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ABSTRACT 

 

 

AKT inhibits apoptosis and stimulates cap-dependent translation by 

phosphorylating key downstream cellular proteins. Many viruses therefore 

activate the PI3-kinase-AKT signaling pathway to promote cell survival and viral 

protein synthesis. HSV-1 activates AKT during lytic infection and the abundant 

tegument protein VP11/12 is required for this effect. Although VP11/12 is 

essential for AKT activation, deleting VP11/12 has no detectable effect on HSV-1 

induced phosphorylation of the examined downstream target proteins. Rather, the 

protein kinase US3 is required for the phosphorylation of AKT targets and thus 

serves as an AKT mimic. Our data indicate that VP11/12 and US3 do not 

collaborate to provide redundant coverage of key AKT targets during infection. 

Interestingly, HSV-1 attenuates signals from activated AKT induced by external 

growth factors. Remarkably, neither VP11/12 nor US3 is required for this effect.   
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This thesis focuses on the role of the Herpes Simplex Virus (HSV)-1 

proteins VP11/12 and US3 in modulating the host cell PI3K-AKT signaling 

pathway. Below, I have provided the context for this research by outlining the 

HSV life cycle, reviewing the PI3K-AKT pathway, and summarizing previous 

knowledge about how HSV and other viruses manipulate this system. 

1.1 Overview of Herpes Simplex Virus-1  

1.1.1 A Brief Introduction 

 HSV-1 is a prevalent human pathogen found in 70-95% of the population 

depending on geographic location, and this percentage increases with age (255). 

Herpes simplex viruses are neurotropic, and infection causes the appearance of 

fluid-filled blisters or sores on the skin around the oral cavity (cold sores) or 

genitals that are caused by either HSV-1 or 2. Although clinical symptoms are 

mild in the majority of the population, HSV-1 can cause a variety of diseases such 

as infection of the mouth and gums (gingivostomatitis) and pharyngitis (80, 154). 

People with eczema have an increased risk of herpes infection outbreaks around 

eczema-prone areas of the body (eczema herpeticum) (213). Herpes simplex 

viruses are also known to cause other disorders such as encephalitis, herpetic 

whitlow, herpes gladiatorum, and herpes keratitis (198). 

 HSV is transmitted through direct skin contact or through the exchange of 

bodily fluids from an infected individual. HSV must be actively replicating to be 

transmitted. Active replication is phenotypically characterized by the appearance 

of blisters that contain infectious virus particles. However, herpes can be 

asymptomatic while viral shedding occurs (198). Most people who harbor latent 

HSV shed virus asymptomatically. Viral shedding occurs in 2-9% of adults and 5-

8% of children at any given time (255). 

Following initial infection and lytic replication at the epithelia, HSV 

virions migrate to innervating sensory nerve endings and travel retrograde into 

nerve cell bodies (52, 197). It is here that the virus enters latency and can remain 

dormant throughout life. Alternatively, the virus can cycle between periods of 

lytic and latent replication. Recurrent active lytic infections have an unknown 



 
 

 

3 

 

etiology; however, immune system repression may be an initiating event. 

Repression of the immune system may occur during cancer, stress, infection, and 

certain drug therapies. During this time, the virus will infect epithelial cells linked 

to the site of latency by innervating neurons (reviewed in (197, 198)). Tingling, 

itching and pain at the site of cold sores are signs of an oncoming viral 

reactivation (71, 210, 211). 

Unfortunately, herpes is a life-long infection and no cure has been 

developed. Effective antiviral treatments such as acyclovir can reduce viral 

shedding and alleviate the severity and duration of symptoms.  

1.1.2 Taxonomy 

Within the Herpesvirales order is a family of large, double-stranded, linear 

DNA viruses that are known to infect mammals, fish, birds, or molluscs (reviewed 

in (198)). Based on their sequence homology and the species they infect, the order 

can be divided into families, including Alloherpesviridae, Herpesviridae, and 

Malacoherpesviridae. The Herpesviridae family can be divided into three 

subfamilies: Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae 

(198). Alphaherpesvirinae have a broad host range, short replication cycle, and 

can establish latency in sensory neurons. Betaherpesvirinae generally have a more 

restricted host range, long reproductive cycle, grow slowly in culture and cause 

infected cells to enlarge. They often establish latency in tissues such as secretory 

glands and hematopoietic progenitor cells (198). Gammaherpesvirinae have a 

narrow host range, replicate in epithelial cells, and establish latency in T or B 

lymphocytes, which can lead to cellular immortalization. There are more than 200 

different Herpesviruses, but only eight distinct types are known to cause disease 

in humans (253). The Alphaherpesvirinae subfamily includes Herpes Simplex 

Virus types 1 and 2 (HSV-1 and HSV-2), which are also called Human Herpes 

Viruses 1 and 2 (HHV-1 and HHV-2); and varicella zoster virus (VZV/HHV-3). 

HSV-1 and HSV-2 cause oral and genital herpes respectively, and severe ocular 

damage leading to blindness (Herpes keratitis) (15), while VZV is the causative 

agent of chicken pox and shingles. The Betaherpesvirinae subfamily includes 
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human cytomegalovirus (HCMV/HHV-5), herpes lymphotropic virus (HHV-6), 

and roseolovirus (HHV-7). HCMV can be associated with birth defects (223). and 

fatal diseases in immune-compromised individuals, including organ transplant 

recipients and individuals with AIDS (101). Lastly, the Gammaherpesvirinae 

subfamily is comprised of Epstein-Barr virus (EBV/HHV-4), which causes 

infectious mononucleosis, and Kaposi’s sarcoma-associated herpesvirus 

(KSHV/HHV-8), which is more often associated with Castleman’s disease (199). 

1.1.3 The HSV Virion 

The herpes virion consists of four essential parts: the genome, capsid, 

tegument and envelope. The size of herpes virions ranges from 120 to 300 nm 

depending on the variability in the thickness of the tegument layer (198). 

Herpesvirus virions have their DNA enclosed within an icosahedral capsid, which 

is wrapped by a proteinaceous layer called the tegument, and contained within a 

host-cell-derived lipid envelope (197, 256). 

HSV-1 is a large DNA virus that contains approximately 90 open reading 

frames (ORFs). The genome is divided into two covalently linked regions known 

as the unique long (UL) and unique short (US) regions, which are both flanked by 

inverted repeats.(150, 151) Of the 90 proteins, there are a reported 30 known and 

10 suspected structural proteins distributed throughout the capsid, tegument and 

envelope (97, 198, 254). 

The icosahedral capsid packages the viral DNA and is composed of 162 

capsomers that can be broken down into seven proteins. There are only six genes 

to encode all seven proteins: UL18 (VP23), UL19 (VP5), UL26 (VP21 and VP24), 

UL26.5 (VP22a), UL35 (VP26), and UL38 (VP19C) (231). VP5, VP19C, VP23, 

and VP26 are structural components of the outer capsid while VP21, VP22a, and 

VP24 form the inner scaffold. A protein encoded by UL26 has proteolytic activity 

to auto-cleave creating the byproducts VP21 and VP24. The UL26 proteolytic 

enzyme also cleaves pre-VP22a into VP22a (97, 168). Additionally, there are four 

more gene products that form a minor component of the HSV capsid (UL6, UL15, 

UL25) (25, 175, 233, 266). 
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Between the capsid and envelope lies an amorphous proteinaceous layer 

called the tegument (133). The tegument contains 14 identified proteins that aid 

the initial stages of infection, but the majority of tegument genes are not 

transcribed until the late stages (272). Some tegument proteins are VP16, virion 

host shut-off (VHS) protein, VP22, VP13/14, VP11/12, and VP1/2 (198). VP16 is 

an essential trans-activating factor of viral immediate-early promoters. VHS is 

important to viral replication since it has a role in shutting off host protein 

synthesis, degrading host mRNA, aiding viral replication and regulating viral 

gene expression (146). VP22 is used as a vehicle for intracellular trafficking of 

proteins, and reorganizes microtubules (59, 60).  VP13/14 remains largely 

unexplored, but may influence modulation of the activity of VP16 (271). VP11/12 

may have a role in regulation host cell signaling and T cell activation (247, 248, 

269). VP1/2 is thought to influence release of HSV DNA into the nucleus (111). 

The envelope is composed of a lipid bilayer that is acquired during egress 

from the cell membranes and is dotted with glycoprotein spikes. Glycoproteins 

are required for host cell recognition and binding, resulting in viral uptake into 

cells. There are 10 characterized glycoproteins found on the surface of the virion: 

gB, gC, gD, gE, gG, gH, gI, gK, gL, and gM (198). Additionally, the virion 

contains non-glycosylated membrane proteins that are encoded by UL20, US9, 

UL24, UL43, and UL34 (198). Several of these glycoproteins have essential roles 

in viral uptake by cells and the initial stages of infection. 

1.1.4 HSV-1 Lytic Cycle 

 Lytic infection begins with viral attachment and entry into a cell that is 

mediated by host surface ligands and their cognate viral receptors. Once the virus 

enters the cell, gene transcription occurs in a sequential order. Immediate early (α) 

genes are the first to be transcribed and their products are required for the 

activation of other viral gene promoters. Expression of IE genes is necessary for 

the expression of early (β) genes and the onset of viral DNA replication. This is 

followed by the expression of leaky late (γ1) and true late (γ2) genes, and virion 

assembly and egress. Each step will be described in more detail below.  
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 Preceding viral gene expression and viral DNA replication, HSV must first 

recognize and bind to cell surface receptors, and penetrate the cell membrane. 

Viral glycoproteins are required for recognition of cell receptors and entry of 

HSV into the cell (49, 205, 245). There are a total of five viral glycoproteins that 

are involved in viral entry: gB, gC, gD, gH, and gL (93, 219). Glycoproteins -B 

and -C mediate an initial weak binding interaction to cell surface herparan sulfate 

chains on cell surface proteoglycans like glycosaminoglycan (93, 209, 228, 261). 

Even though the initial binding is a weak interaction, virions lacking both gB and 

gC are severely impaired and unable to bind to cells (92). 

The second step of viral attachment involves an association of viral gD to 

a plethora of entry receptors. On the cell surface, there are three main receptors to 

which HSV can bind: herpes virus entry mediator (HVEM) (159), nectin-1 and 

nectin-2 (74, 250), and specific sites in herparan sulfate. gD has the potential to 

bind to any one of the three cell surface molecules and mediate viral entry. 

However, the binding preference depends on the cell type and serotype of HSV.
 

 The last step in viral entry is fusion of the viral envelope and host cell 

membrane. Glycoproteins -B, -D, -H, and -L act in concert to induce membrane 

fusion between the viral envelope and cell membrane (67, 136, 205, 212). 

Following fusion, the nucleocapsid and proteinaceous tegument are released into 

the cytosol. The tegument contains proteins that act immediately to aid viral gene 

expression and evade the immune response. The nucleocapsid interacts with 

dynein microtubular networks and the cofactor dynactin (56) for transportation to 

the nucleus (126, 215). The nucleocapsid interacts with importin-β and the nuclear 

pore complex (9, 215), triggering the release of viral DNA into the nucleus (107). 

Upon lytic infection, α genes are transcribed by host RNA polymerase II 

at the periphery of nuclear domain (ND) 10 structures (37, 149), α gene 

expression does not require prior viral protein synthesis since proteins found in 

the tegument mediate the transcription of α genes (140), For example, a viral 

transcription activator, VP16, forms a complex with the host cell factor (HCF) 

(116, 130) and Octamer transcription factor 1 (Oct-1) (127, 128, 171, 182). This 
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complex binds upstream regulatory elements common to α genes, such as 

TAATGArATT sequences (139, 140, 237). 

The VP16/HCF/Oct-1 aids in the transcriptional activation of five α gene 

products: infected cell protein (ICP) 0, ICP4, ICP22, ICP27, and ICP47 (98, 252, 

257). Most α genes are required for subsequent gene expression (100). For 

example, ICP0 is an E3 ubiquitin ligase that induces proteasome-dependent 

degradation of components found in ND10 structures (PML, ATRx, SP100, and 

Daxx) that are thought to repress viral gene expression (63). ICP4 is a significant 

regulatory protein of HSV-1 transcription that mediates the transcriptional 

activation of β and γ genes (251). ICP27 is required for many aspects of viral 

translation and repressing host protein synthesis (88, 194, 216, 222, 238). 

The majority of genes expressed early in an infection are required for viral 

DNA replication and nucleotide metabolism. The viral genome contains three 

origins of replication. Replication can begin at any one of the locations (232). 

Attached to the viral genome are several early proteins that promote DNA 

replication (129). UL9 is a viral origin-binding protein that binds the replication 

origin to bend the DNA and cause a single-stranded (ss) stem loop structure (58). 

ICP8 binds the ss-DNA stem loop (36), stimulating the helicase activity of UL9 

(19). UL5, UL8, and UL52 interact to make a helicase-primase complex that has 

5’-3’ activity (40). DNA polymerase is composed of UL30/UL42 and possesses 3’ 

to 5’ exonuclease activity for proofreading. UL42 activity provides increased 

processivity (183). There are additional cellular enzymes such as DNA ligases 

and topoisomerases that aid in viral DNA replication (232). 

 Late genes are expressed shortly after viral DNA synthesis (99), so it 

makes sense their products are structural proteins, and are involved in the 

assembly of virions, or modification of cellular membranes. Late gene 

transcription occurs in replication compartments (178) and is promoted by the 

immediate early gene products ICP0 (30), ICP4, and ICP27 (201) as well as the 

early gene product, ICP8 (72). Late gene products can be divided into two classes 

(leaky-late and true-late), based on the kinetics of their expression. Leaky-late 
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gene expression occurs before DNA replication. Therefore, DNA replication is 

not required, but does enhance leaky-late gene expression (198).  

 Capsid assembly and DNA packaging are required to create infectious 

progeny. DNA packaging and capsid formation occurs in viral replication 

compartments found in the nucleus (48, 75). Cleavage and DNA packaging are 

tightly linked. These processes require six viral proteins: UL6, UL15, UL25, UL28, 

UL32, and UL33 (97). Viral DNA replication forms head-to-tail concatemeric 

complexes composed of tandem repeats of the viral genome. Concatermers are 

cleaved into unit-monomers and packaged into viral nucleocapsids (97).  

Viral nucleocapsids bud through the nuclear membrane to become virions 

(162). The accepted model of virion assembly involves a multi-stage process of 

envelopment, de-envelopment and re-envelopment. It is thought that capsids with 

viral genomes egress through the nucleoplasm, and acquire a primary envelope at 

the inner nuclear membrane. The primary envelope fuses with the outer leaflet of 

the nuclear membrane or endoplasmic reticulum, forcing the loss of the primary 

envelope (reviewed in (156)). Non-enveloped nucleocapsids travel to Trans Golgi 

membranes, where they acquire mature glycoproteins and tegument (110). After 

maturation, virus particles bud into cytoplasmic vesicles derived from the trans-

Golgi network or endosomes, and egress from the cell by exocytosis (156). 

1.1.5 HSV-1 Latency 

 HSV-1 is a lifelong neurotropic virus of the sensory neural ganglia. Once 

the virus has replicated in epithelial cells, a progeny virus migrates and infects 

sensory neurons. In the sensory neural ganglia, the virus often enters a latent state 

(224). Latency occurs when the episomal viral genome is maintained in a circular 

conformation and non-replicating state in the neuronal nuclei (51, 155, 195, 196). 

The number of viral genomes found in a latent neuron can range from one to 

thousands (206). During latency, the expression of genes is highly restricted, with 

the exemption of latency-associated RNA transcripts (LATs) that accumulate to 

high levels in neuron nuclei (55). LATs are thought to influence chromatin 
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modulation of the viral episome, inhibit apoptosis and produce micro-RNAs that 

suppress lytic gene expression (18). 

1.2      Cellular initiation of PI3K-AKT signaling 

Viruses manipulate numerous host signaling pathways in order to enhance 

virus replication, suppress cellular death pathways and modulate the innate and 

adaptive immune responses. One cellular signaling pathway that is almost 

invariably targeted is the phosphoinositide 3-kinase (PI3K)-Protein Kinase B 

(AKT) axis, which as described below promotes cell survival and cap-dependent 

mRNA translation. Previous work has demonstrated that HSV-1 modulates this 

pathway, and identified two viral tegument proteins that contribute to this 

regulation.  

Melany Wagner in our lab showed that the UL46 gene product, VP11/12, 

is essential for AKT activation during infection (247), while Benetti and Roizman 

provided evidence that the serine-threonine protein kinase encoded by gene US3 

dampens AKT activation (13). Below I review the PI3K-AKT pathway, and 

describe the properties of HSV US3 and VP11/12.  

1.2.1 A Brief Introduction to PI3-Kinase 

PI3Ks are a family of intracellular enzymes involved in critical signaling 

pathways. The PI3K family is divided into three classes (I, II, and III) (262) based 

on primary structure, regulation and in vitro lipid substrate specificity (132). Class 

I PI3Ks are subgrouped into class IA and class IB (260), but for the purpose of 

this thesis, PI3K class IA (henceforth referred to as PI3K) is thought to be the 

only relevant PI3K molecule for AKT signaling. PI3Ks are heterodimers that 

consist of a regulatory subunit, p85, and a catalytic subunit, p110 (32, 113). The 

p85 subunit consists of several domains, including two proline-rich fragments, a 

Src Homology (SH) 3 domain, and two SH2 domains (Fig. 1.1A). The SH3 and 

SH2 domains serve as docking sites for proteins that promote PI3K activation 

(114). The two SH2 domains are separated by the inter-SH2 sequence, which 

connects the p85 and p110 subunits (Fig. 1.1B) (113). 
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Figure 1.1: Structure of PI3K. A) The p85 subunit contains several domains, 

including proline rich domains, an SH3 domain and two SH2 binding domains. 

The SH2 domains are separated by the inter-SH2 sequence, B) and the inter-SH2 

sequence mediates an interaction between the p85 and p110 subunits.  
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1.2.2 Activation of PI3-Kinase 

PI3K activation is initiated downstream of several receptor tyrosine kinase 

(RTK) and cytoplasmic tyrosine kinase (non-RTK) signaling pathways. One 

example is signaling through platelet-derived growth factor receptor (PDGFR) 

(10, 163), a RTK that dimerizes and activates when a PDGF dimer-ligand is 

bound to the receptor (Fig. 1.2). This leads to auto-trans-phosphorylation on 

tyrosine residues in the cytoplasmic domain, including YXXM motifs, which 

serve as a binding site for the N-terminal SH2 domain of p85 (243). When the 

RTK is not activated, the p85 regulatory subunit renders the catalytic subunit 

inactive (268). Early studies demonstrated that the amino (N)-terminal SH2 

domain is required to inhibit p110 activity (267). Binding of the SH2 domain of 

p85 induces a conformational change that leads to the activation of the p110 

catalytic subunit. Src Family Kinases (SFKs) have also been implicated in the 

activation of PI3K. The SFK Lck phosphorylates Y688 on the C-terminal SH2 

domain, which enhances p110 catalytic activity. Furthermore, Lck is a non-RTK 

that has been shown to phosphorylate YXXM motifs on CD28, resulting in 

recruitment and activation of PI3K downstream of T-cell receptor signaling. 

Binding of p85 to phosphorylated tyrosine motifs not only causes a substantial 

increase in phosphotransferase activity (ability to transfer phosphates) (270), but 

also increases the affinity of PI3K for phospholipids (28).  
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Figure 1.2: PDGF-receptor activates PI3K. PDGF receptors have two types of 

subunits, α and β, which both contain tyrosine kinase activity required for signal 

transduction (259, 265). When the growth factor binds to PDGFα and β receptors, 

it induces receptor homo- or heterodimerization and subsequent 

autophosphorylation of tyrosine residues on the receptor (120, 265). Translocating 

PI3K to these activated growth factor receptors stimulates p110 catalytic activity 

via binding of phospho-tyrosines to the SH2 domains of the PI3K p85 subunit 

(38, 96, 115, 118, 125).  
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1.2.3 Propagating PI3-Kinase Signals 

In the active conformation, the p110 subunit of PI3K preferentially 

phosphorylates phosphatidylinositol-4,5-biphosphate (PIP2) on the 3’-OH of its 

inositol ring, producing phosphatydylinositol-3,4,5-triphosphate (PIP3) at the 

plasma membrane (95, 239, 240). This allows some proteins containing pleckstrin 

homology (PH) domains, including AKT and phosphoinositide-dependent kinase 

1 (PDK1), to be recruited to the plasma membrane (Fig. 1.3) (239). The PH 

domains of AKT and PDK1 preferentially bind to PIP3 compared to other 

phosphoinositols (20, 106). 

Phosphorylation of PIP2 by PI3K is counteracted by the phosphatase 

PTEN, which catalyzes the dephosphorylation of PIP3 to PIP2 (Fig 1.3) (141). 

PTEN deficiency results in constitutive PI3K/AKT signaling, highlighting the 

critical role of PTEN in regulating the AKT pathway (112, 141). In addition to 

PI3K, PIP2 is a substrate for phospholipase C (PLC) enzymes that hydrolyze 

inositol phospholipids into membrane-bound diacylglycerol and soluble inositol 

phosphates (IP3) (50, 202) (reviewed in(124)). The production of IP3 is often 

associated with subsequent cytosolic calcium release, and DAG remains bound to 

the membrane to trigger PKC activation (14, 54, 95, 192).  
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Figure 1.3: Transduction of an activated PI3K signal. Following activation, 

PI3K preferentially phosphorylates the 3`-OH inositol ring of 

phosphatydylinositol-4,5-diphosphate (PIP2) producing phosphatydylinositol-

3,4,5-triphosphate (PIP3) on the cytoplasmic face of the plasma membrane. The 

generation of phosphorylated phosphoinositides by PI3K serves as docking sites 

for a plethora of effector molecules, including AKT and PDK1.  
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1.2.4 AKT  

The AGC kinases are a family of protein kinases that regulate important 

cellular processes such as survival, translation, and cell-cycle progression. 

Members of the AGC kinase family include AKT, PDK1, S6 kinase (S6K), 

protein kinase C (PKC), and serum- and glucocorticoid-induced protein kinase 

(SGK) to name a few (6, 22, 131, 169). AGC kinases share sequence similarity in 

their catalytic domains (161) and are activated by phosphorylation in the 

activation loop (177).  

As downstream effectors of PI3K, AKT and PDK1 are activated by a 

plethora of ligands including growth factors, hormones, and immune signals (81). 

AKT is a serine/threonine kinase that has been implicated in promoting cell 

survival, inhibiting apoptosis, regulating cellular proliferation and metabolism, 

and translation initiation (1, 44, 121, 217). The crucial role of AKT in regulating 

these important cellular processes is reflected in its phylogenetic conservation 

within invertebrate and vertebrate species (26, 241, 242). Dysregulation of AKT 

signaling has been linked to aberrant cell growth (208), diabetes, cardiovascular 

disease and neurological disorders (94). 

AKT activation is characterized by phosphorylation on two residues: 

Serine 473 (S473) of the hydrophobic motif and Threonine 308 (T308) of the 

activation loop. The kinase that phosphorylates S473 is often referred to as 

“PDK2”. Several PDK2 candidates have been proposed including PDK1 (8), 

integrin-linked kinase (176), AKT itself (236), and DNA-PK (65). Mammalian 

target of rapamycin complex 2 (mTORC2) is the most widely accepted candidate 

responsible for the phosphorylation of S473, which can be blocked by RNA 

interference of mTORC2 (203, 204). 

The phosphorylation of S473 is thought to precede and be required for the 

phosphorylation of T308 (2, 204, 207, 264).  Phosphorylated S473 has been 

proposed to act as a docking site for the phosphate-binding pocket of PDK1, 

which helps to bring PDK1 in close proximity to the activation loop of AKT 

(264). More importantly, binding of the PH domain of PDK1 to PIP3 brings 
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PDK1 in close proximity to AKT (3, 16). The PH domain of AKT is thought to 

inhibit T308 phosphorylation by masking this residue, and an interaction between 

the PH domain and PIP3 releases this inhibition (17, 225), allowing PDK1 to 

phosphorylate T308 (3, 31, 157, 225) (Fig. 1.4). 
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Figure 1.4: Activation and propagation of an activated AKT signal. AKT is 

activated by phosphorylation once bound to the plasma membrane. 

Phosphorylating AKT at its activating residues requires an interaction between 

PIP3 and the PH domain on AKT. AKT activation is characterized by 

phosphorylation of two residues, S473 of the hydrophobic motif by mTORC2 and 

T308 of the activation loop by PDK1. Following activation, AKT phosphorylates 

the following substrate to inhibit their activity: GSK3β, BAD, FoxO1, and TSC2. 

If not inhibited, TSC2 forms a heterodimeric complex with TSC1 and prevents 

activation of mTORC1. By inhibiting the TSC2/TSC1 complex, mTORC1 is able 

to phosphorylate downstream targets 4EBP1 and S6K.  
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1.2.5 AKT signaling 

Following AKT activation, AKT acts on a multitude of effector molecules 

at the plasma membrane, cytosol, and nucleus (reviewed in (23)), until AKT is 

inactivated through dephosphorylation by protein phosphatase 2A (66). AKT is a 

major signaling arm of PI3K that acts on numerous proteins (Fig. 1.5, Cell 

Signaling), but only a small subset of these proteins will be discussed (Fig. 1.4). 

AKT targets are involved in important cellular processes such as cell survival, 

growth and translation (reviewed in (142)) (Fig. 1.4). For example, the AKT 

target glycogen synthase kinase 3β (GSK3β) is a serine/threonine kinase that 

regulates metabolism, cell survival, growth, differentiation, and migration (103, 

104, 158, 214). GSK3β, a negatively regulator of β-catenin, is phosphorylated by 

AKT on serine 9 (S9) (39). Phosphorylated GSK3β inhibits the kinase, allowing 

β-catenin to drive gene transcription (50). 

AKT also promotes cell survival by inhibiting the pro-apoptotic protein 

Bcl-2-associated death (BAD) (45) and the transcription factor forkhead box O1 

(FoxO1). Through physical interaction, BAD inhibits pro-survival Bcl-2 proteins 

at the mitochondria to promote the release of cytochrome c and apoptosis 

(reviewed in (82)). AKT phosphorylates BAD on serine 136 (S136) (45), enabling 

14-3-3 proteins to sequester BAD in the cytoplasm, inhibiting its activity (45, 46). 

BAD can also be inactivated by phosphorylation on Serine 112 and 155 by 

kinases other than AKT (244, 246). FoxO1 is a member of a family of 

transcription factors that induces genes involved in promoting apoptosis, cell 

cycle arrest, and metabolic processes (27). Activated AKT translocates to the 

nucleus and phosphorylates FoxO1 on serine 256 (S256), which promotes 

translocation of FoxO1 out of the nucleus (27). 

Aside from cell survival, AKT is known for its function in promoting cell 

growth and translation. This can occur through AKT-mediated phosphorylation 

and inhibition of the tuberous sclerosis complex 2/1 (TSC2/TSC1) complex at 

serine 939 of TSC2 (105, 181). When TSC2 is inhibited, Ras-related small G 

protein, Rheb-GTP, acts as an activator for mTORC1 (73, 143, 230). 
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mTORC1 and mTORC2 are protein complexes that contain the kinase 

mTOR. mTORC2 contains the subunits mTOR, mLST8/GβL, Sin1 and rictor (70, 

83, 84, 138, 203), while mTORC1 contains mTOR, mLST8/GβL, PRAS40, 

deptor and raptor (87, 122, 123, 138). Both mTORC1 and mTORC2 are inhibited 

by torin1, while selective inhibition of mTORC1 is achieved with rapamycin. 

mTORC1 inhibition is reflected in reduced phosphorylation of eukaryotic 

translation initiation factor (eIF) 4E binding protein 1 (4EBP1) and the 

hydrophobic motif of S6K (29) (77, 234) (Fig. 1.4).  

The phosphorylation of S6K by mTORC1 results in its activation, which 

allows S6K to phosphorylate the 40S ribosomal protein S6, leading to enhanced 

translation (108). 4EBP1 inhibits the incorporation of the cap-binding protein 

eIF4E (79) into the translation initiation complex eIF4F, which is also composed 

of the scaffolding protein (eIF4G) and an RNA helicase (eIF4A) (78). The eIF4F 

complex binds and promotes the translation of methylated-5’-capped mRNA, 

including most HSV-1 and cellular mRNAs. mTORC1 phosphorylation of 4EBP1 

on multiple sites dissociates 4EBP1 from eIF4E, permitting the formation of the 

translation initiation complex (77). 
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Figure 1.5: AKT acts on numerous proteins. AKT is a major signaling arm of 

PI3K. AKT acts on multiple proteins at the plasma membrane, and in the cytosol 

and nucleus (Cell Signaling). 
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1.3 Viruses modulate PI3K-AKT signaling 

Given the importance of PI3K-AKT signaling in regulating cellular 

processes, it is of no surprise that viruses manipulate this signaling pathway. For 

example, the EBV immediate-early protein BRLF1 and latent membrane protein 

LMP1 activate PI3K, which promotes viral gene transcription and survival of 

infected cells (43, 47). Similarly, the polyoma virus protein middle T antigen 

(mTAG) also activates PI3K. mTAG is a membrane-bound protein that becomes 

tyrosine phosphorylated and recruits c-Src (190). This interaction leads to a 

conformational change in the mTAG-c-Src complex that creates a binding site for 

PI3K (229), leading to activation of PI3K-AKT signaling and cellular 

transformation (102). Similar to mTag, our lab has shown the HSV-1 protein 

VP11/12 recruits SFK and PI3K, leading to activation of AKT (247).  

1.3.1 HSV-1 UL46  

VP11/12 was originally thought to be two proteins, VP11 and VP12 (220). 

However, in-depth analysis suggested that VP11/12 is one protein encoded by the 

ORF UL46 (133, 167, 271). VP11/12 is one of the most abundant structural 

proteins found in the virion tegument (258). As a structural protein of the virion, 

VP11/12 is produced in the late stages of infection and its synthesis is highly 

dependent on viral DNA replication (117). During infection, it is located 

throughout the cytoplasm, along membranous structures (167), and the periphery 

of the nucleus (117, 258). VP11/12 was originally thought to enhance α-gene 

transcription in collaboration with VP16, while suppressing α-gene transcription 

in the absence of VP16 (117, 152). However, this was brought into question when 

no detectable effect on immediate early gene expression was seen in a ∆UL46-

virus infection (269). 

1.3.2 UL46 activates SFKs and PI3-Kinase to induce AKT activation 

The first evidence that VP11/12 might influence cell signaling pathways 

emerged from studies designed to examine HSV-inactivated lymphocytes (NK, T 

and B cells), which were found to contain a 90 kDa tyrosine-phosphorylated 

protein identified as VP11/12. Tyrosine phosphorylation of VP11/12 is cell-type 
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specific, with weaker phosphorylation observed in fibroblasts and epithelial cells 

compared to lymphocytes (269). Accordingly, the lymphocyte-specific SFK Lck 

was found to be required for tyrosine phosphorylation of VP11/12 in Jurkat cells 

(269). In reciprocation, VP11/12 was required for tyrosine phosphorylation of Lck 

on the activation residue (Y394) (248). 

Subsequent work by Dr. Wagner suggested another purpose, other than T-

cell signaling, for VP11/12-Lck interactions. First, HSV mutants lacking VP11/12 

retained the ability to block TCR signaling and inhibit cytolytic activity of an NK 

cell line. This indicated that VP11/12 is not essential for immune cell inactivation 

(269). Second, Lck expression is largely restricted to T and NK cells (145), yet a 

Western blot using anti-SFK phosphotyrosine antibody detected signals in B cells 

and weaker signals in epithelial cells and fibroblasts during HSV-1 infection 

(269). B cells express Lck-related SFKs, including Lyn, which is analogous to 

Lck in signaling from the BCR (reviewed in (263)). However, HSV does not 

appear to alter signaling from the BCR (86). Furthermore, epithelial cells and 

fibroblasts do not express Lck. These data suggest that VP11/12 serves as a 

substrate for other cellular tyrosine kinases (269). 

Because SFKs have been reported to activate PI3K, Dr. Wagner examined 

the role of VP11/12 in regulating PI3K-AKT signaling during HSV-1 infection 

(247). Using a selective inhibitor of SFKs, PP2, Dr. Wagner discovered that SFK-

induced tyrosine phosphorylation of VP11/12 is essential for an interaction 

between VP11/12 and the p85 regulatory subunit of PI3K (247). Using a scansite 

algorithm, Dr. Wagner’s model predicts that VP11/12 is tyrosine phosphorylated 

on a predicted SH2 binding motif (YEEI) at position Y624, allowing for 

interaction with SFKs (248). Subsequent activation of SFK induces tyrosine 

phosphorylation of VP11/12 on predicted p85 SH2 (Y519, YTHM) binding 

motifs. Phosphorylation of the predicted p85 binding motifs on VP11/12 is 

thought to allow for binding of p85 and activation of PI3K (172, 247). By 

recruiting SFKs and PI3K to the plasma membrane, VP11/12 is hypothesized to 
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mimic an activated receptor, allowing HSV-1 to induce PI3K-AKT signaling (Fig 

1.5) independently of activation of cellular receptors.  

Indeed, AKT was found to be activated at late times post-infection in a 

VP11/12 and SFK-dependent manner. Furthermore, the phosphorylation of AKT 

is reduced in the presence of PI3K inhibitors, Ly294002 and Wortmannin, 

providing evidence for PI3K-dependent AKT activation (247). As expected, 

downstream AKT targets, S6K, 4EBP1 and GSK3β, were also phosphorylated. 

Unexpectedly, although AKT was activated in a VP11/12-dependent fashion, 

AKT targets remained phosphorylated during infection in the absence of 

VP11/12. This suggests that another HSV-1 protein is involved in modulation of 

the AKT pathway. 
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Figure 1.6: HSV-1 UL46 binds SFK and PI3K to activate AKT. VP11/12 is 

thought to form a complex with Lck (or other SFKs) to initiate PI3K signaling.
 

VP11/12 is tyrosine phosphorylated on a putative SH2-binding motif at residue 

Y624 (YEEI), serving as a docking site for Lck. Lck is tyrosine phosphorylated 

on an activating residue. Active Lck promotes tyrosine phosphorylation of 

VP11/12 on residue Y519 (YTHM), which is a putative p85 SH2 binding motif. 

Tyrosine phosphorylation of VP11/12 at residue YTHM serves as a docking site 

for the p85 subunit of PI3K, activating the lipid kinase. Activated PI3K signals 

are then propagated to phosphorylate AKT.  
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1.3.3 HSV-1 US3  

US3 is a 68 kDa tegument protein encoded by the ORF US3 and expressed 

during early infection (68, 197). US3 is a protein kinase that phosphorylates 

several viral gene products including US9, UL12, UL31, UL34, and UL46 (41, 42, 

147, 185, 187, 200). Although the effect of phosphorylation on most of these 

proteins has yet to be determined, the phosphorylation of UL31 and UL34 is 

thought to affect primary envelopment of the virus and egress of nucleocapsids 

(164, 191, 200). In addition to viral targets, US3 also phosphorylates the cellular 

proteins histone-deacetylating enzymes 1 and 2, resulting in enhanced gene 

expression (179, 180).   

1.3.4 US3 promotes cell survival through PKA-signaling 

While US3 is not required for viral spread in cell culture (184), US3-

deficient viral mutants are severely restricted for growth in mice (4). The 

impairment in growth was attributed to increased apoptosis of infected cells (4), 

strongly suggesting that US3 functions to promote survival of host cells. 

Furthermore, US3 was shown to block apoptosis in cultured cells (11, 89, 173), 

and that its kinase activity is required for this function (166, 173, 200). One 

mechanism used by US3 to prevent apoptosis is the promotion of cyclic AMP-

dependent protein kinase (PKA) signaling (12, 161), which is a pathway that 

regulates metabolism, survival, and proliferation of eukaryotic cells (174). US3 

promotes PKA signaling by phosphorylating the regulatory subunit of PKA as 

well as PKA targets (12). Consequently, apoptosis is blocked by the concerted 

action of both activated PKA and US3. One protein inhibited by both PKA and US-

3 is BAD (12, 166). US3 inhibits apoptosis by promoting BAD phosphorylation at 

S112 and S136, which leads to sequestration of BAD by 14-3-3 proteins (166). 

Interestingly, phosphorylation of BAD at these two sites is not essential for the 

anti-apoptotic activity of US3 (11, 173), which indicates that US3 can inhibit 

apoptosis through PKA-independent mechanisms as well.
 

1.3.5 US3 modulates AKT signaling 
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While US3 promotes PKA signaling, it negatively regulates AKT activity 

(13). This was demonstrated by enhanced and prolonged AKT phosphorylation in 

cells infected with ∆US3-virus (13). It is peculiar that US3 negatively regulates 

AKT activation, given that both AKT and PKA have pro-survival roles. Although 

US3 negatively regulates AKT activation, it was found to act as an AKT mimic by 

phosphorylating AKT targets, during the course of this thesis (reviewed in (33)). 

This information, taken together with that of section 1.3.2, provides evidence that 

HSV-1 encodes both positive and negative regulators of AKT signaling. 

1.4 Thesis Rationale 

Regulation of the PI3K-AKT pathway by HSV-1 has only begun to be 

unraveled. Recent work by Dr. Wagner has raised two key questions. First, it is 

unclear whether VP11/12-PI3K interactions alone are sufficient to induce AKT 

activation. Activation of PI3K by VP11/12 is thought promote the recruitment of 

PDK1 to the plasma membrane, which subsequently phosphorylates the activation 

loop of AKT. Activation of AKT also involves phosphorylation of its 

hydrophobic motif by mTORC2. Phosphorylation of the hydrophobic motif of 

AKT has also been shown to be dependent on VP11/12 (247). However, it is 

currently unknown whether the VP11/12-dependent phosphorylation of the 

hydrophobic motif is mediated by mTORC2. 

Second, it is unclear whether VP11/12-induced activation of AKT results in 

modification of downstream AKT targets in a VP11/12-dependent manner. Early 

evidence from Dr. Wagner suggests that HSV-1 infection induces S6K and 

GSK3β phosphorylation on the same sites as AKT, but surprisingly, in a 

VP11/12-independent manner (247). Therefore, AKT targets may be 

phosphorylated by an AKT-independent mechanism during HSV-1 infection. We 

considered the idea that AKT targets are regulated by a viral protein kinase. HSV-

1 encodes two protein kinases, US3 and UL13. Of these, US3 is known to promote 

the phosphorylation of PKA targets such as BAD. Thus, I chose to examine 

whether US3 is involved in the phosphorylation of AKT targets. 
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MATERIALS AND METHODS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

28 

 

2.1 Mammalian cell cultures 

Human Embryonic Lung (HEL) fibroblast, African monkey kidney 

epithelial (Vero) cells, and HeLa cervical carcinoma cells were obtained from the 

American Type Culture Collection. Telomerase immortalized human foreskin 

fibroblasts (HFF-Tel12, referred to as HFF below) were a gift from W. Bresnahan 

(24). Cells were cultured and passaged in 150 cm
2
 tissue culture flasks (Corning) 

with 20 mL of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) 

supplemented with 10% fetal bovine serum (FBS), 50 units/mL penicillin (P), 5 

µg/mL streptomycin (S), 2mM L-glutamine and 1mM Sodium Pyruvate. Cultures 

were incubated at 37°C supplemented with 5% CO2 in a humidified atmosphere. 

Cells were passaged when confluent (usually every 2-3 days dependent on the cell 

type) by trypsinizing (Trypsin, Gibco) until cells were no longer attached to the 

flask, re-suspending in DMEM/FBS and reseeding to approximately 25% 

confluence.  

HEL cells are not immortal and were therefore passed up to a maximum of 

15 times, while the immortal Vero, HeLa, and HFFs were passed indefinitely. 

Cells were trypsinized and their concentration was determined using a 

hemacytometer. Monolayers of confluent cells for infection were prepared by 

seeding 5x10
5
 cells (6-well plate) in tissue culture plates (Corning) that have a 

surface area of 9.5 cm
2
 per well. The plates were incubated at 37°C supplemented 

with 5% CO2 in a humidified atmosphere until confluence was observed under a 

light microscope, which was usually one day after seeding plates. 

2.2 Virus strains and growth conditions 

 The following virus strains were used during the course of this 

investigation; all were grown and titered on Vero cells:  

KOS37: is derived from the KOS37 BAC, an infectious bacterial artificial 

chromosome (BAC) that contains the entire HSV-1 strain KOS genome (76).  

KOS37ΔUL46-GalK(269): is a derivative of KOS37 in which the UL46 open 

reading frame (ORF) has been precisely deleted and replaced with an Escherichia 

coli galK selective cassette.  
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KOS37ΔUL46(269): KOS37ΔUL46 is a derivative of KOS37ΔUL46-GalK in 

which the galK cassette has been precisely removed.  

KOS37-RUL46(269): is an UL46 mutant virus where the UL46 ORF mutation 

present in KOS37ΔUL46-GalK has been restored to wild type. The mutant virus is 

a derivative of KOS37ΔUL46-GalK in which the galK cassette has been precisely 

removed and replaced with the KOS37 UL46 ORF.  

KOS37ΔUS3-GalK and KOS37ΔUS3 (Wu, F. unpublished data): 

KOS37ΔUS3-GalK is a derivative of KOS37 in which the US3 ORF has been 

precisely removed and replaced by an E. coli galK selective cassette. 

KOS37ΔUS3-GalK under went further selection to remove galK and generate 

KOS37ΔUS3 constructs bearing a complete US3 deletion.  

KOS37ΔUS3ΔUL46-GalKand KOS37ΔUS3ΔUL46 (Wu, F. unpublished data): 

KOS37ΔUS3ΔUL46-GalK is a derivative of KOS37ΔUL46 in which the US3 ORF 

has precisely removed and replaced by an E. coli galK selective cassette. 

KOS37ΔUL46-ΔUS3-GalK underwent further selection to remove galK and 

generate KOS37ΔUL46ΔUS3 constructs bearing a complete UL46 and US3 

deletion.  

F(57): is a wild type HSV-1 virus isolated from individuals with skin lesions and 

characterized based on its adhesion and fusion properties to Hep-2 cells.  

R7041 (FΔUS3)(185): is an F strain mutant in which the US3 ORF that has been 

removed.  

R7306 (F-RUS3)(187): is a derivative of R7041 in which the US3 ORF has been 

restored by co-transfection with a plasmid containing the entire US3 gene with 

flanking sequences.  

R7356 (FΔUL13)(185, 186): is an F strain mutant in which the UL13 ORF that 

has been removed.  

2.3 Preparation of viral stocks 

Confluent monolayers of Vero cells grown in 150 cm
2
 flasks were infected 

with virus at an MOI of 0.05 PFU/cell in 5 mL serum-free DMEM for 1 hour at 

37°C and rocked every 10-15 minutes. After an hour of incubation, medium was 

aspirated and replaced with 25 mL of medium 199 + P/S (Gibco) supplemented 
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with 10% FBS at 37°C in a humidified atmosphere supplemented with 5% CO2. 

When the majority of cells exhibited total cytopathic effect (3-5 days post 

infection), they were harvested and pelleted by centrifugation (Beckman G5-R 

swinging bucket centrifuge) at 3000 revolutions per minute (rpm) for 10 minutes 

at 4°C. The medium was aspirated and samples were re-suspended in 1 mL serum 

free DMEM/flask, then subjected to a triplicate process of freezing at -80°C and 

thawing in a 37°C water bath in conjunction with vortexing in between freeze-

thaws cycles. Cells were disrupted by three sonication cycles of 20 seconds (550 

Sonic Dismembrator, Fisher Scientific) in conjunction with vortexing between 

cycles. Cell debris was separated by centrifugation at 3000 rpm for 10 minutes at 

4°C. The supernatant was re-suspended in 100 µL DMEM/flask and aliquots of 

100 µL were stored in cryovials (Nalgene) at -80°C. 

2.4 Virus titrations 

One day prior to infection, Vero cells were seeded in 6-well plates 

(Corning) to create a confluent monolayer of permissive cells. Virus stocks were 

titrated by plating ten-fold dilutions (ranging from 10
-2

 to 10
-8

) in serum-free 

DMEM. Cells were infected with 0.5 mL of each dilution for 1 hour at 37°C and 

rocked every 15 minutes. The inoculum was replaced with 2 mL DMEM 

containing 10% human serum. Infections were incubated at 37°C in a humidified 

atmosphere supplemented with 5% CO2 until plaques were visible (~2-5 days) by 

light microscopy. Medium was aspirated and cells were fixed with methanol for 

10 minutes at room temperature. Samples were stained with 10% Geimsa stain 

(Sigma) for at least 1 hour. Geimsa stain was removed and plaques were counted 

for dilutions that produced 50-100 plaques. 

2.5 Infecting Cells for studies of HSV-induced host signaling modifications 

Once cells formed a confluent monolayer in a 6-well plate (Corning), they 

were serum-starved by incubation in 2 mL serum-free DMEM for 24 hours prior 

to infection. Immediately prior to infection, one well was sacrificed to determine 

the cell number. For the cell count, medium of the well was aspirated and the well 

was washed with 1 mL of 1xPBS. Cells were trypsinized and their concentration 

was determined using a hemacytometer. Virus was appropriately diluted in serum-
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free DMEM and 0.5 mL was used to infect cells at an MOI of 10. The infection 

proceeded for 1 hour at 37°C with rocking every 15 minutes. The medium was 

aspirated and replaced with 2 mL serum-free DMEM. The plates were incubated 

for varying times at 37°C in a humidified atmosphere and supplemented with 5% 

CO2. 

2.6 Addition of drugs and growth factors 

Inhibitory drugs were used to assess the requirement of specific kinases on 

AKT activation. Torin1 (NS Grey, Dana-Farber Cancer Institute) and rapamycin 

(Sigma-Aldrich) were stored in DMSO at -20°C at 250 nM and 1mM 

respectively. Rapamycin was used at a working concentration of 100nM in 1 mL 

serum-free DMEM for either the entire course of the infection or for the last 3 

hours of post infection. Torin1 was used at a working concentration of 50nM in 1 

mL serum-free DMEM for either the entire course of the infection or for the last 3 

hours of post infection.  

 External growth factor ligands were used to assess the transduction of 

activated AKT signals. PDGF A-chain A-chain (AA), A-chain B-chain (AB) and 

B-chain B-chain (BB) (PDGF PeproTech) were reconstituted in water. Confluent 

monolayers of cells were serum-starved for 24 hours and treated with an 

increasing amount of serum (FBS), PDGF, or recombinant human PDGF AA, AB 

or BB that was diluted in DMEM. As described in the results, cells were treated 

with an amount of external ligand that induces detectable AKT phosphorylation at 

residues S473 and T308.  

2.7 Preparation of cell extracts 

Medium was removed into a conical centrifuge tube and the monolayers 

were washed with 0.5 mL 1xPBS, treated with 0.5 mL trypsin at 37°C and cells 

scraped off and the flask was washed with PBS once more. All of the washes 

were combined with the cells and original medium, and the cells were then 

pelleted at 1500 rpm for 5 minutes at 4°C. The supernatant was aspirated and the 

pellet resuspended in 0.5 mL 1xPBS. The resuspended pellet was placed under 

centrifugative force at 1681 rpm (Eppendorf Centrifuge 5417C) for 5 minutes. 

The supernatant was aspirated and the pellet was incubated in 200 uL lysis buffer 
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(1%Nonidet, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM 

sodium fluoride (NaF), 1 mM sodium vanadate (Na3VO4), 1mM β-

glycerophosphate, 50 mM Tris-HCl pH 7.4) supplemented Complete protease 

inhibitor cocktail (Roche). After addition of 50 uL 6x SDS-Page lysis buffer (1M 

Tris-HCl pH 6.8, 30% glycerol, 10% SDS, 0.012% bromophenol blue, 6% 2-

mercaptoethanol) for each sample, the samples were incubated at 4°C for 15-30 

minutes and stored at -80°C. 

2.8 SDS-polyacrylamide gel 

A SDS-polyacrylamide gel consisted of a separating and stacking gel 

portion made from 5 and 1 mL solutions respectively. The separating gel portion 

was either made 8 or 15% from a 40% polyacrylamide (Fisher Bioreagents) mix. 

An 8% acrylamide-SDS gel consists of 2.65 mL dH2O, 1 mL 40% polyacrylamide 

mix, 1.3 mL 1.5 M Tris pH 8.8, 0.05 mL 10% SDS, 75 µL 10% ammonium 

persulfate (Bio-Rad), and 4.5 µL TEMED (EMD). A 15% acrylamide-SDS gel 

consists of 1.77 mL, 1.88 mL 40% polyacrylamide mix, 1.3 mL 1.5 M Tris pH 

8.8, 0.05 mL 10% SDS, 75 µL 10% ammonium persulfate, and 4.5 µL TEMED. 

The separating gels were loaded into cleaned 1 mm glass gel plates (Bio-Rad) and 

an unmeasured small amount of water was pipetted on top to smoothly level the 

separating gel. The gels were left for 20-30 minutes to polymerize and the water 

was carefully removed. The stacking gel portion consists of 0.70 mL H2O, 0.13 

mL 40% polyacrylamide mix, 0.13 mL 1.0 M Tris pH 6.8, 0.01 mL 10% SDS, 30 

µL 10% ammonium persulfate, and 3.0 µL TEMED. Immediately after loading 

the stacking solution onto the separating gel, a 10 or 15-well comb (Bio-Rad) was 

inserted and the gel was left to polymerize for 30 minutes. Upon polymerization, 

gels were loaded into a western blot apparatus (Bio-Rad) and the apparatus was 

filled with 1xSDS page buffer. 1xSDS page buffer is composed of 12.08 g Tris 

(Invitrogen), 57.6 g Glycine (Fisher Scientific), 4 g SDS (Bio-Rad), 1 L ddH2O. 

The combs were carefully removed and a syringe (BD) filled with 1xSDS page 

buffer was used to remove any particulates left in the wells. 

Samples were boiled at 95°C for 5 minutes and 15 µL was loaded into an 

8% or 15% acrylamide-SDS gel along with 3 uL pre-stained SDS-Page standards, 
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Low Range (Fermentas). The gel was electrophoresed (Thermo) for 1-2 hours at 

100 V in 1xSDS PAGE buffer.  

2.9 Wet transfer 

Nitrocellulose membranes (Hybond ECL, Ambersham Pharmacia) were 

incubated in western transfer buffer (800 mL methanol (Fisher Scientific), 2.8 L 

ddH2O, 400 mL 10x transfer buffer [121.2 g Tris, 575 g Glycine, 4 L ddH2O]) for 

10 minutes. Protein was transferred onto a nitrocellulose membrane using a wet 

protein transfer apparatus (Bio-Rad Trans-blot cell) at 75 V for 1.5 hours. After 

transfer, the membrane was incubated in Odyssey Blocking Buffer (OBB) 

(Aerius) and TBS-Tween (TBST) (25 mM Tris, pH 8, 150 mM NaCl, 0.1% 

Tween-20) in a 1:1 ratio at room temperature for 1 hour.  

2.10 Antibodies 

The following dilutions of primary antibody were used for western 

blotting in this investigation: monoclonal anti-VP16 (LP1) (153), a kind gift of A. 

Minson, 1:15000; monoclonal anti-ICP27 1:7000 (Cat.# P1113, Virusys); 

polyclonal anti-actin 1:5000 (Cat.# A2066, Sigma-Aldrich); monoclonal GSK3β 

27C10 1:1000 (Cat.# 9315, Cell Signaling); polyclonal phospho-GSK3β S9 

1:1000 (Cat.# 9336, Cell Signaling); polyclonal AKT 1:1000 (Cat.# 9272, Cell 

Signaling); polyclonal phospho-AKT Thr308 1:1000 (Cat.# 9275, Cell Signaling); 

monoclonal phospho-AKT Ser473 1:1000 (Cat. #9271, Cell Signaling); 

monoclonal phospho-AKT Ser473 (D9E) 1:1000 (Cat. #4060, Cell Signaling); 

polyclonal BAD 1:1000 (Cat.# 5286, Cell Signaling); monoclonal phospho-BAD 

Ser136 1:1000 (Cat.# 9292, Cell Signaling); monoclonal FoxO1 C29H4 1:1000 

(Cat.# 2880, Cell Signaling); polyclonal phospho-FoxO1 Ser256 1:1000 (Cat.# 

9461, Cell Signaling); and polyclonal 4EBP1 1:1000 (Cat.# 9452, Cell Signaling). 

The membrane was incubated with primary antibody diluted in OBB:TBST in a 

1:1 ratio overnight at 4°C. Membranes were washed in TBST 4-5 times for 10 

minutes each at room temperature.  

For infrared imaging, the membrane was incubated in secondary antibody 

in OBB:TBST in a 1:1 ratio for 1 hour at room temperature. The following 

dilutions of secondary antibody were used in this investigation: polyclonal donkey 
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anti-mouse IgG IRDye 800 diluted 1:10000 (Rockland); Alexa Fluor
®
 680 goat 

anti-rabbit IgG (H+L) diluted 1:15000 (Invitrogen). Following, washes in TBST 

4-5 times for 10 minutes at room temperature, membranes were visualized using 

an infrared imager (Aerius).  

FoxO1 and BAD antibody staining were visualized by enhanced 

chemiluminescence followed by detecting using X-ray film. Membranes that were 

incubated with primary FoxO1 or BAD antibody staining were washed in TBST 

3-5 times for 10 minutes each. The membranes were incubated with the secondary 

antibody in TSBT/5% skim milk for 1 hour at room temperature: rabbit anti-

mouse IgG-horseradish peroxidase (HRP) (Sigma) diluted 1:3000 and goat anti-

rabbit IgG-HRP diluted 1:10000. After washing five times as before, the 

membrane was developed using ECL-plus system (Ambersham Biosciences) 

according to the manufacturer’s instructions. The signal was detected via 

exposure to Fuji X-Ray Medical Film (Fuji) on a M135A X-OMAT processor 

(Kodak).  
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3.1 HSV-1 infection causes maximal AKT activation at late times during infection 

As summarized in the rationale of Section 2.2, I sought to address two key 

questions raised by Dr. Wagner’s previous research on HSV-1 induced 

phosphorylation of AKT. First, there was strong evidence for a role of PI3K (and 

by implication PDK1) in the VP11/12-dependent phosphorylation of AKT during 

HSV-infection, but her work did not address whether mTORC2 is also involved. 

Second, although HSV-1 strongly promotes phosphorylation of several AKT 

targets, such phosphorylation was independent of VP11/12. Therefore, one or 

more additional viral proteins influences phosphorylation of at least some AKT 

targets during infection. I examined if there are other viral proteins that regulate 

AKT signaling.  

I first confirmed Dr. Wagner’s findings that VP11/12 is required for HSV-

1 induced AKT phosphorylation at late times post-infection in non-transformed 

human embryonic lung (HEL) fibroblasts (Fig. 3.1). To this end, confluent 

monolayers of cells were serum-starved 24 hours prior to infection and during the 

course of infection. They were mock-infected or infected with wild type HSV-1 

KOS37, the VP11/12-null mutantΔUL46, or the VP11/12-repaired virus RUL46 at 

a MOI of 10 PFU. Cell lysates were collected at 18 hpi and analyzed for the 

activating phosphorylation of AKT at residues S473 (anti-S473) and T308 (anti-

T308), and total AKT by Western blotting. Actin served as a loading control and 

HSV-1 VP16 was used as a control for virus infection. As expected, wild type 

virus enhanced phosphorylation on both AKT residues relative to the levels 

observed in mock-infected cells and this effect was abrogated in cells infected 

with the VP11/12-null mutant ΔUL46, and restored repairing the VP11/12 gene in 

RUL46 (Fig. 3.1). 
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Figure 3.1: HSV-1 activates AKT in a UL46-dependent manner. Confluent 

monolayers of HEL cells were serum-starved and mock-infected or infected with 

wild type HSV-1 KOS37, the VP11/12-null mutant ΔUL46, or the VP11/12-

repaired virus RUL46. Cell lysates were collected at 18 hpi and analyzed for the 

activating phosphorylation of AKT at residues S473 (anti-S473) and T308 (anti-

T308), total AKT, VP16, and β-actin by Western blotting.  
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3.2 HSV-1 requires mTORC2 for AKT phosphorylation 

In uninfected cells, growth factor receptor signaling activates PI3K 

(sometimes with the assistance of SFKs), leading to activation of PDK1, which 

subsequently phosphorylates the activation loop of AKT. Activation of AKT also 

involves phosphorylation of its hydrophobic motif by PDK2, recently identified as 

mTORC2. The mechanisms that lead to the activation of mTORC2 remain largely 

unknown. HSV-induced activation of AKT involves VP11/12- and SFK- 

dependent activation of PI3K, strongly suggesting that in HSV-infected cells, 

PDK1 mediates phosphorylation of AKT as in uninfected cells. Phosphorylation 

of the hydrophobic motif of AKT has also been shown to be dependent on 

VP11/12. However, it is currently unknown whether the VP11/12-dependent 

phosphorylation of the hydrophobic motif is mediated by mTORC2. To address 

this question I examined the effects of inhibiting mTORC2 activity.  

As described in the introduction, the mTOR kinase exists in two 

complexes, mTORC1 and mTORC2, that differ in their subunit composition and 

sensitivity to rapamycin. Both kinases contain the mTOR subunit that requires 

phosphatidic acid (PA) for mTOR activity. PA and rapamycin compete to interact 

with the FKBP12-rapamycin binding domain (FRB) of mTOR (64). Low 

concentrations of rapamycin are able to outcompete PA interactions with 

mTORC1. In contrast to mTORC1, mTORC2 is a more stable structure, so higher 

concentrations of rapamycin are required to dissociate the mTORC2 complex. 

Thus, rapamycin is an effective inhibitor of mTORC1. Another inhibitor of the 

mTOR complexes is torin1, which inhibits the mTOR catalytic subunit found in 

both mTORC1 and mTORC2 (235). Therefore, if mTORC2 is required for HSV-

induced AKT activation, then one would predict that torin1 will block AKT 

activation, while rapamycin will have no effect.  

To test this prediction, serum-starved confluent monolayers of HEL cells 

were mock-infected or infected with wild type HSV-1 KOS37, the VP11/12-null 

mutantsΔUL46 and ΔUL46-GalK, or the VP11/12-repaired virus RUL46. Samples 

were treated with either 250 nM of torin1 or 100 nM of rapamycin for the entire 

course of infection (Fig. 3.2A) or the last three hours only (Fig. 3.2B). Cell lysates 
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were collected at 18 hpi and analyzed for the activating phosphorylation of AKT 

at residues S473 and T308, as well as for total AKT, 4EBP1, VP16, and β-actin 

by Western blotting. An equivalent concentration of the solvent DMSO (1µL/mL) 

was also used to discount any non-specific effects. DMSO had no detectable 

effect (either positive or negative) on AKT signaling or downstream 

phosphorylation of 4EBP1 in either mock-infected or infected cells (Fig. 3.3). 

4EBP1 is a direct target of mTORC1 that can exist in several states of 

phosphorylation, resulting in the appearance of multiple bands on a Western blot. 

Both rapamycin and torin1 inhibited the phosphorylation of 4EBP1 in mock-

infected cells. Reduction in the slowly migrating hyperphosphorylated forms of 

4EBP1 is indicative of the effectiveness of these drugs.  

AKT phosphorylation remained undetectable in mock-infected cells 

treated with either drug (Fig. 3.2). As expected, UL46 was required for HSV-

induced AKT phosphorylation, which was restored in RUL46-infected cells. In the 

presence of rapamycin, AKT was strongly phosphorylated at residues S473 and 

T308 during wild type and RUL46 infection, but not during infection with ΔUL46 

virus. This was expected given that mTORC1 is positioned downstream of AKT 

and does not positively regulate AKT phosphorylation (79). Regardless of the 

length of drug treatment, torin1 prevented phosphorylation at both activating 

residues of AKT during infection with wild type HSV-1 and RUL46. These data 

suggest that AKT phosphorylation during HSV-1 infection requires mTORC2. 

Taken in combination with the results of Wagner and Smiley (247), these results 

are consistent with the hypothesis that HSV employs VP11/12 to trigger AKT 

phosphorylation via mechanisms similar to those used by activated growth factor 

receptors in uninfected cells. 

As previously reported (247), in the absence of inhibitors, HSV-1 

infection resulted in 4EBP1 hyperphosphorylation. Treatment of infected HEL 

cells with torin1 or rapamycin caused 4EBP1 to become hypophosphorylated, 

though this effect was more pronounced in torin1-treated cells. Also as previously 

reported , 4EBP1 hyperphosphorylation was VP11/12-independent (247). The 

simplest interpretation of this result is that HSV-1 encodes one or more proteins 
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other than VP11/12  that promote 4EBP1 hyperphosphorylation in an AKT-

independent manner (Fig. 3.2) (247). I next focused my efforts on identifying the 

additional viral protein(s) involved.  
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Figure 3.2: mTORC2 is required for AKT activation during HSV-1 infection. 

Serum-starved HEL cells were either mock-infected or infected with HSV-1 

KOS37, the VP11/12-null mutant ΔUL46, and the VP11/12-repaired virus RUL46 

for 18 hours. A) During infection, cells were either left in serum-free media, 

treated with 250 nM torin1 or 100 nM of rapamycin. B) Alternatively, for the last 

three hours of infection, samples were either left in serum-free media, treated with 

250 nM Torin1 or 100 nM of rapamycin. Cell lysates were collected at 18 hpi and 

analyzed for the activating phosphorylation of AKT at residues S473 (anti-S473) 

and T308 (anti-T308), total AKT, 4EBP1, VP16, and β-actin by Western blotting.  
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Figure 3.3: DMSO does not dampen AKT activation during HSV-1 

infection. Serum-starved HEL cells were mock-infected or infected with wild 

type HSV-1 KOS37, the VP11/12-null mutants ΔUL46GalK and ΔUL46, or the 

VP11/12-repaired virus RUL46. During the course of the infection, cells were 

either left in serum-free media or treated with 1µL of DMSO in 1 mL of serum. 

Cell lysates were collected at 18 hpi and analyzed for the activating 

phosphorylation of AKT at residues S473 (anti-S473) and T308 (anti-T308), total 

AKT, 4EBP1, VP16, and β-actin by Western blotting. 
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3.3 US3 mediates the phosphorylation of AKT targets 

Since UL46 is required for AKT phosphorylation during HSV-1 infection, 

the phosphorylation of AKT targets was expected to be UL46-dependent (247). 

However, although the AKT targets GSK3β and 4EBP1 were phosphorylated in 

HSV-1 infected cells, their phosphorylation did not require UL46 (247). 

Therefore, HSV-1 likely encodes one or more proteins other than VP11/12 that 

promote phosphorylation of AKT targets independently of AKT activation. We 

considered the possibility that an HSV-1 protein kinase directly phosphorylates 

AKT targets. HSV-1 encodes two protein kinases, US3PK and UL13PK. Of these, 

US3 has previously been shown to regulate the phosphorylation of BAD on 

residue S136, the same site that AKT phosphorylates (165). Therefore, I asked 

whether US3 is also required for the phosphorylation of other AKT targets.  

 Serum-starved HEL cells were mock infected or infected with wild type 

HSV-1 KOS37 and F strains, the KOS37 strain VP11/12-null mutants ΔUL46 and 

ΔUL46-GalK, the VP11/12-repaired virus RUL46, the F strain US3PK-null mutant 

R7041, the US3PK-repaired virus R7306 or the F strain UL13-null mutant R7356 

virus. Cell lysates were collected at 18 hpi and analyzed for the phosphorylation 

of GSK3β and FoxO1 at residues S9 and S256 respectively, as well as for total 

GSK3β and FoxO1, VP16, and β-actin by Western blotting (Fig. 3.4). 

 Compared to mock-infected cells, infection with wild type (KOS37 and 

F), VP11/12-null mutants (ΔUL46 and ΔUL46-GalK) or VP11/12 repaired virus 

strongly increased GSK3β and FoxO1 phosphorylation. Phosphorylation of AKT 

targets during infection was not due to increased protein expression since total 

GSK3β was unchanged and total FoxO1 decreased. Phosphorylated FoxO1 was 

not dramatically increased in ΔUL46-GalK infected cells, which may be a 

consequence of gel-loading errors or poor film exposure. In contrast to wild type 

HSV-1 infection, deletion of UL13 did not reduce the phosphorylation of AKT 

targets, whereas deletion of US3 abrogated the phosphorylation of FoxO1 and 

GSK3β. This result was not due to differences in protein loading as assessed by β-

actin levels or a change in the progression of the virus’s lytic life cycle assessed 

by VP16 levels. Phosphorylated GSK3β and FoxO1 was restored in cells infected 



 

 

45 

 

with repaired-US3 virus. These data suggest that US3 is required for 

phosphorylation of AKT targets (Fig. 3.4). 

During the course of these experiments, the Mohr group published similar 

results on the phosphorylation of AKT targets by US3 (34). These authors showed 

that US3 promoted phosphorylation of AKT targets FoxO1 and GSK3B. 

Furthermore, like AKT, US3 directly phosphorylates TSC2, which led to 

constitutive activation of mTORC1 and subsequent phosphorylation of S6K and 

4EBP1. Phosphorylation of S6K and 4EBP1 resulted in enhanced translation and 

viral replication. Interestingly, S6K and 4EBP1 phosphorylation was only 

partially attenuated in ΔUS3-infected cells, and was further reduced in the 

presence of an AKT drug inhibitor. These data suggest that HSV-1 activates 

mTORC1 through both AKT-dependent and AKT-independent mechanisms (34). 

From Dr. Wagner’s findings, we know that AKT is activated by UL46 (247). 

Thus, I examined whether UL46-activated AKT and US3 signal in parallel to 

phosphorylate AKT targets.  

HEL cells are a difficult cell line to culture because they had a finite 

lifespan. Therefore, I developed a new cell system before studying the effects of 

HSV on AKT signaling. 
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Figure 3.4: The AKT targets, GSK3β and FoxO1, are phosphorylated in a 

UL46-independent fashion, but require US3. Serum-starved HELs were mock 

infected or infected with wild type HSV-1 KOS37 and F, the VP11/12-null 

mutants ΔUL46GalK and ΔUL46, the VP11/12-repaired virus RUL46, the US3-

null mutant R7041ΔUS3, the US3-repaired virus R7306 RUS3, and the UL13-null 

mutant R7356ΔUL13. Cell lysates were collected at 18 hpi and analyzed for the 

inhibiting phosphorylation of GSK3β and FoxO1 at residues S9 (anti- GSK3β) 

and S256 (anti-FoxO1) respectively, total GSK3β and FoxO1, VP16, and β-actin 

by Western blotting.  
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3.4 HSV-1 also activates AKT in Human Foreskin Fibroblasts in a UL46-

dependent fashion 

HEL cells have a finite lifespan and therefore cannot be passaged 

indefinitely in cell culture. In order to provide a more convenient model for AKT 

activation in non-transformed human fibroblasts, I asked if HSV is also able to 

promote AKT phosphorylation in a VP11/12-dependent fashion during infection 

of telomerase-immortalized human foreskin fibroblasts (HFF-tel12) (24), kindly 

provided Wade Bresnahan). HFF cells were used by the Mohr group to examine 

the phosphorylation of AKT targets by US3 (34). Like HEL cells, HFF-tel12 cells 

(hereafter referred to as HFF cells) are non-transformed fibroblasts that lack 

constitutively active AKT. However, unlike HEL cells, they are immortal and 

therefore able to proliferate indefinitely.   

To examine AKT phosphorylation during infection, serum-starved HFFs 

were mock-infected or infected with wild type HSV-1 KOS37 or the VP11/12-

null mutantΔUL46. Cell lysates were collected at regular intervals of 3 hours until 

15 hpi and analyzed for the activating phosphorylation of AKT at residue S473 

(anti-S473), total AKT, VP16, and β-actin by Western blotting. As previously 

observed for HEL cells, wild type HSV-1 KOS37 enhanced phosphorylation on 

residue S473 of AKT relative to the levels observed in mock-infected cells and 

this effect was abrogated by the VP11/12-null mutation. Interestingly, there was a 

noticeable induction of AKT phosphorylation detected as early as 3 hpi that 

diminished by 6 hpi and reappeared by 15 hpi (Fig. 3.5A).   

I next examined the kinetics of AKT activation at early times post-

infection in greater detail by harvesting cells every hour during the first 5 hpi (Fig. 

3.5B).  A sample was also harvested at 15 hpi. Samples were analyzed by western 

blot as before. Actin served as a loading control, and HSV-1 ICP27 was used as a 

control for early virus infection. In infected HFFs, VP11/12-dependent AKT 

phosphorylation was not sustained during infection but rather occurred as a 

biphasic induction. AKT activation was seen at 3 and 4 hpi, diminished at 5 hpi 

and reappeared at 15 hpi. In this experiment, AKT activation was strongest at late 
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times post-infection. This was likely due to an accumulation of de novo VP11/12 

during late infection.  

Despite the presence of VP11/12 in the virion tegument, there was no 

increase in AKT phosphorylation at 1 hpi, suggesting that the phosphorylation of 

AKT depends on newly synthesized VP11/12 (Fig. 3.5B). However, the 

experiments performed were not designed to examine whether VP11/12 

molecules from incoming virions are sufficient to induce AKT phosphorylation. 

Overall these data indicate that HSV-1 triggers bi-phasic AKT phosphorylation in 

a VP11/12-dependent fashion during infection of HFF cells. HFF cells are a 

suitable cell model to examine AKT signaling during HSV-1 infection. Thus, I 

was able to examine if UL46-activated AKT and US3 signal in parallel to 

phosphorylate AKT targets. 

AKT activation by HSV-1 was a common phenomenon seen in multiple 

cell types, including HeLa and Vero cells (Appendix A). 
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Figure 3.5: HSV-1 activates AKT in a UL46-dependent manner at early and 

late times post infection. Confluent monolayers of HFF cells were serum-starved 

and mock-infected or infected with wild type HSV-1 KOS37 or the VP11/12-null 

mutants ΔUL46. Cell lysates were collected at various times and analyzed for the 

activating phosphorylation of AKT at residues S473 (anti-S473) and T308 (anti-

T308), total AKT, VP16 or ICP27, and β-actin by Western blotting.  
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3.5 US3 mediates the phosphorylation of AKT targets despite activation of AKT by 

UL46 

In HSV-1 infected HEL cells, AKT is phosphorylated at late times in a 

UL46-dependent manner (247). In addition to HEL cells, HFFs can be used to 

study UL46-dependent AKT activation. Infected HFFs have a biphasic induction 

(4 and 15 hpi) of AKT phosphorylation that is dependent upon UL46. Evidence 

obtained using a combination of HSV-1 strains F and KOS and their mutants, 

suggested that the phosphorylation of AKT targets requires US3 (Fig. 3.4). 

However, it is unclear if both UL46-activated AKT and US3 signal in parallel to 

promote the phosphorylation of AKT targets. To compare the roles of US3 and 

UL46, ΔUS3- and ΔUS3ΔUL46-mutant viruses were constructed in the same 

KOS37 background as the UL46 mutants (as described in the Methods. Wu, Fred, 

unpublished data). If UL46-activated AKT signals are transduced to downstream 

targets, then the phosphorylation of AKT targets should be reduced in cells 

infected with a ΔUS3ΔUL46-virus compared to cells infected with a ΔUS3-virus. I 

examined the relative contributions of US3 and UL46 over the course of infection. 

Due to the biphasic induction of AKT phosphorylation, I looked at AKT signaling 

at 4 and 15 hpi. 

Serum-starved HFFs were mock-infected or infected with wild type HSV-

1 KOS37, the KOS37 strains VP11/12-null mutant ΔUL46, the US3PK-null 

mutant ∆US3, or the VP11/12 and US3PK-double null mutant ΔUL46∆US3 virus. 

Cell lysates were collected at 4 hpi and 15 hpi, and analyzed for the 

phosphorylation of AKT at residues S473 and T308, the phosphorylation of 

GSK3β and BAD at residues S9 and S136 respectively, as well as for total AKT, 

GSK3β and BAD, and 4EBP1 (Fig. 3.6, 3.7). Lysates harvested at the late times 

were also analyzed for the phosphorylation of FoxO1 at residue S256 and total 

FoxO1 (Fig. 3.7). Actin was used as a loading control and HSV-1 ICP27 or VP16 

was used as a control for virus infection (Fig. 3.6, 3.7). 

For each virus treatment, the level of phosphorylated GSK3β and 4EBP1 

were measured in order to determine whether UL46-activated AKT signals could 

reach AKT targets. Phosphorylated GSK3β levels were then divided by the values 
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obtained by anti-β-actin to give normalized values; this accommodated for any 

changes in cellular protein levels. Phosphorylation of 4EBP1 was determined by 

the ratio of hyperphosphorylated 4EBP1 to hypophosphorylated forms. 

Experiments pertaining to the first phase of AKT activation were replicated three 

times, while the experiments pertaining to the second phase of AKT activation 

were replicated seven times. The quantified values from the infrared signals were 

statistically analyzed by a two tailed un-paired t-test. 

At early (Fig. 3.6A) and late (Fig. 3.7A) times of infection, AKT was 

strongly phosphorylated in an UL46-dependent manner; thus, AKT 

phosphorylation was attenuated in ΔUL46- and ΔUL46ΔUS3-infections. AKT was 

phosphorylated in ΔUS3-infected cells compared to wild type-infected cells (Fig. 

3.6A, 3.7A). In fact, a previous finding states that US3 negatively regulates AKT 

phosphorylation, and the absence of US3 enhances and prolongs AKT activation 

during infection (13). Surprisingly, the phosphorylation of some AKT targets was 

reduced in ΔUS3-infected cells even though AKT was phosphorylated. 

At early times of infection, AKT targets (GSK3β, BAD and 4EBP1) were 

not overtly phosphorylated in mock-infected cells (Fig. 3.6A). Similar to HSV-1 

infection in HEL cells, HFFs infected with wild type-virus exhibited a significant 

increase in phosphorylated GSK3β (p<0.001), as well as, an increase in 

phosphorylated BAD and 4EBP1 and total BAD (Fig 3.6A, B). Although ΔUL46-

infected cells did not have activated AKT, the AKT targets 4EBP1, BAD and 

GSK3β (p<0.001) were strongly phosphorylated. The absence of US3 resulted in a 

reduction in total protein levels of BAD and both phosphorylated BAD and 

GSK3β (p<0.05), despite the fact AKT was phosphorylated. These data imply that 

activated AKT was not required for the phosphorylation of AKT targets. Cells 

infected with a ΔUL46ΔUS3-virus displayed a weak induction of phosphorylated 

GSK3β and total BAD that was comparable to levels seen in mock-infected cells. 

The amount of phosphorylated GSK3β was statistically similar between ΔUS3- 

and ΔUL46ΔUS3-infections (p>0.05) (Fig. 3.6A, B). This indicates that the 

phosphorylation of GSK3β was primarily dependent on US3, with no significant 

contribution from UL46-activated AKT. 4EBP1 was also hyperphosphorylated 
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during wild-type virus infection, but it was difficult to discern whether 4EBP1 

was phosphorylated in the absence of UL46 and US3. If 4EBP1 was 

hyperphosphorylated in ΔUL46ΔUS3-infected cells, then the data suggests HSV-1 

encodes one or more proteins (other than UL46 and US3) that promote 4EBP1 

phosphorylation at early times of infection.  

During late infection with wild-type virus, the phosphorylation of AKT 

targets was enhanced compared to mock-infected cells. The AKT targets GSK3β 

(p<0.005) and 4EBP1 (p<0.001) were significantly more phosphorylated in wild-

type and ΔUL46-virus infection (Fig. 3.7A, B, C). In ΔUS3- or ΔUL46ΔUS3-

infection, there was an attenuation of both total BAD and phosphorylation of 

AKT targets, even though AKT was phosphorylated (Fig. 3.7A). ΔUS3- and 

ΔUL46ΔUS3- infected cells had significantly less phosphorylated 4EBP1 and 

GSK3β (p<0.05) compared to wild-type infection. Less phosphorylated 4EBP1 

could be a result of poor recognition of hyperphosphorylated 4EBP1 species. 

Cells infected with ΔUS3-virus showed reduced phosphorylation of GSK3β and 

4EBP1, and these levels were further diminished during ΔUL46ΔUS3-infection. 

However, this reduction did not correspond to a significant difference between 

ΔUS3- and ΔUL46ΔUS3-virus infections (p>0.05, Fig. 3.7B, C). Two conclusions 

were drawn from these data. First, the phosphorylation of 4EBP1 and GSK3β are 

primarily US3-dependent with no significant contribution from UL46-activated 

AKT. Second, at early times of infection, US3 selectively promotes the 

phosphorylation of some AKT targets and at late times of infection this selection 

more clearly includes 4EBP1 (Fig. 3.7).  

Mohr and colleagues reported that 4EBP1 was degraded during infection 

in a US3 dependent manner (34). My data confirm this finding showing that total 

4EBP1 proteins levels were reduced in wild-type and ΔUL46- infection (p<0.05) 

and US3 was required for this reduction (p>0.05). Cells infected with a ΔU-

L46ΔUS3- or ΔUS3-virus had comparable 4EBP1 protein levels (p>0.05) 

indicating UL46 does not affect 4EBP1 protein levels (Fig. 3.7D).  

In summary, these data indicate that UL46-activated AKT signals do not 

contribute to the phosphorylation of AKT targets. Furthermore, the 
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phosphorylation of AKT targets relies upon US3, regardless of whether AKT is 

phosphorylated. Thus, phosphorylated AKT signals are either blocked or 

redirected during HSV-1 infection. 
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Figure 3.6: Despite UL46-activated AKT, GSK3β is mainly phosphorylated in 

a US3-dependent fashion at early times post infection. Serum-starved HFF cells 

were mock infected or infected with wild type HSV-1 KOS37, the VP11/12-null 

mutant ΔUL46, the US3-null mutant ΔUS3, and the VP11/12-US3-null mutant 

ΔUL46 ΔUS3. A) Cell lysates were collected at 15 hpi and analyzed for the 

activating phosphorylation of AKT at residues S473 (anti-S473) and T308 (anti-

T308), the inhibiting  phosphorylation of GSK3β , FoxO1 and BAD at residues S9 

(anti- GSK3β), S256 (anti-FoxO1), and S136 (anti-BAD) respectively, 4EBP1, 

total proteins AKT, GSK3β, FoxO1 and BAD , VP16, and β-actin by Western 

blotting. B) For each sample, the infrared signal obtained with the anti-GSK3β 

phospho-S9 antibody for panel A was divided by the signal obtained with the anti-

β-actin antibody, and the ratios were divided to yield a proportional value. 

Compared to mock infected cells, KOS37- and ΔUL46-infected cells had 

significantly (p<0.001) more detectable phosphorylated GSK3β on residue S9. 

Additionally, ΔUS3-infection had significantly (p<0.05) more phosphorylated 

GSK3β on residue S9. Relative to ΔUS3-infected cells, ΔUL46ΔUS3 infection 

did not have significantly less phosphorylated GSK3β on residue S9 (p>0.05). 
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Figure 3.7: Multiple AKT targets are phosphorylated in a US3-dependent 

fashion at late times post infection. Serum-starved HFF cells were mock 

infected or infected with wild type HSV-1 KOS37, the VP11/12-null mutant 

ΔUL46, the US3-null mutant ΔUS3, and the VP11/12-US3-null mutant 

ΔUL46ΔUS3. Cell lysates were collected at 15 hpi and A) analyzed for the 

activating phosphorylation of AKT at residues S473 (anti-S473) and T308 (anti-

T308), the inhibiting phosphorylation of GSK3β, FoxO1 and BAD at residues S9 

(anti- GSK3β), S256 (anti-FoxO1), and S136 (anti-BAD) respectively, 4EBP1, 

total proteins AKT, GSK3β, FoxO1 and BAD, VP16, and β-actin by Western 

blotting. B) For each sample, the infrared signal obtained with the anti-GSK3β 

phospho-S9 for panel A was divided by the signal obtained with the anti-β-actin 

antibody, and the ratios were normalized to yield a proportional value. Compared 

to mock infected cells, Kos37- and ΔUL46-infected cells had significantly 

(p<0.005) more detectable phosphorylated GSK3β at residue S9. Additionally, 

ΔUS3-infection had significantly (p<0.05) more phosphorylated GSK3β at 

residue S9. Relative to ΔUS3-infected cells, ΔUL46ΔUS3 infection did not have 

significantly less phosphorylated GSK3β at residue S9 (p>0.05). C) The infrared 

signal for the two upper and two lower bands of 4EBP1 were divided to yield a 

proportional value of phosphorylated 4EBP1. Compared to mock infected cells, 

KOS37- and ΔUL46-infected cells had significantly (p<0.001) more 

phosphorylated 4EBP1. Relative to ΔUS3-infected cells, ΔUL46ΔUS3 infection 

had similar levels of phosphorylated 4EBP1 (p>0.05). D) The infrared signals 

obtained with anti-4EBP1 from panel A was divided by the signal obtained with 

anti-β-actin, and the ratios were normalized to yield a proportional value. 

Compared to mock infected cells, KOS37- and ΔUL46-infected cells had 

significantly (p<0.05) more detectable 4EBP1. Compared to wild type infeted 

cells, both ΔUS3- and ΔUL46ΔUS3- infection had significantly less 4EBP1 

(p>0.05). 
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3.6 Serum induces AKT activation, but there is no significant activation signal 

transduced to AKT targets at late times of infection 

HSV-1 infection requires UL46 for the phosphorylation of AKT, while U-

S3 is required for the phosphorylation of AKT targets. Deletion of UL46, and 

hence activated AKT, does not affect the phosphorylation of AKT targets. These 

data indicate that AKT is unable to phosphorylate some of its targets during HSV-

1 infection, implying that its activity is either blocked or redirected. If there is a 

signaling block between AKT and its targets, then stimulating the pathway with 

external growth factors should not enhance the phosphorylation of AKT targets. 

The AKT pathway can be stimulated by serum, which contains numerous growth 

factors that bind and activate cell receptors. In uninfected cells, serum activates 

some receptors that recruit PI3K to the plasma membrane, which is followed by 

the phosphorylation of AKT and AKT targets. Since there are two phases of AKT 

phosphorylation (4 and 15 hpi), I asked whether the signaling dynamics of the 

AKT pathway changed over the course of infection. 

Prior to examining activated AKT signaling during infection, serum was 

titrated to determine a concentration that would yield maximal AKT 

phosphorylation. Serum-starved HFFs were exposed to an increasing amount of 

serum from 0% to 15%. Cell lysates were collected after 20 minutes and analyzed 

for AKT phosphorylation at residue S473, phosphorylated GSK3β at residue S9, 

as well as, total proteins AKT and GSK3β. β-actin served as a loading control. 

Serum-starved cells lacked phosphorylated AKT and GSK3β. As serum 

concentrations increased, so did the amount of phosphorylated AKT, however, 

serum concentrations greater than 10% did not induce more phosphorylated AKT 

(Fig. 3.8B). Phosphorylated GSK3β was also enhanced with greater serum 

concentrations (Fig. 3.9A).  

Additional control experiments were done to determine the optimal 

duration of serum exposure that would maximize AKT phosphorylation. Serum-

starved HFFs were exposed to 10% serum for increasing lengths of time between 

5 minutes and 2 hours. Cell lysates were analyzed for the same proteins noted in 

Fig. 3.8. AKT was most strongly phosphorylated between 15 and 30 minutes of 
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serum treatment, and AKT phosphorylation decreased after 30 minutes of 

exposure (Fig. 3.9). After 5 minutes of serum treatment, GSK3β was 

phosphorylated and its phosphorylation was not enhanced with longer serum 

exposure. Therefore, AKT is phosphorylated most strongly with 10% serum 

between 15 and 30 minutes.  

As mentioned previously, I examined if a signaling block existed between 

AKT and its targets during infection. If there is a block in signaling between AKT 

and its targets, then stimulating cells with serum should not result in the 

phosphorylation of AKT targets. To test this, serum-starved HFFs were infected 

with the viruses shown in Fig. 3.10 and 3.11. Samples were incubated for either 4 

or 15 hpi (Fig. 3.10, 3.11). Prior to harvesting lysates, cells were treated with 10% 

serum for 20 minutes. The lysates were collected after 20 minutes of serum 

exposure, and analyzed for the phosphorylation of AKT, GSK3β and 4EBP1 by 

western blotting as before (Fig. 3.10, 3.11). β-actin served as a loading control 

and HSV-1 VP16 or ICP27 were used as controls for virus infection. To discern 

whether activated growth factor signals could be propagated to AKT targets, the 

level of phosphorylated GSK3β was measured. Phospho-GSK3β levels were then 

divided by the values obtained by anti-β-actin to give normalized values. The 

quantified values were statistically analyzed using a two-tailed t-test from three 

replicates. 

During early infection, HSV-1 induced AKT phosphorylation was UL46-

dependent. US3 was required for the phosphorylation of AKT targets, excluding 

4EBP1, which remained in a hyperphosphorylated form in the absence of US3 and 

UL46. Therefore, in ΔUL46ΔUS3-infected cells, neither AKT nor the majority of 

its targets were unphosphorylated in the absence of serum. In the presence of 

serum, AKT and its targets were phosphorylated in mock, wild-type, ΔUL46, 

ΔUS3 and ΔUL46ΔUS3-infections. Since the addition of serum caused AKT and 

its targets to become phosphorylated in ΔUL46ΔUS3-infected cells, the data 

indicates serum-activated AKT signals were propagated to AKT targets. This 

suggests a signaling block between AKT and its targets is non-existent at early 

times of infection (Fig. 3.10). 
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During late infection, AKT was strongly phosphorylated in a UL46-

dependent manner. In the presence of serum, AKT was strongly phosphorylated at 

the hydrophobic motif in all samples. Contrary to the hydrophobic motif, ΔUL46-

infected cells had less AKT phosphorylation at residue T308 compared to mock-

infection. There were similar levels of phosphorylated T308 of AKT between 

mock- and ΔUL46ΔUS3-infected cells. Thus, only in the absence of US3 does 

serum stimulation result in the phosphorylation of AKT at residue T308. These 

data suggest that US3 is negatively regulating AKT phosphorylation, specifically 

at the T308 residue, and this effect only exists during late infection (Fig. 3.11). 

Since serum was able to induce activated AKT in ΔUL46ΔUS3-infected cells, I 

was able to test whether activated AKT signals could be transduced to 

downstream targets. 

At late times of infection, phosphorylated 4EBP1 and GSK3β were 

significantly enhanced in wild-type and ΔUL46-infected cells (p<0.001), but not 

in ΔUS3- or ΔUL46ΔUS3- infections. This supports the theory that US3 is required 

for the phosphorylation of AKT targets during infection. Serum stimulation 

resulted in comparable levels of phosphorylated 4EBP1 and GSK3β between 

mock, wild-type and ΔUL46-infected cells. Although serum-stimulation enhanced 

the phosphorylation of 4EBP1 and GSK3β in ΔUS3- and ΔUL46ΔUS3-infected 

cells, these virus infections had significantly less phosphorylated GSK3β than 

mock and wild-type infections (p>0.05). Because AKT is phosphorylated in 

ΔUL46ΔUS3-infected cells, but the signal is not significantly transduced to AKT 

targets, activated AKT signals are attenuated at late times during infection. 

Furthermore, this signaling block is independent of US3 and UL46 (Fig. 3.11A, B). 

Serum contains numerous growth factors that bind a variety of cell 

receptors and activate cell signaling pathways. These cell receptors can potentially 

cross-talk with the AKT pathway. Hence, it is unclear which specific growth 

factor is contributing to AKT signaling. Thus, an alternative method of testing a 

signaling block during infection is by using defined growth factors of the PI3K-

AKT pathway. 
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Figure 3.8: 10% serum induces maximal AKT activation after 20 minutes. 

Confluent monolayers HFF cells were serum-starved for 24 hours and A) titrated 

with an increasing concentration of serum in 1 mL DMEM. Cell lysates were 

collected after 20 minutes of treatment and analyzed for the activating 

phosphorylation of AKT at residues S473 (anti-S473), the inhibiting  

phosphorylation of GSK3β  at residue S9 (anti- GSK3β), total proteins AKT and 

GSK3β, and β-actin by Western blotting. B) The infrared signal obtained with the 

anti-S473 AKT for panel A was divided by the signal obtained with the anti-AKT 

antibody, and the ratios were normalized to yield a proportional value.  
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Figure 3.9: Serum induces AKT activation and downstream signaling in 

infected cells at early infection. Serum-starved HFF cells were mock infected or 

infected with wild type HSV-1 KOS37, the VP11/12-null mutant ΔUL46, the 

US3-null mutant ΔUS3, and the VP11/12-US3-null mutant ΔUL46 ΔUS3. 

Samples were either left in serum-free media or treated with 10% serum-DMEM 

for 20 minutes prior to harvesting cells. Cell lysates were collected at 15 hpi and 

analyzed for the activating phosphorylation of AKT at residues S473 (anti-S473) 

and T308 (anti-T308), the inhibiting phosphorylation of GSK3β at residue S9 

(anti- GSK3β), 4EBP1, total proteins AKT and GSK3β, ICP27, and β-actin by 

Western blotting. 
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Figure 3.10: Serum induces AKT activation and, but not downstream 

signaling in infected cells at late times post infection. Serum-starved HFF cells 

were mock infected or infected with wild type HSV-1 KOS37, the VP11/12-null 

mutant ΔUL46, the US3-null mutant ΔUS3, and the VP11/12-US3-null mutant 

ΔUL46 ΔUS3. Samples were either left in serum-free media or treated with 10% 

serum-DMEM for 20 minutes prior to harvesting cells. A) Cell lysates were 

collected at 15 hpi and analyzed for the activating phosphorylation of AKT at 

residues S473 (anti-S473) and T308 (anti-T308), the inhibiting phosphorylation of 

GSK3β at residue S9 (anti- GSK3β), 4EBP1, total proteins AKT and GSK3β, 

ICP27, and β-actin by Western blotting. B) The infrared signal obtained with the 

anti-GSK3β phospho-S9 antibody for panel A was divided by the signal obtained 

with the anti-β-actin antibody, and the ratios were normalized to yield a 

proportional value. Compared to mock infected cells, KOS37- and ΔUL46-

infected cells had significantly (p<0.001) more detectable phosphorylated GSK3β 

at residue S9. Under serum-stimulation mock infected cells were significantly 

(p<0.05) more phosphorylated than stimulated ΔUS3- and ΔUL46 ΔUS3 infected 

cells. 
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3.7 PDGF BB induces AKT activation, but the signal is not transduced to AKT 

targets 

Activated PI3K leads to the phosphorylation of AKT and AKT targets. 

UL46 is required for AKT activation, but UL46-activated AKT signals are not 

transduced to AKT targets during infection; this indicates that AKT signals are 

either blocked or redirected. As shown in section 3.6, activated AKT signals are 

not propagated during late times of infection even in the presence of serum, 

providing evidence for a signaling block. Serum contains a plethora of growth 

factors and several of these factors could contribute to AKT signaling. Thus, I 

asked if HSV infection inhibits signaling downstream of AKT when AKT is 

activated by a defined growth factor, in the same way that HSV blocks signaling 

downstream of AKT when AKT is activated by serum. PDGF BB liagnds are one 

of many growth factors that activate the PI3K-AKT pathway. When PDGF BB 

binds to its cognate receptor, it induces dimerization, which is followed by the 

recruitment and activation of PI3K (5, 119, 259). I examined AKT signaling 

during late times of infection when cells are stimulated with PDGF BB. 

PDGF BB was titrated to give a maximal amount of AKT activation, 

which happened to be equal to the amount of phosphorylated AKT induced by 

10% serum (Fig. 3.8). Serum-starved HFFs were exposed to an increasing 

concentration of PDGF BB from 1.0 pg/µL to 4.0 pg/µL, or 10% serum (Fig. 

3.12A). Since 20 minutes of serum treatment was sufficient to induce maximal 

AKT phosphorylation (Fig. 3.8), cell lysates were collected after 20 minutes of 

PDGF BB treatment. Cell lysates were analyzed for the phosphorylation of AKT 

and GSK3β (Fig. 3.12A). In the absence of PDGF BB, AKT and GSK3β were not 

phosphorylated. Stimulating cells with 2.5 pg/µL of PDGF BB was sufficient to 

induce phosphorylation of AKT that was equivalent to the levels given by 10% 

serum (Fig. 3.12B). Phosphorylated GSK3β was seen in cells treated with a 

minimum of 1.0 pg/µL PDGF BB (Fig. 3.12A). AKT is phosphorylated most 

strongly with a minimum of 2.5 pg/µL PDGF BB for 20 minutes.  

As previously stated, if PDGF BB signals are not propagated to AKT 

targets, then there is evidence for a signaling block. To test this, serum-starved 
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HFFs were infected with the viruses shown in Fig. 3.13. Cells were incubated for 

15 hours and treated with 20.0 pg/µL of PDGF BB for 20 minutes; this 

concentration was more than sufficient to induce phosphorylation of AKT and 

AKT targets. Cell lysates were collected after exposure to PDGF BB for 20 

minutes and analyzed for the phosphorylation of AKT and GSK3β, and total 

proteins AKT, GSK3β and 4EBP1 (Fig. 3.13). β-actin was used as a loading 

control, and HSV-1 VP16 served as a control for virus infection. For each virus 

treatment, the level of phosphorylated GSK3β was measured in order to determine 

whether PDGF BB activation signals could reach AKT targets. Phospho-GSK3β 

levels were then divided by the values obtained by anti-β-actin to give normalized 

values; this accommodated for any changes in cellular protein levels. The 

quantified values were statistically analyzed using a two-tailed t-test from three 

replicates. 

As expected, in the absence of PDGF BB, AKT was phosphorylated in a 

UL46-dependent fashion. In all samples, PDGF BB treatment greatly enhanced 

AKT phosphorylation at both activating residues. Treatment with PDGF BB 

resulted in more phosphorylated AKT in wild-type infected cells compared to 

unstimulated HSV-1 infected cells. An excessive amount of PDGF BB was added 

to cells, which could have caused the enhancement of AKT phosphorylation. 

Interestingly, under the influence of PDGF BB, ΔUL46-infected cells had 

equivalent levels of phosphorylated AKT at residue T308 when compared to 

mock-infected cells (Fig. 3.13A). This result was different from ΔUL46-infected 

cells that were treated with serum, which showed less T308 phosphorylation 

compared to mock-infection (Fig. 3.11A). ΔUL46-virus reduces T308 

phosphorylation in the presence of serum, while PDGF BB-treated cells did not 

display this inhibition. An excessive amount PDGF BB was added to infected 

cells, which may compensate for any negative effect on AKT signaling. Since 

PDGF BB was able to stimulate AKT phosphorylation in ΔUS3- and ΔUL46ΔUS3-

infected cells, I asked if these activation signals could be propagated downstream.  

As expected, US3 was required for the phosphorylation of AKT targets 

during HSV-1 infection. AKT targets were phosphorylated in mock, wild-type 
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and ΔUL46-infected cells that were treated with PDGF BB. In the presence of 

PDGF BB, ΔUS3- and ΔUL46ΔUS3-infected cells displayed an increase in 

phosphorylated GSK3β compared to their unstimulated counterparts (Fig. 3.13A). 

However, this increased GSK3β phosphorylation was significantly less than levels 

seen in mock-infected cells treated with PDGF BB (p<0.005) (Fig. 3.13B). In 

ΔUS3- and ΔUL46ΔUS3-infected cells, 4EBP1 remained in a hypophosphorylated 

form in the presence of PDGF BB (Fig. 3.13A). Because PDGF BB-activated 

AKT signals were not significantly propagated downstream during infection, 

there is a block in signaling between AKT and some of its targets. Furthermore, 

PDGF signals were attenuated in virus infections lacking US3 and UL46, which 

infers that these two viral proteins are not responsible for the signaling block. 

It would be interesting to examine whether or not HSV-1 blocks activation 

signals from other defined growth factors. PDGF BB is one member from a 

family of PDGF ligands that are specific for activating the PI3K-AKT pathway. 

Thus, I examined AKT signaling in the presence of other PDGF ligands during 

HSV-1 infection. 
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Figure 3.11: PDGF BB activates AKT. Confluent monolayers of HFF cells were 

serum-starved for 24 hours and titrated with an increasing concentration of PDGF 

BB in 1 mL DMEM. A) Cell lysates were collected after 20 minutes of treatment 

and analyzed for the activating phosphorylation of AKT at residue S473 (anti-

S473), the inhibiting  phosphorylation of GSK3β  at residue S9 (anti- GSK3β), 

total protein AKT by Western blotting. B) The infrared signal obtained with the 

anti-S473 AKT for panel A was divided by the signal obtained with the anti- β-

actin antibody, and the ratios were normalized to yield a proportional value.  
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Figure 3.12: PDGF BB induces AKT activation, but the signal is not 

propagated to AKT targets during late times post infection. Serum-starved 

HFF cells were mock infected or infected with wild type HSV-1 KOS37, the 

VP11/12-null mutant ΔUL46, the US3-null mutant ΔUS3, and the VP11/12-US3-

null mutant ΔUL46 ΔUS3. Samples were either left in serum-free media or treated 

with 20.0 pg/µL PDGF BB for 20 minutes prior to harvesting cells. A) Cell 

lysates were collected at 15 hpi and analyzed for the activating phosphorylation of 

AKT at residues S473 (anti-S473) and T308 (anti-T308), the inhibiting 

phosphorylation of GSK3β at residue S9 (anti- GSK3β), 4EBP1, total proteins 

AKT and GSK3β, VP16, and β-actin by Western blotting. B) The infrared signal 

obtained with the anti-S9 GSK3β for panel A was divided by the signal obtained 

with the anti- β-actin antibody, and the ratios were normalized to yield a 

proportional value. Kos37- and ΔUL46-infected cells had significantly (p<0.005) 

more detectable phosphorylated GSK3β at residue S9 then mock-infection. Upon 

PDGF BB stimulation mock- infected cells were significantly more 

phosphorylated than stimulated ΔUS3- (p<0.005) and ΔUL46 ΔUS3 (p<0.05) 

infected cells. 
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3.8 Titration of PDGF AA, AB and BB 

PDGF ligands exist in three isoforms, (AA, AB and BB) and each of them 

differs in their receptor-binding specificity (85, 226). AA has the ability to bind 

the αα- receptor; AB the αβ- and αα- receptor; BB the ββ-, αβ-, and αα-receptor 

(62, 69, 90, 91, 218). Once the dimer-ligands are bound to their receptors, PDGF-

receptors undergo homo- or heterodimerization and auto-tyrosine 

phosphorylation, which triggers the recruitment and activation of PI3K (5, 119, 

259). 

The PDGF ligands were titrated for an equal level of AKT 

phosphorylation at both activating residues. To accomplish this, serum-starved 

HFFs were treated with increasing amounts of PDGFs between 0.5 pg/µL and 

50.0 pg/µL for 20 minutes (Fig. 3.14A, B, C). Cell lysates were collected after 20 

minutes of PDGF treatment and analyzed for the phosphorylation of AKT and 

GSK3β (Fig. 3.14). β-actin was used as a loading control. These experiments were 

replicated three times for both phosphorylated residues of AKT, S473 and T308.   

When cells were treated with equal concentrations of PDGFs, PDGF AA 

was unable to induce S473- and T308- phosphorylation as strongly as, PDGF AB 

and BB (Fig. 3.14D, E). Stimulating cells with PDGF AB produced the most 

phosphorylated AKT compared to PDGF AA and BB (Fig. 3.14 A, B, C). It is 

interesting that PDGF AB triggers stronger AKT phosphorylation than PDGF BB 

at the same concentration, even though PDGF BB binds all three PDGF receptors 

and PDGF AB only binds two (62, 69, 90, 91, 218). Equivalent levels of 

phosphorylated AKT at residue S473 were achieved at 30.0 pg/µL PDGF AA, 

10.0 pg/µL PDGF AB, and 20.0 pg/µL PDGF BB (Fig. 3.14D). Equivalent levels 

of phosphorylated AKT at residue T308 were achieved at 20.0 pg/µL PDGF AA, 

5.0 pg/µL PDGF AB, and 10.0 pg/µL PDGF BB (Fig. 3.14E). Regardless of the 

type of PDGF, the phosphorylation of GSK3β was enhanced with greater PDGF 

concentrations (Fig. 3.14 A, B, C). Using PDGF concentrations that gave equal 

levels of phosphorylated AKT, I asked whether PDGF AA, AB and BB signals 

could be propagated to AKT and AKT targets during infection. 
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Figure 3.13: Differing concentrations of PDGF AA, AB and BB induce 

comparable levels of AKT activation. Confluent monolayers of HFF cells were 

serum-starved for 24 hours and titrated with an increasing concentration of PDGF 

in 1 mL DMEM. A), B), C) Cell lysates were collected after 20 minutes of 

treatment and analyzed for the activating phosphorylation of AKT at residues 

S473 (anti-S473) and T308 (anti-T308), the inhibiting  phosphorylation of GSK3β  

at residue S9 (anti- GSK3β), total proteins AKT and GSK3β, and β-actin by 

Western blotting. The infrared signal obtained with the D) anti-S473 and E) anti-

T308 AKT for panel D was divided by the signal obtained with the anti- β-actin 

antibody, and the ratios were normalized to yield a proportional value.  
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3.9 PDGF ligands do not perform equally at activating AKT during infection 

In uninfected cells, the presence of PDGF BB results in AKT activation 

and the successive phosphorylation of AKT targets. In HSV-1 infected cells, 

PDGF BB signals enhanced AKT phosphorylation, but those phosphorylated 

signals were not propagated downstream (Fig. 3.13). Thus, there is a block in 

signaling between AKT and its targets, which is observed when infected cells are 

stimulated with PDGF BB. I examined whether HSV-1 blocks signaling between 

AKT and AKT targets when cells are stimulated with other types of PDGF 

ligands (AA, AB and BB).  

Serum-starved cells were infected with the viruses indicated in Fig. 3.15 

and 3.16. Cells were incubated for 15 hours and then treated with PDGF AA, AB 

or BB. Because the PDGF ligands do not perform equally at stimulating AKT 

phosphorylation on either residue, cells were treated with PDGFs that gave 

comparable levels of AKT phosphorylation either at S473 or T308 (as noted in 

Section 3.9, Fig. 3.14). Cell lysates were collected after 20 minutes of PDGF 

treatment and analyzed for the phosphorylation of AKT and AKT targets (Fig. 

3.15, 3.16). HSV-1 VP16 was used as a control for viral infection, and β-actin was 

used as a loading control. These experiments were replicated three times using 

PDGF concentrations that gave equal levels of AKT phosphorylation either at 

residue S473 or T308.  

In mock-infected cells, all three PDGFs gave equal levels of 

phosphorylated AKT at residues S473 and T308. Since the PDGFs gave similar 

levels of phosphorylated AKT, any change in AKT signaling would likely be a 

result of virus infection. As expected, phosphorylated AKT was increased during 

HSV-1 infection in a UL46-dependent fashion. In wild-type and ΔUS3-infected 

cells, all three PDGF ligands were able to further enhance the phosphorylation of 

AKT in contrast to their unstimulated counterparts. Interestingly, during HSV-1 

infection, PDGF AA produced less phosphorylated AKT compared to PDGF AB 

or BB stimulation, while PDGF BB gave the greatest amount of phosphorylated 

AKT. This observation was most apparent in cells infected with a virus lacking 

UL46. Cells infected with ΔUL46- or ΔUL46ΔUS3-virus displayed a lack of AKT 
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phosphorylation, and stimulation with PDGF AA or AB had either little (Fig. 

3.15) or no effect (Fig. 3.16) at inducing AKT phosphorylation. In the event that 

AKT phosphorylation was enhanced by PDGFs during infection, PDGF AB had a 

stronger effect at inducing AKT phosphorylation compared to PDGF AA (Fig. 

3.15). On the other hand, phosphorylated AKT was strongest in cells stimulated 

with PDGF BB (Fig. 3.15, 3.16). Therefore, these data suggest that HSV-1 

infection dampens signaling from certain PDGF receptors to AKT. It is unclear 

whether the block is at the receptor, or between the receptor and AKT. 

Interestingly, treatment with PDGF AB induced less AKT phosphorylation in 

ΔUL46-infected cells compared to ΔUL46ΔUS3-infected cells. Thus, US3 may 

have a marginal role in modulating growth factor signaling at the receptor. 

However, UL46 and US3 were obviously not the main factors for this signaling 

block, which indicates other viral protein(s) are involved. As a result of this 

receptor-block, PDGF AA and AB were not suitable candidates to assess 

signaling between AKT and AKT targets. 

In the presence of each PDGF, AKT targets were phosphorylated in mock-

infected cells. In wild type and ΔUL46-infected cells, AKT targets were 

noticeably phosphorylated and this phosphorylation was not enhanced in the 

presence of an external ligand. As expected, the phosphorylation of AKT targets 

were dependent on US3, thus phosphorylation was attenuated in the ΔUS3- and 

ΔUL46ΔUS3-infected cells. In ΔUS3- and ΔUL46ΔUS3-infected cells, PDGF AA 

and PDGF AB had no apparent effect on the phosphorylated levels of 4EBP1 and 

GSK3β. Stimulating cells with PDGF BB increased phosphorylated GSK3β in 

ΔUS3- and ΔUL46ΔUS3-infected cells, but as witnessed in Section 3.8, this 

phosphorylation was less than those levels seen in mock-infected cells that were 

stimulated with PDGF BB. As stated previously in Section 3.8, activated AKT 

signals are attenuated during HSV-1 infection and this is independent of UL46 and 

US3 (Fig. 3.15, 3.16). 

The initial aim of this experiment was to examine if PDGF AA, AB and 

BB signals could be propagated to AKT targets during infection. Rather, I 

witnessed that HSV-1 inhibits signaling through some receptors for unknown 
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reasons (Fig. 3.15, 3.16). Regardless of this inhibition, HSV-1 encodes UL46 to 

activated AKT, yet these activated signals are not propagated to the examined 

downstream targets. Rather, HSV-1 encodes US3 to cherry-pick and 

phosphorylate AKT targets. These data indicate that activated AKT signals are 

either attenuated or redirected during infection.  
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Figure 3.14: PDGF ligands do not perform equally at phosphorylating S473 

AKT during infection. Serum-starved HFF cells were mock infected or infected 

with wild type HSV-1 KOS37, the VP11/12-null mutant ΔUL46, the US3-null 

mutant ΔUS3, and the VP11/12-US3-null mutant ΔUL46 ΔUS3. Samples were 

either left in serum-free media or treated with 30.0 pg/µL PDGF  AA, 1.0 pg/µL 

PDGF AB, and 20.0 pg/µL PDGF BB for 20 minutes prior to harvesting. Cell 

lysates were collected at 15 hpi and analyzed for the activating phosphorylation of 

AKT at residues S473 (anti-S473) and T308 (anti-T308), the inhibiting 

phosphorylation of GSK3β at residue S9 (anti- GSK3β), 4EBP1, total proteins 

AKT and GSK3β, VP16, and β-actin by Western blotting.  
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Figure 3.15: PDGF ligands do not perform equally at phosphorylating T308 

AKT during infection. Serum-starved HFF cells were mock infected or infected 

with wild type HSV-1 KOS37, the VP11/12-null mutant ΔUL46, the US3-null 

mutant ΔUS3, and the VP11/12-US3-null mutant ΔUL46 ΔUS3. Samples were 

either left in serum-free media or treated with 20.0 pg/µL PDGF  AA, 5.0 pg/µL 

PDGF AB, and 10.0 pg/µL PDGF BB for 20 minutes prior to harvesting. Cell 

lysates were collected at 15 hpi and analyzed for the activating phosphorylation of 

AKT at residues S473 (anti-S473) and T308 (anti-T308), the inhibiting 

phosphorylation of GSK3β at residue S9 (anti- GSK3β), 4EBP1, total proteins 

AKT and GSK3β, VP16, and β-actin by Western blotting.  
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CHAPTER 4: DISCUSSION 
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4.1 Thesis Summary 

 The results in this communication have highlighted the complexity in 

AKT signaling during HSV-1 infection. The data support a model where the 

HSV-1 tegument protein VP11/12 is required for the phosphorylation of AKT 

(247). Although a viral protein is devoted to activating AKT, signaling from 

activated AKT is severely attenuated. Rather, the phosphorylation of AKT targets 

in HSV-infected cells depends predominantly on the viral AKT mimic, US3 (Fig. 

4.1).  

In addition to attenuating activated-AKT signals, HSV-1 prevents 

signaling from select PDGF receptors that normally initiate AKT signaling (Fig. 

4.2). Although HSV-1 infection induces two blocks in AKT signaling, AKT is 

still activated for unknown reasons. Interestingly, neither US3 nor UL46 are 

required for either of these signaling blocks indicating that other viral proteins 

may be involved in AKT signaling. My work in this thesis has shed light on many 

aspects of AKT regulation.  
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Figure 4.1: UL46 promotes AKT activation, while US3 negatively regulates 

AKT signaling. AKT is activated in a UL46-dependent manner during HSV-1 

infection, while the phosphorylation of AKT targets is primarily US3-dependent. 

During infection, the phosphorylation of AKT targets does not require UL46, but 

rather depends on US3. Since AKT is activated, but the signal is not propagated, 

HSV-1 appears to attenuate signaling between AKT and its downstream targets. 

Interestingly, neither UL46 nor US3 are required for attenuation of an activated 

AKT signal. Although Us3 does not block the signaling between AKT and its 

targets, US3 appears to inhibit the phosphorylation of residue T308 on AKT. 
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Figure 4.2: HSV-1 blocks AKT activation downstream of specific receptors. 

AKT is phosphorylated during HSV-1 infection. During infection, the 

phosphorylation of AKT can be further enhanced when cells are stimulated with 

PDGF ββ, and to a lesser extent PDGF αβ. However, stimulating infected cells 

with PDGF αα does not enhance the phosphorylation of AKT. Thus, HSV-1 

selectively blocks signaling to AKT from select receptors. 
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4.2 The HSV-1 kinase US3 masquerades as an AKT mimic to regulate cellular 

processes 

While US3 negatively regulates AKT activation, I, as well as the Mohr 

group (34), found that US3 is required for the phosphorylation of several AKT 

targets (Fig. 3.6, 3.7). Though US3 has no sequence homology to AKT, Mohr and 

colleagues (34) found that it behaves analogously to AKT by directly 

phosphorylating the targets TSC2, FoxO1, and GSK3β on the same residues as 

AKT. A similar phenomenon is found in another Herpesvirus. The VZV US3 

homolog ORF 66 phosphorylates the same residues and targets as PKA (61). 

These data suggest that it is advantageous for a virus to bypass cellular signaling 

to directly regulate selective target proteins. For example, the activation of AKT 

normally requires external growth factors, while US3 is able to phosphorylate 

AKT targets in serum-starved conditions (Fig. 3.6, 3.7). Furthermore, the 

activation of AKT is biphasic and transient during infection (Fig. 3.5), whereas 

US3 promotes the phosphorylation of AKT targets as early as 3 hours after 

infection and continues until as late as 21 hpi (Appendix C). 

Furthermore, it is possible that US3 does not undergo the same negative 

regulation as AKT. Firstly, inhibition from PLC and the phosphatase PTEN must 

be overcome in order for AKT to be phosphorylated (124, 141). Secondly, 

activated AKT is dephosphorylated, and thus inactivated, by active PP2A (13). 

Thirdly, AKT exists in a negative feedback loop with downstream proteins. For 

example, it was suggested that US3 is unaffected by the AKT-S6K-IRS1 negative 

feedback loop (34, 188). Mohr suggested (34) that since US3 is unrelated to AKT 

at the sequence level, it is unresponsive to cellular pathways that limit AKT 

activity. 

Another possible advantage of encoding a viral AKT mimic is that US3 

can selectively phosphorylate specific AKT targets (34). By modulating AKT 

targets, US3 hijacks cellular regulation of processes such as apoptosis and protein 

translation. 

4.3 HSV-1 promotes cap-dependent translation 
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HSV-1 protein synthesis relies on host translational machinery. We and 

the Mohr group (34) have independently found that US3 promotes the 

phosphorylation and degradation of the translational repressor 4EBP1 (Fig. 3.7) 

by phosphorylating an upstream regulator, TSC2 (34). Phosphorylated TSC2 

leads to the activation of mTORC1, which is required for the 

hyperphosphorylation of 4EBP1 (29). 

Mohr and colleagues (249) previously found a complete reduction in the 

hyperphosphorylation of 4EBP1 when HSV-1-infected cells were treated with 

rapamycin, which is consistent with viral manipulation of TSC2 upstream of 

mTORC1. On the other hand, HCMV continually induces hyperphosphorylation 

of 4EBP1 without being impaired by rapamycin, indicating that other 

Herpesviruses can affect translation initiation downstream of mTORC1 (160). We 

found that treating cells with rapamycin partially reduced 4EBP1 phosphorylation 

(Appendix B), suggesting that HSV-1 manipulates both upstream regulators of 

4EBP1 and 4EBP1 directly, reconciling these reports. 

Interestingly, although 4EBP1 was hyperphosphorylated at both early 

(Fig. 3.6) and late (Fig. 3.7) time points during wildtype infection, US3 was 

required for 4EBP1 hyperphosphorylation only at late times. It was unclear 

whether US3 was required for 4EBP1 hyperphosphorylation at early times. Thus, 

it is possible that another viral protein maintains 4EBP1 hyperphosphorylation at 

early times of infection. ICP0 is a likely candidate that has been shown to enhance 

the assembly of translational machinery (249). ICP0 not only stimulates 4EBP1 

phosphorylation, but also targets 4EBP1 for proteasomal degradation (21, 249). 

Although the phosphorylation of 4EBP1 is ICP0-dependent at 8 hpi (249), it 

would be interesting to determine if ICP0 is required for the phosphorylation of 

4EBP1 that we observed at 4 hpi. 

4.4 A potential role for UL46 in promoting cell survival 

In addition to regulating protein translation, it has long been known that 

US3 promotes cell survival in response to variety of apoptotic stimuli, including 

the stress of virus infection (4, 134). Accordingly, we found that infection with 
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∆US3-virus resulted in cells bearing an apoptotic morphology (Appendix D, 

Kevin Quach and Heather Eaton, unpublished data).  

Though UL46 is required for AKT activation, UL46-activated AKT signals 

are not transduced to GSK3β, FoxO1, and 4EBP1 during HSV-1 infection (Fig. 

3.11). This is a stark contrast to other Herpesviruses. For instance, VZV encodes 

ORF 12 to activate AKT, resulting in phosphorylation of FoxO1 (XueQiao, et al., 

unpublished data). Given this information, the purpose of UL46-activated AKT is 

a conundrum that has yet to be solved. 

Given that US3 and UL46 both appear to promote AKT signaling, we 

examined whether they collaborate to suppress apoptosis. Using light-microscope 

analysis to examine cell morphology, we found that, in contrast to ∆US3-infection, 

∆UL46-infected cells were not phenotypically apoptotic. However, deleting both 

ΔUL46 and ΔUS3 increased the frequency of apoptotic cells compared to ΔUS3-

infection alone. These data indicate that UL46 may also contribute to cell survival.  

If UL46 promotes cell survival, then cells infected with ∆UL46-virus 

should be more sensitive to pro-apoptotic stimuli (such as UV exposure or 

treatment with drugs that induce apoptosis) compared to wild type-infected cells. 

For example, we would expect to find increased cleavage of the cellular proteins 

PARP and caspase-3 by Western blot analysis, DNA fragmentation by TUNEL 

staining, and the appearance of apoptotic cell bodies using immunofluorescence 

imaging. In order to address whether UL46 inhibits apoptosis through an AKT-

dependent mechanism, we could test whether the presence of an AKT inhibitor, 

AKT VIII, impairs cell survival in a UL46-competent virus infection. If the 

putative pro-survival function of UL46 requires AKT, then this may be directed to 

selective AKT targets such as p53 and MDM2 (reviewed in (144, 221). 

Alternatively, if inhibiting AKT does not impair cell survival, then UL46 may 

promote cell survival through another signaling pathway. For example, the VZV 

UL46 homolog ORF12 activates ERK signaling to prevent apoptosis (137). 

4.5 HSV-1 encodes proteins other than UL46 and US3 to modulate AKT signaling 

External growth stimuli resulted in activation of AKT, but these signals 

were not transduced to the examined AKT targets in ΔUS3- or ΔUL46ΔUS3-
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infected cells (Fig. 3.11, 3.13). Therefore, both US3 and UL46 are not required for 

HSV-1 to attenuate AKT signaling, suggesting that another viral protein(s) 

prevents activated AKT signals from being transduced downstream. One potential 

candidate is the HSV-1 protein kinase UL13, as the VZV orthologs of UL13 and 

US3, ORF 47 and ORF 66 respectively, have been shown to collaborate to 

modulate AKT signaling (189). Interestingly, the UL13 gene product is conserved 

between HSV-1 and VZV with a 79% sequence similarity. In contrast to VZV, we 

found that UL13 deficiency did not affect the phosphorylation of AKT targets 

(Fig. 3.4). However, the results do not exclude the possibility that UL13 is 

involved in AKT signaling. It would be interesting to examine if serum-induced 

activated-AKT signals result in the phosphorylation of AKT targets during 

infection with viral mutants lacking UL13. These viral mutants must also be 

deficient in US3 in order to observe the downstream effects of activated AKT. 

4.6 HSV-1 permits signaling to AKT from specific receptors 

 HSV-1 has previously been shown to downregulate expression of EGFR 

(135). In addition to EGFR, our studies show that HSV-1 regulates signaling from 

other growth factor receptors. Specifically, we found that HSV-1 infection 

selectively impairs signaling from PDGF receptors that include the α-subunit (Fig. 

3.15, 3.16, 4.2). Neither UL46 nor US3 are the main contributors to this signaling 

impairment through the α-chain, suggesting that another viral protein is involved. 

ICP0 is a potential candidate given the precedence for ICP0-mediated inhibition 

of EGFR signaling. In addition to transcriptional regulation of the EGFR gene, 

ICP0 was found to form a complex with the cellular proteins Cin85 and Cbl to 

mediate a reduction in the levels of cell surface and total EGFR through 

internalization and degradation (135). Similar to EGFR, PDGFRs are receptor 

tyrosine kinases that can form a complex with Cin85 and Cbl (227). 

Consequently, PDGFRs undergo negative regulation by endocytosis and 

degradation or recycling (53). Thus, it would be interesting to determine whether 

ICP0 mediates downregulation of the α-PDGFR chain during HSV-1 infection. 

Though it remains unknown what the biological outcomes of EGFR or PDGFR 

downregulation are during HSV-1 infection, it is interesting to speculate that 
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excessive signaling or selective signaling pathways are not beneficial for viral 

infection. Our findings that HSV-1 utilizes US3 to bypass AKT signaling and 

directly regulate AKT targets lend further support to this idea. 

4.7 Other aspects of AKT activation that are modulated by HSV-1 

My work has also shed light on the molecular mechanisms by which UL46 and 

US3 modulate the PI3K-AKT pathway.  

4.7.1 A mechanism for the phosphorylation of AKT by HSV-1 

We have previously shown that the phosphorylation of AKT is UL46-

dependent. However, the role of mTORC2 in phosphorylating the hydrophobic 

motif of AKT during HSV-1 infection was unclear. We found that HSV-1 induced 

AKT phosphorylation was prevented in the presence of torin1. Since use of drugs 

could have non-specific effects on cell signaling, RNA silencing of mTORC2 

subunits can be used to verify that mTORC2 is required for AKT phosphorylation 

during infection. Knockdown of the mTORC2 subunits mTOR and rictor were 

previously used by Sabatini and colleagues to prevent AKT phosphorylation in 

uninfected cells (204). Though mTORC2 is required for the phosphorylation of 

AKT, these results do not tell us whether UL46 activates AKT by promoting 

mTORC2 activity. To get an indication of this, we can examine whether infection 

with ∆UL46-virus reduces rictor expression levels, impairs the association 

between rictor and mTOR, or impairs the phosphorylation of rictor.  

4.7.2 US3 negatively regulates the phosphorylation of the T308 residue of AKT 

Though we and others have shown that US3 antagonizes AKT 

phosphorylation at both the S473 and T308 residues (13), the mechanism by 

which this occurs was unclear. By using serum to stimulate AKT phosphorylation, 

we have shown that US3 specifically antagonizes phosphorylation of T308. This 

implies that US3 interferes with a step upstream of PDK1 phosphorylation of AKT 

(Fig. 3.11, 4.2). For instance, US3 may be interfering with the generation of PIP3 

species by activating PLC, inhibiting PI3K, or activating phosphatases such as 

PTEN,  and inositol polyphosphate 5’-phosphatases (INPP5) (including SHIP-2 

and type II inositol polyphosphate 5-phosphatase) (7, 35, 193). Potential 

activation of INPP5 species by US3 would increase cleavage of PIP3 (109, 148, 
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170), preventing binding of AKT and PDK1 at the plasma membrane, and 

consequently phosphorylation of T308 on AKT. Alternatively, US3 may disrupt 

interactions of the PH domain of PDK1 and AKT with PIP3, or impair PDK1 

activity.  

4.8 Future Directions 

Previous work done by Dr. Melany Wagner examined the interactions 

between UL46 and SFK, and their effect on AKT signaling (247). Her data has 

clearly shown that UL46-dependent activated AKT signals are not required for the 

phosphorylation of downstream targets. In fact, we found that UL46-activated 

AKT signals are attenuated during infection. Future work should aim to identify 

cellular or viral factors that prevent activated AKT signals from being transduced. 

Although UL46 is required for AKT activation, we have yet to determine the 

biological function(s) of UL46 during infection. Although we suspect that UL46 

promotes cell survival, future studies should verify this possibility and determine 

whether UL46 promotes cell survival through an AKT-dependent mechanism. 

HSV-1 not only attenuates signaling between AKT and its targets, but also 

inhibits signaling from select growth factor receptors. The viral proteins involved 

in attenuating PDGFRα-receptor signaling have not been explored. Future 

experiments should examine gene and cell surface expression of PDGFRs during 

infection.  

The investigations from this thesis add to our knowledge of how HSV 

infection induces changes to cell signaling. Work in our lab presently examines 

other signaling pathways targeted by UL46, the anti-apoptotic roles played by 

UL46 and US3, the molecular mechanisms governing UL46-mediated activation of 

SFKs, and inhibition of AKT phosphorylation by US3. Although these future 

directions should add to our understanding of HSV-modulated AKT signaling, 

many questions remained unanswered, such as reasons for encoding an AKT 

mimic, resolving how AKT signals are attenuated, the purpose of attenuating 

AKT signaling, and other viral proteins involved in AKT signaling. 
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Appendix A: AKT is activated in HSV-1 infected HeLa and Vero cells. 

Confluent monolayers of a) HeLa and b) Vero cells were serum-starved and 

mock-infected or infected with wild type HSV-1 KOS37. Cell lysates were 

collected at various times and analyzed for the activating phosphorylation of AKT 

at residues S473 (anti-S473) and T308 (anti-T308), total AKT, VP16, and β-actin 

by Western blotting.  
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Appendix B: Torin1 and rapamycin reduce 4EBP1 hyperphosphorylated 

patterns regardless of infection. Confluent monolayers of HEL cells were 

serum-starved and infected with mock, wild type HSV-1 KOS37, or the VP11/12-

null mutant ΔUL46. For the last three hours of infection, cells were either left in 

serum-free media or treated with 250nM of torin1 or 100nM of rapamycin diluted 

in 1 mL of serum free DMEM. Cell lysates were collected at 18 hpi and analyzed 

for 4EBP1 and β-actin by Western blotting.  
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Appendix C: US3 promotes the phosphorylation of AKT targets as early as 6 

hpi. Confluent monolayers of HEL cells were serum-starved and mock-infected 

or infected with wild type HSV-1 F or the US3-null mutant. Cell lysates were 

collected at various times and analyzed for the activating phosphorylation of AKT 

at residue S473 (anti-S473), phosphorylated FoxO1 and  GSK3β at serine 256 and 

serine 9 respectively, total AKT, FoxO1 and GSK3β, VP16, and β-actin by 

Western blotting.  
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Appendix D: Cells infected with ΔUS3- and ΔUL46ΔUS3- virus are more 

apoptotic than wild type infection. Using light-microscope analysis to examine 

cell morphology, cells infected with ΔUS3-virus were more apoptotic compared to 

wild type-infected cells. Cells that were infected with ΔUL46ΔUS3-virus appeared 

even more apoptotic than ΔUS3-infected cells. These data indicated that UL46 and 

US3 are potentially involved in preventing apoptosis 
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