved in penetration while for polarized epithelial cells gG, gE and 

gl are recognized to be necessary for post attachment steps (86;128;237;244). Upon 

entry into the cells, the capsids are transported to nuclear pores. Release of viral 

DNA into the nucleoplasm requires a viral function; thus the capsid of the 

temperature sensitive (ts) mutant HSV-1 (HFEM)tsB7 accumulates at nuclear pores 

and release viral DNA only after a shift down from the nonpermissive to permissive 

temperature (21). It is the cellular cytoskeleton which probably mediates the transport 

of herpesvirus capsids to nuclear pores resulting in accumulation of parental viral 

DNA in nucleus (146). It is important to note that upon transfection with intact 

deproteinated viral DNA, host cells are capable of producing viral progeny, however, 

the sequence of events may be different from a natural infection scenario (155). 

There are certain tegument proteins which are found to be important for viral 

replication including (i) virion host shut off (VHS) protein, which is involved in early 

shut off of host macromolecular synthesis (289;290); (ii) VP16, a trans-activator 



89 

which acts to initiate transcription of a genes, the first of viral genes (36;220); (iii) 

two modulators of the function of VP16, designated as VP 11/12 and VP13/14 

(184); (iv) a protein encoded by Usll which binds to 60S ribosomal subunit with an 

unknown function (240); (v) a protein kinase which is needed for phosphorylation of 

ICP22 and VHS; and finally (227) (yi) proteins which may facilitate attachment to the 

nuclear pore and the release of viral DNA (21). 

K I N E T I C S O F V I R A L G E N E E X P R E S S I O N 

The number of abundant polypeptides specified by H S V reaches 50 while the total 

number of open reading frames (ORFs) is predicted to be 81 (185). The HSV genes 

can be divided into three major groups, alpha (a), beta ((3) and gamma (y), based on 

their similarities in kinetics of expression. These protein groups are sequentially 

transcribed in a cascade fashion while the absolute rate of synthesis and ultimate 

abundance of each protein may vary, a genes are the first group to be transcribed and 

include five proteins: ICPO, ICP4, ICP22, ICP27 and ICP47. Although these genes 

were first defined by their expression in absence of viral protein synthesis (since 

VP 16, their transactivator is already carried to the cells as a tegument component), 

they might be better explained by the presence of the sequence 5' NC 

GyATGnTAATGArATTCyTTGnGGG 3'in one to several copies within several 
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hundred base pairs up-stream of the cap site (173). The production of a proteins 

peaks at 2-4 hours postinfection, although, they continue to accumulate until late in 

the infection (117). Functional a proteins are required for the synthesis of the 

subsequent polypeptides and with the exception of ICP47, all others have been found 

to bear regulatory roles (figure 2-7). (3-genes are divided into (51 and (32 groups of 

polypeptides which reach a maximum rate of synthesis at 5-7 hours postinfection. 

The (31 proteins (e.g. ICP6 and ICP8)(53;121) usually appear earlier and need ICP4 

for their expression. (32 polypeptides including thymidine kinase (product of UL23 

gene) and DNA-polymerase (product of UL30 gene) are required for the onset of 

viral DNA synthesis. Gamma (y) genes have been classified to two groups (yl andy2) 

although they vary in the timing of their expression and their dependence on viral 

DNA synthesis.(117). yl class (e.g. genes encoding for gB, gD and ICP34.5) is 

expressed relatively early in infection and is only minimally affected by blockers of 

DNA synthesis (131;268;308). In contrast a prototypic y2 class gene (e.g., UL44 

encoding for gC) is expressed late in infection. DNA synthesis is also required for 

expression of y2 genes. Replication cycle of HSV is summarized in figure 2-8. 
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F I G U R E 2-7: 

Proteins encoded by the a4, aO, and a27 transcripts act to activate viral gene 

expression at the level of transcription, or at least, mRNA expression. They 

functionally interact to form nuclear complexes with viral genomes. Surprisingly, only 

two (a4 and a27) have extensive areas of sequence similarity among a large number of 

alpha-herpesviruses, and only amino acid sequences in a27 appear to be extensively 

conserved among the more distantly related beta- and gamma-herpesviruses. Both of 

the two other a proteins, a22 and a47 are dispensable for virus replication in many 

types of cultured cells, but a22 is required for HSV replication in others and may have 

a role in maintaining the virus's ability to replicate in a broad range of cells in the 

host-perhaps by providing some types of cells with the capacity to express of a 

group of late transcripts. The a47 protein appears to have a role in modulating 

host response to infection by specifically interfering with the presentation of viral 

antigens on the surface of infected cells. 
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Figure 2-8 

FIG. 3. Schematic representation of the replication of HSV in 
susceptible cells. 1: The virus initiates infection by the fusion 
of the viral envelope with the plasma membrane following 
. attachment to the cell surface. 2: Fusion of the membranes 
releases two proteins from the virion. VHS shuts off protein 
synthesis (broken RNA in open polyribosomes). a-TIF is trans-

, ported to the nucleus. 3: The capsid is transported to the nu
clear pore where viral DNA is released into the nucleus and 
immediately circularizes. 4: The transcription of u. genes by 
cellular enzymes is induced by a-TIF. 5: The 5 umRNAs are 
transported into the cytoplasm and translated (filled polyribo
some); the proteins are transported into the nucleus. 6: A new 
round of transcription results in the synthesis of 3 proteins. 
7: At this stage in the infection, the chromatin (c) is degraded 
and displaced toward the nuclear membrane, whereas the nu
cleoli (round hatched structures) become disaggregated. 
8: Viral DNA is replicated by a rolling circle mechanism, which 
yields head-to-tatl concatemers of unit-length viral DNA. 9: A 
new round of transcription/translation yields the > proteins. 
consisting primarily of structural proteins of the virus. 10: The 
capsid proteins form empty capsids. 11: Unit-length viral DNA 
is cleaved from concatemers and packaged into the preformed 
capsids. 12: Capsids containing viral DNA acquire a new pro-

; tein. 13: Viral glycoproteins and tegument proteins accumu
late and form patches in cellular membranes. The capsids 
containing DNA and the additional protein attach to the un
derside of the membrane patches containing viral proteins and 
are enveloped. 14: The enveloped proteins accumulate in the 
endoplasmic reticulum and are transported into the extracel
lular space. 
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L O C A T I O N O F D I F F E R E N T C L A S S E S O F H S V G E N E S I N 

V I R A L G E N O M E 

a-genes map close to the termini of the L and S components. The aO and a4 

genes map within the inverted repeats of L and S segments respectively and therefore 

two copies of each one of them are preserved in the genome (311) (53). Interestingly, 

using mutants lacking most of the inverted repeat sequences, it has been proved that 

a single copy of these genes can maintain viral viability. With a few exceptions, P and 

y genes are scattered in the unique sequence of both L and S components. The 

exceptions are yi34.5 and ORF-P genes located in the reiterated sequences flanking L 

component between the terminal a sequence and aO gene (152) (48). The beta genes 

specifying the DNA polymerase and the single stranded DNA binding protein flank 

the L component origin of DNA synthesis (Ori) and the y genes specifying 

membrane glycoproteins D, E, G, I and J map next to each other within the unique 

sequences of S component (312). Also it is noteworthy that gene overlapping and 

RNA splicing are considered to be rare in HSV genome. 
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P R O D U C T I O N O F V I R A L D N A 

Herpesvirus produces a large number of enzymes involved i n D N A synthesis. 

The procedure of viral DNA synthesis is usually initiated in infected cells as soon as 3 

hours post infection and continued up to 12 hours later. HSV-1 and HSV-2 each 

have three origins of replication. Two of these origins map to the c reiterated 

sequence of the S component between the promoters of a.4 and a22 (designated as 

orisl) or c*4 and a47 (designated as oris2), while another origin (OHL) is located in the 

middle of L component between the promoters of ICP8 and viral DNA polymerase 

(237). It has been suggested that synthesis of DNA from orij_ is bi-directional while 

both oris origins act uni-directionally. Interestingly, it is known that each one of these 

origins by itself can suffice for maintenance or initiation of DNA synthesis. Another 

feature of origins of replication is related to their location being between promoters 

of different genes. Such location points to the fact that DNA synthesis is trans-

activated or at least elevated by the conditions which dictate initiation of 

transcription. 

DNA synthesis requires involvement of many viral proteins. The first group are 

proteins which are essential for viral origin-dependent amplification of DNA (e.g. 

DNA polymerase and ICP8) while the second group is composed of enzymes 

functioning in nucleic acid metabolism such as thymidine kinase (TK), ribonucleotide 
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reductase, deoxyuridine triphosphatase (dUTPase), urasil glycosylase, and alkaline 

exonuclease (238). 

A S S E M B L Y O F C A P S I D S 

F o l l o w i n g a successful D N A synthesis, assembly of the capsid occurs i n the 

nucleus (figure 2-8). Viral DNA is packaged into capsids containing the protease 

specified by UL26 and the scafolding protein (166;167). Such assembly procedure 

requires involvement of numerous noncapsid proteins including products of UL6, 

Ul15. Ul25, Ul28, Ul32, Ul33, Ul36 AND UL37 genes (261;262;296). Upon 

completion of its synthesis, viral DNA is processed and packaged into capsids. 

Processing involves amplification of a sequences and cleavage of viral DNA lacking 

free ends, i.e., in circular or head-to-tail concatemeric form. 

E N V E L O P M E N T 

Infected cells at late stages of infection present reduplicated and thick nuclear 

membrane which bears concave or convex patches (figure 2-9) (266;325). Nuclear 

envelopment takes place at these patches. Since the enveloped virions do not contain 
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F I G U R E 2-9: 

More than 30 HSV-1 gene products are structural components of the virion and all 

are expressed with late kinetics. Viral capsids assemble in the nucleus, and bud 

through the nuclear membrane which contain the viral glycoproteins. 

During the maturation process, the capsids are surrounded by tegument proteins 

including a-TIF and VHS which may functionally interact to aid in envelopment. 

Enveloped infectious virions can either remain cell associated and spread to other 

cells via virus mediated fusion, or can be released from the cell for re-infection. 

Obviously, in the latter case the virion itself is subject to immune surveillance and 

host mediated immune clearance. 
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detectable amounts of host membrane proteins, it is likely that the patches represent 

aggregation of viral membrane proteins, presumably including the viral glycoprotein 

on the outside surface and anchorage and tegument proteins on the inside surface 

(207;257). 

It is important to emphasize that envelopment is a phenomenon that happens to 

DNA-containing capsids. According to electron-microscopic observations 

envelopment of empty capsids occurs rarely, although, there is no evidence that "full" 

capsids always contain a full-length molecule of HSV-DNA (21). It is demonstrated 

that capsids containing fragments of HSV-DNA less than standard genome size are 

retained in the nucleus. It has been postulated that only capsids with appropriate 

DNA become modified and acquire affinity for membrane tegument structures in 

nuclei, consequently, capsids lacking these modifications are unable to bind to the 

underside of the thickened patches containing viral proteins in the nuclear membrane 

(306). 

TRANSPORTATION OF ENVELOPE TO EXTRACELLULAR SPACE 

T H R O U G H C Y T O P L A S M 

Once enveloped, virions accumulate in the space between inner and outer 

lamella of the nuclear membrane (257). In order to pass across the cytoplasm, these 

virions are transferred through Golgi system following a pathway which resembles 



100 

secretion of soluble proteins (129). Interestingly, some studies suggest that it is the 

HSV that controls the traffic across the infected cells; in cells defective in processing 

of high-mannose to mature glycoproteins, infectious virions accumulate but are not 

transported into extracellular space (35) and HSV virions that contain a mutation in 

gH also do not pass through the cytoplasm (73). 

Virions in association with the Golgi system are rarely seen. This can either imply the 

point that this procedure is very fast or Golgi enzymes are translocated from Golgi to 

the transport vesicles. Indeed Golgi is fragmented and dispersed in infected Vero or 

Hep-2 cells. The product of UL20 gene of HSV has also been proposed to be 

important in transporting virions from nuclear membrane to plasma membrane in 

cells with such fragmented Golgi system(figure 2-10) (16). 

R E G U L A T I O N O F V I R A L G E N E E X P R E S S I O N 

A s was previously mentioned, H S V genes are tightly regulated i n terms of the 

kinetics of their expression (figure 2-11). The function of these genes in nucleus is 

supported by the signals which enable the host machinery to transcribe viral genes. In 

addition, viral genes contain response elements trans-activated by viral gene products 

(237). Most of the information provided in this section is related to the action of viral 

genes which send appropriate signals to cell in order to insure the viral gene 
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transcription, and consequently, the viral replication. However, the relationship 

between host cell signaling pathways and HSV infection has not been well 

studied and is the focus of investigation in this thesis. 

TRANSCRIPTION OF VIRAL GENES 

Herpes simplex virus DNA is transcribed by RNA polymerase II (59). Viral 

mRNA are capped, methylated and polyadenylated although nonpolyadenylated 

forms can be found too. Methylation seems to occur in early and not late viral 

transcripts. Splicing of mRNA has been observed for four viral genes: a0, a22, a.47, 

and Ui_15 and only in a minor subpopulation of mRNA of viral DNA-polymerase 

(UL30) and gC (UL44) genes (29;87). 

The abundance and stability of HSV-1 mRNA vary and in general, mRNAs of a and 

P genes are more stable than those of y genes. Translocation of viral transcripts to the 

cytoplasm appears to be regulated (130;131;145). There is evidence that transcripts of 

specific genes of P and y class accumulate in cytoplasm while random transcripts of 

DNA accumulate in nucleus. 

T R A N S - A C T I V A T I O N O F a G E N E S A N D T H E I R P R O D U C T S 

Tram-activation of a genes by a-TIF(VP16) is the first important step in viral 
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gene transcription. a-TIF forms complexes with DNA, but only in the presence of a 

cellular protein, Oct-1 (224;276). In studies using in-vitro synthesized labeled a-TIF, 

it was demonstrated that this protein forms a complex with unlabeled DNA present 

in crude extracts from uninfected cells or partially purified Oct-1 and such a complex 

can be retarded by antibody against a-TIF (186) (224). The domain in a-TIF which is 

responsible for taws-activation of the a genes is contained within the highly acidic 80-

amino acid carboxy-terminal of the total 490 amino acids of this protein. Deletion of 

this domain will obliterate the capacity of a-TIF to function (249). Deletion of UL48, 

the gene encoding for a-TIF, results in generation of a virus which is defective in 

many steps of viral maturation, although, it is capable of producing normal amounts 

of viral DNA and capsid in cells that express a-TIF (313). There are also 

observations available that VHS binds to this protein and inhibits its interaction with 

its response element, a possible answer to the question regarding the reason for the 

incapability of vast amount of a-TIF made late in infection to start expression from 

a genes (271). Early in infection, these two proteins function in different 

compartments of cell and their interaction is probably insignificant. 

a gene products exert regulatory functions. ICPO, a 80 KDa protein 

oligomerizes in solution and it has been reported that it is a virion protein. ICPO has 

been reported to trans-activate transfected genes by itself or in combination with 
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ICP4 (81;331) and the aO mutants are viable in cell culture (285). a4 is another a 

gene coding for a phosphoprotein essential for expression of viral replication. ICP4 

has been demonstrated to bind to DNA directly in different assays (148;188). Initial 

studies identified a strong binding site with a consensus sequence of 

ATCGTnnnnCnGnn (n = any nucleotide) (82). Subsequent studies have identified 

numerous binding sites which do not correspond to this consensus sequence. It has 

been reported that while unphosphorylated form of this protein can bind to 

promoter of a genes, only phosphorylated type can form a complex with the 

promoters of (3 and y genes (214). Structurally, most of the key functions of the 

protein appear to be associated with the carboxy half of the protein as mutations in 

this area can influence different functions of this protein including autoregulation, 

taws-activation and intranuclear localization and interaction with DNA. Finally, it is 

important to mention that ICP4 must interact with a component of the PolII 

transcription complex. Indeed, interaction of ICP4 with TATA binding protein and 

TFIIB has also been reported (167;273). 

ICP22 is another member of a genes. a22" mutants show normal efficiency of 

plating in some cell lines (e.g. Vero and Hep-2 cells) and reduced efficiency in others 

like BHK, RAT-1 and human embryonic lung cells (258). The a22 protein is 

phosphorylated by several kinases, including UL13 and Us3 and is adenylated by 
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protein kinase II in vitro. ICP47, the product of the last a gene, a47, provides the 

infected cells with a resistant against cytotoxic CD8 + response as was studied in case 

of fibroblasts(113;333). Mechanistically, this resistance has been found to be 

attributed to retention of the MHC class I molecules in the cytoplasm and a lack of 

peptide presentation on the cell surface (333). 

The induction of a genes by a-TIF and the auto-repression of the a4 gene 

by its product have been intensively studied (220). Early studies have proven that a 

genes are efficiently expressed in transfected cells or in cell lines carrying genes under 

a gene promoters. Such studies indicate that a gene promoters contain as-

acting sites for other transcriptional factors in addition to the aTlF specific 

response element (276;277). The second issue concerns the shut off mechanism for 

synthesis of a proteins. Some studies have proven that accumulation of a proteins is 

decreased once transcription of (3 and y genes are initiated which is creating a 

confusing picture once it is taken to considerations that all factors for production of 

a proteins (aTIF and Oct-1) are present even late in infection (1), (237)). 

EXPRESSION OF p GENES AND THEIR PRODUCTS 

P genes appear to be expressed in the context of the cellular genome in the 

absence of other viral products. Response elements required for the expression of P 
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genes consist of binding sites for transcriptional factors, a TATA box and a cap site. 

Removal of all known response elements is not sufficient for deregulating (3 genes 

(187). These genes require the expression of a genes and specifically functional ICP4 

as the level of tk gene (which is a classic (3 gene encoding for thymidine kinase, an 

enzyme needed for viral DNA synthesis) in the presence of a proteins is higher than 

that seen in cells stably expressing the tk gene in the absence of other viral genes 

(147). (3 genes are mainly involved in production of viral DNA. Ui_23 encodes for 

thymidine kinase while ICP8, the product of Ui_29 binds single stranded DNA 

cooperatively and has been proved to be required for viral DNA synthesis (95). UL30, 

UI_39 and Ui_40 code for viral DNA polymerase, large and small subunits of 

ribonucleotide reductase respectively (238). As was discussed before, mutant forms 

lacking Ui_39 or UL23 function have been designed as oncolytic versions of HSV-1. 

From other p genes we can refer to UL50, a dUTPase and Ui_52 a component of the 

helicase/primase complex (238). Most of the chemotherapy strategies against HSV-

infections are targeted at the level of P genes. 

E X P R E S S I O N O F y G E N E S A N D T H E I R P R O D U C T S 

The fact that y genes are expressed late i n infection gives rise to one of the 



108 

most important questions in the transcriptional regulation of this class of genes. It 

has been a formidable task to reveal the mechanism by which HSV regulates such late 

expression, but there is strong evidence for the involvement of a proteins, inhibition 

of expression early in infection, existence of response elements in both 5' transcribed 

noncoding and coding domains of y genes and activation of gene expression after the 

onset of viral DNA synthesis (95;181;268). Dependence of y gene expression on 

DNA synthesis has been explained by two possibilities. The first possibility is 

explained by a negative regulation of y genes during the early phase of viral infection 

either by the binding of trans-aciing negative factors or by constraints placed on the 

late genes by a particular DNA secondary structure formed in the vicinity of the y 

genes (116;238). Viral DNA replication could, in either case, relieve the block and 

allow full expression of y genes. There is also another hypothesis regarding 

generation/modification of a trans-acting factor that allows the activation of y gene 

expression during viral DNA replication (181). ICP8, a P gene which binds to single 

stranded DNA and is essential for DNA synthesis, has been proposed to be a 

negative regulator of y gene expression. ICP4 is also required but not sufficient for 

the expression of y genes. Such function is increased in presence of ICPO (43). There 

is also a hypothesis accerediting ICPO as a regulator of ICP27, a molecule which in 

turn is speculated to cause the shift from (3 to y genes expression. Interestingly, 
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deletion of a27, resulted in down-regulation of y gene expression (43;226;233). P 

genes are also required for the expression of y genes since they are involved in viral 

DNA synthesis, which is required for production of some y genes as was mentioned 

earlier. A schematic representation of the regulation of HSV-1 gene expression is 

proposed in figure 2-11. 

V I R U L E N C E 

A simple definition for virulence can be stated as the capability of virus to 

cause disease. Viral diseases caused by HSV in human include primary and recurrent 

epithelial lesions as well as disseminated disease and encephalitis. In experimental 

animals, neurogrowth is frequently measured as an indicator of virulence. Direct 

injection of virus to CNS measures the capacity of virus to destroy an amount of 

CNS tissue that will result in death before the immune system blocks the further 

spread of the virus. Since in most instances destruction of the CNS and death are 

related to virus replication, the growth of the virus in central nervous system (CNS) is 

measured in terms of the amount of virus required to reach mortality in 50% of 

inoculated animals, known as LD50(237;238;318). A second attribute to the virulence 

is invasiveness, defined as the capability of virus to reach the target organ from the 
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portal of entry to the body. In order to achieve this, the virus needs to replicate in the 

peripheral site of infection making virulence a function of 3 different parameters: 

a. Peripheral multiplication 

b. Invasion of the CNS 

c. Growth in CNS 

In many studies using numerous viral mutants and HSV-1 X HSV-2 recombinants 

LD50 Values following intracerebral injection ranged from 100 to 100,000 fold higher 

than those of parental strains. Many different studies have mapped loci involved in 

"neurovirulence" to a number of regions, including the yi34.5 and tk gene.(47;108) 

(84)(126;245;298). 

L A T E N C Y 

In addition to causing l y t i c infection, H S V can stay latent i n the human host 

for a life time (figure 2-12). When neurons are latently infected, the virus expresses 

no function which is required for such state(190;223). The establishment of latency is 

regulated by viral and host factors. There is evidence for the idea that establishment 

of latency needs viral entry into the neurons in a physical state and sufficient number 

of viral DNA copies. There is also a limitation enforced by host and viral factors 
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upon the virus' capacity to replicate and the cell's capacity to undergo apoptosis 

(127). In vitro studies have shown that viral DNA replication and three functional 

genes (UL48 encoding for VP 16 and a4 and a27) essential for lytic infection in-vivo 

are not required for latency (136). However an inhibition of a-genes expression 

reduces toxicity and favors a successful latency (258;278). Application of anti-viral 

drugs with the purpose of blocking viral DNA synthesis also appears to promote 

latency (321;322). Available data suggests that the regulation of these processes likely 

involves a decrease in three viral products: VP 16 (a transactivator for a-genes), ICP4 

(a transactivator of P-genes required for DNA replication) , ICPO (required for 

efficient expression of ICP4 and capable of synergistic activity in trans-activation of P 

and y-genes once expressed with ICP4). The fourth viral element involved is referred 

to as Latency-Associated Transcripts (LATs) and is composed of a family of four 

highly conserved RNA species derived from sequences within long, inverted repeat 

segments of the HSV genome (figure 2-12) (235;282). Such transcripts are produced 

during lytic infection and establishment of latency. Although the function of LATs 

has been elusive, tissue specificity (254;255) and down regulation of expression of a-

genes and the thymidine kinase gene during the active infection (44;89) can be 

considered as the most important studied properties of these transcripts. In a fraction 

of lately infected cells, virus is periodically activated & carried back to peripheral 

tissues by axon transport (figure 2-13) (54) usually at the cells near the primary 
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F I G U R E 2-12: 

The productive replication (vegetative) cycle of HSV gene expression is characterized 

by a progressive cascade of increasing complexity. The earliest genes expressed in the 

a phase are important in "priming" the cell for further viral gene expression and in 

mobilizing cellular transcriptional machinery. This phase is followed by the 

expression of a number of genes either directly or indirectly involved in viral genome 

replication-the b phase; and, finally, upon genome replication viral structural proteins 

are expressed in high abundance during the bg/g phase. The HSV replicative cycle is 

rapid compared to many other types of herpesviruses as well as smaller nuclear-

replicating DNA viruses such as adenoviruses and papovaviruses. 
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location of infection (96;228;228). The clinical severity of such reactivation can be 

different with a significant dependence on the patient's immune system. 

Many diverse stimuli that trigger HSV-1 reactivation have been identified 

while a complete picture still needs further research. Briefly, reactivation in basics, 

involves a switch from viral quiescence to a replicative state within the cell that may 

occur spontaneously or as a result of physical or emotional distress(229). In 

experimental models reactivation has been found in association with stimuli like 

axonal injury (189), traumatization of peripheral tissues (114), tooth extraction (211), 

administration of prostaglandins (PEGs), ultraviolet light (157;314), medications like 

dexamethasone and timolol (149), transient hyperthermia (255). On the host side, 

different cellular stress situations leading to reactivation trigger cascades of 

biochemical events resulting in induced expression of c-fos, c-jun, c-myc and Oct-1 

(158;291;292). Induction of c-fos by neuronal growth factor (NGF) in neuronal cells 

can be blocked by 2-aminopurine (2-AP) while the same chemical inhibits HSV-1 

reactivation from cultured ganglionic neurons (273). Two major second messenger 

systems, cyclic AMP(c-AMP) and protein kinase-C (PKC) appear to be involved in 

HSV-1 reactivation in-vitro (273) and can be activated by variety of signals including 

phorbol myristate for PKC and UV for cAMP via activation of adenylate cyclase by 

Src-kinases (74). Adenylate cyclase is also activated by HSV-reactivation inducers like 

PEGs and Forskolin (247;320). The importance of the second messengers in 
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reactivation is better reflected in the context of the capability of cAMP in inducing 

LATs promoter (164). Finally, there is a significant body of data available pointing to 

the role of heat shock system in inducing HSV-reactivation by direct activation of 

viral elements or inactivation of cellular repressors (63;102; 111;219). 

H S V I N F E C T I O N S A N D T H E I R D I A G N O S I S A N D 

T R E A T M E N T ; A G L O B A L I S S U E 

H S V must contact mucosal surface or abraded skin to initiate infection. The 

type of HSV infection that results is a function of the host immune capability. HSV-1 

and HS V-2 are usually transmitted by different routes and affect different areas of the 

body, but the signs and symptoms that they cause share similarities(267;305). 

Fortunately the incidence of lethal HSV infection is rare. Most human beings have 

been infected and harbor virus in latency that can be reactivated. Demographically, in 

less developed countries seroconversion happens early in life-at 5 years in 

approximately one-third of children and in 70-80% of individuals by adolescence. In 

the USA by age 5 more than 35% of African-American versus 18% of white children 

are infected with HSV-1. Infection among university students is 5-10% annually 

(201). The route for transmission of HSV-2 is usually via sexual contact. Most genital 

HSV-1 infections are low in severity and less prone to recur than those caused by 

HSV-2. The HSV-2 infection is more prevalent in women and African-Americans 
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with other influential factors like marital status, number of sexual partners and place 

of residence (higher prevalence in cities). 

The diagnosis of HSV infection is confirmed by virus isolation in cell culture 

and subsequent detection with Immunofluorescent techniques or PCR detection 

methods (301). Cell culture is less expensive and provides a virus isolate that can be 

typed. A scraping of skin vesicles can be taken from any lesion and inoculated into a 

susceptible cell culture. Cytopathic effects usually develop 24-48 hours after 

inoculation. Because of this delay, therapeutic decision cannot await findings of 

serological studies. Indeed, the preferred method for detection of brain infections is 

PCR analysis of cerebrospinal fluid which stays positive for up to one week in most 

patients with such infections. 

The most common sites of HSV infections are skin and mucosal membrane, 

irrespective of virus type (figure 2-14). The incubation period is about 4 days and can 

range from 2 to 12 days. Symptomatic oropharyngeal disease is characterized by 

lesions of buccal and gingival mucosa (lasting2-3 weeks) and by fever between 38.3 to 

40°C(318). Nasoral ulceration lesions indicate primary infection whereas lip lesions 

suggest recurrent infection. Primary genital herpes appears as macules and papules 

followed by vesicles, pustules and ulcers (55;56). Antibodies for HSV-1 reduces the 

severity of the disease with HSV-2 (318). Genital-HSV infection is rarely transferred 

from mother to fetus during pregnancy. In such case, it would cause multiple visceral 
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F I G U R E 2-14: 

HSV labialis infection in normal (upper panel) and immunosppressed (lower panel) 

host. 
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sites and causes necrotising hepatitis with or without thrombocytopenia, disseminated 

intravascular coagulopathy, and encephalitis. The statistics of ophthalmologic diseases 

with HSV reaches a number of 300,000 cases/year in USA. Herpetic 

keratoconjunctivitis is associated with unilateral or bilateral conjunctivitis which can 

be follicular, followed soon by preauricular adenopathy with common recurrence. In 

immunocompromised patients, especially cases with organ transplantation, a high risk 

of HSV exists which can develop progressive disease involving respiratory tract, 

esophagus, or gastrointestinal system. 

Herpetic encephalitis can be considered as the most fatal form of HSV-infection. 

More than 70% of untreated patients die and only 2.5% of surviving patients gain 

normal neurologic function (318). HSV can affect most areas of nervous system 

causing meningitis, myelitis and radiculitis among other diseases. 

Treatment of HSV infection is based primarily on application of the Acyclovir and its 

derivatives. Mechanistically this agent is a synthetic purine-nucleoside analogue which 

can be incorporated in the process of viral DNA synthesis and inhibit it. Precursors 

of Acyclovir (e.g. Valacyclovir) display a better bioavailability when administered 

orally. Genital or oral infections can be treated with topical, oral or even intra-venous 

(TV) Acyclovir. For immunocompromised patients, the preferred route is oral and IV. 

In case of encephalitis, IV-Acyclovir therapy reduces the rate of symptomatic HSV 

infections from 70% to 19% with 38% of cases regain normal neurological function. 
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Unfortunately, HSV can develop resistance to Acyclovir through mutations in the 

viral gene encoding for viral thymidine kinase. Such mutants are deficient in this gene 

although some might bear an enzyme which is incapable of phosphorylating the drug. 

The side effects of Acyclovir include renal disjunction, nephrotoxicity, agitation, 

hallucination, disorientation, tremor and myoclonus. 

Vaccination for HSV has been studied for targeting prevention and therapy. 

Glycoprotein B (gB) and C (gC) (both viral envelope glycoproteins) were used in a 

trial without promising results(57). In another study with gD, vaccination seemed to 

protect women and not men(281;318). The phase I studies are being done with naked 

HSV-DNA and disabled single-cycle infectious vaccines(246;281). 

The use of HSV-2 antigens incorporated into immunostimulating complexes 

(ISCOMs) for immunization of mice previously infected with HSV-2 was investigated 

in a recent study. Prophylactic administration of HSV-2 ISCOM vaccine to mice 

elicits local antibody detectable in nasal washings, serum antibody and the presence of 

cytokines IL-2, IFN-gamma and IL-4 in supernatants from spleen cell cultures 

stimulated in vitro with HSV-2 antigens. Use of the same vaccine in mice 

infected previously with HSV-2, results in increased levels of total and subclass serum 

ELISA antibody and also increased levels of serum neutralizing antibody. Treatment 

of HSV-2 infected mice with the HSV-2 ISCOM vaccine also induces higher levels of 

the cytokines IL-2, IFN-gamma and IL-4, in in-vitro stimulated spleen cell cultures. 
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Challenge with a lethal dose of HSV-1 showed that mice previously 

infected with HSV-2 and subsequently given two doses of HSV-2 ISCOMs vaccine 

were protected (197). In another study intramuscularly (i.m.) delivered plasmid DNA 

encoding a secreted form of glycoprotein B of herpes simplex virus type 1 (HSV-1 

gBls) was evaluated for the ability to elicit a protective immune response in Balb/c 

mice. Animals received three i.m. injections of a gBls expression plasmid (pRP-RSV-

gBls) or of a wild-type transmembrane gBl coding plasmid (pRP-RSV-gBl), while 

control mice were injected with the vector alone (pRP-RSV). A specific antibody 

response was observed in almost all immunized animals, and in most cases antibodies 

were also detected after 1 month in the absence of further vaccine boosts. Serum 

antibodies mostly displayed neutralizing activity against HSV-1. Glycoprotein Bis 

DNA immunization was also effective in protecting animals against the primary 

infection induced by a subsequent HSV-1 challenge and limited HSV-1 infection of 

sensitive ganglia (38). Improvement in vaccination strategies against HSV infection is 

also pursued with a gene-therapy combination. The CCR7 ligand a secondary 

lymphoid tissue chemokine (SLC) and Epstein-Barr virus-induced molecule 1 ligand 

chemokine (ELC) have been recognized as key molecules in establishing functional 

microenvironments for the initiation of immune responses in secondary lymphoid 

tissue. The effect of CCR7 ligands-DNA on systemic and mucosal immune responses 

to plasmid DNA encoding gB of herpes simplex virus (HSV) was recently 
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investigated (80). Systemic co-transfer of both CCR7 ligands enhanced serum gB-

specific IgG Ab but failed to elicit enhancement of distal mucosal IgA responses. In 

contrast, mucosal co-transfer provided significant increases of distal mucosal IgA 

responses. CCR7 ligands also enhanced T cell-mediated immunity as measured by 

CD4+ T helper cell proliferation and CD8+ T cell-mediated CTL activity. SLC 

significantly increased the production of Thl-type cytokines (EL-2 and IFN-gamma), 

whereas ELC increased the production of both Thl-type and Th2-type (IL-4) 

cytokines. 
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C H A P T E R T H R E E : 

M A T E R I A L A N D M E T H O D S 
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In this chapter we w i l l discuss the material and method used i n the experimental 

procedure of this thesis. Many of these techniques are very well known by those 

who are skilled in the art and only a brief explanation of them will be provided here. 

Readers are referred to Short Protocols in Molecular Biology (Ausubel F. et al, 3rd 

Edition, John Wiley and Sons Inc, MA, 1995) and Molecular Cloning (Maniatis T. et 

al, 2nd Edition, Cold Spring Harbor Laboratory Press, NY, 1989) for more details. 

M A T E R I A L U S E D I N M A M M A L I A N C E L L C U L T U R E 

Different types of mammalian cells have been used i n this research. A usual medium 

for growth of cells is DMEM (Dulbeco's modified eagle medium)-10%FBS (Fetal 

bovine serum). Although other types of medium such as a-MEM or RPMI have also 

been used occasionally. NIH-3T3, TNIH#5, THC-11, H-ras and all Ras effector 

domain mutant cells (V 12C40,V12G37 and V12S35) and the vector control cell line 

(pDCR) were grown in DMEM-10%FBS. PKR+/+ and PKR/- mouse embryo 

fibroblasts (MEFs) were grown in a-MEM containing 10% fetal bovine serum. C-

myc (NIH-3T3 tet-myc) cells29 were grown in and 2 ug/ml tetracycline. Removal of 
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the antibiotic results in overexpression of c-myc (about 100-fold) in these cells. Wild-

type HSV-1 strain F [HSV-l(F)j and mutant HSV R3616 were both gifts from B. 

Roizman and have been described30. Human lymphoma cell lines (Raji, Daudi, Jurkat, 

NC37, Ramas, ST486, and Molt4) have been grown in RPMI-10%FBS. Tyrosine 

0.05% is usually used to detach the minelayer for passing the cells. All cell culture 

handling was performed in safety cabinet under ventilated condition in presence of 

flame for sterilization. 

G R O W T H O F H S V I N C E L L C U L T U R E A N D P R E P A R A T I O N 

O F V I R A L S T O C K 

H S V is usually grown i n V e r o (African monkey kidney cells A T CC#CCL-81) or 

A549 (human lung carcinoma cells ATCC#CRL-1658). The specimen is added to the 

medium of the flask containing host cells and monitored daily for the appearance of 

morphology of infection (rounding and clumping in case of HSV). When the whole 

monolayer is infected cells will be collected. Infected monolayer is easy to detach and 

a few strokes against the bench should suspend all cells. The cells are then 

centrifuged (half of the supernatant is saved) and resuspended in an equal mixture of 

their own supernatant + 5% autoclaved-non fat milk solution (a total volume of 3-5 ml 

is enough to resuspended the cell palette collected from a T200 flask of infected cells. 

Addition of milk to viral stock helps the stabilization of viral membrane. The virus 
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preparation is then numbered, dated, dispensed to small aliquots and stored in -70°C 

freezer. Following to plaque titration (please see below) the related titer is added to 

viral data sheet for each batch. 

P L A Q U E A S S A Y ( P L A Q U E T I T R A T I O N ) 

Determination of the approximate number of infectious particles i n a batch of virus 

stock is one of the most crucial steps, which allows the researcher to use an 

appropriate number of viruses in experiments. Plaque assay is based on the potential 

of lytic viruses to infect, make progeny virus and kill the host cells after a certain 

period of time. Such foci of cell killing can be distinguished form the neighboring 

healthy cells by application of specific dyes, which are only absorbed, by live cells to 

the cell culture. Under such condition a clear (not stained) area of cells which has 

been theoretically infected (and killed) by progeny virus produced after infection of 

one cell by one virus will be referred to as "plaque". The number of these plaques 

therefore can be considered as an indicator for the number of infectious particle in 

virus preparation. 

Following steps performs plaque titration: 

1. Preparation of host cells in 6 well plates: two types of host cells are regularly used 

for HSV plaque assay, Vero cells or A549. These cells are usually grown in DMEM-
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10%FBS for 24 hours before performing the plaque assay and they are grown up to 

— 85% confluency. 

2. On the day of plaque titration, the virus preparation with unknown titer of virus 

will be serially diluted from 10"3 to 10"9 in DMEM-10FBS%. 

3. Medium on the host cells (which are plated in 6-well plates) is discarded using an 

aspirator and a volume of 500uL from each virus dilution is added to the wells in 

duplicate, therefore, a total of 12 wells will be infected with virus dilutions (two well 

for each dilution). An additional 2 well for negative control is usually added to this 

number, the cells in these wells will not be infected. 

4. The 6-well tray is gently rocked back and forth to spread the medium (virus 

dilution) evenly. Plates are then left in 37°C incubator for 90 minutes to allow the 

virus to bind to cell surface receptors. The same rocking is repeated every 10 minutes 

to make sure that no area of the plate is drying; a thin layer of medium which should 

be covering the surface of the cells at all times (wells should be labeled with their 

related dilution). 

5. While the plates are left for virus-binding in a 37°C incubator, the overlay medium 

will be made. Overlay medium is composed of equal volume of 2XDMEM-20%FBS 

and 2% agar-autoclaved H2O. A volume of 2.5-3 ml is needed for each well, it is 

advisable to make an extra of 10% to compensate for pipetting errors. 2% agar-

autoclaved H2O is transferred from autoclave to a 50CC water bath and left there for 
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30 minutes for cooling down to 50°C. 2XDMEM-20%FBS should also be kept at 

50CC. 

6. When ready to add overlay medium (2XDMEM-20%FBS and 2% agar-autoclaved 

H2O have been kept at 50°C), both components are mixed with each other and 2.5 

ml of the mixture is slowly added to each well. 

7. Plates are left for 20 minutes to cool down and then transferred to 37°C incubator 

upside-down in plastic trays. 

8. After 2-3 days a second layer of overlay medium which contains 4%-neutral red 

(the dye which is absorbable by live cells) will be added to the wells. Neutral red is 

added to the 2XDMEM-20%FBS and then mixed with 2% agar-autoclaved H2O to 

making the staining. 

9. The number of plaques (clear foci in red background) is counted and applied to the 

following formula for calculating the number of infectious particles per ml of virus 

preparation. 

Number of HSV infectious viral particles/ml = 

1/dilution factor X 2(count for well #1) + 1/dilution factor X 2(count for well#2) 

2 

It is important to know that the plaques are usually hardly distinguishable in low 
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dilutions of virus (10-3-10-4) simply because the high number of plaques and their 

proximity to each other causes a fusion between them in 2 days and most of the cell 

surface will be covered with dead cells. A usual reliable titer for HSV grown in lab 

condition is 107 to 109 infectious particles/ml, in this case, the best dilution for 

counting the plaques will be about 107 to 109. Any well having less that 10 or more 

than 200 plaques should not be trusted for plaque count. 

S O D I U M D O D E C Y L S U L F A T E - P O L Y A C R Y L A M I D E G E L 

E L E C T R O P H O R E S I S ( S D S - P A G E ) 

SDS-PAGE is one of the most fundamental techniques which enables us to separate 

proteins on the basis of their molecular size. The technique is based on applying 

protein samples to gel cassettes and forcing the proteins to differentiate from each 

other based on their size by electrophoresis. SDS-PAGE is carried out with a 

discontinuous buffer system in which the buffer in the reservoir is of a different pH 

and ionic strength from the buffer used to cast the gel. The SDS-polypeptide 

complexes in the sample that is applied to the gel are swept along by a moving 

boundary created when an electric current is passed between electrodes. After 

migration through a stacking gel of high porosity, the complexes are deposited in a 

very thin zone on the surface of resolving gel. The ability of discontinuous buffer 

systems to concentrate all of the complexes in the sample into very small volume 
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greatly increases the resolution of SDS-PAGE. The discontinuous buffer system that 

is most widely used as Ornstein (1964) and Davis (1964). A 10% SDS-PAGE is made 

using the following solutions: 

1 0 % R e s o l v i n g g e l : f o r a t o t a l 

volume of 25 ml: Solution Volume(ml) 

H20 9.9 

30% acrylamide mix 8.3 

1.5 M Tris (pH8.8) 6.3 

10% SDS 0.25 

10% ammonium persulfat 0.25 

TEMED 0.01 

5 % S t a c k i n g gel: f o r a t o t a l 

volume of 8 ml: Solution Volume(ml) 

H20 " 4.1 

30% acrylamide 1.0 

1.0 M Tris (pH 6.8) 0.75 
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1 0 % SDS 0.06 

10% ammonium persulfate 0.06 

TEMED 0.008 

A l l samples were normalized for total protein concentration by Brad-Ford assay 

method using a Bio-Rad kit(Sedmak,J.J. and Grossberg S.E. Anal 

Biochem,. 151,369,1985). Protein samples were resolved using 10% SDS-PAGE 

according to the protocol of Laemmli (1970) and as mentioned above. The gel 

running buffer (also called as Tris-glycine electrophoresis buffer) includes the 

following components: 25mM Tris, 250 mM glycine (electrophoresis grade, pH 8.3) 

and 0.1%SDS. The formulation for gel loading buffer (IX) is: 50mM Tris.Cl (pH 6.8), 

100 mMdithiothreitol, 2% SDS, 0.1% bromophenol blue and 10% glycerol. 

Dithiothreitol should be added just before buffer is used. 

I M M U N O F L U O R E S C E N T A N A L Y S I S O F H S V - 1 I N F E C T I O N . 

NIH-3T3, T N I H # 5 , THC-11, and H-ras cells were grown i n 8-well slide chambers 

(Falcon) and infected with HSV-1 at an MOI of 0.5 PFU/cell, or mock-infected. At 

20 hours after infection, the cells were fixed in an acetone (100%) for 10 min and 
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then left in room temperature to dry. The fixed and dried cells were then incubated 

with a fluorescein-labeled mouse monoclonal antibody to the HSV-1 gC antigen 

(SyvaMicrotrak from Behring) for 30 min at 37°C. The slides were then washed with 

distilled water, dried, and mounted in 90% glycerol containing 0.1% 

phenylenediamine, and viewed with a Zeiss Axiophot microscope on which a Carl 

Zeiss camera was mounted. Pictures were captured by an attached PC and processed 

with appropriate soft-ware. B -well chamber slides (Falcon) were used for the 

purpose of IF-studies since the upper compartment can be easily detached and 8 

distinct rectangular surfaces can be used for different cell lines or time points. 

W E S T E R N B L O T A N A L Y S I S 

Infected cells were lysed w i t h the single detergent lysis buffer [50 m M Tri s 

(pH 8.0), 150 mM NaCl, 0.02% sodium azide, 100 ug/ml phenylmethy-sulfonyl 

fluoride, 1 ug/ml aprotinin, and 1% Triton X-100], normalized for the amount of 

total protein and subjected to SDS-PAGE, followed by electroblotting onto 

nitrocellulose paper. The membrane was then washed and incubated with the primary 

antibody [rabbit antibody against all HSV-1 antigens (Dako, CA), or mouse anti-

ICP27 or anti-gC antibody (Rumbaugh-Goodwin Institute, FL), or rabbit anti-ICP8 
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antibody (from Dr. Paul Olivo, Washington University, St. Louis), or mouse anti-

PKR and mouse anti-eIF2a antibody (Santa Cruz, CA) or rabbit anti-phospho-PKR 

and rabbit anti-phospho-eIP2a antibody (Biosource, CA)], followed by the 

horseradish peroxidase (HRP)-conjugated secondary antibody. After extensive 

washing, the blot was exposed to Lumigel detection solution and subjected to 

autoradiography. Uninfected H-ras cells were used to demonstrate the effects of 

FTI-1, PD98059 on ERK1/2 phosphorylation, SB203580 on ATF-2 

phosphorylation, and Wortmannin on Akt phosphorylation. Blots were probed with 

anti-ERKl/2 or anti-phospho-ERKl/2 antibodies (for samples treated with FTI-1 

or PD98059), anti-ATF-2 or anti-phospho-ATF-2 (for samples treated with 

SB203580), and anti-Akt and anti-phospho-Akt (for samples treated with 

Wortmannin). The antibody kits were purchased from New England Biolabs (MA). 

FTI-1, PD98059, SB203580 and Wortmannin were purchased from Calbiochem 

(CA). 

I S O L A T I O N O F R N A 

Cytoplasmic R N A from infected cells was isolated using the RNeasy kit by 

Qiagen (CA). Briefly, at various times post-infection, monolayers of cells 
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(approximately lxlO7 cells) were lysed using the RLN buffer (50 mM Tris-Cl pH 

8.0, 140 mM NaCl, 1.5 mM MgCl2, 0.5% NP-40, ImM DTT and 1000 U/ml 

RNasin). After removal of the nuclei by centrifugation, the supernatant was mixed 

with buffer RLT and ethanol, and applied to an RNeasy spin column. Just before 

elution of RNA a DNA-clean up step was performed by adding RNase free 

DNase to the filter in room temperature for 15 minutes and washing writh the 

provided wash buffer (an appropriate washing in necessary to remove all residues 

of enzyme before elution and eliminate the chance of contaminating the reverse 

transcription reaction (to follow) with DNase. The column was subsequently 

washed and RNA was eluted in water. 

REVERSE TRANSCRIPTION(RT) REACTION 

Equal amounts of cytoplasmic R N A from each sample were then 

subjected to RT-PCR using random hexanucleotide primers (Pharmacia) and 

reverse transcriptase (GIBCO-BRL) according to the manufacturers' protocol. 
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The RT reaction includes: Solution Volume(iil) 

10X buffer RT 2.0 

dNTPMix (5 mM each dNTP) 2.0 

Hexamer primers (4fig/fil) 0.6 

RNase inhibitor (lOu/fil) 1.0 

Reverse Transcriptase 1.0 

RNA template up to 2 fig 

PCR-water: to have a total reaction volume of 20fil 

The reaction is then well mixed and left at 37C for 60 minutes followed by an 

inactivation step of 93C for 5 minutes. It is useful to know that if Oligo-dT 

primers (at the length of 12 nucleotides) are being used instead of hexamer 

primers, the reaction is adjusted to contain a final concentration of lfiM for these 

primers (2.0 fil of the stock of 10fiM). 
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P O L Y M E R A S E C H A I N R E A C T I O N ( P C R ) 

The c D N A s f r o m the R T - P C R step was then subjected to selective 

amplification of cDNAs of a27, UL29, UL30, yi34.5, and UL44. For a27, the 

primers used were 5'-CTGGAATCGGACAGCAGCCGG-3' and 5'-

G AGGCGCG ACC AC AC ACTGT-3', which produced a predicted 222 bp 

fragment. For Ui29, the primers used were 5'-GCGCCCCATGGTCGTGTT-3' 

and 5'-CTCCGCCGCCGAGGTTC-3', which produced a predicted 206 bp 

fragment. For Ui_30, the primers used were 5'-

ATC AACTTCGACTGGCCCTTC-3' and 5'-

CCGTACATGTCGATGTTCACC-3which produced a predicted 180 bp 

fragment. For yi34.5, the primers used were 5'-CTCGGAGGGCGGGACTGG-

3' and 5 '-GCGGGAGGCGGGGAATAC-3', which produced a predicted 282 bp 

fragment. For Ui_44, the primers used were 5-GCCGCCGCCTACTACCC-3' and 

5'-GCTGCCGCGACTGTGATG-3', which produced a predicted 661 bp 

fragment. The GAPDH primers 5'-CGGAGTCAACGGATTTGGTCGAT-3' 

and 5'-AGCCTTCTCCATGGTGGTGAAGAC-3' were used to amplify a 

predicted 306 bp GAPDH fragment which served as a PCR and gel loading 
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control. Selective amplification of the various cDNAs was performed using 

HotStarTaq DNA polymerase (Qiagen) in aMiniCycler PTC-150 (MJ-Research). 

PCR was carried out for 30 cycles, with each cycle consisting of a denaturing step 

for 1 min at 94°C, an annealing step for 2 min at 60°C, and a polymerization step 

for 2 min at 72°C. The PCR products were separated on a 1.5% agarose gel 

impregnated with ethidium bromide, and photographed under UV illumination 

with a digital camera. The picture was prepared with the Cooled-Camera soft

ware. 

[ 3 5 S ] M E T H I O N I N E L A B E L I N G O F H S V 1 ( F ) I N F E C T E D C E L L S 

A N D P R E P A R A T I O N O F L Y S A T E S F O R S D S - P A G E A N A L Y S I S 

NIH-3T3, H-Ras and Vero cells were infected w i t h H S V 1(F) at m.o.i. ~ 0.5 p.f.u./cell. 

At different times post-infection, the medium was replaced with methionine-free 

DMEM containing 10% dialyzed FBS and 0.1 mCi/ml of [35S]Methionine for 3 

hours. The cells were then washed in PBS and lysed in single detergent lysis buffer. 

Following to centrifugation of this lysates at 12000g for 2 minutes at 4°C the 

supernatant was saved for further SDS-PAGE and pellet was discarded. 
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I N V I T R O K I N A S E R E A C T I O N A N D I M M U N P E R C I P I T A T I O N 

F O R D E T E C T I O N O F P H O S P H O R Y L A T E D P K R 

Subsequent to growth of cells i n 24 multi-well plates they were infected by —0.5 

p.f.u./cell of HSV 1(F). At 20 hours post-infection, the medium was discarded and 

the cells were lysed with in vitro kinase lysis buffer (20 mM HEPES (pH 7.4), 120 

mM KCl, 5 mM MgCl2,1 mM dithiothreitol (DTT), 0.5% NP-40,2 /zg/ml leupeptin 

,50 /xg/ml aprotinin and 7.5 mg/ml of p-nitrophenyl phosphate). The nuclei were 

then removed by low-speed centrifugation and the supernatants were stored at -70°C 

until use. Each in vitro kinase reaction contained 100 /xl of cell extract and a total of 

75 /xl of reaction buffer [20 mM HEPES (pH 7.4), 120 mM KCl, 5 mM MgCl2,1 mM 

DTT and 10% glycerol) which contained an equivalent of 10 xtCi of 32P-yATP. 

This mixture was incubated for 30 min at 37°C (Mundschau and Faller, 1992). 

Immediately after incubation, the labeled extracts were subjected to 

immunoprecipitation. In first step a volume of lOul of anti-PKR antibody (CA, Santa 

Cruz) was added to each reaction and incubated for 1 hour in 4°C followed by 

incubation with Staphylococcal protein A-beads (staph-A beads) at 4°C for 2 hours. 

The mixture was centrifuged at 4000 rpm for 4 minutes and supernatant was 
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removed while beads were washed with the least harsh method (PBS containing 

PNPP) for four times. Finally a volume of 50(0.1 of protein sample buffer was added 

to beads, boiled for 4 minutes and loaded to a 10% SDS-PAGE gel followed by 

autoradiography. 

C Y T O P L A M S I C / N U C L E A R E X T R A C T I O N O F P R O T E I N S 

Cells were washed w i t h ice-cold phosphate-buffered saline (PBS; 130 m M N a C l , 2 

mM KC1, 8.1 mM NaHP04,1.5 mM KH2PO4), then scraped off the culture plates 

using a rubber policeman in 1 mL ice-cold PBS. Harvested cells were centrifuged by a 

quick spin in a microcentrifuge. The cell pellet was then resuspended and lysed in 

approximately two packed cell volumes of ice cold hypotonic buffer (10 mM 

HEPES-KOH, pH 7.6; 10 mM KC1; 5 mM MgAcetate; 1 mM DTT; 10% (v/v) 

glycerol; 1 mM PMSF) for 15 minutes on ice, followed by repeated passage through a 

26-gauge needle to lyse the cell membranes. After centrifugation at 14000g for 1 

minute at 4°C, the supernatant (cytoplasmic lysate) was saved on ice and the pellet 

was extracted in approximately one packed cell volume of hypertonic buffer (10 mM 

HEPES-KOH, pH 7.6; 400 mM KC1; 5 mM MgAcetate; 1 mM DTT; 10% (v/v) 

glycerol; 1 mM PMSF) for 30 minutes on ice with continuous agitation to prevent the 
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nuclei from settling. The nuclei were pelleted by centrifugation at 14000g for 30 

minutes at 4°C, and the supernatant (nuclear extract) was added to the cytoplasmic 

lysate. The final KC1 concentration was approximately 140 mM (i.e. 2 volumes of 

hypotonic buffer at 10 mM KCl plus one volume of hypertonic buffer at 400 mM 

KCl). If only the nuclear extract was needed, then it would be mixed with two 

volumes of hypotonic buffer in order to reduce the salt concentration. The cell 

extracts were used immediately, or aliquoted, followed by flash freezing in liquid 

nitrogen and storage at -70°C. 
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C H A P T E R F O U R : 

H Y P O T H E S I S , L O G I C A N D O B J E C T I V E S 
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In this section we w i l l t r y to discuss the logics and research plan for understanding 

the interaction between Ras signaling pathway and HSV infection. A diagram is 

designed for facilitation of following the stream of experiments. The reader is advised 

to study this fellow-chart before the section for results and discussion. 

R E S E A R C H P L A N A N D L O G I C 

Interaction between host cell signaling pathways and permissiveness to viruses 

has been a hot topic to study for the purpose of defining new ways to antagonize 

virus capability in causing human infections or developing a vaccine for them. The 

mechanism of the most of anti-viral agents is based on direct interference with virus 

elements and usually without any therapeutic interaction with cell system. Clear 

understanding of virus-host interplay can open our eyes toward new possibilities in 

changing such balance toward our benefit 

Former studies have proven that viruses can interact with some elements of host 

signaling system. For example, the relationship between Reovirus infection and Ras 

activity has been investigated (286) with the notion that Ras activity increases the cell 
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permissiveness to reovirus. 

This has been used to consider reovirus as a potential tool for targeting cancer cells 

specifically (51). 

HSV is one of the most important human pathogens with a significant incidence rate 

around the globe. The mutant versions of HSV have been used in different studies as 

"oncolytic" agents and have completed phase I clinical trial. Although a vast body of 

knowledge is available about the function of HSV genes and their role in viral 

replicative cycle, an understanding of the relationship between host cell signaling 

pathways and permissiveness to HSV seems infection necessary which can provide us 

with the theoretic knowledge to design new anti-HSV strategies and the mechanism 

for selectivity of HSV-mutants against cancer cells. Ras signaling pathway, as an 

important oncogenic cascade over-activated in 35% human cancers and as a key 

regulator of host cell permissiveness to another oncolytic virus (i.e. reovirus) seems a 

logical target for investigation in this regard. 

H Y P O T H E S I S 

Over-activity of Ras signaling pathway increases host cell permissiveness to 

Herpes simplex virus (HSV). Cells with highly activated Ras signaling pathway are 

more permissive to HSV-1 infection. 
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R E S E A R C H P L A N A N D O B J E C T I V E S 

The f o l l o w i n g steps have been followed i n this research: 

STEP: 1 

understanding the difference between NIH-3T3 cells and NIH-3T3 cells 

transformed with oncogenes in Ras signaling pathway (i.e. erbB, Sos and H-ras) in 

terms of permissiveness to HSV. This was tested in following steps: 

1. Comparison between NIH-3T3 cells and transformed derivatives in terms of 

appearance of morphology of infection after exposure to HSV-1. These signs 

include rounding and clumping. 

2. Comparison between the pattern of protein synthesis in NIH-3T3 cells and the 

transformed derivatives by metabolic 35S-labeling before and after exposure to 

HSV-1. 

3. Comparison between NIH-3T3 cells and transformed derivatives in terms of viral 

protein synthesis by western blotting for HSV proteins. 

4. Comparison between NIH-3T3 cells and transformed derivatives in terms of 

expression of glycoprotein-C, a late HSV-protein globally used for detection of 

HSV infection. 
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5. Comparison between NIH-3T3 cells and transformed derivatives in terms of 

production of viral progeny after exposure to HSV. 

STEP:2 

After confirming that transformation with oncogenes in the Ras pathway can 

increase cell sensitivity to HSV-1, the efforts were focused on finding pathway(s) 

down-stream of Ras which play a role in such phenomenon. Five major pathways 

down-stream of Ras have been tested for this purpose as follows: 

1. Confirmation of the efficacy of FTls by western blotting for total and 

phosphorylated form of Erk, a down stream enzyme in Erk-pathway . 

2. Confirmation of the efficacy of PD98059 in inhibiting MEK1/2 by western 

blotting for total and phosphorylated form of Erk as the substrate for MEK1/2. 

3. Confirmation of the efficacy of SB203580 in inhibition of p38-kinase by western 

blotting for total and phosphorylated form of ATF-2, a downstream substrate of 

p38-kinase. 

4. Confirmation of the efficacy of Wortmaninne in blocking PI3-kinase by western 

blotting for total and phosphorylated form of Akt, a downstream substrate . 

5. Studying the effects of compounds which block plasma membrane association of 

Ras, namely farnesyl transferase inhibitors (FTIs), on HSV-1 infection 
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6. Studying the effects of specific blocker of MEK1/2, PD98059 (which acts to 

block ERK signaling pathway on) HSV-infection. 

7. Studying the effects of a specific inhibitor of p38-kinase , SB203580 (which 

blocks the p38-kinase signaling pathway) on HSV-infection. 

8. Studying the effect of a specific blocker of PI3-kinse (PI3K) , Wortmaninn, 

which inhibits phosphorylation of ATF-2 by PI3K on HSV-1 infection. 

STEP:3 

Another important tool to study the involvement of each one of the MAPK 

signaling pathways in HSV infection is a set of effector mutant cell lines which were 

designed originally for pursuing signaling events down stream of Ras. 

In this step, effector mutants are used to confirm the involvement of each one of the 

pathways down stream of Ras in cell permissiveness to HSV as follows: 

1. The effector mutant cell line V12S35 is mainly capable of signaling through 

Raf/Erk pathway while Ras interaction with other effectors is suppressed. 

Therefore this mutant has been used to evaluate the involvement of Erk-Pathway 

in increasing cell sensitivity to HSV-1 infection. 

2. The effector mutant cell line V12C40 is mainly capable of signaling through PI3-

Kinase pathway. Therefore this mutant has been used to evaluate the 



148 

involvement of PI3-kinase pathway in increasing cell permissiveness to HSV 

infection. 

3. The effector mutant cell line V12G37 is mainly capable of signaling through 

Ral/GDS pathway. Therefore this mutant has been used to evaluate the 

involvement of Ral/GDS Pathway in increasing cell permissiveness to HSV-1 

infection. 

4. The effector mutant cell line V12Ras bears an overactivated Ras because of a 

point mutation in V12 position. This cell line is the back bone for designing 

effector mutants and is mainly used to reconfirm the increasing effects of Ras 

signaling on cell sensitivity to HSV-1 infection and as a positive point of reference 

for infection. 

5. The cell line assigned as pDCR is a derivative of NIH-3T3 and is stably 

transfected with a the control vector, therefore, pDCR is considered to have a 

normal level of activity of Ras signaling pathway. The same vector carrying 

different mutants of Ras has been used to establish all the cell lines mentioned 

above. Therefore pDCR cell line can be predicted to show a minimum level of 

permissiveness to HSV-1 infection. 
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STEP:4 

Af t e r achieving a better understanding about the increased permissiveness of 

Ras transformed cells to HSV-1 infection, the next rational step would involve 

studying the difference between transcription of HSV genes in NTH-3T3 cells and H-

ras transformed cells. This would lead is to understand the step at which the 

expression of HSV genes is blocked in NIH-3T3 cells. 

In order to pursuit this following experiments were designed: 

1. investigating the transcription of a -genes in NIH-3T3 and H-ras cells. 

2. investigating the transcription of P -genes in NIH-3T3 and H-ras cells. 

3. investigating the transcription of y -genes in NIH-3T3 and H-ras cells. 

4. investigating the translation of a-genes in NIH-3T3 and H-ras cells 

5. investigating the translation of P -genes in NIH-3T3 and H-ras cells 

6. investigating the translation of y -genes in NIH-3T3 and H-ras cells 

a27 an a-gene, UL29 and UL30 both P-genes andyr34.5 and UL44 both members 

of y-gene family are chosen for this purpose. Quantitative RT-PCR and western blot 

are used for understanding the difference between transcription and translation level 

of HSV genes in these two cell lines. 
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STEP:5 

Following to the understanding that translation of a-genes is the major blockade 

in HSV-gene expression it is imperative to determine what mechanism in cells is 

involved in this process. It is also important to find the difference in function of such 

mechanism in NIH-3T3 and H-ras transformed cell lines. In order to clarify this the 

following approach has been taken: 

1. understanding the difference between the phosphorylated/activated form of 

dsRNA-induced protein kinase (PKR) in NIH-3T3 and H-ras transformed cells 

by radioimmune precipitation and western blotting. 

2. understanding the difference between the phosphorylated/activated form of 

translation initiation factor eIF2a (a substrate of PKR) in NIH-3T3 and H-ras 

transformed cells by western blotting. 

3. understanding the difference between cells deleted for PKR gene (PKRA) and 

their wild type counterparts (PKR+/+) by western blotting. 

4. Understanding the difference in phosphorylation state of PKR caused by 

exposing H-ras transformed cells to FTIs and PD98059. 

5. Understanding the difference between the capability of mouse embryonic 

fibroblasts (MEFs), H-ras and NIH-3T3 cells in terms of PKR phosphorylation 

following exposure to HSV. 
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STEP:6 

R3616 is an oncolytic mutant version of HSV which does not contain any anti-

PKR mechanism and is currently used in cancer therapy. In this step, it will be 

investigated if transformed cell lines are also more sensitive to R3616. The other 

important question to answer would involve the capability of R3616 to infect PKR+/+ 

and PKR-A cells. The following experiments are designed to answer such question: 

1. Comparison between the infectibility of NIH-3T3 cells and their transformed 

counterparts by R3616. 

2. Comparison between infectibility of PKRA MEFs and their normal counterparts 

(PKR+/+ MEFs) by R3616. 

The involvement of PKR in mediating the effects of Ras signaling on infection can 

also be further confirmed by the following rational: 

If Ras activity makes the cells more permissive by impairing PKR system 

then PKRA cells should stay unchanged in presence of FTIs in terms of infectibility 

to HSV-1. this rational has been tested by the following experiment: 

3. Comparison between infectibility of PKR+/+ and PKR-A by HSV-1 in presence 

of 

FTI-1. 
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STEP: 7 

All the presented experiments try to establish a potential role for Ras signaling in 

increasing cell susceptibility to HSV-1 and also its oncolytic version. Therefore the 

signaling molecules in MAPKs, especially in ERK and JNK pathways, can be 

considered as appropriate indicators for prediction of tumor responsiveness to HSV-

therapy. Transcription factors down-stream of these pathways (ELK-C-JUN and 

ATF-2) can be considered as a suitable read-out of the activity of these pathways. In 

this section human cancer cell lines (lymphoblastoma and breast cancer) are used to 

evaluate the possibility of using these transcription factors as indicators of tumor 

responsiveness in herpes therapy. Another oncolytic virus, reovirus, has also been 

used to evaluate the value of such indicators in a general concept. 

Following experiments have been designed in this regard: 

1. Evaluation of phosphorylation of ERK in human lymphoblastoma cells. 

2. Evaluation of phosphorylation of ELK in human lymphoblastoma cells. 

3. Evaluation of phosphorylation of ATF-2 in human lymphoblastoma cells. 

4. Evaluation of permissiveness of lymphoblastoma cells-to R3616. 

5. Evaluation of permissiveness of lymphoblastoma cells to reovirus. 

6. Evaluation of phosphorylation of C-JUN in breast cancer cells. 

7. Evaluation of permissiveness of human breast cancer cells to R3616. 



8. Evaluation of permissiveness of human breast cancer cells to reovirus. 

STEP: 8 

F o l l o w i n g to these experiments a model to clarify the connection between 

signaling pathway, PKR system and HSV infection and its ramifications in 

1. Understanding the oncolytic mechanism of HSV. 

2. Designing strategies to treat/prevent HSV infections. 

3. Understanding the potential rule of HSV in cancer etiology. 
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CHAPTER FIVE: 

RESULTS 
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} I ^his chapter explains the results of the experiments performed to investigate the 

JL accuracy of the hypothesis. In each part, the logic behind the design of the 

experiment has been explained followed by a short discussion and a section summary 

which is helpful in gaining a systemic approach as the reader proceeds toward 

understanding the model proposed for interaction between host cell Ras signaling 

pathway and HSV infection. 

S E C T I O N 1: T R A N S F O R M A T I O N W I T H O N C O G E N E S I N R A S 

S I G N A L L I N G P A T H W A Y I N C R E A S E S T H E P E R M I S S I V E N E S S 

O F N I H - 3 T 3 C E L L S T O H S V - 1 

The effects of Ras pathway dependent transformation on infectibility of N I H -

3T3 by HSV has been investigated by four major methods, 35S-metabolic labeling, 

western blotting, Immunofluorescent studies and progeny virus production. 
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S 3 5 - M E T H I O N I N E M E T A B O L I C L A B E L I N G P R O V I D E S R E S E M B L I N G 

P A T T E R N S W H E N H-RAS A N D V E R O C E L L S A R E I N F E C T E D B Y 

HSV-1 

In this experiments three different cell lines, NIH-3T3, H-ras (H-ras 

transformed derivative of NIH-3T3) and Vero (standard cell line for HSV growth) 

were infected with MOI — 1 (1 infectious particle virus per cell). S35-metabolic labeling 

was then performed at 9-12,19-21 and 28-31 hours post-infection and samples were 

analyzed using SDS-PAGE. 

As is seen in Figure 5-1, the protein synthesis pattern is similar for Vero and H-ras 

cells (lines 4,7 and 10 for H-ras and 5,8 and 11 for Vero cells), while, a similar pattern 

can be seen in uninfected controls (lines 1,2 and 3) and infected NIH-3T3 cells (lines 

6, 9 and 12). It is usual to see a dramatic change in the pattern of protein synthesis 

following a successful viral infection as the virus takes over the host machinery 

system and enslaves it to make viral proteins. Therefore one can expect a shift toward 

a pattern with fewer number of protein bands in cells which are permissive to HSV 

infection although the identity of this bands (viral or host) can not be confirmed by 

35S-labeling. The fact that the portfolio of NIH-3T3 stays much more similar to 

uninfected controls and the pattern for H-ras resembles infected Vero cells is a sign 

of higher efficiency of infection in H-ras transformed cells. 
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M l 2 3 4 5 6 7 8 9 1 0 11 1 2 

H o u r s p o s t i n f e c t i o n 

C o n t r o l 9 - 1 2 1 9 ^ 2 1 2 ^ 3 1 

HRAS 1 4 7 10 

V e r o 2 5 8 1 1 

N I H - 3 T 3 3 6 9 1 2 
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F I G U R E 5-1: 

35S-Methionine labeling pattern of Vero, NIH-3T3 and H-ras cells infected with 

HSV-1(F).Cells infected with HSV-l(MOI — 0.5) were exposed to medium containing 

S35-Methionine for 3 hours at each time point (9-12, 19-21 and 28-31 hours post 

infection). The lysates were then analyzed by SDS-PAGE and exposed to film. 
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C E L L S T R A N S F O R M E D W I T H O N C O G E N E S I N R A S S I G N A L I N G 

P A T H W A Y A L L O W F O R A S I G N I F I C A N T I N C R E A S E I N H S V - P R O T E I N 

S Y N T H E S I S 

Application of a cocktail of monoclonal antibodies raised against all HSV-

antigens allows us to identify HSV-1 proteins by western blotting. NIH-3T3 cells 

transformed with v-erbB (THC11 cell line), Sos (TNIH#5 cell line), H-ras (H-ras cell 

line) and their parental NIH-3T3 were exposed to HSV-1 (MOI ~ 0.5). At different 

times post-infection cells were lysed and subjected to SDS-PAGE and western blot 

analysis to detect HSV-1 proteins. As is clearly seen in Figure 5-2, a pronounced 

production of herpetic proteins can be seen in all transformed cell lines (lines 4-6 for 

THC-11, lines 7-9 for TNIH#5 and lines 10-12 for H-ras) while the parental NIH-

3T3 cells show only minimum amounts of HSV proteins even at 36 hours post

infection (lines 1-3). Specificity of the Cocktail-antibody against HSV-proteins was 

confirmed by absence of any bands in lines related to non-infected controls (lines 14-

16). This experiment provided supportive evidence that transformation with Ras 

pathway oncogenes can play a tremendous promotional effect on production of viral 

proteins in cells. 
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F I G U R E 5-2: 

HSV-1 protein synthesis i n mock-infected and HSV-l-infected cells at various times 

after infection. Cells at the indicated times after infection (or mock-infected cells) 

were harvested, lysed, and subjected to SDS-polyacrylamide gel electrophoresis (SDS-

P A G E ) followed by immunoblotting w i t h a rabbit polyclonal antibody against all 

HSV-1 antigens. 
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OVEREXPRESSION OF C-MYC DOES NOT ENHANCE CELL 

P E R M I S S I V E N E S S T O HSV-1 

Figure 5-3 shows the effect of overexpression of C-myc on cell infectibility by HSV-

1. C-myc-NIH-3T3 cells used in this experiment overexpress C-myc when 

Tetracycline is removed from their growth medium. Following removal of 

Tetracycline for 10 hours, these cells were infected with HSV-1 (MOI — 0.5) and 

compared with their counterparts which are still under suppressive effects of 

Tetracycline on transfected C-myc promoter as control (Tetracycline is present in 

from the medium of these cells at the concentration of 2ug/ml) in terms of their 

permissiveness to HSSV-1. As is shown in figure 5-3 no significant difference in the 

amount of produced HSV-1 protein can be seen in these cells suggesting that 

overexpression of C-myc can not mimic the enhancing effects seen when cells were 

transformed with oncogenes in Ras signaling pathway 

SIGNIFICANT ENHANCEMENT IN MORPHOLOGY OF INFECTION 

I N N I H - 3 T 3 C E L L S T R A N S F O R M E D W I T H R A S P A T H W A Y 

O N C O G E N E S . 

Following infection with HSV-1, and if the cell is permissive, a destruction of 

structural elements of cell including cytoskeleton fibers will occur causing a 

significant change in cell morphology leading to clumping and rounding. Such 
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F I G U R E 5-3: 

The effect of transformation by c-myc oncogene on HSV-1 infection. N I H 3 T 3 c-myc 

cells grown i n the absence (-) or presence (+) of tetracycline (2ug/ml, repressing the 

expression of c-myc) were infected w i t h HSV-1 (MOI=0.5). Cells were harvested at 22 

hr postinfection and analysed for v i r a l proteins. 
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morphological signs can be monitored in cell culture as was done in figure 5-4 (left 

and center columns). After exposure to HSV-1 (MOI — 0.5), such signs of infection 

are predominantly seen in NTH-3T3 cells transformed with v-erbB (THC11 cell line), 

Sos (TNIH#5 cell line) or, H-ras (H-ras cell line) while the parental NIH-3T3 cells 

showed only a minimum level in this regard. Such preservation of structural integrity 

in NIH-3T3 observed as late as 20 hours post-infection is an indicator of higher level 

of resistance in these cells as compared with their transformed counterparts. 

SIGNIFICANT ENHANCEMENT IN LEVELS OF HSV-1-

G L Y C O P R O T E I N - C I N NIH-3T3 C E L L T R A N S F O R M E D W I T H R A S 

P A T H W A Y O N C O G E N E S . 

Glycoprotein-C (gC) is one of the viral proteins which is expressed at late stages of 

HSV infection; existence of this protein is an indicator of completion of synthesis of 

many proteins which are usually expressed earlier and therefore is used globally as a 

diagnostic tool for HSV-infection in cell culture. In figure 5-4 (right column) the 

expression of HSV-l-gC has been investigated using a FITC-conjugated antibody 

against this protein (areas with green color). As can be seen, the expression of gC is 

significantly higher in transformed cell as compared with parental NIH-3T3 cells 

(20hrs post-infection, MOI ~ 0.5). 

It is interesting to mention that in H-ras cells, Expression of gC can be detected as 

early as 8-10 hours as is seen in Figure 5-5. Such early production of gC in 
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F I G U R E 5-4: 

Cytopat h i c effects and immunofluorescence assay of vi r a l proteins. Monolayers of 

NIH-3T3 cells, and v-erbB- (THC-11), Sos- (TNIH#5), or H-ras-transformed cells 

were exposed to HSV-1 (strain F) at a m u l t i p l i c i t y of infection (MOI) of 0.5 plaque-

forming units (PFU) per cell. Cells were photographed 20 hours after infection (left 

and middle panels). Cells were then fixed, processed, and reacted w i t h a FlTC-labeled 

mouse anti-HSV-1 gC antibody (right panel). Scale bar, 150 um. 

F I G U R E 5-5: 

Ea r l y Appearance of Glycoprotein-C i n H-ras cells. H-ras-transformed cells were 

exposed to HSV-1 (strain F) at a m u l t i p l i c i t y of infection (MOI) of 0.5 plaque-

forming units (PFU) per cell. Cells were photographed at 8 hours after infection. 

Cells were then fixed, processed, and reacted w i t h a FiTC-labeled mouse anti-HSV-1 

gC antibody. 
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transformed cells can be used as a basis for improving the timing of diagnostic tests 

for HSV-infection (please see chapter 6 for discussion). 

H I G H E R T I T E R O F V I R A L P R O G E N Y IS O B S E R V E D O N L Y I N N I H -

3T3 C E L L S T R A N S F O R M E D W I T H R A S P A T H W A Y O N C O G E N E S 

U p to this level, it is evident that transformed cells produce higher levels of 

viral proteins than untransformed NIH-3T3s. But, the question of the difference 

between the level of progeny virus released from these cells stays unanswered. In 

other words, it is important to understand if transformed cells also release a higher 

titer of infectious viral particles. In order to answer this, plaque titration has been 

performed after exposing all different cell lines to HSV-1 at MOI — 0.5 (Figure and 5-

6) and 5 (Figure 5-7). Although a raise in the titer up to 108 infectious particles/ml 

was observed for transformed cell lines at 36 hours post-infection the titer for 

progeny virus released from infected NIH-3T3 cells was only minimally above the 

input level (an average of — 2 fold increase as compared with 2 log difference in case 

of transformed cells). Therefore the increased level of HSV-1 protein synthesis in 

cells transformed with Ras pathway oncogenes results in the production of an 

elevated level of infectious HSV-particles which can be considered as ultimate proof 

of their increased permissiveness to HSV. 
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F I G U R E 5-6: 

HSV-1 virus yield (as determined by plaque titration using Vero cells) from infected 

NIH-3T3, THC-11, TNIH#5, and H-ras cells using MOI-0.5 PFU's /cell. Following of 

exposure of cells to HSV-1 for 22 hours the plaque titration was performed using Vero 

cells and supernatant of infected cells. 
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F I G U R E 5-7: 

HSV-1 virus yield (as determined by plaque titration using Vero cells) from infected 

NIH-3T3, THC-11, TNIH#5, and H-ras cells using MOI-5 PFU's /cell. Following of 

exposure of cells to HSV-1 for 22 hours the plaque titration was performed using Vero 

cells and supernatant of infected cells. 
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S E C T I O N S U M M A R Y : 

It has been investigated i n this section that overactivation of oncogenes i n Ras 

signaling pathway can enhance permissiveness of cells to herpes infection. This was 

confirmed by appearance of a higher level of morphology of infection in transformed 

cells as well as a significant increase in the amount of synthesized HSV-1 proteins, 

higher level of glycoprotein-C (a late viral protein used for in-vitro detection of 

infection), and generation of a significantly higher levels of viral progeny in these 

cells. On the other hand, transformation of cells by C-myc, another oncogene did not 

seem to cause such effects. 

S E C T I O N 2: I N V O L V E M E N T O F E F F E C T O R P A T H W A Y S 

D O W N - S T R E A M O F R A S I N E N H A N C E M E N T O F C E L L 

P E R M I S S I V E N E S S T O H S V - I N F E C T I O N 

Specific inhibitors of Ras signaling and effector-mutant cell lines are two 

powerful tools for investigating the potential role of pathways down-stream of Ras in 

HSV-infection. As was mentioned before, Farnesyl transferase inhibitors (FTIs) and 
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farnesyl protein transferase inhibitors (FPTIs) are capable of blocking the prenylation 

of Ras molecule and therefore inhibit its plasma membrane association. Such 

disturbance in Ras localization leads to a significant reduction in Ras activity. On the 

other hand, inhibitors like PD98059 and SB203580 act specifically to block distinct 

pathways down stream of Ras. 

FTI-1 A T C O N C E N T R A T I O N U S E D IS E F F E C T I V E I N B L O C K I N G R A S 

S I G N A L I N G 

Farnesyl transferase i n h i b i t o r 1 (FTI-1) is used to block the plasma membrane 

association of Ras and consequently blocking its activity(93). In order to assess the 

efficiency of FTI-1(50 and 100 uM) in H-ras cells a down stream molecule in ERK-

pathway has been used as an indicator. The enzyme ERK is located down-stream of 

MEK1/2 which in turn is down-stream of Raf, a main effector of Ras. Therefore the 

reducing effect of a negative regulator of Ras (such as FTI-1) should cause a 

significant reduction in phosphorylated fraction of ERK. This was tested by western 

blotting for total and phospho-ERK. As is shown in figure 5-8, the phosphorylated 

version of ERK is reduced below detectable level following to exposure to FTI-1 

(compare lines 1 and 2) . 
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F I G U R E 5-8: 

In h i b i t o r y effect of FTI-1 (50 and 100 uM) on Ras and PD98059 (40 uM) on 

M E K 1 / 2 activity as indicated b y the lack of E r k l / 2 phosphorylation. The H-ras cells 

were exposed to the inhibitors at the mentioned concentrations for 24 hours and 

analyzed b y SDS-PAGE and western blotting. 

The lower panel shows the mechanism of action for F T I and PD98059. 
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PD98059 A T 40uM E F F I C I E N T L Y B L O C K S E R K P H O S P H O R Y L A T I O N 

B Y M E K 1 / 2 

The kinase ERK is the last member of enzymatic cascade in ERK-pathway 

which is phosphorylated/activated by MEK1/2. PD98059 can inhibit this activity(7), 

and therefore, in its presence, ERK-phosphorylation should become reduced. In 

order to evaluate the effects of PD98059 (40uM) in H-ras cells, monoclonal 

antibodies against total and phospho-ERK has been used confirming a significant 

decrease in the level of phospho-ERK when this chemical was added to the medium 

of H-ras cells for 24 hours (Figure 5-8 compare lines 3 and 4 ). 

SB203580 B L O C K S T H E P H O S P H O R Y L A T I O N O F T H E 

T R A N S C R I P T I O N F A C T O R ATF-2 

ATF-2 is a transcription factor downstream of p38-kinase w h i c h induces gene 

transcription after activation of p38-kinase pathway by different signals. SB203580 is 

an example of a few chemicals which are designed to block the p38-kinase activity 

(66). As is shown in figure 5-9 in a 24-hour presence of SB203589, the 

phosphorylated fraction of ATF-2 is reduced below the detection capability of 
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F I G U R E 5-9: 

Inhibitory effect of SB203580 on p38-kinase activity as indicated by the lack of ATF-

2 phosphorylation. The H-ras cells were exposed to the SB203580 at 5 and 10 u M for 

24 hours and analyzed by SDS-PAGE and western blotting. 

The lower panel shows the mechanism of action for SB203580. 
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western blotting (compare lanes 1-3). This is a confirmation for efficiency of 

SB203580 at 5 and 10 uM in blocking p38-kinase pathway H-ras cells. 

THE DIFFERENT INHIBITORS DO NOT EXERT TOXIC EFFECTS ON 

C E L L P R O T E I N S Y N T H E S I S 

Different types of inhibitors have been used in this research (FTI-1, PD98059, 

SB203580 and Wortmannine). When such blockers are used to elucidate the effects 

of a signaling pathways in a specific phenomenon (such as viral infectibility), it is 

always an important task to disprove any toxic effects of such inhibitors on tested 

cells as such toxicity can be easily confused with an "anti-viral" effect. In order to 

achieve this, H-ras cells were exposed to these inhibitors for a period of 24 hours and 

the pattern of their protein synthesis was compared with untreated cells using 35S-

methionine labeling. As was shown in figure 5-10 (compare lanes 1 to 2-5) no signs 

of toxicity (reduced protein synthesis) is observed with the used concentrations of 

these chemicals. 

HSV-1 INFECTION CAN BE BLOCKED BY FTI-1. AND PD98059 BUT 

N O T SB203580 

As is shown in figure 5-11, application of FTIs (FTI-1 at concentrations of 50 
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F I G U R E 5-10: 

Protei n synthesis i n uninfected H-ras cells i n the presence of various i n h i b i t o r s . 

Cells were labeled w i t h [35S] methionine for 2 hr after exposure to each i n h i b i t o r 

for 24 hr. The results show that these inhibitors have no pronounced i n h i b i t o r y 

effect on host cell protein synthesis: 

1. C o n t r o l (no i n h i b i t o r added) 

2. FTI-1 (lOOuM) 

3. PD98059 (40uM) 

4. SB203580 (lOuM) 

5. W o r t m a n n i n (200nM) . 
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F I G U R E 5-11: 

Effect of various Ras pathway inhibitors on HSV-1 infection i n H-ras cells. 

H-ras cells infected w i t h HSV-1 (MOI=0.5) were exposed to the farnesyl transferase 

i n h i b i t o r FTI-1 (final concentration: 50 u M or 100 uM), the M E K 1 / 2 i n h i b i t o r 

PD98059 (40 u M final concentration), or the p38-kinase i n h i b i t o r SB203580 (final 

concentration: 5 u M or 10 uM) for the entire duration of infection. Cells were 

harvested at 22 hr postinfection, lysed, and subjected to SDS-PAGE followed by 

imm u n o b l o t t i n g w i t h a rabbit anti-HSV-1 antibody. 

Prot e i n normalization was performed using Bradford method. 
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and 100 uM) and PD98059 (at concentration of 40uM) caused a reduction of HSV-1 

protein synthesis in H-ras cells. Such reduction seems to be stronger when FTI-1 was 

used. SB203580, a blocker of p38-kinase, however, has no effect in this regard (at 

concentration of 5 and 10 uM) as the amount of HSV protein synthesis stays the 

same in H-ras cells treated with SB203580 and untreated cells. It is important to 

mention that H-ras cells were exposed to these chemicals for the duration of 

infection (22 hours). On the other hand, at concentrations used, none of such agents 

exerted any toxic effects on H-ras cells. This was proved by 35S-methionine labeling 

of H-ras cells in presence of these chemicals and comparing it to unexposed cells as 

was shown in figure 5-10. 

APPLICATION OF RAS/ERK BLOCKERS CAN REDUCE THE TITRE OF 

V I R A L P R O G E N Y F R O M H-RAS C E L L S 

Considering the fact that production of H S V proteins has been found to be 

significantly decreased in H-ras cells exposed to FTI-1 and PD98059, it is can be 

predicted that such inhibitors will be able to decrease the production of viral progeny. 

In order to study this, the titration of progeny virus produced from H-ras cells in 

presence of FTI-1, PD98059 and SB203580 has been measured. As was shown in 

figure 5-12, the exposure of H-ras cells to FTI-1 and PD98059 can cause a reduction 

in the virus titre while cells exposed to SB203580 stay unchanged in terms of their 
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F I G U R E 5-12: 

Effect of FTI-1, PD98059, and SB203580 on virus y i e l d i n H-ras cells. Cells were 

infected at an M O I of 0.5, and were harvested at 22 hr post-infection. The inhibitors 

were present for the entire duration of the infection. T i t r a t i o n of viral progeny was 

determined by plaque assay using Vero cells. 

P r o t e i n normalization was performed using Bradford method. 
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capability i n producing infectious particles. 

PHOSPHOINOSITIDE 3-KINASE (PI3K) AND RAL PATHWAYS ARE 

N O T I N V O L V E D I N I N C R E A S E D S E N S I T I V I T Y O F H-RAS C E L L S T O 

HSV-1 I N F E C T I O N 

Another major pathway downstream of Ras is the phosphoinositide 3-kinase (PI3K) 

pathway. Activation of PI3K leads to production of PtdIns-3,4-P2 and PtdIns-3,4,5-

P3 which in turn leads to the phosphorylation of the serine/threonine kinase AKT 

(an enzyme which phosphorylates and compromises the function of BAD and 

caspase-9, proteins involved in cell death, see chapter 1 for a brief review). To 

examine if this pathway is involved in HSV-1 infection, the effect of Wortmannin, a 

specific inhibitor of PI3K, was examined (202). Considering the fact that activation of 

PI3K leads to phosphorylation of AKT, the amount of P-AKT can be used as a 

measurement for inhibitory effects of Wortmannin. As was shown in figure 5-13 

(lower panel), application of Wortmannin at 200nM has decreased the level of P-

AKT below the detectable level by western blotting and therefore is effective in 

blocking PI3K. At such concentration, however, Wortmannin had no inhibitory 

effect on HSV-1 protein synthesis in Ras-transformed cells (Figure 5-13, upper 

panel), suggesting that PI3K pathway is not likely involved in HSV-1 infection. 
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F I G U R E 5-13: 

Lack of involvement of PI3-kinase pathway i n HSV-1 infection. H-ras cells infected 

w i t h HSV-1 were exposed to W o r t m a n n i n (final concentration: 200 nM) for the 

entire duration of infection. Cells were harvested at 22 hr postinfection, lysed, and 

subjected to SDS-PAGE followed by immunoblotting w i t h a rabbit anti-HSV-1 

antibody (upper panel). 

L o w e r panel: F o l l o w i n g to exposure to W o r t m a n n i n for 24 hours, cell lysates were 

analyzed for the amount of P - A K T by western blotting. 

P r o t e i n normalization was performed using Bradford method. 
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R A S E F F E C T O R M U T A N T C E L L L I N E S C O N F I R M T H E R O L E O F E R K 

B U T N O T R A L O R P I 3 K - P A T H W A Y S I N I N C R E A S I N G C E L L 

P E R M I S S I V E N E S S T O HSV-1 I N F E C T I O N 

Additionally, different Ras effector mutant cell lines, V12G, V12G37, 

V12C40, and V12S35 were tested in terms of their infectibility by HSV-1. All these 

mutants contain a common Ras-activating G12V mutation, while the last three also 

bear unique mutation enabling them to activate distinct pathways downstream of Ras. 

Mutant V12G37 is unable to signal via the RAF/ERK and the Pl3-kinase pathway, 

but allows signaling via the RAL-GDS pathway. The V12C40 mutation disrupts 

signaling via the RAF/ERK and the RAL-GDS pathways, but does not affect the 

PI3-kinase pathway. The V12S35 mutant cannot signal through the RAL-GDS and 

the PI3-kinase pathway, but can do so via the RAF/ERK pathway. Finally the mutant 

G12V bears an overactivated mutant of H-ras and the cell line designated as pDCR is 

the parental cell line which has been stably transformed with the parental vector and 

therefore is considered normal in terms of Ras signaling. As was shown in figure 5-14 

(upper panel), the V12S35 mutant was considerably more susceptible to HSV-1 

infection than the other two mutants, suggesting a more significant role of the 

RAF/ERK pathway (as compared with the PI3-kinase or the RAL-GDS pathway) in 

this process. 

The three other effector mutant cell lines: A14, Rlf/CAAX and Rlf/CAAXmut are 

designed for investigating the RAL pathway. This pathway is activated by direct 
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activation of RAL-GEFs (e.g. RAL-GDS) by Ras and contributes to cell 

transformation and gene expression. Rlf is considered to bear an overactivated form 

of RAL-GEF so the cell line Rlf-CAAX has the capability of a constant signaling to 

RAL pathway. The cell line Rlf-CAAXmut expresses a mutant version of Rlf which 

contains a deactivating mutation in catalytic domain of Rlf and therefore is incapable 

of signaling via RAL pathway. The cell line A14 is considered as the NIH-3T3 

parental variant (expressing human insulin receptor) of the two mentioned cell lines. 

As is shown in figure 5-14 (middle panel), none of these three cell lines is capable of 

supporting HSV-1 growth providing a further confirmation of the fact that RAL 

pathway does not significantly contribute to cell infectibility by HSV-1 (compare 

lanes 4-6 to 7-8). 

The lower panel in figure 5-14 shows the results of western blotting for HSV-1 

ICP27 protein. ICP27 is a member of a-protein family of HSV, which their 

expression is necessary for expression of subsequent viral genes including (3 and y 

genes and occurrence of a successful infection (please see below). As this panel 

shows, the accumulated amount of ICP27 in pDCR, Rlf or V12G37 is significantly 

lower as compared with V12S35 and V12G cells; this is in accordance with low level 

of permissiveness observed in the first three cell lines. 
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F I G U R E 5-14: 

HSV-1 infection of NIH-3T3 cells expressing Ras effector domain mutants (V12C40, 

V12G37, and V12S35 and vector control p D C R ) activating different down stream 

pathways of Ras (upper panel). 

HSV-1 infection of NIH-3T3 cells expressing V12G37, V12C40, V12G, Rlfmut, R l f 

V12S35 an dthe c o n t r o l vector p D C R (middle panel). 

A c c u m u l a t i o n of HSV-1-ICP27 i n p D C R , R l f , V12G37, V 1 2 G and V12G37 cells 

(lower panel). 



195 

S E C T I O N S U M M A R Y : 

Different pathways emerge down-stream of Ras, raising a variety of biological 

effects. In order to investigate the effects of some of these pathways in the 

enhancement of infection observed in transformed cells different specific inhibitors 

as well as cells with mutation in the effector binding domain of Ras have been used. 

According to these data, ERK pathway is involved in this phenomenon while p38-

kinase, PI3K and RAL did not seem to have any contribution in this regard. 

Application of FTIs and the observed reduction in HSV-1 protein synthesis and viral 

progeny titration emphasized on necessity of a functional Ras in increasing host cell 

permissiveness to herpetic infection. 

S E C T I O N 3: T R A N S L A T I O N O F H S V - 1 a - G E N E S IS T H E 

L I M I T I N G S T E P I N R E P L I C A T I O N O F H S V - 1 I N N I H - 3 T 3 

H S V genes are transcribed i n a cascade manner w i t h products of cc-class 

necessary for transcription of P-class genes and the products of (3-class essential for 

transcription of y-class genes. Considering the significant difference observed in 
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permissiveness of NIH-3T3 and H-ras cells to HSV-1, it is important to investigate 

the difference between transcription of herpes genes in these cells. Indeed a potential 

reason for the increased sensitivity of transformed cells can be revealed by such 

experiment. a27 a member of a-class, UL29 and UL30 both members of P-class and 

yi34.5 and UL44 which are members of y-class have been targeted to investigate the 

transcriptional difference between transformed and untransformed cells. 

a-GENES ARE TRANSCRIBED AT COMPARABLE LEVELS IN NIH-3T3 

A N D H-RAS C E L L S 

Using quantitative RT-PCR, the difference in the level of transcripts of a27-

gene (one of the five members of a-gene family) in NIH-3T3 and H-ras has been 

studied. At different hours post infection (0,2,5,10,20,25hrs), the transcripts of a27 

have been detected in both cell lines in comparable levels as is shown in figure 5-15. 

This disqualifies the transcription of a-genes to be the limiting step causing the 

abortive pattern of infection seen in NIH-3T3 cells. At the same time, the existence 

of a-transcripts in NIH-3T3 cell testifies against the difference in virus binding to 

play a critical role in the significant difference observed in permissiveness of NIH-

3T3 and H-ras cells. 
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F i g u r e 5-15: 

HSV-l-specific R T - P C R products i n infected NIH-3T3 cells and H-ras cells. Cells 

were infected w i t h HSV-1 at an M O I of 0.5 P F U / c e l l . A t various times post

infection, cells were harvested and cytoplasmic R N A was extracted from them. Equal 

amounts of R N A f r o m each sample were then subjected to RT-PCR, followed by 

selective amplification of specific v i r a l c D N A s (a27, UL29, UL30, yi34.5, and UL44) 

and the constitutively expressed G A P D H , wh i c h served as a P C R and gel loading 

control. The P C R products were separated on a 1.5% agarose gel and visualized with 

ethidium bromide under U V light. 
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P A N D y-GENES A R E N O T E F F I C I E N T L Y T R A N S C R I B E D I N NIH-3T3 

C E L L S 

Two members of P-genes (UL29 encoding for viral DNA-polymerase and 

UL30 encoding for ICP8 a DNA-binding protein) and two members of y-class HSV 

genes (yi34.5 encoding for a protein which facilitates dephosphorylation of eIF2ct 

and UL44 encoding for an envelope glycoprotein called gC) were studied for the 

existence of their transcripts in both cell lines. Interestingly, these transcripts were 

only seen in H-ras cells and not in NIH-3T3 cells (figure 5-15). The time course of 

appearance of P-gene transcripts appeared to be around 10 hours post infection while 

y-gene transcripts were detectable at 10-20 hours post infection. 

a-GENE PROTEIN PRODUCTS ACCUMULATE IN H-RAS CELLS BUT 

N O T I N NIH-3T3 

Remembering the cascade manner of HSV gene transcription, the shut 

down in transcription of P and consequently y-genes can be blamed on an abortive 

translation of a-gene transcripts in NIH-3T3. In order to prove this, western blotting 
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F I G U R E 5-16: 

Comparison of protein levels of ICP27, gC, and ICP8 i n infected NIH-3T3 and H-

ras cells. Cells were harvested at 20 hr pos-tinfection, lysed, and subjected to SDS-

P A G E followed by immunoblotting w i t h antibodies against the individual proteins. 

Pro t e i n normalization was performed using Bradford method. 
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with specific antibodies against ICP27 (product of a.27), ICP8 (product of 

UL29) and gC (the product UL44) has been used to clarify the amount of accumulated 

viral protein products. Following to infection of H-ras and NTH-3T3 cells with HSV-

1 (MOI ~ 0.5) for 20 hours, a western blot for ICP27 has proved that accumulation of 

this a-protein is much higher in H-ras cells as compared with NEH-3T3 cells (Figure 

5-16, first row, compare lanes 1 and 2). The amount of ICP8 and gC were also found 

to be significantly lower in NIH-3T3 cells (Figure 5-16, second and third row, 

compare lanes 1 and 2) which was in agreement with the significant reduction in 

HSV-1 protein synthesis observed in figure 5-2. Appearance of such blockade in 

translation of a-genes seems to be the main reason that HSV-1 protein synthesis can 

not ensue in NIH-3T3 cells and therefore is worthy of further investigations. 

S E C T I O N S U M M A R Y 

The products of a-class of HSV-genes are needed for the transcription of 

(3 and y genes, although the transcription of a-genes is mainly driven by viral 

transactivator proteins. The transcription of a-genes is performed at a comparable 

level in H-ras and NIH-3T3 cells while the protein products of these genes, e.g. 
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ICP27, is barely detectable in NIH-3T3s. Therefore the transcription of p and y genes 

will not be initiated in NIH-3T3s leading to an abortive infection. 

S E C T I O N 4: D O U B L E S T R A N D E D - R N A I N D U C E D P R O T E I N 

K I N A S E ( P K R ) C A P A B I L I T Y T O B L O C K V I R A L P R O T E I N 

T R A N S L A T I O N I S S I G N I F I C A N T L Y I M P A I R E D I N H - R A S 

T R A N S F O R M E D C E L L S 

P K R is the most important cell defense mechanism against v i r a l attack by 

which cells are capable of inducing a shut down in protein synthesis with the purpose 

of blocking the production of viral proteins. It is therefore logical to investigate the 

functional competence of this system in H-ras and NIH-3T3 cells in order to find the 

mechanism in charge of the observed difference in translation of viral genes in these 

two cell lines. By using in vitro-kinase reaction followed by immune precipitation the 

difference between phosphorylated fraction of PKR was investigated after 20 hours 

of exposure of cells to HSV-1 (MOI ~0.5). As is seen in figure 5-17, the 

phosphorylation of PKR is significantly reduced in all three transformed cell lines 

(THC-11, TNIH#5 and H-ras cells) as compared with parental NlH-3T3s (compare 

lanes 1 to 2-4). The impairment of transformed cell lines in inducing PKR 

phosphorylation/activation can be considered as the underlying mechanism for the 
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F I G U R E 5-17: 

Host cell permissiveness to HSV-1 is l i n k e d to P K R phosphorylation status upon 

infection. Phosphorylation state of P K R i n various cell lines after exposure to HSV-1. 

HSV-l-infected cells (MOI=0.5) were harvested at 20 hr post-infection and lysates 

were prepared. A f t e r n o r m a l i z i n g for total protein concentration, the lysates were 

incubated w i t h [y-32P]ATP for 30 min at 37°C. Aliquots were then either subjected to 

S D S-PAGE followed b y im m u n o b l o t t i n g w i t h a mouse monoclonal anti-PKR 

antibody for the detection of total P K R , or immunoprecipitated w i t h the same 

antibody followed by SDS-PAGE and autoradiography for the detection of 32P-

labelled P K R . The Phosphorylation state of eIF-2a, the main substrate of P K R , was 

also measured using antibodies against total and phosphorylated forms of eIF2a. 

P r o t e i n normalization was performed using Bradford method. 



206 

continuous viral protein synthesis in these cells. NIH-3T3 cells can terminate 

translation since PKR systems stays intact in them. It is important to remember that 

transcription of a-genes does not require host cell protein synthesis machinery to be 

active (a-TIF, an essential transcription factor, is provided in virus package) and is 

performed at comparable rates in transformed and untransformed cells lines. 

PHOSPHORYLATION OF eIF2ct, A TRANSLATION INITIATION 

F A C T O R , IS S I G N I F I C A N T L Y I N D U C E D I N NIH-3T3 B U T N O T I N 

T R A N S F O R M E D C E L L L I N E S A F T E R E X P O S U R E T O HSV-1 

eIF2a is an important substrate of PKR which is phosphorylated by this 

enzyme following the activation of PKR by viral transcripts. Such phosphorylation 

which occurs on a subunit of this molecule can prevent its function in initiation of 

translation and therefore would block protein synthesis. In order to elucidate the 

difference between NIH-3T3 cells and their transformed counterparts in terms of 

phosphorylation of eIF2a, western blotting with antibodies specific for total and 

phosphorylated fraction of eIF2a have been used after cells were exposed to HSV-1 

(MOI ~ 0.5) for 22 hours. As is observed in figure 5-18, phosphorylation of eIF2a 

was significantly increased in untransformed NIH-3T3 cells while staying at basal 
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F I G U R E 5-18: 

The measurement of phosphorylated fraction of eIF2a in infected and uninfected 

NIH-3T3, THC11, TNIH#5 and H-ras cells. Cells were infected with HSV-1 

(MOI ~ 0.5) and analyzed with SDS-PAGE and western blotting using specific 

antibodies against eIF2a and P-eIF2a. 

Protein normalization was performed using Bradford method. 
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level in all transformed cell lines (compare lines 1 and 2-4). This reconfirms the fact 

that transformation in related cell lines has disabled the PKR system (as was shown 

by reduced phosphorylation of PKR and the incapability of eIF2ato gain 

phosphorylation above basal level) rendering these cells permissive to HSV-1. In 

contract, a functional PKR system in untransformed NIH-3T3 cells provides them 

with a higher degree of resistance to infection. 

T R E A T M E N T W I T H R A S / E R K B L O C K E R S C A N R E S T O R E P K R 

P H O S P H O R Y L A T I O N 

If Ras activity has such a disabling effect on P K R system, it is logical to 

hypothesize that inhibitors of Ras should be able to diminish such damping effect on 

PKR and restore its activity. In order to test this idea, the phosphorylation of PKR 

was measured in H-ras cells exposed to farnesyl transferase inhibitor-1 (FTI-1, a 

blocker of Ras plasma membrane association) and PD98Q59 (an inhibitor of 

MEK1/2) after 20 hours exposure to HSV-1 (MOI ~ 0.5). The chemicals were present 

in the media during the whole period of infection and the detection was done using 

specific antibodies against total and phosphorylated versions of PKR. As expected, an 

increase in the phosphorylation of PKR was observed in the presence of FTI-1 and 

PD98059 (figure 5-19 compare lanes 2 and 3-4). In light of this experiment and the 
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F I G U R E 5-19: 

Effect of FTI-1 and PD98059 on P K R phosphorylation i n HSV-1 infected H-ras 

cells. H-ras cells were exposed to FTI-1 (lOOuM) or PD98059 (40uM) and 

phosphorylation state of P K R was assessed using antibodies against total and 

phospho-PKR (lanes 1-4). 

The difference i n P K R phosphorylation between infected NIH-3T3 cells and M E F s 

is also shown (lanes 5 and 6). 

Prot e i n normalization was performed using Bradford method. 
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ones shown above, a link between Ras overactivity and reduced capability of the PKR 

system can be established which can be considered as the basis for increased 

infectibility of cells transformed with oncogenes in Ras signaling pathway. 

R3616, AN ONCOLYTIC VERSION OF HSV-l(F), HAS ENHANCED 

C A P A B I L I T Y I N I N F E C T I N G T R A N S F O R M E D C E L L L I N E S A S 

C O M P A R E D W I T H U N T R A N S F O R M E D NIH-3T3 C E L L S 

R3616 is an oncolytic version of HSV-1(F) which has a deletion in both copies 

of yi34.5 encoding for ICP34.5, a protein which plays an antagonistic role to PKR by 

inducing dephosphorylation of eIF2a via redirecting the activity of 

Phosphatase-A (PP1) to this translation initiation factor. Considering the role of 

yi34.5 in antagonizing the effects of PKR system at the level of eIF2a, the R3616 is 

as an attenuated virus which is incapable of blocking PKR action and therefore 

should not be able to infect cell lines with intact PKR system. However once the 

PKR system is disabled within a cell, as is the case for transformed cells, it is logical 

to expect the R3616 to be able to cause infection. As was shown in figure 5-20, 

transformed cell lines (H-ras, THC-11 and TNIH#5) show a significant amount of 

viral protein synthesis after 22 hours of exposure to R3616 (MOI - 0.5) while NIH-

3T3 cells fail to do so. This provides support for the suitability of R3616 for targeting 
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transformed cells while sparing normal cells as such capability plays a central role in 

application of this mutant and its derivatives (e.g. G207) in cancer therapy. 

A DELETION IN CELLULAR PKR GENE CAN COMPENSATE FOR THE 

D E L E T I O N I N HSV-Yl34.5 A N D R E S U L T S I N V I R A L P R O T E I N 

S Y N T H E S I S T O E N S U E 

Considering the fact that R3616 can not inhibit the host cell PKR system 

(because of the deletion in its "anti-PKR" gene yi34.5) it is logical to expect that a 

deletion in the host cell PKR gene would compensate for the loss of yi34.5 rendering 

PKR cell permissive to R3616. To this end, mouse embryonic fibroblasts (PKR+/+) 

and their null-PKR version (PKR"'") were used to investigate the difference in 

capability of R3616 and its parental virus HSV-1(F) at MOI ~ 0.5 in causing infection 

in these cells. As is observed in figure 5-21, the parental MEFs (PKR+/+) were only 

infectible by parental virus and not by R3616 while the PKR_/" cells are permissive to 

both parental virus and R3616. In other words, the deletion in PKR-gene renders the 

cell permissive even to an attenuated version of virus such as R3616. This is also 

reminiscent of the enhancing effects of transformation by Ras pathway oncogenes on 

cell permissiveness to R3616 infection as was seen in figure 5-20. 
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F i g u r e 5-20: 

Infection of transformed cell by R3616. V i r a l protein synthesis i n NIH-3T3 and 

various transformed cell lines infected w i t h R3616. Cells infected w i t h R3616 

(MOI=0.5) were harvested at 20 hr postinfection, lysed, and subjected to SDS-PAGE 

followed by imm u n o b l o t t i n g w i t h a rabbit antibody directed against all HSV-1 

antigens. 
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A P P L I C A T I O N O F F T I - 1 C A N D E C R E A S E T H E C E L L 

P E R M I S S I V E N E S S T O H S V - 1 I N F E C T I O N O N L Y I N P K R + / + 

C E L L S 

In the light of all experiments above, one w o u l d realize that decreasing the 

functional capability of PKR by Ras overactivity is the main reason for increased 

sensitivity of transformed cells to HSV-1 infection. If such effects are directed 

through PKR system, once PKR system is disrupted (e.g. deletion of PKR gene in 

MEFs), Ras blockers (FTI-1) should not be able to cause any difference in cell 

sensitivity to HSV-1. In order to test this idea, PKR+/+ and PKR''" cells were 

exposed to FTI-1 during a 22 hours period of infection with HSV-1 (MOI ~ 0.5). It 

was found that only in PKR+/+ cells such treatment could cause a significant 

reduction in HSV protein synthesis (Figure 5-22 compare lanes 1-2) and the amount 

of viral proteins produced in PKR"/_ cells remained relatively unchanged (lanes 3-4). 

This can be taken as another evidence that Ras-PKR connection plays an important 

role in determination of cell behavior against viruses. As was shown before, blockade 

of Ras activity by FTI-1 and PD98059 can result in an increase in phosphorylation of 

PKR in response to viral attack (figure 5-19) which in turn causes a shut off in 

protein synthesis machinery and increases cell resistance to HSV infection. Once such 

loop is broken by deletion of PKR, inhibition of Ras has no effect on the 
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amount of viral proteins made in PKR ^ MEF cells as was seen in figure 5-22. The 

same concentration of FTI-1 reduces the production of HSV protein in parental 

MEFs (PKR+/+) significantly (figure 5-22 compare lanes 1-2). 

THE CAPABILITY OF PKR SYSTEM OF MEFs IS AT INTERMEDIATE 

L E V E L B E T W E E N T R A N S F O R M E D A N D U N T R A N S F O R M E D NIH-3T3 

C E L L S 

NIH-3T3s are untransformed mouse fibroblasts which appear to be 

somewhat resistant to HSV-1 infection (Figures 5-1, 5-2, 5-3). On the other hand, 

MEFs are also considered as untransformed cells which appear to be permissive to 

infection by HSV-1 (Figure 5-21) raising the question of the necessity of finding an 

explanation for such different behavior of two untransformed cell types against viral 

infection. Although the level of oncogene activity is known to be elevated in MEFs 

(270) (and therefore some reducing effects is predictable on PKR system in these 

cells), it is indeed necessary to compare the level of PKR phosphorylation in these 

cells. As is shown in figure 5-19 (right panel), following a 20 hour exposure to HSV-1 

(MOI ~ 0.5) the phosphorylated fraction of PKR in MEFs appeared to have lower 

quantity as compared with such levels in NIH-3T3 cells (figure 5-19 compare lanes 5 

and 6) while the lowest levels in this regard 
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F i g u r e 5-21: 

Infection of PKR+/+ and PKR/- mouse embryo fibroblasts by HSV-1 and R3616. 

Cells infected w i t h HSV-1 and R3616 (MOI=0.5) were harvested at 20 hr 

postinfection, lysed, and subjected to SDS-PAGE followed by immunoblotting wi t h 

rabbit antibody directed against all HSV-1 antigens. 

P r o t e i n normalization was performed using Bradford method. 
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Figure 5-22 
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F I G U R E 5-22: 

Effect of FTI-1 on HSV-1 Infection of P K R V + and PKR/- M E F s . Cells infected 

w i t h HSV-1 (MOI=0.5) i n the presence of FTI-1 (100 uM) were harvested at 22 hr 

post-infection and analyzed for v i r a l proteins as above. 

Protei n normalization was performed using Bradford or L o w r y method. 
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belongs to H-ras cells (lane 2) where such band was barely detectable. 

This can provide an explanation for the difference between NIH-3T3 and MEFs in 

terms of permissiveness to HSV-1; MEFs have a lesser capability than NEH-3T3 cells 

in activating PKR system, with a helping hand from parental virus anti-PKR 

mechanism (yi34.5 product, ICP34.5) MEFs allow the viral protein synthesis to 

continue. PKR system is much stronger in NIH-3T3 cells therefore even with the 

effect of ICP34.5 there is still enough PKR-activity left to shut down viral protein 

synthesis and block virus replication. The reader is invited to study the discussion in 

chapter 6 for a complete explanation of the proposed model. 

S E C T I O N S U M M A R Y 

P K R is the main defense mechanism of cells against viruses and therefore 

viruses have achieved mechanisms to disable the PKR system (e.g. yi34.5 protein of 

HSV-1). It was shown in this section that the PKR system's functional capability is 

significantly impaired in H-ras cells as was proven by a decreased level of 

PKR/eIF2a phosphorylation in these cells. On the other hand, once PKR gene was 

deleted, even an attenuated version of HSV-1, R3616, can cause successful infection. 
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Application of blockers of Ras/ERK was found to increase the level of PKR 

phosphorylation and therefore enhance the cell's resistance against HSV-infection. 

This phenomenon was however only observed in PKR+/+ but not PKRA cells. This 

data can be used as the basis for increased sensitivity of transformed cells to HSV. 

S E C T I O N 5: T R A N S C R I P T I O N F A C T O R S D O W N S T R E A M O F 

M A P K s A S I N D I C A T O R S F O R T U M O R R E S P O N S I V E N E S S T O 

H S V - T H E R A P Y 

A l l forms of cancer therapy have a better chance to succeed if used against a 

responsive type of tumor. The search for indicators of tumor responsiveness for 

cancer chemotherapy agents has been a continuous trend making the same necessity 

to exists in regard to virus therapy. The data presented here links the permissiveness 

of transformed cells to the signaling activity of Ras pathway. Major pathways inside 

MAPK family like ERK-, JNK- and p38-kinase are investigated for their link with the 

enhanced permissiveness of transformed cells. It is therefore logical to expect a 

measurement for Ras signaling pathway to be an appropriate indicator of cancer cell 

responsiveness to herpes therapy specifically and virus therapy in general. In order to 

study this, human lymphoma cells were studied for their permissiveness to R3616 (an 

oncolytic mutant of HSV-1). As is seen in figure 5-23, at MOI ~ 3 and after 24 hours 
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F I G U R E 5-23: 

Permissiveness of different lymphoblastoma cell lines by oncolytic version of 

HSV-1, R3616. Following to the infection of cells with R3616 (MOI - 3), the cells 

were lysed and subjected to SDS-PAGE and western blotting for HSV proteins. 
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of exposure to virus, Raji and NC37-cells were found to be most infectible by R3616 

as compared with the other lymphoma cell lines CA46, Daudi, Jurkat, Molt4, Ramas 

and ST486 as was shown by western blotting for viral proteins (compare lanes 2 and 

6 with lanes 1, 3-5 and 7-8). 

AN INCREASE IN M.O.I. DOES NOT RENDER DAUDI OR JURKAT 

C E L L S M O R E P E R M I S S I V E T O R3616 

As was shown in figure 5-24, increasing the MOI to 5 and 10 did not make a 

difference in the pattern of sensitivity of lymphoblastoma cells to R3616. The 

infection with parental virus HSV-1 (MOI — 0.5) produced a resembling pattern with 

Raji cells showing much higher permissiveness than Daudi or Jurkat cells. Therefore 

Raji and NC37 cells were considered to have the highest level of sensitivity to R3616 

amongst these cell lines. 

RAJI AND NC37-CELLS ARE ALSO HIGHLY INFECTIBLE BY 

R O E V I R U S , A N O T H E R O N C O L Y T I C V I R U S 

In order to test if the same pattern of susceptibility exists in the case of infection 

by another oncolytic virus, reovirus was used to infect all different lymphoblastoma 

cell lines at MOI ~ 20, cells were labeled with S35-methionine containing medium and 
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F I G U R E 5-24: 

Permissiveness of different human lymphoblastoma cells, Daudi, Raji and Jurkat to 

R3616 with different MOIs (3, 5 and 10) of this virus (lanes 1-12) and to parental 

HSV-1 (F) using MOI-0.5 at 24 hours post infection (13-15). 
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analyzed by SDS-PAGE. As shown in figure 5-25, following a 48 hours exposure 

period, Raji and NC37 cells showed a high pattern of permissiveness to reovirus 

while Daudi, Ramas and ST486 cells stayed relatively resistant. Considering the fact 

that these five cell lines (Daudi, NC37, Raji, Ramas and ST486) show the 

same pattern of infectibility with R3616 and reovirus, they will be used in the next 

steps to evaluate the value of using transcription factors down stream of MAPKs 

pathways as indicators of cell sensitivity to oncolytic viruses. 

R A J I C E L L S C O N T A I N T H E H I G H E S T L E V E L O F 

P H O S P H O R Y L A T E D - E R K ( P E R K ) 

ERK42/44 (also called as E R K 1 / 2 ) is phosphorylated by M E K 1 / 2 w h i c h is i n 

turn activated by Raf and therefore can be considered as one of the indicators of Ras 

signaling pathway. In order to use the level of ERK-phosphorylation in lymphoma 

cell lines and elucidate the possibility of matching it with cell sensitivity to R3616, 

specific antibodies against total and P-ERK were used in western blotting with lysates 

from Raji, Daudi and Jurkat cells. As is shown in figure 5-26, the level of P-ERK was 

found to be different in lymphoblastoma cells with higher amounts for Daudi, Raji, 

Jurkat, NC37, U937 and Molt4. When the experiment was focused on Daudi, Raji 

and Jurkat cells (figure 5-27) it was found that Raji cells had a relatively higher 
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F I G U R E 5-25: 

Permissiveness of different human lymphoblastoma cells to Reovirus with MOI ~ 20. 

At 48 hours post infection, 35S-methionine labeling was performed for 2 hours. 
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F I G U R E 5-26: 

The measurement of phosphorylated and unphosphorylated versions of ERK in 

different lymphoblastoma cell lines. Cells were grown in 6 well plates, normalized for 

protein concentration and analyzed for their content of ERK and P-ERK by western 

blotting . 
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Figure 5-27 
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F I G U R E 5-27: 

The measurement of phosphorylated and unphosphorylated versions of ERK in 

lymphoma cell lines Daudi, Raji and Jurakt. Cells were grown in 6-well plates, lysed, 

normalized for protein concentration and analyzed for their content of ERK and P-

ERK by western blotting . 
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amount of P-ERK. Although this matches with our prediction (since Raji cells were 

shown to be more sensitive to R3616), the observed level of difference in P-ERK 

does not clearly justify the significant variation seen in the permissiveness of these 

cells as some resistant cells such as U937 and Molt4 show relatively elevated levels of 

P-ERK. 

THE LEVELS OF PHOSPHORYLATED-ELK IS SIGNIFICANTLY 

D I F F E R E N T I N L Y M P H O M A C E L L S 

Following activation of ERK42/44 by MEK1/2, this enzyme will translocate to 

the nucleus where it has access to the transcription factor ELK and can 

phosphorylate and activate this molecule which in turn initiates the transcription of 

many different genes in charge of raising different biological responses. Therefore, as 

the last chain in signaling pathway, it is the phosphorylated fraction of these 

transcription factors which determines the difference in signaling quantity in different 

cell lines and can be used as a potentially better "readout" of the activity of MAPK 

pathways. In this experiment phosphorylated-ELK (P-ELK) was measured in all 

three human lymphoma cell lines with the purpose of finding a clearer difference 

(compared with P-ERK) in the MAPK activity in these cells. As is shown in figure 5-

28, the P-ELK in Raji cells (being the highest permissive among the three) stands at 

much higher levels as compared to Daudi and Jurkat cell. Such a difference was 
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F I G U R E 5-28: 

The western blotting for measurement of total and phosphorylated fractions of ELK 

in Daudi, Raji and Jurkat cells. Considering the trace amount of transcription factors, 

the author recommends enrichment of cytoplasmic and nuclear fractions with each 

fraction to be loaded at lOOpgm. 
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found to be much more convincing to match Ras signaling activity and 

permissiveness to HSV-1 in cancer cells. 

HUMAN LYMPHOMA CELLS WITH HIGHER P-ELK SHOW HIGHER 

L E V E L S O F P E R M I S S I V E N E S S T O R3616 A N D R E O V I R U S I N F E C T I O N 

In order to confirm the value of P-ELK in prediction of tumor responsiveness a 

set of five lymphoma cells were checked again for their sensitivity to R3616 and the 

amounts of P-ELK in them. It was found that cells which contained the highest 

amount of P-ELK, Raji and NC37, also displayed the highest infectibility by R3616 

and Reovirus (figure 5-29 compare lanes 1 and 2 with 3-5). On the other hand the P-

ELK fraction of the cells which did not appear to be significantly sensitive to R3616 

or reovirus (Daudi, Ramas and ST486) appear to stay below detectable level. 

ATF-2 A TRANSCRIPTION FACTOR DOWN-STREAM OF P38-KINASE 

P A T H W A Y D O E S N O T C O R R E L A T E W I T H I N F E C T I B I L T Y P A T T E R N 

O F L Y M P H O M A C E L L S 

According to the data shown before (figure 5-11) p38-kinase is not likely to be 

involved in increased permissiveness of transformed cells to HSV-1 and therefore a 

down stream substrate of it, ATF-2 is not likely to be a suitable indicator for tumor 
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F I G U R E 5-29: 

The western blotting for measurement of total and phosphorylated fractions of ELK 

in Daudi, Raji, NC37, Ramas and ST486 cells. Cells were grown in 6-well plates and 

then lysed and subjected to SDS-PAGE followed by western blotting. Considering 

the trace amount of transcription factors, the author recommends enrichment of 

cytoplasmic and nuclear fractions with each fraction to be loaded at lOOugm. 
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F I G U R E 5-30: 

The western blotting for measurement of total and phosphorylated fractions of 

transcription factor ATF-2 in Daudi , Raji, NC37, Ramas and ST486 cells. 

Considering the trace amount of transcription factors, the author recommends 

enrichment of cytoplasmic and nuclear fractions with each fraction to be loaded at 

lOOpgm. 
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responsiveness to herpes therapy. In order to prove this, the same lymphoma cells in 

which the value of P-ELK as an indicator of infectibility by R3616 was proven in 

figure 5-28 and 5-29 were used to measure the amount of ATF-2. As was shown in 

figure 5-30, a reasonable correlation cannot be achieved between permissiveness of 

these cell lines and the amount of their P-ATF-2. A conclusion from these results can 

be drawn as transcription factors which are useful for such purpose are the ones 

which are mainly located downstream of pathways which their role in HSV-1 

infection has been proposed. 

The last major transcription factor down-stream of MAPKs which will be discussed 

here is C-JUN which is mainly induced by JNK-pathway. 

R3616 AND REOVIRUS SHOW RESEMBLING PATTERN OF 

I N F E C T I O N W H E N T R I E D A G A I N S T H U M A N B R E A S T C A N C E R C E L L 

L I N E S 

In order to investigate the efficacy of C-JUN as a marker for permissivness of 

cells to oncolytic viruses, another type of human cancer cells, breast cancer cells 

HTB129, HTB133, MCF7 and MDMAB have been used. As was shown in Figure 5-

31, HTB129, HTB133 and MDMAB show significant higher sensitivity to R3616 

while MCF7 shows to be relatively less infectible (compare lines 1,2 and 4 with 3). 
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F I G U R E 5-31: 

The permissiveness of different human breast cancer cell lines HTB129, HTB133, 

MCF7 and MDMAB to R3616 at MOI-3 at 24 hours post-infection. Cells were 

grown to 90% confluency and infected with R3616, lysed with single detergent lysis 

buffer and subjected to SDS-PAGE and western blotting for HSV-proteins. 
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The efficiency of Reovirus to infect the same set of cells was also studied by using 

Reovirus at M.O.I. —20 after 48 hours of infection. As can be seen in figure 5-32, 

HTB129, HTB133 and MDMAB were found to be relatively more permissive to this 

oncolytic virus as compared with MCF7. 

PHOSPHORYLATED C-JUN IS ELEVATED IN HUMAN BREAST 

C A N C E R C E L L L I N E S W H I C H A R E H I G H L Y S E N S I T I V E T O R3616 

A N D R E O V I R U S 

C-JUN is another transcription factor which is mainly activated/phosphorylated 

by JNK/SAPK down stream of JNK-pathway. Western blot analysis by using specific 

antibodies against total and phosphorylated-JUN (P-JUN) was used to investigate the 

value of this transcription factor in prediction of sensitivity of human breast cancer 

cell lines HTB129 , HTB133, MCF7 and MDMAB to virus therapy. As can be seen in 

figure 5-33, the most sensitive cell lines HTB-129 and HTB-133 and MDMAB were 

found to contain a higher level of P-JUN as compared with MCF-7 which appears to 

be less permissive (compare lanes 1,2 and 4 with lane 3). Therefore it appears that 

two transcription factors downstream MAPKs, ELK-1 artd P-JUN can be used as 

one of the parameters by which tumor responsiveness to herpes therapy might be 

predicted. Considering the fact that Reovirus has also shown comparable results 
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F I G U R E 5-32 

The permissiveness of different human breast cancer cell lines HTB129, HTB133, 

MCF7 and MDMAB to reovirus (MOI ~ 20) at 48 hours post-infection. Cells were 

grown to 90% confluency and exposed to virus, lysed with single detergent lysis 

buffer and subjected to SDS-PAGE and 35S-methionine labeling. 
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Figure 5-33 
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P - J u n 

T o t a l J u n m m m * * * 
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F I G U R E 5-33 

The detection of total and phosphorylated fractions of the transcription factor C-

JUN in breast cancer cell lines HTB129, HTB133, MCF7 and MDMAB. Cells were 

grown up to 90% confluency lysed and subjected to cytoplasmic/nuclear 

fractionation and total protein normalization and then analyzed by western blotting. 
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(figure 5-32), such transcription factors can be considered as useful indicators in case 

of application of other oncolytic viruses. 

S E C T I O N S U M M A R Y : 

Tran s c r i p t i o n factors down stream of M A P K s can provide a suitable "read-out" 

of Ras signaling in different cell lines. It was shown in this section that transcription 

factors down-stream of the pathways with proven involvement in cell permissiveness 

to HSV-1 can be used as an indicator of tumor cell permissiveness to HSV-therapy, 

specifically, and virus therapy in general (reovirus, a non-oncolytic ds-RNA virus 

seems to follow the same pattern). Our candidates in this regard are ELK and JUN 

while ATF-2 (which is mainly located down-stream of p38-kinase, a pathway that 

does not involve in determination of cell sensitivity to HSV-1 infection) did not show 

a prognostic value in this regard. 
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C H A P T E R 6 : 

C O N C L U S I O N A N D F U T U R E 

D I R E C T I O N S 
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I n this section a brief conclusion about the results of this research w i l l be 

provided. A model for the relationship between HSV infection and Ras 

signaling pathway will be discussed and its clinical ramifications will be explained. In 

the last section some directions for the future research will be proposed. 

R A S S I G N A L I N G P A T H W A Y , A G R E E N L I G H T F O R H S V 

I N F E C T I O N 

The results of the first section of this research strongly suggest an enhancing 

effect for overactivation of the Ras signaling pathway on HSV-1 infection. As was 

seen in figure 5-1 to 5-7, once the Ras signaling system becomes overactivated by 

transformation of cells by v-erB, Sos or H-ras (all oncogenes in ras pathway), NIH-

3T3s not only show a higher level of morphology of infection but also produce an 

increased level of HSV proteins and viral progeny. In order to see if such 

phenomenon exists for cells are transformed by other oncogenes, a NIH3T3 cells 
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line stably transfected with C-myc oncogene under the control of a tetracycline 

inducible suppressor was used. Such cells showed no signs of an increase in the level 

of viral protein synthesis when compared with their parental cells. Therefore, it is 

reasonable to conclude that overactivity of oncogenes in Ras signaling pathway is the 

leading cause for a significant enhancement in cell permissiveness to HSV-1. Such a 

relationship links a major cell-signaling pathway to the infection caused by HSV, one 

of the most important pathogens known to human beings. Although many different 

biological roles, such as proliferation, differentiation, cell cycle progression or arrest, 

have been linked to Ras, an increase in cell permissiveness to HSV-infection can be 

considered to be a novel role for this pathway. 

T H E E R K - P A T H W A Y I S I N V O L V E D I N I N C R E A S I N G C E L L 

S E N S I T I V I T Y T O H S V - 1 

M a n y different chemicals have been designed for the purpose of providing 

specific inhibition of Ras and it down-stream pathways. The application of some 

these chemicals have caused a significant change in the amount of HSV-1 proteins 

produced in infected H-ras cells. For example, FTI-1, a blocker of Ras plasma 

membrane association (and therefore its activation), induced a significant decrease in 
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the permissiveness of H-ras cells as was proved by decreased HSV-1 proteins and 

viral progeny titration (figure 5-8 to 5-11). The same results were observed when a 

blocker of ERK-Pathway, namely PD98059, was used while blockers of p38-kinase 

pathway (SB203580) and PI3K-pathway (wortmannin) showed no effect in this 

regard. It is important to discuss a potential role for JNK pathway that can be derived 

form these results indirectly. As was shown in 5-10, the reduction of HSV protein 

synthesis when FTI blockers were used is stronger than reduction caused by 

PD98059. In the MAPK family, there are three major pathways ERK, JNK and P38-

kinase. Inhibition of Ras would theoretically decrease the level of activity for all these 

pathways. On the other hand the role of p38-kinase pathway in HSV infection can be 

ruled out since SB203580, a specific blocker of p38-kinase, has no effects in this 

regard. Therefore one can hypothesize that JNK-pathway would also have a 

promoting role in HSV infection since the reducing effects of FTI-1 are much 

stronger than the reducing effects of PD980959 (blocking ERK-pathway) and p38-

kinase involvement has been disproved. Additional evidence for an involvement of 

JNK can also be driven from the results of studying c-JUN (major substrate down

stream of JNK) phosphorylation in correlation with tumor cell susceptibility. As was 

shown in figure 5-33, in breast cancer cell line models, a higher level of 

phosphorylated c-JUN was observed only for permissive cells. Another possible 

argument can be raised toward involvement of pathways outside MAPK family or an 



255 

element in ERK-signalling pathway upstream of MEK1/2 (the target of PD98059). 

From effectors outside MAPK family involvement of RAL and PDK-pathawys has 

been ruled out since effector mutant cell lines such as V12C40 (promoting PI3K 

pathway), V12G37 and Rlf (promoting RAL-GDS signaling) or Wortmannin, a 

specific inhibitors of PI3K did not exert any effects on the permissiveness to HSV-1. 

a - G E N E T R A N L S A T I O N IS T H E M A I N B L O C K I N G S T E P I N 

E X P R E S S I O N O F H S V G E N E S I N N I H - 3 T 3 C E L L S 

Once an abortive infection w i t h reduced protein synthesis was observed i n 

untransformed NIH-3T3 cells, it was necessary to investigate the pattern of viral gene 

expression in these cells as compared with their transformed counterparts. As was 

mentioned before, the expression of HSV genes happens in a cascade manner with 

translation of a-proteins necessary for transcription of P-proteins and P-proteins 

necessary for transcription of y-proteins. Understanding the fact that transcription of 

a genes are equal in NIH-3T3s and H-ras is not surprising since the main 

transcription factors needed for this purpose is provided in the viral package (figure 

5-15). But, the absence of p and y transcripts in NIH3T3 cells can potentially be 

related to inhibition of translation of a transcripts in these cells. This was further 
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proved by immunoblotting for ICP27 a member of a proteins as well as ICP8 (a (3 

protein) and gC (a y protein). As was seen in figure 5-16, the amount of accumulated 

ICP27 is significantly higher in H-ras cells while the level of this protein stays 

undetectable for NIH-3T3 cells. 

THE DIFFERENCE IN FUNCTION OF THE PKR SYSTEM IS 

T H E M A I N R E A S O N F O R D I F F E R E N C E I N 

P E R M I S S I V E N E S S O F H - R A S A N D N I H - 3 T 3 C E L L S T O H S V - 1 

I N F E C T I O N 

In h i b i t i o n of translation is one of the main strategies that cells use to defend 

themselves against viruses. Such strategy is applied by activation of PKR in the 

presence of viral transcripts, which in turn performs an inhibitory phosphorylation on 

eIF2a. Once this translation initiation factor is phosphorylated at the a-subunit, it 

cannot commit to protein synthesis. Therefore the difference in functional capability 

of PKR can be considered as a potential mechanism for the observed difference 

between NIH3T3 and transformed cells. In order to investigate this, the 

phosphorylation of PKR and eIF2a after infecting cells with HSV-1 was assayed 

using radio-immunoprecipitation and western blotting. It can be clearly seen in 

figures 5-17 and 5-18 that PKR/eIF2a phosphorylation stands at a significantly 

higher level in NIH-3T3 cells as compared with transformed cell lines leading to a 
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better defense against HSV-1 infection as was confirmed by lower permissiveness of 

NIH-3T3s. The other way to pursue the effects of transformation with Ras pathway 

oncogenes on the function of PKR would be to investigate the effects of Ras/ERK 

inhibitors on phosphorylation of PKR in H-ras cells. If Ras pathway dependent 

transformation is the main reason for lower competence of these cells in inducing 

PKR-phosphorylation, application of such inhibitors must be able to restore PKR 

phosphorylation. This was confirmed by appearance of a significantly higher levels of 

P-PKR in H-ras cells once they were treated with FTI-1 or PD98050 (figure 5-19). 

R3616 is an oncolytic version of HSV-1, which bears a deletion in yi34.5, a 

viral gene with antagonizing effects on PKR system. This mutant was also found to 

cause a higher level of infection in transformed cells than parental NIH-3T3s (figure 

5-20). This can be explained by weakening effects of Ras transformation on PKR 

system; when such level of support is provided for viral infection, even an 

"attenuated" version of virus can infect transformed cells. If this is true, deleting 

PKR gene should also provide a suitable background for viral infection. This was 

confirmed by infecting MEFs and their PKR/_ null mutants. As is seen in figure 5-

21, PKR7" MEF cells can be infected with parental and mutant virus while it is the 

only parental virus which can infect normal MEFs. Another evidence for supporting 

Ras-PKR connection comes from the experiment explained in figure 5-22. If PKR 

system is the main link between Ras overactivity and cell permissiveness, once such 



258 

link is broken (i.e. deletion of PKR), application of Ras inhibitors should not induce 

any decreasing effects on HSV-1 infection. This was proved in figure 5-22, exposure 

of PKR'A cells to FTI-1 did not seem to make any changes to their infectibility by 

HSV-1. 

All the provided data suggest that transformation by oncogenes in Ras signaling 

pathway can increase cell sensitivity to HSV-1 infection because of the dampening 

effect that they enforce on the anti-viral defense mechanism, PKR. Considering the 

necessity of suppression of PKR for a successful viral growth, viruses such as HSV 

have developed their own anti-PKR mechanism (e.g. yi34.5 in case of HSV). It is 

with the help of this viral anti-PKR mechanism that such viruses can overcome PKR 

capabilities and infect a range of host cells. Therefore if such mechanism is deleted 

from the virus, an attenuated version is made which will be incapable of infecting 

cells with an intact PKR system. Once PKR system is weakened by an "insider", i.e. 

Ras signaling pathway, the stage is perfectly set for viral infection. Such fruitful 

conditions provide an opportunity even for the attenuated version of viruses to cause 

infection. In other words, it is only in the transformed cells that PKR system is under 

suppression from a major internal mechanism (i.e. Ras signaling activity). Once an 

attenuated version of HSV-1 infects such cell, no resistance would be raised against 

the viral gene translation and HSV replication cycle will continue. When facing with 

an untransformed cell, an attenuated virus fails in causing infection since it bears no 



259 

mechanism to antagonize the PKR function (figure 5-21). The proposed model is 

defined in figure 6-1. 

L Y T I C I N F E C T I O N , A F U N C T I O N O F A N T I - P K R 

C A P A B I L I T I E S O F C E L L A N D V I R U S 

The model proposed i n figure 6-1 is explained i n this section. As is reflected i n 

this figure, a successful infection is based on a sufficient level of PKR suppression. In 

the first degree of importance, such suppression can be provided by the Ras signaling 

function of cell. Three levels of Ras signaling activity can be predicted in cells. In 

untransformed NIH3T3 cells, Ras signaling stays at lowest levels, which do not 

disrupt PKR function. In this case, even the anti-PKR activity provided by parental 

HSV-1 is not enough to suppress PKR system and the viral infection will be abortive. 

The next level is dedicated to untransformed MEF cells with relatively 

elevated levels of Ras signaling. These cells exert some levels of anti-PKR effects 

(figure 5-19) which if combined with the anti-PKR effects of virus can produce 

enough suppressive force on PKR to allow the viral PKR synthesis to ensue. But, the 
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necessity of viral anti-PKR system in this scenario cannot be forgotten. If such 

helping hand is taken away (e.g. in R3616 with deletion in yi34.5) the infection will 

not continue successfully. 

The highest level of Ras signaling is provided in transformed cells where PKR is 

significantly suppressed even without involvement of any PKR-antagonizing effect 

from virus. Therefore both types of virus (parental and mutant) are allowed to cause 

infection. Such a model can be used as the basis for oncolytic capabilities of HSV-

1. A deletion in yi34.5 would lead to an oncolytic version of HSV-1 because such 

virus cannot inhibit the PKR system and is totally dependent on the anti-PKR effects 

of Ras pathway. It is only in the transformed cell lines where such level of support 

can be expected and therefore such viruses show tendency to infect and destroy these 

cells and can be considered as "oncolytic". 

C L I N I C A L R A M I F I C A T I O N S 

here: 

The clinical ramifications of this research divided to 4 parts as are explained 
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P R O V I D I N G A B A S I S F O R T H E A N T I - C A N C E R P R O P E R T I E S O F HSV-1 

A N D P R E D I C T I O N O F T U M O R R E S P O N S I T I V I Y T O S U C H HSV-

T H E R A P Y 

Once the relationship between Ras signaling pathway and oncolytic 

capabilities of herpes simplex virus was clarified, one can expand such knowledge to 

generate new anti-cancer viruses. Additionally the suitability of herpes therapy for 

different types of tumors can be predicted from the level of Ras signaling in these 

cells. According to the data showed in figure 5-23 to 5-33 the last chain substance in 

ERK- and JNK-pathway, ELK and JUN, are useful in this regard. How applicable 

and relevant these indictors are in a clinical setting can be clarified by further studies. 

A P P L I C A T I O N O F I N H I B T O R S O F R A S S I G N A L I N G ; A N E W 

S T A R T E G Y F O R A N T I - H S V T H E R A P Y 

As was seen i n the figures 5-10 and 5-11, application of R a s / E R K inhibitors 

can reduce HSV protein synthesis and viral progeny production. Considering the 

existing global problem with HSV- infections (please see chapter 2), one can expect 

to see such agents in combination of specific anti-HSV drugs (e.g. Acyclovir) in new 

preparations for treatment of HSV infections. Considering the fact that blockers of 
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Ras signaling induce the capabilities of cell defense system (i.e. PKR) it can be 

expected to see a general anti-virus effects from these agents. 

E A R L Y D E T E C T I O N O F H S V I N F E C T I O N S 

The current diagnostic testing for H S V infections is based on inoculating Vero 

or A549 cells with a clinical specimen and analyzing the results with 

immunofluorescent (TF) techniques. The results are usually ready in 24 hours, this is 

the time needed for any of these two cell lines to express sufficient amount of HSV-

gC, the target for such diagnostic IF tests. As was shown in figure 5-5, a detectable 

level of gC is present in H-ras transformed cells, as early as 8 hours post-infection. 

This can result in a significant acceleration in the timing of these tests. 

F U T U R E D I R E C T I O N S 

A l t h o u g h the data provided here proves a relationship between Ras signaling 

pathway and host cell permissiveness, the other side of the coin, the direct 

interactions between viral elements and Ras pathway needs further elucidation. 
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Existence of promoters in HSV-DNA which respond to cellular transcription factors 

and activation of many of such transcription factors by pathways down-stream of Ras 

provides an excellent opportunity to take a "short-cut" in defining new paradigms for 

host-virus interactions at the transcriptional level. 

The concept of virus therapy of cancer stays mysterious for the coming years. 

Although application of non-replicative viruses in gene therapy of cancer has already 

made some advances, use of replication competent viruses has a few fundamental 

concepts to prove. First, the safety of such viruses needs to be evaluated in a much 

better manner; the fact that the complete genome of the replication competent 

viruses enters to the cell is an indicator of potential risks. Secondly, the necessity of 

repeated injections in immune competent animals is another limiting factor which 

needs to be addressed by studying the capability of immune system in filtrating these 

viruses comprehensively. Finally, a replication competent model is only valuable if it 

is proved that the tumor regression is mainly induced by replication of virus, any 

other mechanism including apoptosis triggering proteins or viral products which have 

a boosting effect on anti-tumoral immune system can be delivered in much safer 

manner using non-replicative gene therapy. The data about replication of such viruses 

in clinical situation are fundamental to the recognition of this system as one of the 

arms that we can use in our "JEHAD" against cancer. 
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