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Abstract

VP16 initiates the HSV replication cycle by activating immediate early
(IE) gene expression. It recruits the RNA pol 11 through an acidic C-terminal
domain. The defective VP16 encoded by the V422 mutant of HSV-1 possesses a
truncated C-terminal domain. Therefore, V422 replication is suppressed in most
cell-lines, except U20S osteosarcoma cells. The permissive phenotype of U20S
cells stems from a failure to express one or more inhibitory factors that are
produced in restrictive cells. The initial project was designed to identify these host
inhibitory factors in restrictive cells of V422, using siRNA silencing technology.
To facilitate the sSiRNA screen, a GFP reporter gene has been inserted into the
thymindine kinase (TK) gene of the V422 genome and the wild-type KOS
genome. This thesis provides information about characterizing the kinetics of GFP
expression from recombinant viruses at both protein and mRNA levels, during

different infection times in HeLa and Vero cells.
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Chapter 1: Introduction

1.1  Overview of Herpesviridae:

The family Herpesviridae is a group of enveloped viruses with large DNA
genomes that are highly dispersed in most animal species. A classic herpesvirion
possesses a linear double-stranded DNA genome embedded in an icosadeltahedral
capsid consisting of 162 capsomeres. The capsid is surrounded by an amorphous
and protein filled space designated as the tegument, which is covered by a lipid
bilayer envelope with viral glycoprotein spikes on its surface [1]. The
herpesviruses share the following three distinct biological properties. Firstly, their
genomes encode a large group of enzymes which participate in nucleic acid
metabolism (such as thymidine kinase), DNA synthesis (e.g., DNA polymerase
and helicase) and protein modification (e.g. protein kinase). Secondly, viral DNA
replication and capsid assembly take place in the nucleus, whereas the tegument
association and envelope acquisition occur in the cytoplasm, as viruses exit the
host cell. Finally, infectious viruses can either go through a lytic lifecycle
accompanied by destruction of the host cell or establish a latent state in the host
cell. The latent genome can be reactivated by various stimuli, entering the lytic

life cycle and causing disease upon reactivation [1].

To date, there have been approximate 200 herpesviruses identified in
nature, and most of them are clustered into three subfamilies: Alphaherpesvirinae,
Betaherpesvirinae and Gammaherpesvirinae [1]. The classification of each

subfamily is based on host-cell range, length of replication cycle, and cell type



where latency is established. The herpes simplex virus type 1 and type 2 (HSV-1
and -2) and varicella zoster virus (VZV) are the classic examples of
Alphaherpesvirinae. This subfamily is characterized by a broad host range,
relatively short lytic lifecycle, rapid spread in culture, and efficient destruction of
infected cells. Also, Alphaherpevirinae are able to establish the latency in sensory
ganglia. The Betaherpevirinae have a narrow host range and long replication cycle
in infected cells. They are able to establish latency in secretory glands,
lymphoreticular cells, kidneys and other tissues. The Betaherpevirinae includes
Human Cytomegalovirus (HCMV), Human Herpesvirus-6 (HHV-6) and HHV-7.
Lastly, the gammaherpevirinae generally replicate in lymphoblastoid cells,
especially in T or B lymphocytes, and also establish latency in lymphoid tissues.
The best known members of this subfamily are Epstein-Barr virus (EBV) and

Kaposi's Sacoma-associated Herpesvirus (KSHV) [1].

1.2 The Herpes Simplex Virus type-1 (HSV-1) structure:

The HSV-1 virion is composed of four elements: a linear double-stranded
DNA encompassed in an electron-opaque core, an icosahedral capsid, a large
proteinacous space referred as the tegument, and an envelope with glycoprotein

spikes at the outermost layer of the virion [1].

1.2.1 HSV-1DNA genome:

The DNA genome of HSV-1 in a mature virion is linear and double
stranded. (H3) The genome consists of approximately 150 kilo base pair (kbp) (of
which 68% are G/C), and it carries at least 84 protein-encoding open reading

frames (ORF) [2].



The entire linear genome of HSV-1 is composed of two covalently linked
components; the L (long) and S (short) units. It has been shown that the L and S
units invert relative to each other, and the DNA genome produces four linear

isomers of equal proportion in infected cells [3].

1.2.2 HSV-1 nucleocapsid:

The viral DNA genome is enclosed by an icosahedral protein shell,
referred to as the nucleocapsid. The nucleocapsid of a complete virion is
composed of an outer layer with T=16 icosahedral symmetry and an intermediate
layer arranged in a T=4 symmetry [4]. The total molecular mass of the capsid
shell is 0.2 billion daltons, and the outer layer of the nucleocapsid is composed of

4 viral proteins: VP5, VP26, VP23 and VP19C [5].

The nucleocapsid is not located in the center of the tegument. The
proximal pole of the capsid is closer to the envelope than the distal pole, which is
30 to 35 nm away from the envelope [1]. Within the envelope, the nucleocapsid
takes up about one third of the volume, while the tegument occupies the

remaining rest two thirds of the volume [1].

1.2.3 HSV-1tegument:

Inside of the HSV-1 virion, the space between the nucleocapsid and the
envelope is called the tegument. It is an apparently amorphous matrix filled with
viral proteins [6]. The tegument consists of at least 20 viral proteins [6]. Some of
these proteins, such as VP16, are responsible for triggering the viral immediate

early (IE) gene expression [7]. Others contribute to creating a more suitable



environment for viral replication in infected cells; examples include the virion-
associated host shutoff protein (vhs) which degrades cellular mMRNA to enhance
the efficiency of viral protein translation [8], and the protein encoded by Us11, an
RNA binding protein which inhibits the activation of protein kinase R (PKR)

induced cellular translation arrest in host cells [9, 10].

Cellular and selected viral RNAs are also detected in the tegument of
highly purified HSV-1 virions. Detected by a human gene array, those cellular
RNAs in the tegument are identified to be the most abundant species of cellular
RNAs in the cytoplasm [9]. It has also been shown that there are nine viral gene
transcripts present in the tegument; however, they are not sequence specific but
simply the most abundant species of viral RNAs in infected cells [9, 10].
Moreover, these viral transcripts are not degradation products from infected cells;
for example, packaged Us 8.5 mMRNAs are able to be translated into protein in
newly infected cells [10]. Three viral tegument proteins are reported to be
responsible for packaging these viral RNAs into the tegument. These are the
protein products encoded by Us11, U 47, and U 49 (VP22) [10]. The U 47 gene
product has been demonstrated to enhance the transactivating function of VP16
during the IE phase of viral infection [11]. VP22 has been shown to have the
capability of intercellular transport [12], and the ability of VP22 to transport
MRNA from cell to cell has been suggested to be important in creating a suitable

environment for efficient viral production in infects cells [10].

1.2.4 HSV-1envelope:



HSV-1 virions are visualized as pleiomorphic membrane-bound particles,
and their envelopes are obtained from the cytoplasmic membranes of infected
cells [13, 14]. Recent cryo-electron tomography studies have demonstrated that
the average diameter of a spherical HSV-1 virion is 186 nm, which enlarges to
225 nm once spikes on the envelope surface are included. The lipid layer of the

envelope is seen as a continuous silkily circular surface, around 5 nm thick [13].

There are at least 9 different viral glycoproteins embedded in the lipid
membrane of the HSV-1 virion: gB, gC, gD, gE, gG, gH, gl, gL and gM. Also, the
envelope contains at least 2 non-glycosylated intrinsic membrane proteins [1].
There are approximately 595-758 glycoprotein spikes on the surface of the
membrane, and they vary in length, spacing and in the angles at which they stick
out from the membrane [13]. The spikes are non-randomly distributed on the
surface of the membrane; they are presented thinly at the proximal pole and
compactly around the distal pole. The distribution of the spikes may be related to

the receptor-recognizing function during cell entry [13, 15].

1.3 HSV-1 infections:

As with other members of the Herpesviridae, HSV-1 can establish either
Iytic or lantent infection within host cells. During lytic infection of HSV-1, the
viral proteins and DNA genomes are expressed and replicate in a temporal order,
as discussed in later sections. In contrast, only the latency-associated transcript
(LAT) is actively produced in the latent infection of HSV-1 in sensory neuron
cells [16]. The latent virus can be re-activated and then enter the lytic infection

around the primary infection site in response to any of a number of stressors [17].



My project focuses on viral IE gene expression during HSV-1 lytic infection, so |

will focus on the background of lytic cycle of HSV-1.

1.4 HSV-1 lytic infection:

1.4.1 Viral entry:

It is generally proposed that HSV enters host cells through direct fusion of
the virion envelope with the outer plasma membrane [18]. Viral entry into cells
requires at least four viral glycoproteins: gD, gB and the heterodimer gH/gL.
Initially, gC and gB interact independently with heparan sulfate (HS)
proteoglycans to promote the attachment of the virion to the host cell. In vitro, the
interactions of gC/gB with HS are not essential for viral entry. A gC-deletion
virus is still infectious, and a gB mutant virus (that is only defective in its

interaction with HS) can still be infectious with reduced binding activity [19, 20].

Upon attachment to the cell surface, gD interacts with one of several cell
surface receptors: herpes virus entry mediator (HVEM), nectin-1 or 3-O-sulfated
heparan sulphate [21]. Then, gD may send a signal to gB and/or gH/gL which
mediates cell fusion with the plasma membrane. This signalling was found to be

triggered by a proline-rich region in the C-terminus of gD protein [22, 23].

The last stage of viral entry is fusion of the viral envelope of HSV-1 with
the cell membrane. This process is the most complex and least understood stage in
HSV-1 entry into host cells. It is proposed that the central fusion machinery
involves gB and the heterodimer gH/gL. Mutant virus lacking gB, gH and gL

cannot enter target cells [22-26]. The function of gH to assemble viral fusion



proteins requires the interaction with gL, which acts as a gH chaperone for proper
processing and for leading gH to the viral envelope. gL is a short glycoprotein
lacking a transmembrane domain [27-29]. In the absence of gH expression, gL
does not stay at the viral envelope and is secreted from the infected cells [28]. It
has been shown that virions lacking gL also lack gH, and while they are able to
attach to the cell surface, they do not penetrate the cell membrane [29, 30]. After
the virion successfully fuses to a cell, the nucleocapsid is released into the

cytoplasm along with the surrounding tegument proteins.

1.4.2 HSV DNA genome enters the nucleus:

The nucleocapsid then migrates to the nucleus and injects the viral DNA
genome into the nucleus through the nuclear pore [31, 32]. It has been shown that
the migration of the nucleocapsid to the nuclear pore depends on the cellular
microtubular network and the microtubule minus-end directed motors dynein and
dynactin [33, 34]. In vitro experiments show that at the nuclear pore, DNA release
from the capsid requires the assistance of cellular protein importin-f along with
the Ran GTPase cycle [35]. In addition, inhibition of importin-p with antibody
blocks viral DNA release in vitro [35]. In the nucleus, the released DNA genome

then is prepared for IE gene expression, triggered by the tegument protein VP16.

The tegument proteins are also released into the cytoplasm along with the
penetration of the nucleocapsid, in order to modify the cellular environment for
viral replication. VP1-2 localizes to the nuclear pore along with the capsid,
mediates DNA release into nucleus [31, 36]. One of the most studied tegument

proteins, VP16, also migrates into the nucleus through interaction with a cellular



protein HCF-1. VP16 is essential for viral replication, and as described below it
initiates the IE gene expression and turns on viral propagation in host cells [37].
Not all the tegument proteins target the nucleus. VVhs, encoded by UL41, localizes
in the cytoplasm and functions to arrest the expression of cellular genes through

degradation of the cellular mRNAs [38].

1.4.3 Chromatinization of viral input genomes:

Before the viral DNA genome is released into the nucleus, it is not
associated with any cellular histone proteins inside the capsid [39-41]. Once the
viral genome enters the nucleus as a linear DNA, it rapidly transforms to a
circular form and is deposited with cellular nucleosomes [42, 43]. The order of
these two events, assembly of chromatin or circularization, has not yet been
determined. It has been reported that during lytic infection, mononucleosomes
were detected from the HSV-1 genome using MNase assays [44-46]. To
determine the location of the associated nucleosomes on viral genome, studies
utilizing chromatin immunoprecipitation (CHIP) assay show that several genes in
each gene class (IE, E and L) are associated with nucleosomes during lytic
infection [40, 47, 48]. The location of nucleosomes on the HSV-1 genome and the
temporal changes after chromatinization of viral genome are still under
investigation. It has been reported that during lytic infection, the chromatinization

of HSV-1 genome occurred within 3-6 hpi [49].

The structure of the newly assembled HSV-1 chromatin is different from
the cellular chromatin structure in the host cell [47]. Associated histone protein

content relative to DNA is much lower on the HSV-1 genome compared to the



cellular genome, and nucleosomes associate disorderly with viral DNA, not in a
regularly repeating pattern [47, 48, 50]. The nucleosomes associated with viral
DNA have also been analyzed for histone modifications. Post-translational
modifications of histone proteins, such as methylation and acetylation, play
critical roles in determining the activation or repression of gene transcription. For
instance, active transcription sites on the cellular genome are marked by
acetylation of the lysine residues within the N-terminal tail of histone 3 (H3)
proteins [51]. Methylation of histones on different residues can produce the
opposite effect, either activation or repression of gene transcription. For example,
methylation of H3K4 has been shown to promote transcription, whereas H3K9
methylation has been detected in heterochromatin of cellular genome, which are

the sites of silenced transcription (reviewed in [51]).

Histone modification is also important for regulating the viral gene
expression during HSV-1 infection. Studies have shown that during lytic infection,
the nucleosomes bound to the HSV-1 viral genome contained “active”
euchromatin markers, such as H3K9/K14 acetylation (ac) and H3K4 methylation
[49, 50]. In contrast, the histones bound to the silent region of latent or quiescent
genome show modifications typical of heterochromatin. Moreover, the latency-
associated transcript (LAT) gene (which is expressed during latency) shows the
H3K9/K14ac markers on associated H3 histones during latency, but upon
reactivation from latency, these markers are depleted from the LAT region.
Another experiment using a general inhibitor of protein methylation, MTA,

resulted in a great reduction in viral nucleosome methylation and the replication



of HSV-1 [52]. Together, these observations demonstrate that modification of
chromatin might be an important mechanism for viral gene expression, during

HSV-1 infection.

The post-translational modification on viral associated histones is
mediated through both viral and cellular factors. It has reported that depletion of
A-type lamin in the host nucleus results in increased heterochromatin formation
on viral promoters during the lytic infection of HSV-1 [53]. Studies using CHIP
assay have indicated that during HSV-1 lytic infection, several IE promoters are
associated with H3 and the chromatin modifiying coactivator proteins CBP, p300,
BRG-1 and BRM [47]. CBP and p300 could promote the active chromatin and
activate transcription through their histone acetyl transferase (HAT) activities.
BRM and BRG-1 also play important roles in promoting the remodelling of
chromatin and in turn, activating gene transcription. However, previous studies
from Triezenberg group showed that disruption of these coactivators mentioned

above did not affect the IE gene expression of HSV-1 in vitro [54].

Viral proteins of HSV-1, such as VP22, VP16 and ICPO, also play critical
roles in promoting the active form of chromatin on the viral genome. The
tegument protein VP22 has been shown to prevent histone binding to the viral
genome through inhibiting the template-activating factor 1(TAF-1) [55]. VP22
interacts with TAF-1, evidenced by an affinity chromatography experiment [55].
TAF-1 is involved in facilitating the assembly of histones on naked DNA. It is
found in the multi-subunit complex INHAT that associates with histones and

blocks their acetylation [56].

10



Another tegument protein, VP16, has been reported to play critical roles in
targeting the viral genome to the nuclear lamina (unpublished results from L.
Silva), and mediating histone post-translational modifications. It has been shown
that VP16 interacts and recruits some transcription factors and chromatin
modifiers, including p300, CBP, BRG-1 and BRM to the IE gene promoters [47].
Moreover, VP16 functions to reduce the amount of the histone protein H3 on IE
promoters early in infection, but it shows fewer effects on E and L promoters [47].
In contrast, previous study from Smiley group showed that VP16 had a global
effect of chromatin modification on the viral genome, which is not only restricted

to the IE promoters [57].

ICPO, the first expressed IE protein in HSV-1 lytic infection, also plays
significant roles in promoting the active form of chromatin on the viral genome.
ICPO has been shown to reduce the amount of H3 on the viral genome 3-8 hpi
[58]. Also, ICPO has been proposed to function as a histone deacetylase inhibitor
[59]. It has been reported that ICPO interacts and interferes with class Il histone
deacetylase in transfected cells [60]. Furthermore, it has been shown that ICPO
interacts with the REST/CO-REST/HDAC1 complex, resulting in the
displacement of HDACL1 from the complex, which would indirectly promote
acetylation of the viral chromatin [48, 61, 62]. Abundant studies have been
developed around the mechanism of ICPO counteracting the cellular repression of
viral gene expression from ND10 domains, which will be discussed in more

details in later sections.

1.4.4 1E gene expression:
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The remodelling of viral chromatin by host factors and viral proteins
promotes the transcription of viral genes. The first class of genes expressed during
HSV-1 lytic infection are the IE genes, named by the phase of viral replication.
The tegument protein VP16 initiates the transcription of IE genes soon after the
DNA genome entering the nucleus. As mentioned above, VP16 activates the IE
gene transcription through at least two pathways — recruiting the RNA I
polymerase to the IE promoters and promoting the active form of viral chromatin.
Upon uncoating, VP16 and other tegument proteins are released into the
cytoplasm. VP16 then interacts with HCF-1 and localizes to the nucleus along
with HCF-1 [63]. Inside of the nucleus, VP16-HCF-1 associates with a cellular
transcription factor, Oct-1, to form a protein complex. Oct-1 recognizes a specific
sequence-5’GyATGnTAATGArATTCyTTGnGGG3’on IE promoters. Thus,
through Oct-1, this protein complex localizes to the IE promoters and recruits the
RNA polymerase Il to start the transcription of IE genes [64, 65]. The four major

IE proteins (ICPO, ICP4, ICP22 and ICP27) are described below.

1441 ICPO

ICPO is encoded by the gene a0, located in the inverted repeat sequences
flanking the unique long sequence (UL) of the viral genome [1]. ICPO is a 100
kDa protein, containing 775 amino acids [66]. The regions most important for
ICPO function are the C3HC4 RING finger domain near the N-terminus and a
nuclear localization signal [66, 67]. At the C-terminus, ICPO also contains

sequences required for binding to the ubiquitin specific protease 7 (USP7), which
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is important for localizing to the cellular ND10 domains [66, 67]. These structural

domains accomplish the many functions of ICPO in the viral replication cycle.

ICPO is extensively processed after translation. It gets phosphorylated by
the viral protein kinase UL13 and the cell-cycle kinase cdc2 [68-70]. ICPO is also
nucleotidylylated by casein kinase Il [71]. Due to its nuclear localization signal
(NLS) domain, ICPO localizes to the nucleus early during viral replication. The
newly expressed ICPO accumulates initially at or near nuclear structure-ND10
domains, and causes degradation of ND10 components at early phase of infection
[72]. As the amount of protein increases, ICPO spreads out and fills the nucleus.
After viral DNA synthesis, ICPO is found in the cytoplasm [73, 74], and this
translocation is assisted by interaction with the cell cycle regulator cyclin D3 [75].
Late after infection, ICPO seems to shuttle between the nucleus and cytoplasm,
and it may linger in the nucleus rather than reside in the cytoplasm. The
proteasome inhibitor, MG132, blocks the exit of ICPO from nucleus to cytoplasm

[74, 76].

Although ICPO is not essential for viral replication in host cells, the ICPO-
deletion mutant virus results in a 10-100 fold decrease in viral titer compared to
the wild type [1] at low multiplicity of infection in the same cell line. ICPO is a
multifunctional protein involved in inhibiting the host antiviral system, promoting

the viral replication and reactivation of latency.

Due to its C3HC4 RING finger domain, ICPO possesses ubiquitin E3

ligase activity [77, 78]. Causing the degradation of cellular proteins through the
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ubiquitin-proteasome pathway may accomplish the viral defense function of ICPO.
ICPO has been shown to interact with proteasomes, and it enhances the
interactions between cdc34 (an E2 ubiquitin-conjugating enzyme) and
proteasomes [76, 79, 80]. The most extensively studied targets of ICPO-induced
degradation are the ND10 components, including ProMyelocytic Leukaemia
(PML) and Sp100. ND10, also referred to as PML nuclear bodies (NBs) has been
linked to a large number of diverse cellular processes, including oncogenesis, the
DNA damage response, the stress response, apoptosis, the ubiquitin pathway, and
the interferon (IFN) response. In the absence of IFN stimulation, PML is
expressed at low level in the nucleus. However, type | and 11 IFNSs largely
increase PML expression through an “IFN stimulated response element” (ISRE)
and an “IFN-gamma activation site” (GAS) that are present in the promoter of its
gene. Sp100 is also directly induced by IFNs, and its promoter also contains ISRE
and GAS elements [81-83]. Besides the IFN antiviral pathway, PML and other
NB components, including hDaxx, HIRA and the Bloom’s Syndrome DNA
helicase BLM, are also involved in the regulation of chromatin structure,
transcription and DNA repair processes [84-87]. Previous studies have shown that
PML-/- mouse fibroblasts exhibit defective sister chromatid exchange during
mitosis [88]. Some studies also show that ND10 undergoes changes in response to
agents that block transcription or lead to chromatin damage [89, 90]. Previous
studies have shown that PML, Sp100, hDaxx and ATRX were involved in
repression of HSV-1 gene expression, in the absence of a functional ICPO [91-93].

The importance of ND10 domain in antiviral defense and chromatin metabolism
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and remodeling gives ICPO a good reason for targeting and causing their
degradation. ICPO specifically targets the SUMOylated isoforms of PML and
Sp100, and USP7 contributes to this function of ICP0O. USP7 can cleave the
SUMO-1 subunits from PML and Sp100, then they could be ubiquinatedby ICPO
and targeted to the proteasome for degradation [79]. Moreover, USP enzymes also
clear the ubiquitin subunits from the targeted protein, in order to protect it from
proteasome-dependent degradation [94]. Thus, by binding to USP7, ICPO could
target proteins for degradation without itself becoming a target for cellular E3
ligase. ICPO also has been reported to cause the degradation of other cellular
proteins, such as centromeric proteins C and A (CENP-C & A), and the catalytic
subunit of the DNA-dependent protein kinase (DNA-PK) [95, 96]. ICPO also has
been demonstrated to inhibit the interferon regulatory factor 3 (IRF3)
phosphorylation, dimerization and localization to the nucleus, but it had no

apparent inhibition on IRF3 when it was already localized to the nucleus [97].

Another important function of ICPO contributing to the HSV-1 life cycle is
promotion of viral gene expression and viral replication. ICPO does not possess a
DNA binding domain, so its activation of viral gene expression may be linked to
cellular or viral transcription factors. ICPO has been shown to be an inhibitor of
the class Il histone deacetylase (HDAC) , and this indirectly promotes the
acetylation of viral chromatin [98]. Also, current studies showed that the circadian
CLOCK histone acetyl transferase was recruited to ND10 domain through the
interaction of ICP0O and Bmall, which is a transcription factor that forms a

heterodimer with CLOCK [99, 100]. ICPO also interacts with the translation
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elongation factor EF-16 [73], which is found to be phosphorylated by the HSV
protein kinase UL13 [101, 102]. Therefore, hyperphosporylation of EF-16 may
enhance the translation efficiency of viral mRNAs. It also has been shown that
ICPO interacts with and recruits cyclin D3 to ND10 structures to activate cdk4.
Additionally, assisted by other viral proteins including ICP4 and ICP8, ICPO
recruits active cdk4 to ND10 structures and ultimately to replication
compartments for enhanced expression of viral genes and viral DNA synthesis
[103]. The function of ICPO on the activation of viral gene expression may be
related to the viral transcription factor ICP4. ICPO has been shown to be over 20-
fold more potent at driving mRNA synthesis when combined with ICP4, than
either itself or ICP4 alone [104, 105]. Residues 617 to 775 of ICPO interact with
ICP4, including the domain involved in synergy with ICP4 (residues 680-767).
However, some studies have also demonstrated that by interacting with ICP4,

ICPO antagonizes the repression function of ICP4 on its own transcription [106].

Transition from latency to the lytic life cycle of HSV-1 in neuronal cells is
another well studied function of ICPO. Previous studies provide evidence that the
quiescent genomes of HSV could be reactivated by later expression of ICPO from
another source [107]. Moreover, silent viral genomes could be produced from
infection with ICPO-deficient viruses at low MOI, and they could be reactivated
later by the presence of ICP0O [108-110]. However, the Preston group suggested
that ICPO was not essential to reactivate the silent viral genome, and reactivation
in the absence of ICPO was dependent on the MOI as well as the trans-acting

factors [111].
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1442 ICP4

ICP4 of HSV-1 is a large protein with a molecular mass of 175 kDa [112].
ICP4 exists as a 350-kDa homodimer in the host nucleus [113, 114]. There are
two copies of the a4 gene encoding ICP4; they are located in the inverted repeat
region flanking the short segment (Us) of HSV-1 genome [1]. During IE infection,
ICP4 is localized to the nucleus and is rapidly recruited to the viral genome [115].
Later during viral DNA replication, ICP4 is found in the replication compartments

inside the nucleus.

ICP4 functions as a regulatory protein for activating E and L gene
expression and repressing IE gene expression. The structure of ICP4 consists of a
DNA binding domain, a nuclear localization domain and two transactivation
regions [116]. Previous studies have shown that the N-terminal region of ICP4 is
required for efficient cooperativity in TBP-TFIIB-DNA and ICP4 complex
(transcription complex) formation and repression in vitro, while the C-terminal
domain was dispensable for these two function [117, 118]. However, another
study showed that the C-terminal 542 amino acids were essential for forming the
transcription complex on a gC promoter at early times post-infection or when
DNA synthesis was inhibited [119]. The C-terminal domain of ICP4 is required
for DNA binding oligomerization [120]. In addition to the DNA binding domain
of ICP4, the 274 amino acids at the N-terminus are essential for repression
activity [117]. This region and one between amino acid 774 and 1298 are essential
for the transcription activation function of ICP4 [121-124]. Mutant viruses lacking

one of these two regions express reduced levels of E and L genes, and they
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demonstrate impaired growth in vitro [122, 125]. The double deletion of these two

regions severely impairs viral growth and E gene expression in culture [114, 118].

The function of ICP4 during viral gene expression is still not fully
understood. Most current studies concentrate on two aspects of ICP4 biology: its
DNA binding activity and its interaction with cellular transcription factors. ICP4
binds DNA non-specifically, but it also shows a preference for the DNA
sequence-ATCGTCNNNNYCGRC (R=purine, Y=pyrimidine and N=any base).
When the mRNA synthesis start site overlaps this sequence, ICP4 inhibits the
transcription in trans [126-128]. However, deletion of this binding site does not
affect the activation function of ICP4 on E or L genes [129]. ICP4 can induce the
transcription from promoters that minimally contain the recognizable cis-acting
element of ICP4, which is a TATA homology sequence [130-132]. Independent of
how DNA binding assists the regulatory function of ICP4, it suggests that ICP4
operates through the transcriptional machinery acting at the TATA box [118].
ICP4 has been demonstrated to form complexes with TBP, TFIIB and TAF250 in
vitro. ICP4 can form tripartite complexes on viral promoters with the general
transcription factors TFIID and TFIIB. The interaction with TFIID is through the
TBP-associated factor (TAF) 250 subunit [116]. Binding of TFIID to the
promoter region in conjunction with ICP4 triggers the formation of transcription
pre-initiation complexes, and eventually recruits RNA polymerase Il to start viral

MRNA transcription [133].

ICP4 also has been shown to repress the transcription of 1E genes. This

auto-repression of ICP4’s own transcription has been clearly demonstrated in the
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literature [126, 128, 134]. ICP4 has been shown to physically interact with ICPO,
and repress the mRNA synthesis of ICPO through the ICP4-DNA-binding site
upstream of the TATA box [106]. Previous studies have also demonstrated that
ICP4 could inhibit both SP1-activated transcription and USF-activated
transcription without affecting basal transcription [135, 136]. Furthermore, it has
been shown that ICP4 interferes with the viral transcription factors VP16 in vitro
[117]. The detailed mechanism of ICP4 repression on transcription is still unclear.
The DNA binding activity of ICP4 is essential for this regulation, but it is not
sufficient [117]. An ICP4-DNA-binding site located in one orientation within
approximately 45 bp 3’to the TATA box is required for ICP4 to block the
transcription factor functions [117]. In addition, the repression activity of ICP4
was most strongly observed when the ICP4 binding site was in a position that
resulted in the formation of tripartite complexes with TBP and TFIIB [117].
Therefore, by binding to specific DNA sites, ICP4 may repress the transcription
through interfering with the basal transcription complex formation at the TATA

box of target promoter [117].

1.4.4.3 ICP22

ICP22 is encoded by the 022 gene in the unique short region of the viral
genome. ICP22 is a 68 kDa protein, containing two nuclear localization signals
within its structure [137]. After translation, it is phosphorylated by the viral
protein kinase UL13 or US3 [138, 139], and nucleotidylylated by casein kinase Il
(CKI) [71, 140]. ICP22 is found in discrete nuclear bodies along with ICP4 and

RNA polymerase 11 after the initiation of viral DNA replication [141, 142].
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The function of ICP22 in HSV-1 replication in host cell has not been fully
demonstrated. ICP22 has been reported to be involved in modification of the
carboxy-terminal domain (CTD) of RNA polymerase Il. During active
transcription, in normal cells, the CTD of RNA polymerase Il is phosphorylated
on both serine 2 and 5. During HSV-1 infection, CTD has been shown to be only
phosphorylated at serine 5 not serine 2. In addition, ICP22 mediates degradation
of the serine 2-phosphorylated form of RNA polymerase Il by the proteasome
[143-145]. Moreover, it has been reported that ICP22 and UL13 are both required
for mediating phosphorylation of the large subunit of RNA polymerase 11 [146].
The N-terminal segment of ICP22 (residue 1 to 146) is critical for its effect on
RNA polymerase 11 phorsphorylation, and this region is also required for inducing
virus-induced chaperone-enriched (VICE) domain formation in HSV-1 infected
vero cells [147]. VICE domains contain cellular chaperone proteins, proteasomal
components and ubquinated proteins inside the nucleus, and they are proposed to
function in protein turn over and nuclear remodelling in HSV-1 infected cells

[147].

ICP22 mutant viruses are restricted to replication in some rodent cell lines
and human fibroblasts. This host-range phenotype is not MOI-dependent and is
caused by reduction of late gene expression [148]. ICP22 has been shown to be
essential for the optimal accumulation of some true late (y2) viral proteins,
including US11, UL38 and UL41 proteins [138, 149, 150]. In conjunction with
UL13, ICP22 mediates the activation and post-translational modification of cdc2,

and the degradation of cyclins A and B [69, 151, 152]. Furthermore, ICP22 is
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required for switching the binding partner of cdc2 from cyclin B to a viral protein
UL42, which is the viral DNA polymerase processivity factor [152]. The cdc2-
UL42 complex has been proposed to recruit topoisomerase lla to induce late gene

expression in an ICP22-dependent manner [153].

1444 ICP27

ICP27 is a 63 kDa IE regulatory phosphoprotein, encoded by the UL54
gene in the unique long region of the HSV-1 genome. ICP27 is comprised of
several domains, including a nuclear localization signal, an RGG-box RNA
binding domain, and the protein-protein interaction region at the C-terminus
(reviewed in [154]). At early times post-infection, ICP27 is detected diffusely
throughout the nucleus; but it then moves to replication compartments, and finally

shuttles between the nucleus and cytoplasm at late times post-infection [155-157].

ICP27 is essential for HSV-1 lytic replication, and it is highly conserved
among all mammalian and avian herpesviruses [154]. ICP27-deletion mutant
viruses show over-expression of some E genes, a great reduction of viral DNA
synthesis, a low level of leaky-L gene expression and no production of true late
proteins [158-160]. ICP27 plays a critical role in the efficient expression of some
E genes, especially the less abundant viral DNA replication proteins [161]. By
increasing the MRNA level of E gene products which are required for DNA

replication, ICP27 indirectly regulates viral DNA synthesis.

It has been suggested that the effect of ICP27 on inducing L gene

expression may be different to its function in regulating viral DNA synthesis
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[160]. Cells infected with the mutant virus-n504, which produces a defective
ICP27 truncated at the carboxyl terminus, results in a normal level of viral DNA
synthesis and leaky-late proteins, but they are unable to efficiently express true
late mMRNA or proteins [160]. Experiments with n504 further demonstrate that the
regulatory function of ICP27 on E gene expression and DNA replication is
independent of its activation of L gene expression [162]. ICP27 may induce some
L gene expression, which has the weak poly-adenylation signals, through altering
the specificity of the poly-adenylation machinery. In this way, ICP27 could
activate the 3'-ends of viral mMRNA processing by cellular proteins [163-166]. In
addition, ICP27 has been shown to associate with the RNA polymerase |1
holoenzyme [167]. The C-terminal domain of ICP27 interacts with the large
subunit of RNA polymerase 11, in order to enhance initiation or termination of
transcription [143]. Moreover, ICP27 is involved in degradation of the serine 2-
phosphorylated RNA polymerase CTD through interacting with the charperon
protein Hsc70 [168]. ICP27 has also been reported to play roles in promoting
nuclear export of viral mMRNA and translation of viral mMRNA. ICP27 utilizes the
cellular export receptor TAP/NFX1 to export the viral mMRNAs into cytoplasm
[169]. During infection, ICP27 directly interacts with a cellular protein complex
Aly/REF to recruit the TAP [170]. In uninfected cells, Aly/REF interacts directly
with TAP [171], and is recruited to pre-mRNA sites near exon junctions [172,
173], as part of a multi-protein exon-junction complex (EJC). Aly/REF then
becomes bound to the spliced mRNP [174]. Previous studies showed that excess

Aly/REF increased the rate and efficiency of cellular mMRNA export in vitro [174,
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175]. During infection, Aly/REF is recruited by ICP27 from splicesomes to viral
intronless RNAs, and facilitates the export of viral mMRNAs. Since Aly/REF
cannot bind to intronless MRNAs, ICP27 bridges the viral MRNA and Aly/REF to
export these transcripts into cytoplasm through the TAP/NFX1 pathway [170]. In
contrast, knockdown of Aly/REF by siRNA has been shown to have minor effect
on ICP27 exporting, but a decrease in TAP/NFX1 levels severely impairs the

ICP27 exporting in host cells [169].

ICP27 also plays a critical role in subverting the antiviral defence system
of host cells. ICP27 has been shown to be involved in disrupting the host cell
MRNA splicing and exporting at early times post infection through preventing
splicesome assembly and redistributes splicing factors [170, 176, 177]. ICP27 has
also been proposed to alter several cellular signalling pathways. It has been
reported to induce the p38 and JNK protein kinase pathways [178]. ICP27 also
interferes with the IFN response through reducing Statl phosphorylation and

blocking its translocation to the nucleus [179].

1.4.5 Replication compartment formation:

Viral DNA replication initiates at nuclear structure ND10 domains (or
PML nuclear bodies). It has been shown that the ND10-like structures migrate to
the incoming viral genome located at the nuclear envelope, forming the viral
nucleoprotein complexes [180]. The authors also suggested that the assembly of
these viral nucleoprotein complexes is enhanced by the initial transcription of IE
genes on the viral genome [180]. Moreover, previous studies demonstrated that

the transcriptional activity on HSV-1 genomes increases their association with
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ND10 components [115, 181]. As mentioned above, the IE protein ICPO causes
the degradation of ND10 components through the ubiquitin-proteaosome pathway.
Then, later during the infection, the E proteins involved in DNA replication
localize to ND10 domain to initiate viral DNA synthesis [182, 183]. During DNA
replication, the pre-replicative sites enlarge to form viral replication

compartments. These replication compartments contain viral gene regulatory
proteins, such as ICP4, and proteins required for DNA replication, such as ICP8
and ULO9. In addition, cellular proteins involved in DNA repair and replication,
including p53, Rb, DNA polymerase 6, DNA ligase, and the DNA damage
response proteins Mrell and ATM are all found in those viral replication

compartments [184, 185].

Not only viral DNA replication takes place in the replication compartment;
L gene expression and encapsidation of progeny DNA also occur there. As
replication progresses, the replication compartments enlarge and eventually fill

the entire nucleus [1].

1.4.6 Expression of E genes:

The expression of E genes are induced by IE proteins, and the production
of E genes reaches maximal levels at approximately 5-7 hours post-infection
[186]. The transcription of E genes is triggered by the viral transcription factor
ICP4 along with other cellular proteins. The other three major IE proteins-1CPO,
ICP22, and ICP27 also play critical roles in the production of E proteins.
Temporally, E proteins are produced after IE proteins, and they are separated into

two categories, E1 and E2. E1 proteins are expressed at a short time after, or
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almost concurrently with, the onset of synthesis of IE proteins. The ssSDNA
binding protein ICP8 and the large subunit of ribonucleotide reductase ICP6 are
examples of E1 proteins. E2 genes are expressed at later time then E1 genes, and
E2 proteins include the viral thymidine kinase (encoded by UL23) and the viral
DNA polymerase (UL39). After expression, E proteins then stimulate viral DNA
synthesis, and they are also involved in the nucleotide metabolism of viral

replication [186].

1.4.7 Viral DNA replication:

Once E proteins are expressed, they travel into the nucleus and localize to
viral replication compartments [1]. There are seven viral proteins essential for
mediating viral DNA replication: the viral DNA polymerase catalytic subunit
(encoded by UL30), its processivity factor (UL42), origin binding protein (UL9),
ICP8-ssDNA binding protein (UL29), and a helicase-primase complex made up of

3 proteins (UL5, 8 and 52) [1, 187].

There are three origins of viral DNA synthesis identified on the HSV-1
genome [188, 189]. OriS is present in two copies in the viral genome, and each
copy is located in the ¢ sequence of the inverted repeat region flanking the unique
short region. The last origin, oriL is located between genes UL29 and UL30,
which encode for ICP8 and viral DNA polymerase. Both oriL and oriS are
palindromic sequences. The reason for having the 3 origins is not yet known,
since neither of the origins is specially required for viral replication. It has been
reported that an oriL-deletion mutant virus produced normal amount of viral

progeny with titers comparable to the wild type virus [190]. In addition, oriL
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mutant virus shows decreased viral replication in mouse tissue, and they produce
a phenotype of reduced reactivation from latency [191]. Another study showed
that a mutant virus without any oriS sequence had a fourfold reduction in viral

yield, and slightly delayed viral DNA synthesis [192].

In general, viral DNA synthesis starts according to the 6 replication model,
and soon after it switches to a rolling circle mechanism, resulting in concatemeric
DNA progeny molecules (reviewed in [1]). Initially, after entry into the host
nucleus, the linear viral genome transforms to a circular DNA form. After
expression, the origin binding protein, encoded by UL9, localizes to the nucleus
and binds to specific elements in the replication origin (either oriS or oriL); then,
it starts to unwind the DNA double helix. UL9 also recruits ICP8 which binds to
the unwound single-strand DNA (ssDNA). UL9 and ICP8 then recruit five other
essential viral proteins of DNA synthesis to the replication fork, including the
viral DNA polymerase and the helicase-primase complex. The helicase-primase
complex and DNA polymerase initiate the first round of 8 form replication. The
replication mechanism soon after initiation is then switched to the rolling circle
mode, and it remains unclear how the switch occurs in the nucleus. Rolling circle
replication generates long head-to-tail concatamers of viral DNA, which then get
cleaved into monomeric molecules during viral assembly [1]. During viral DNA
replication, cellular proteins are also recruited to the viral replication fork to assist
the DNA synthesis. Proteomic studies have demonstrated that cellular factors
involved in DNA repair, the DNA damage response and DNA recombination

were associated with ICP8 and localized to replication compartments in the
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nucleus [193]. Furthermore, cells lacking WRN helicase or Mre Il produce less
viral progeny compared to normal cells, potentially suggesting a function for

these proteins in viral DNA replication [184].

1.4.8 L gene expression:

As L genes are heterogeneous with respect to their time of peak synthesis,
they have been divided into two groups. L1, or leak-late genes, are expressed
before DNA replication, and their expression is enhanced by viral DNA synthesis
[1]. The expression of L2, or true-late genes is dependent on, and occurs after,
DNA replication. In addition, the expression of L2 genes could be restricted by
the presence of effective concentration of viral DNA synthesis inhibitors, such as

PAA; however, these inhibitors cannot block the production of L1 proteins.

The transcription of late genes occurs in replication compartments within
the infected cell nucleus. ICP4 and RNA polymerase 11 have been shown to
localize to replication compartments at late time post infection [194-196]. IE
proteins-1CP4, ICP22, ICP27 and E protein ICP8 play essential roles in mediating
L gene expression. ICP27 and ICP8 have been proposed to activate the
transcription of late genes by recruiting RNA polymerase 11 to the progeny viral
DNA through a direct interaction [197]. ICP8 affects L gene expression either by
making the promoters of the input genome more accessible to transcription factors
or by promoting transcription off progeny genomes after viral DNA replication
[198]. As the viral transcription activator, ICP4 facilitates the assembly of the
preinitiation complex and RNA polymerase Il on late gene promoters, thereby

activating their transcription [199].
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1.4.9 Virion assembly and egress:

At late time post infection, after the capsid proteins are synthesized in the
cytoplasm, they transit to the nucleus, where the viral capsid is assembled.
Electron microscopy has revealed that viral capsids are assembled inside of the
nucleus, not in the cytoplasm. During early times of infection, the capsid is
assembled within the replication compartments, where the viral DNA replication
occurs [200, 201] at late time of infection, the assembly also occurs in nuclear

structures called asssemblons in certain cell types [202, 203].

Three types of capsids (as known as A-, B- and C-capsid) have been
detected by sucrose density gradient ultracentrifugation of nuclear extracts from
the infected cell. A-capsids lack viral DNA and scaffold proteins. B-capsids also
lacks viral genome DNA, but they are filled with VP22a and VP21 (the cleaved
forms of the scaffold protein, pre-VP22a) and a viral protease VP24. C-capsids,
which contain viral DNA and other tegument proteins, can mature into infectious

virions by budding through the nuclear membrane [1].

The three major primary structural components of the HSV-1 capsid are a
major capsid protein, VP5 and two minor proteins, VP19C and VP23. Assembly
of the capsid involves the participation of two additional proteins: a scaffold
protein encoded by UL26 and a viral protease (VP24) encoded by UL26.5. VP5
forms 150 hexons and 11 pentons within the capsid, and six copies of VP26
interact with the tip of VP5 hexons. VP5 is transported to the nucleus through its
interaction with the C-terminal tail of the scaffold protein pre-VVP22a [204]. Then,

the VP5-pre-VVP22a complex comes together as a result of self-interactions of pre-
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VP22a molecules, in order to from a partial capsid. As hexons and pentons are
added, the partial capsid assembles into a round pro-capsid [205, 206]. By
interacting with the scaffold protein, a portal complex of twelve UL6 protein
molecules is assembled onto the pro-capsid [207]. In vitro, the pro-capsid can be
assembled only with the purified viral components VP5, VP19C, VP23 and a
scaffold protein, and cellular factors are not required for this process [208]. After
assembly, the round pro-capsid undergoes a structural transformation to become

angular and polyhedral, and then it is ready for DNA encapsidation.

The mechanism of DNA encapsidation is still not fully understood. The
concatemer of viral DNA is speculated to be cleaved to a certain length of DNA
that fills the capsid, during DNA packaging into the pro-capsid. There are two

packaging sequences mapped on viral genome: pacl and pac2 [209].

DNA encapsidation is mediated by several viral gene products, including
UL6, UL15, UL17, UL25, UL28, UL32 and UL33 proteins. The complex made
by twelve ULG6 proteins serves as the portal at one capsid vertex for the entry of
viral progeny DNA [210]. The concatmeric DNA is then cleaved into monomers
by a complex of UL15, UL28 and UL23, when a monomer is packaged into the

capsid [211]. UL25 may be involved in retaining the DNA in the capsid [212].

After virion assembly, the viral capsid exits from the nucleus through
budding. Viral proteins encoded by UL31, UL43 and US3 have been reported to
mediate capsid travel to the nuclear inner membrane by altering the nuclear

lamins [213, 214]. Once the capsid buds through the inner nuclear membrane into
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to the perinuclear space, it acquires a nuclear envelope, and the capsid is released
into the cytoplasm by membrane-membrane fusion with the outer nuclear
membrane. This membrane fusion has been proposed to be mediated by gB
protein [215]. The naked capsid then acquires a tegument layer when traveling
through the cytoplasm [216]. It also acquires an envelope by budding through the
post-ER cytoplasmic compartment [217, 218], and eventually, the mature virion

exits the host cell with a cellular envelope.

1.5 VP16

VP16 is a 65 kDa phosphoprotein, encoded by the L gene UL48. Itisa
tegument protein which contains a core region and a C-terminal transcriptional
activation domain enriched in acidic residues [37]. This core region is conserved
in many a-herpesviruses, such as the human varicella-zoster virus (VZV), the
chicken Marek’s disease virus (MDV) and bovine (BHV-1) herpesviruses. In
contrast, the acidic activation domain of VP16 is not conserved among these
viruses. VP16 has been under enormous study, due to its multiple functions in
HSV-1 replication, such as inducing IE gene expression, promoting viral

chromatin remodelling, and facilitating the viral egress.

1.5.1 VP16 as a transcription factor:

As mentioned above, VP16 forms an inducing-complex with cellular protein
HCF-1 and Oct-1 to recruit the RNA polymerase Il and its associated
transcription factors to initiate the viral IE gene expression. Upon cell entry, VP16
is transported into the nucleus by the cellular protein HCF-1, which is also known

as C1, VCAF or CFF. HCF-1 is a large protein of 2035 amino acids. It is
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translated into a 300 kDa precursor protein and then is subsequently cleaved to
produce a family of polypeptides ranging from 110 to 150 kDa [219, 220]. HCF-1
has been shown to play important roles in both cell growth and division [221]. It
has been reported that HCF-1 interacts with two cellular protein complexes which
are involved in histone modification: the Sin3 histone deacetylase (HDAC)
complex and the trithorax-related Set1/Ash2 lysine 4 histone H3
methyltransferase (HMT) [58]. Therefore, by binding to the two complexes, HCF-
1 could promote or repress active chromatin formation, leading to the induction or
inhibition of transcription. During HSV-1 infection, VP16 selectively interacts
with HCF-1that is bound to the Setl/Ash2 HMT complex, thereby promoting

viral chromatin remodelling and activating viral gene expression [58].

Another cellular protein associated with the VP16-induced complex is
Oct-1. Oct-1 is a broadly expressed transcription factor, and its target genes are
involved in basic cellular processes, such as chromatin remodelling, RNA
processing and transcriptional elongation. However, it also has been shown to
repress gene transcription by several mechanisms; for instance, by binding to the
target site, Oct-1 obstructs adjacent NFAT binding to the IL-4 promoter, resulting
in repression of IL-4 gene transcription [222]. Oct-1 recognizes DNA through its
POU domain, a bipartite DNA-binding domain [223]. The POU domain of Oct-1
has a high affinity for an octamer DNA sequence-ATGCAAAT. In addition, Oct-
1 interacts with VP16 through its POU domain [223]. Within the target DNA site,
the GARAT element of the VP16-targeting sequence (TAATGARAT) is not

essential for binding of Oct-1, but it plays an essential role in recognizing Oct-1
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by VP16 [224]. After being bound by Oct-1, the GARAT element induces a
conformational change in the POU domain, and this change facilitates the
efficient interaction of VP16 and Oct-1 [225]. VP16 selectively interacts with
Oct-1 in host cells. VP16 has been reported to be unable to activate transcription
via the B-cell POU-domain transcription factor Oct-2, which has identical DNA-

contacting surfaces to Oct-1 [226-228].

VP16 has been shown in many studies to interact with general
transcription factors through its C-terminal activation domain, in order to recruit
RNA polymerase Il to initiate IE gene transcription. Accurate transcription
requires assembly of the RNA polymerase Il holoenzyme at the promoter, which
consists of RNA polymerase |1, a subset of general transcription factors (TFIIA, B,
C, D, E, F, H, and J) and regulatory proteins, known as SRB proteins. TFIID
recognizes the TATA box on the promoter, and the subunit of TFIID which binds
to this region is referred as TBP. The TBP associated factors (TAFs) in the TFIID
complex, such as the cellular protein Spl and VP16 of HSV-1, are also essential
for transcription activation [229]. Moreover, mutational analysis of the C-
terminal activation domain of VP16 demonstrates that this domain is essential for
the DA-complex (TFIID and TFIIA) formation at the TATA box and start site of
transcription [230]. It has been reported that VP16 interacts with a subunit of
human TFIID-TAFI132 through its acidic activation domain [231]. VP16 also has
been shown to bind TFIIB and TFIIH directly [229]. Recent studies have also
shown that VP16 is able to interact with positive transcription elongation factor b

(P-TEFb) through its acidic activation domain [232]. P-TEFb is a cycline
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dependent kinase, containing cdk9 and a c-type cyclin (CycT1, CycT2 or CycK)
[233]. It regulates MRNA transcription at the level of elongation by releasing

RNA polymerase Il from the negative elongation factors DSIF and NELF [234].

Another tegument protein, encoded by UL14, has been reported to
enhance the nuclear localization of VP16 [235]. In addition, UL14 has been
shown to facilitate transportation of the nucleocapsid to the nuclear pore [235].
Previous studies on HSV-1 infection have suggested that another two tegument
proteins, VP11/12 (UL46) and VP13/14 (UL47), might also facilitate VP16-

activated IE gene expression through direct interactions [11, 236, 237].

1.5.2 VP16 as a repressor of vhs activity

The virion host shutoff (vhs) protein is a tegument protein of HSV-1,
encoded by gene UL41. It is an endoribonuclease, and it mediates the degradation
of pre-existing and newly transcribed mRNAs during the first few hours after
infection (reviewed in [238]). Previous studies have demonstrated that vhs could
not differentiate between viral IE mRNAs and host mMRNA based on their
nucleotide sequences. It has been shown that vhs caused the degradation of viral
IE mRNAs in the presence of inhibitors of protein synthesis in the infected cells
[239-241]. Later in infection, the RNase acitivity of vhs stops after the L gene
expression; and this activity of newly synthesized vhs is proposed to be hindered
by its interaction with VP16 [242]. Experiments using co-immunoprecipitation, in
vitro pulldown assays and yeast two-hybrid assays have shown that the newly
synthesized vhs directly interacts with VP16, and that this interaction may inhibit

vhs activity but facilitate the incorporation of vhs into the tegument [242, 243].
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Furthermore, cells infected with the VP16 null mutant HSV-1 virus (8MA)
display enhanced early host-shutoff and greatly reduced viral protein synthesis,
compared to a wild-type infection. However, this phenotype could be partially
rescued by a mutant VP16 protein, which still binds vhs but lacks any
transcription activation function [242]. Moreover, constitutive expression of
mutant VP16 in cells was able to inhibit host shutoff activity during
superinfection of HSV-1 [242]. Another group of studies suggested that the
interactions of vhs with VP16 and VP22 may facilitate the accumulation of viral

proteins, but it does not affect the stability of viral mMRNA [244].

1.5.3 VP16 and viral assembly:

Due to its role in viral assembly, VP16 is essential for HSV-1 replication.
Previous studies have shown that Vero cells infected with a VP16-deletion mutant
virus produced nearly normal levels of viral DNA and capsids, but DNA
encapsidation was reduced. As well, the later steps of virion maturation were
shown to be defective using transmission electron microscopy [245]. Moreover,
this virus replicated similar to a wild-type virus in a VP16-expressing cell line
[245]. Therefore, the lack of VP16 leads to the termination of the lytic infection of
HSV-1 at late times, during HSV-1 particle assembly. Recent studies have
demonstrated that the absence of VP16 blocks the secondary envelopment of
HSV-1 virion assembly, which involves the interaction between the capsid and

the tegument structure [246].

VP16 has been proposed to have a structural role during virion assembly,
due to its role in linking the capsid/inner tegument and outer
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tegument/glycoprotein complexes [247]. Experiments with yeast two-hybrid
assays, in vitro pull-down and co-immunoprecipitation assays have shown that
VP16 interacts with the outer tegument proteins, encoded by UL41, UL46, UL47
and UL49. In addition, interactions between VP16 and the cytoplasmic tails of
glycoproteins gB, gD and gH have been identified by chemical cross-linking

studies, as well as co-immunoprecipitation and in vitro pull-down assay [247].
1.6 The phenotype of VP16 mutant viruses:

1.6.1 VP16-null mutant virus (8MA):

The VP16-deletion mutant virus (8MA) has been reported to be only able
to grow and propagate in a wild-type VP16-expressing cell line [245]. Non-
complementing cells infected with 8MA produced normal IE expression, nearly
normal levels of DNA replication and capsid formation, and slightly reduced
levels of DNA encapsidation. Consistent with these observations, a very low level
of dense-coded capsids was detected in cells infected with 8MA using
transmission electron microscopy. Furthermore, the production of infectious SMA
virions could not be detected by either plague assay or single-step replication
assay [245]. These observations demonstrate that VP16 is essential for the

secondary envelopment of viral assembly in the cytoplasm.

1.6.2 VP16 mutant virus-In1814:

The mutant virus In1814 of HSV-1 (strain 17) was constructed by
inserting a 12 nt-linker sequence encoding four amino acids at the 397" codon of

VP16 gene. This mutation disables the abilities of VP16 to associate with OCT-
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1/HCF-1 and to bind to the TAAGAGRAT sequence of the IE promoters. Cells
infected with In1814 produce a high particle-to-PFU ratio in plaque assays and
reduced levels of some IE mRNAs at relatively high MOIs. Moreover, in vivo

experiments show that infection with In1814 is essentially avirulent in mice [248].

1.6.3 VP16 mutant virus-V422:

The mutant virus V422 of HSV-1 (strain KOS) carries a defective VP16
protein with a truncated C-terminal acidic activation domain. V422 is constructed
by inserting a 12-linker sequence bearing the amber stop codons in all three
reading frames at the 422" codon of VP16 ORF [242]. Previous studies showed
that V422 could replicate in non-complementing Vero cells, and its viral titer was
detected >100-fold less than the wild-type virus in Vero cells. Compared to
In1814, in the presence of a protein synthesis inhibitor-cycloheximide, V422
displayed a more severe defect in the accumulation of ICP4 and ICPO mRNAs in
infected Vero cells. Both of V422 and In1814 produced substantially more
plaques on U20S osteosarcoma cells than Vero cells [249]. Another common
observation of V422 and In1814 infection is that hexamethylene bisacetamide
(HMBA) treatment (3mM) could increase the viral titers of these two viruses
approximately 100-fold in Vero cells. In addition, HMBA partially increase (3-5
folds) the accumulation of ICP4 and ICPO mRNA produced in V422 infected cells,
in the presence of cycloheximide (200 pg/mL). During In1814 infection, HMBA
enhances the IE mRNA production to approximate the level of wild-type infection

in the absence of HMBA [226].
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HMBA, the prototype hybrid polar compound, is known to be an effective
inducer of differentiation and apoptosis in transformed cells in culture [250-252].
Referring to the virus-cell interaction, HMBA has been reported to promote the
reactivation of latent HSV-1 and HSV-2 in vitro [253, 254]. HMBA also has been
shown to stimulate the major IE (MIE) gene expression and consequentially viral
replication of HCMV in the human thyroid papillary carcinoma cell line TPC-1
[255]. This stimulation by HMBA may contribute to the induction of the NF-kB
pathway in host cells. The enhancer of the MIE promoter of HCMV contains
binding sites for cellular transcription activators, such as NF- kB, AP-1, SP-1 and
CREB/ATF [256]. Mutations of the NF- kB binding sites at the MIE promoter
diminished the ability of HMBA to induce MIE gene transcription in transfected

cells [255].

HMBA also has been shown to reactivate HIV replication from latency
[257]. It has been shown that the activation of HIV replication by HMBA is
independent of the NF-kpB pathway, but the SP-1 binding site at the promoter is
essential for this activation [258]. The effect of HMBA on HIV reactivation is
predicted to involve the PI3K/AKT pathway and the release of p-TEFb [257]. P-
TEFb enhances the transcription at the elongation step, through phosphorylating
the C-terminal domain of RNA polymerase 11 and the negative transcription
elongation factors. These phosphorylations recruit RNA polymerase Il and release
it from the binding of the negative transcription elongation factors [259, 260].
After expression, p-TEFb is inhibited and restrained by HEXIM1 and 7SK

SnRNA in the cytoplasm. Phosphorylation of HEXIM1 could lead to the release of
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p-TEFDb from its transcriptionally inactive complex. In HMBA-treated cells, the
PIBK/AKT pathway is found to be upregulated resulting in the release of p-TEFb
from the phosphorylated HEXIM1; p-TEFb is then proposed to be recruited to the
HIV promoter to enhance transcription. This is suggested by the fact that
inhibitation of the PISK/AKT pathway or expression of a mutant HEXIM1 (that
cannot be phosphorylated by AKT) in chronically infected cells, disables the
activation of HIV transcription from HMBA [257]. With respect to HSV infection,
the mechanism by which HMBA reactivating HSV latency and promoting the

replication of VP16-mutant virus in restrictive cell lines is still unknown.

1.7  Rational of this project:

HSV-1 mutants lacking the activation function of ICPO or VP16 display
low levels of IE gene expression upon low multiplicity infection in many cell
types. The most restrictive host cell types of these ICPO or VP16 mutants appear
to be the primary human fibroblasts [261, 262]. In contrast, U20S osteosarcoma
cells have been shown to complement the replication of these mutant viruses [249,
263]. This observation suggests that U20S cells either express an endogenous
activator that can complement the defective VP16 or ICPO, or they lack inhibitory
mechanisms that are blocked by wild-type VP16 or ICPO in other cells [264]. To
distinguish between these two possibilities, Hancock, et al., [264] performed a
somatic cell fusion experiment with U20S and HEL, mediated by the p14 fusion
protein of HIV. It also has been proved that expression of p14 did not alter the
permissive or restrictive phenotype of U20S and HEL cells to a VP16/ICPO-

double mutant virus (KM110). The U20S-HEL heterkarya were shown to be as
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restrictive as HEL cells. In addition, expressing VP16 or ICPO in trans could
rescue the replication of KM110 in this heterokarya. Together, these results
demonstrated that U20S cells are lacking an inhibitory mechanism that can be
silenced by either VP16 or ICPO during wild-type infection in other restrictive
cells, such as HEL [265]. Furthermore, PI3 kinase inhibitor-LY294002 has been
shown to render the HEL permissive to V422 and KM110, but its effect on HSV
gene expression did not stem from inhibition of P13 kinase [266]. This result
raises the possibility that cellular protein kinases may be involved in this

inhibitory mechanism, which is missing in the U20S cells.

Therefore, this project was originally designed to identify cellular proteins
involved in repressing the replication of the VP16 mutant virus, V422, in HeLa
cells by performing a global small RNA interference (siRNA) screen on the

cellular genome.

RNA interference (RNAI) is a fundamental regulation system for gene
expression in eukaryotic cells in which the sequence-specific SIRNA is able to
bind and cause the cleavage of complementary mRNA. In in vitro experiments,
double-stranded (ds) siRNA (21-23 nts) is synthetically produced and then
directly transfected into cells using specific reagents. Once the siRNA enters the
cytoplasm, it is assembled into the RNA induced silencing complex, RISC.
Argonaute 2, a major component of RISC, causes cleavage of the sense strand of
the ds siRNA. Therefore, the active form of RISC, containing the anti-sense
strand of SiIRNA, selectively targets and degrades mRNA that is complementary

to this siRNA. In this way, expression of the target gene is captured and shut
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down before translation occurs (reviewed in [267]. Genomic-wide siRNA screens
have been shown to be a powerful tool to identify novel cellular factors involved
in viral-host interactions, and as such, it has been used to identify cellular proteins
facilitating infections of HIV, HCV, WNV etc. [268-270] Thus, we plan to
employ a global siRNA screen to investigate the interaction between the HSV-1

mutant V422 (as well as the wild-type KOS) and host HeLa cells.

A successful screen requires an assay to allow quantitation of a cellular
phenotype after the siRNA treatment; and in this case, this assay needs to show
the differences between V422 infection in restrictive and permissive cells. To this
end, | constructed V422-and KOS-based green fluorescent protein (GFP) reporter
viruses using BAC recombineering technology [271], in which GFP expression
was expected to be an indicator of viral replication following sSiRNA treatment.
However, while optimizing the infections of the KOS- and VV422-derived GFP
reporter viruses, | observed unexpectedly low levels of GFP expression in HelLa
cells. Furthermore, the kinetics of GFP expression driven by the HSV IE promoter
did not appear to be comparable to other IE proteins of HSV-1. These two
observations have made it difficult for us to continue pursuing the siRNA
screening project. Thus, to this end, the goal of this project is to better understand
why an exogenous gene (GFP) under the control of an IE promoter inserted into
the viral thymidine kinase locus is unable to undergo efficient and regulated

expression following infection.
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Chapter 2: Materials and Methods:

2.1 Mammalian cell culture:

Human U20S osteosarcoma, HeLa cervical carcinoma, and African green
monkey kidney epithelial (Vero) cells were obtained from the American Type
Culture Collection. Cells were maintained in 150 cm? tissue culture flasks
(Corning) containing 25 mL Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with10% fetal bovine serum (FBS), 50 units/mL penicillin and 5
po/mL streptomycin (complete DMEM). Cells were incubated at 37€ in a
humidified atmosphere in the presence of 5% CO..

Cells were passaged when they reached confluency by washing once with
phosphate buffered saline (PBS-10 mg/mL NacCl, 0.25 mg/mL KCI, 1.8 mg/mL
Na;HPOy, 0.3 mg/mL, pH7.5), then trypsinizing the cells until they no longer
attached to the flask (Trypsin, Gibco), resuspending them in complete DMEM,
and reseeding to approximately 20% confluency. U20S, HelLa and Vero cells
were passaged up to 50 times before a new vial of cells was thawed.

Monolayers of confluent cells were prepared by seeding to 65%
confluency in tissue culture plates (Corning) the day before use. The exact
number of cells was determined before seeding with a hemocytometer.

To start cell cultures from a liquid nitrogen stock, each cryovial was
thawed at room temperature (RT), and diluted in 10 mL complete DMEM. Then
the cells were pelleted at low speed and resuspended into 25 mL growth medium

in a 150 cm? flask.
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2.2 Virus Strains:

The following viruses have been used in this project:
KOS: wild type virus HSV-1

V422: a VP16 mutant virus of HSV-1; it was generated by inserting a 12 nt
linker sequence (bearing an amber stop codon-UAG in all three reading frames)
into the VP16 gene of KOS, resulting in truncation of the protein after amino acid

residue 422 [242]

KOS-HSV-GFP: an EGFP expression cassette driven by the HSV ICP22

promoter is inserted into the thymidine kinase gene (UL23) of KOS

V422-HSV-GFP: an EGFP expression cassette driven by the HSV ICP22

promoter is inserted into the thymidine kinase gene (UL23) of V422

KOS-CMV-GFP: an EGFP expression cassette driven by the IE promoter

of HCMV inserted to the thymidine kinase gene (UL23) of KOS [272]

V422-CMV-GFP: an EGFP expression cassette driven by the IE promoter

of HCMV inserted into the thymidine kinase gene (UL23) of V422

Note: HSV IE promoter-driven EGPF expression cassette is inserted
between the 429" and 451" bp of the TK open reading frame (ORF) in V422 and
KOS37 BACs. The HCMV promoter-driven EGFP gene is inserted into an Sstl

site (downstream of 442" bp) within the TK ORF.
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2.3 Amplification of virus stocks:

All HSV strains listed above were propagated on U20S cells, which
complement the VP16 mutation of V422 [249]. To prepare viral stocks, confluent
monolayers of U20S cells grown in 150 cm? flasks were infected with virus at a
multiplicity of infection (MOI) of 0.05 in 5 mL serum-free DMEM. After one
hour of infection at 37<€, rocking every 15 minutes, 20 mL complete DMEM was
added. To increase the production of V422 and VV422-GFP viruses, cells were
treated with 3mM hexamethylene-bis-acetimide (HMBA) during and after the one
hour infection. When a majority of cells exhibited extensive cytopathic effect
(approximately 3 days for KOS & KOS-GFP infections, and 5 days for V422 &
V422-GFP infections), cells were collected and pelleted at 2000rpm (BECKMAN
GS-6R) for 5 minutes at 4<€ in a bench top centrifuge. Cell pellets were
resuspended in 1 mL serum-free DMEM per 150 cm? flask. Virus was then
released by three cycles of freezing the cells at -80<€ for 15 minutes and thawing
at 37<€ for 5 minutes, followed by three cycles of sonication (Model 550 Fisher
Scientific Sonic Dismembrator) at level 7 using pulses of 20 seconds, followed by
20 seconds on ice. Large cellular debris was removed by centrifugation at
2000rpm (BECKMAN GS-6R) for 15 minutes in a bench top centrifuge at 4<€.

Supernatants were then aliquoted and stored at -80<€.

2.4 Titration of HSV stocks:

Viral stocks were titrated by ten-fold dilutions from 10 to 107 in serum-
free DMEM. 0.25mL of each dilution was used to infect each well of confluent

U20S cells in 12-well plates (Corning). The infections were incubated for one
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hour at 37<€, with rocking every 15 minutes. Then, the inoculum was replaced
with ImL DMEM containing 1% human serum. In the case of V422 (or VV422-
GFP) infection, the medium was additionally supplemented with 3mM
hexamethylene-bis-acetimide (HMBA) during and after the one hour infection.
After 2-3 days, plaques in each well were counted under a light microscope. For
improved accuracy, wells with plaque numbers >20 and <200 were used to

calculate the plaque forming units per mL of virus stock solution.

25 Infection of mammalian cells with HSV:

Cells were infected in a confluent monolayer at the appropriate MOI in
serum-free medium. Infections were carried out at 37<€ in a humidified incubator
in the presence of 5% CO,. During the one hour infection, cells were rocked every
15 minutes to provide the full adsorption of virus to cells. Then the infecting
medium was replaced with complete DMEM. Cells were incubated in a

humidified incubator at 37<€ for the appropriate length of time.

2.6 Plasmids and cloning:

2.6.1 Production of pUC19-HSV-GFP:

The plasmid pA-EUA1 which contains the EGFP gene driven by the ICP22
promoter and utilizing the bovine growth hormone (BGH) poly A signal was
kindly provided by Dr. Luis Schang (University of Alberta) [273]. Since the entire
sequence of the plasmid pA-EUA1 is not known, cloning the EGFP expression
cassette into a well-known vector (i.e. pUC19) allowed us to further analyze and

utilize this DNA.
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The EGFP expression cassette was excised from 10 g pA-EUAL using the
restriction enzyme Sphl at 37<€ for 1 hour. DNA was separated on a 1% agarose
gel and purified using a gel extraction kit (QIAGEN). 10 pg of pUC19 (Invitrogen)
was also digested with Sphl using the same conditions, followed by
dephosphorylation of the 5’ ends using Antarctic phosphatase (New England
Biolabs) at 37<€ for 30 minutes. The EGFP expression cassette was then inserted
into pUC19 using T4 DNA ligase (Invitrogen) overnight at 14<€, creating pUC19-

HSV-GFP (Figure 3.1.1-A).

2.6.2 Transformation of competent bacteria

Plasmids were transformed and amplified in Escherichia coli (E.coli) strain
DH5a. Electro-competent DH5a (40 L) were mixed with 50ng of plasmid DNA
in an eppendorf tube, on ice. The mixture was pulsed in a pre-chilled
electrocuvette using a BIORAD Gene Pulser Il with the resistance set at 200 ohms,
the capacitance at 25 faraday and the voltage at 1.8 volts. Then the transformed
bacteria were immediately added to 1 mL super optimal broth with catabolite
repression (SOC) medium (0.02g/mL Bacto-tryptone, 5pg/mL yeast extract, 5mM
NaCl, 25mM KCI, 10mM MgCl, and 20mM glucose), and incubated at 37<€ for 1
hour while shaking at 225 rpm. 50-100L of these bacterial cells were spread onto
LB (Luria Broth-1% wi/v bactotryptone, 0.5% w/v yeast extract, 1% w/v NaCl)
agarose plates containing the proper antibiotic, and incubated at 37<€ overnight

(12-16 hours).
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2.7  BAC recombineering:

HSV viruses carrying the EGFP expression cassettes from pUC19-HSV-
GFP or pEGFP-C1 were synthesized by using a bacterial artificial chromosome
(BAC) recombineering system that has been described previously [271]. This
BAC recombineering strategy is based on homologous DNA recombination,
utilizing a galK (galactokinase) positive/counter-selection cassette, and a modified
bacterial strain SW102 which lacks the galK gene of the galactose operon. The
EGFP expression cassette was inserted into the thymindine kinase (gene U, 23)
open reading frame (ORF) in the HSV-1 genome. A TK-galK DNA construct
containing the galK gene surrounded by DNA homologous to that which flanks
the inserting region of the HSV-1 TK ORF (50 bp 5’ and 3’ of the TK ORF) was
generated by polymerase chain reaction (PCR) using TK-galK primers (Table 1)
on pgalK plasmid [271], with Pfx DNA polymerase (Invitrogen), and a program
of 94<€ for 15 seconds, 55<€ for 30 seconds, and 68<€ for 3 minutes, repeated for

25 cycles. Before use in recombineering the construct was gel purified.

The EGFP recombinant viruses were constructed by inserting the EGFP
expression cassettes into a BAC carrying either the wild-type HSV-1 KOS
genome or the mutant V422 genome, named KOS37 BAC [274] or V422 BAC.
The BAC sequence (CCBAC1B from Epicentre Inc., Madison, W1) flanked by
two LoxP sites on either end was inserted between U 37 and U, 38 in the KOS
genome by homologous recombination [274]. The HSV-1 KOS37 BAC was
introduced into SW102 cells [275]. The mutant V422 BAC was constructed by

insertion of a 12 linker sequence containing a Nhel site right after the 1266™ bp
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(i.e. 422" codon) of the VP16 ORF in the KOS37 BAC through BAC
recombineering (constructed by Candace Haarsma). The TK-galK expression
cassette was introduced into the HSV-1 KOS37 or V422 TK ORF using
recombineering as outlined in the online protocol

(www.recombineering.ncifcrf.gov/Protocol.asp). After overnight incubation at

32<€ in LB with 12.5 pg/mL chloramphenicol, expression of the DNA
recombination machinary in SW102 cells containing the KOS37 BAC was
induced by heatshock at 42<€ for 30 minutes in a shaking incubator. The cells
were then washed three times in double distilled H,O (ddH,0) and collected by
centrifugation at 5000 rpm at 0% for 5 minutes using Avanti'™ J-25 centrifuge
(Beckman). TK-galK (400 ng) was introduced into the SW102 cells by
electroporation in a 0.1cm cuvette (BioRad) at 25 |, 1.75 kV and 200 ohms,
followed by recovery in 1 mL LB at 32<€ for 1 hour. After recovery, 1 mL of
transformed bacteria was washed twice in 1XM9 medium, plated on M63
minimal media plates, and incubated at 32<€ for 3 days. Colonies were purified
by 4 rounds of selections on MacConkey plates with chloramphenicol and
galactose (as the only sugar source). The insertion of the galk gene was tested by

PCR with primer 1 and 2 (Table 1) designed to amplify across the insertion region.

Secondly, the inserted galK expression cassette was removed and replaced
with the EGFP cassette through a negative selection against the galK gene.
Similarly to the first step, the replacement of galK gene was also accomplished by
the homologous DNA recombination with a DNA fragment carrying the EGFP

cassette flanked by the homology sequence of TK.
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The TK-CMV-GFP (the EGFP gene driven by the CMV IE promoter)
DNA fragment was amplified by PCR on plasmid pTK-green [272] with TK-
CMV-GFP primers (Table 1). pTK-green was constructed by inserting the EGFP
cassette from pEGFP-C1lat the 442nd bp of the TK coding sequence (CDS)
carried by pTK173 plasmid [272]. The TK-HSV-GFP DNA fragment containing
the EGFP gene driven by the HSV-1 IE promoter was amplified by PCR from the
vector pUC19-HSV-GFP using TK-pUC-GFP primers (Table 1), which contained
the same TK homology sequence as TK-galK primers. The SW102 cells
containing the BAC-HSV-galK construct were transformed with 400 ng TK-GFP
(TK-HSV-GFP or TK-CMV-GFP) DNA by electroporation as described above
for TK-galK. For negative selection of galK, cells were plated onto M63 minimal
media plates containing 2-deoxygalactose and chloramphenicol, incubated at 32<€
for 3 days. The substitution of galK by the GFP expression cassette was tested by
PCR with primer 2 and 3 (Table 1) and Southern analysis with an EGFP probe

(Described in Section 2.12).

The HSV-BACs containing the EGFP cassette driven by either HSV IE
promoter or CMV IE promoter were the purified using a large-construct Kit
(QIAGEN) and transferred into U20S cells using Lipofectamine™ 2000 to make

HSV-GFP viruses.
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Table 1: Primers used in this project.

TK-galK forward

5’CAATGGGCATGCCTTCTGCCGTGACCG
ACGCCGTTCTGGCTCCTCATATC-
cctgttgacaattaatcatcggcea-3’

TK-galK reverse

5’CGATGGGATGGCGGTCGAAGATGACC
CTGAGGGCCGGGGGCGGGGCATGT-
tcagcactgtcctgcetectt-3

TK-CMV-GFP forward

5’CAATGGGCATGCCTTATGCCG-3”

TK-CMV-GFP reverse

5’CGATGGGATGGCGGTCGAAG-3’

TK-pUC-GFP forward

5’CAATGGGCATGCCTTCTGCCGTGACCG
ACGCCGTTCTGGCTCCTCATATC-
agtcgactgcaggcatg-3’

TK-pUC-GFP reverse

5’CGATGGGATGGCGGTCGAAGATGACC
CTGAGGGCCGGGGGCGGGGCATGT-
ccatgattacgccaagcttg 3’

Primer 1 5’TACCCGAGCCGATGACTTAC- 3’
Primer 2 5’GAAAGCTGTCCCCAATCCTC-3’
Primer 3 5’ATGGTGAGCAAGGGCGA-3’

Primer 4 STGTTTGACTGCCTCTGTTGC-3’
Primer 5 5’AGGGCATCGGTAAACATCTG- 3°
Primer 6 5’CGTCGCCGTCCAGCTCGACCAG- 3’
Primer 7 5’ATGACAAGCGCCCAGATAAC- 3’
M13-F S’GTTTTCCCAGTCACGAC- 3

TK-primers listed above were used to construct the EGFP recombinant
viruses using BAC recombinneering. For TK-galK and TK-pUC-GFP primers,
capital letters represent the sequence of TK homology (the same sequences for
both sets of primers) and lowercase letters represent sequence of the galK gene or
pUC19 plasmid. Primers 1 to 3 were used to confirm the insertion of EGFP.
Primers 4 and 5 were used to confirm the V422 mutation of VVP16. Primers 6, 7
and M13-F were used to confirm the EGFP insertions in sequencing analysis.
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2.8 DNA transfection:

Plasmid DNA (or HSV-BAC DNA) (1.6 g) and 4 pL Lipofectamine™
2000 (Invitrogen) were each diluted in 100 pL of Opti-MEM | medium and
incubated at RT for 5 minutes. The diluted Lipofectamine™ 2000 was then mixed
with the diluted DNA, and incubation continued at RT for 20 minutes. The entire
mixture was added to a monolayer of confluent cells grown in 800 piL antibiotic-
free DMEM (10% FBS) in a 12-well plate, and the plate was incubated at 37<€
for 4 hours. The medium was then replaced with complete DMEM and incubated
for the length of time (indicated in the figure legends of the results section

(Chapter 3).

2.9  Western blot analysis:

Non-infected (Mock) or virally infected cells were harvested at various
time points, according to the experiment. Cells were lysed in 1X RIPA buffer (50
mM Tris-HCI pH 7.4, 150mM NaCl, 1ImM EDTA, 1% Triton X-100, 0.1% SDS,
with 1X complete protease inhibitor (Roche)) or 2X SDS-PAGE lysis buffer
(125mM Tris-HCL pH 6.8, 2% SDS, 20% glycerol, 2% bromophenol blue, with
0.031g DTT/1mL). Samples in 1X SDS-PAGE buffer (125mM Tris, 1M glycine
and 0.5% SDS) were resolved on a 10% SDS-PAGE gel (Stacking gel-4%
Acrylamide, 250mM Tris-HCI pH 6.8, 0.1% SDS, 0.1% TEMED and 1%
Ammonium persulfate Resolving gel-10% Acrylamide, 375mM Tris-HCL pH8.8,
0.1% SDS, 0.05% TEMED and 0.5% Ammonium persulfate) in 1X SDS-PAGE
buffer (125mM Tris, 1M glycine and 0.5% SDS), at 120 volts for 1 and 1/2 hours.

The sample proteins were then transferred from the gel to the nitrocellulose
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membrane (GE Healthcare) in the transfer buffer (16.8mM Tris, 192mM Glycine
and 20% Methanol) at 100 volts for one hour. The transferred membrane was
blocked in 5% skim milk in TBST (1.5M NaCl, 250mM Tris-HCI pH 8, and 0.1%
Tween) overnight at 4<€. The appropriate primary antibody was then applied to
the blot diluted 1:1000 in 5% milk-TBST (except anti-p- actin which was used at
a dilution of 1:10,000), and incubated at RT for 1 hour. Secondary antibody
(conjugated to horseradish peroxidase-HRP) was used at a dilution of 1:10,000,
incubated for 1 hour at RT. The blot was then washed three times for 5 minutes
each in TBST. Target proteins were visualized on X-RAY film (FUJI) with the
ECL Plus Western Blotting Detection kit (GE Healthcare), and a M35A X-OMAT

processor (KODAK).

2.10 Indirect immunofluorescence assay

Confluent monolayers of mock-infected or virally-infected cells grown on
coverslips in 24 well-plates were washed with 1 mL PBS. The cells were then
fixed using 300 pL 3.6% formaldehyde at RT for 15 minutes, and permeabilized
in 0.2% Triton- X100 for 10 minutes at RT. The cells were washed 3 times in
PBS, and blocked in 5% FBS in PBS for 30 minutes at RT. Primary antibody was
applied at a dilution of 1:1000 in PBS containing 5% FBS at RT for 1 hour, and
washed 3 times in PBS. The secondary antibody was added at a dilution of
1:10,000 at RT for 45 minutes, followed by 3 washes in PBS. The coverslip
carrying the cells was dipped into distilled H,O and inverted onto 6.5 L of 1
mg/mL DAPI dye in Mounting media (Vector) on a microscope slide, and sealed

with nail polish. The EGFP production was detected using the Zeiss Axiovert 200
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fluorescence microscope with the X-Cite 120 Fluroresence illumination system as

a light source.

2.11 Northern Analysis:

2.11.1 Total RNA isolation

A 60mm plate of mock-infected or viral-infected monolayer cells was
collected and then lysed in ImL TRIzo_ Reagent (Invitrogen) by incubation for 5
minutes at RT. Then, these cells were collected using a cell scraper into a 1.5mL
eppendorf tube. Chloroform (200 L) was added to each tube, and the mixture
was shaken for 2-3 minutes and centrifuged (Eppendorf centrifuge 5417C) at
14000 rpm for 10 minutes at 4. The upper aqueous layer was transferred to a
fresh tube, and samples were re-extracted with 600 L of chloroform. The
aqueous phase was again transferred to a new tube, and the total RNA was
precipitated in 600 L of isopropanol for 15 minutes at RT. Following
centrifugation (20817 xg), the RNA pellet was washed with 1mL 70% ethanol and
centrifuged again for 5 minutes. The supernatant was aspirated and the pellet was
allowed to dry for 10 minutes before resuspension in 40 L Diethylpyrocarbonate
(DEPC)-treated water. The concentration of RNA was determined using a Nano

Drop spectrophotometer (ThermoScentific). RNA samples were stored at -80<€.

2.11.2 Northern Analysis:

For each sample, 10 g of total RNA (or 5 g 0.5-10 kb RNA ladder
(Invitrogen) was mixed with 3 L 10X MOPS pH 7 (200mM 3-(N-Morpholino)

propanesulfonic Acid, 50mM Na-Acetate Trihydrate, 10nM EDTA and DEPC , 5
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L formaldehyde, and 15 L formamide. Samples were denatured at 60<€ for 15
minutes and placed on ice for 2 minutes followed by a quick spin at RT. RNA
samples were loaded onto a 1.2% agarose, 2% formaldehyde, 1X MOPS and
0.005% ethidium bromide gel, and separated at 120 V for 2 hours. RNA was
transferred to a GeneScreen Plus nylon membrane (PerkinElmer) in 10X SSC
buffer (1.5M NaCl, 150mM Na citrate). The RNAs was then fixed on the

membrane using a UV Stratalinker 2400 (Stratagene).

2.11.3 Hybridization with **P-labelled probes

Membranes with RNA samples were pre-hybridized in 5 mL pre-warmed
ExpressHyb Hybridization Solution (Clontech) at 68<€ for 30 minutes while
being rotated in a H1 16000 hybridization incubator (Tyler Research Instruments).
The *2P-labelled probe was denatured at 95 for 3-5 minutes before addition to
the membrane. Hybridization of the probe (1X10 counts/blot) for 1 hour at 68€
was followed by two washes in buffer #1 (10X SSC and 0.05% SDS) for 20
minutes at RT, and two washes in buffer #2 (10% SSC and 0.1% SDS) for 20
minutes at 50<€. Finally, the membrane was exposed by a FUJI imaging plate at
RT or BioMax XAR film (Kodak) at -80<€€. The image was processed by
phosphoimager FLA-5100 (FUJI) or M35A X-OMAT processor (Kodak). Some
blots were stripped and re-probed by two washes in stripping buffer (0.5%SDS
and 10mM Tris-HCI pH8) for 15 minutes at 95<€. The cleanness of the blot after

striping was ensured by a FUJI imaging plate exposure of 1-3 hours.
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2.12 Southern Analysis:

2.12.1 DNA isolation from infected cells

Monolayers of mock-infected or HSV-infected cells grown on 60 mm
plates were harvested at 24 hours post infection. Cells were then collected by
spinning at 1400 rpm (GH-3.8 rotor) for 5 minutes in a Beckman GS-6R swinging
bucket centrifuge, and supernatants were aspirated. The pellets were resuspended
in 500 L urea/SDS lysis buffer (7M urea, 350mM NaCl, 10mM Tris pH 7.8,
10mM EDTA and 1% SDS). Samples were centrifuged through a QlAshedder
column (Qiagen) by centrifuging at 14000 rpm for 2 minutes. Samples were
incubated with 5 pL Proteinase K (Invitrogen) at 37<€ for 45 minutes. The viral
genomic DNA was extracted with 500 L phenol/chloroform, and centrifuging at
14000 rpm for 5 minutes at RT. The aqueous phase was saved and transferred to a
new tube. The extraction was repeated three times. DNA was precipitated with 1
mL 95% ethanol at -80<€ for 15 minutes, and collected by centrifugation at 20817
g for 15 minutes at 4€. The DNA pellet was then resuspended in 250 L 0.3M
NaOAc, and incubated with 2 L. RNase for 45 minutes at 37<€. The DNA was
then precipitated with 750 L 95% ethanol at -80<€ for 15 minutes, and was
pelleted at 14000 rpm for 15 minutes at 4€€. The DNA pellet was washed with 1

mL 70% ethanol and then with 1 mL 95% ethanol, and was finally dissolved in 40

L H,0.

2.12.2 Southern analysis:

DNA was digested with Nhel/BamHI for 1 hour. Following the digestion,

samples (or 10 pL of 1kb DNA ladder (GeneRuler)) were run on a 1% agarose gel
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containing 0.005% ethidium bromide in Tris-acetate EDTA (TAE) for 2 hours at
100V in TAE buffer. The gel was then sequentially washed with the following
solutions for 15 minutes each: 0.25 M HCI, 0.5 M NaOH, 1 M Tris/1.5 M NacCl,
and 10X SSC. DNA was transferred from the gel to a GeneScreen Plus nylon
membrane in 300 mL 10X SSC overnight. The blot was UV-cross-linked using a
Stratalinker 2400 (Stratagene). Hybridization of *P-labelled probes was carried
out at 60<€. The remaining hybridization procedures and conditions were the

same as for Northern Blot Analysis, described above.

2.12.3 3p-labelled probes:

Template DNA was isolated from the following plasmids by digestion with

the indicated restriction enzymes or by PCR with primers:
ICP22 probe: plasmid: pICP22 [276]
Restriction enzymes: Sacl/Xhol
1278 bp probe fragment
ICP8 probe:  plasmid: pE/3583 [194]
Restriction enzymes: EcoRI/BamHI

1857 bp probe fragment

VP16 probe: KOS genomic DNA

Primer 4 and 5 (Table 1)
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EGFP probe: plasmid: pEGFP-C1 (Clontech)

Restriction enzymes: Agel/Sacl

750 bp probe fragment

Template DNA (250 ng) was mixed with random primers (2 |g) in 26 pL
H,0, denatured at 95<€ for 4 minutes and cooled on ice for 2 minutes. Random
priming was proceeded with the addition of 7 piL oligo labelling buffer (2M Tris
pH 8.0, 1M MgCl,, 2-mercaptoethanol, 100mM dGTP, 100mM dATP, 100m
dTTP, 2M HEPES pH 6.6), 2 pL BSA (10mg/mL), 50 LCi [a-32P] dCTP, and 6
U Large Fragment DNA Polymerase | (Invitrogen) at 37<€ for 30 minutes. The
total volume of the reactions was adjusted to 100 pL through the addition of 50
L TE (10mM Tris, pH 7.0, 1ImM EDTA), and DNA was then extracted with 100
ML phenol/chloroform (centrifuging: 20817 g for 5 minutes). The aqueous phase
was passed through a NICK column (GE Healthcare) to remove any
unincorporated nucleotides. The probe was eluted in 500 L TE, and its

radioactivity was counted with a Beckman LS 6500 scintillation detector.

2.13 siRNA transfection optimization

In a single well of 96-well plate, 10 pL of 200nM GAPDH siRNA or non-
silencing siRNA were mixed with 0.25 pl DharmaFECT 1 transfection reagent
(Thermo Scientific Dharmacon) in 14.75 L Opti-MEM | medium, incubated at
RT for 20 minutes. 6000-6500 HeL a cells per well in a volume of 75 L
antibiotic-free DMEM (10% FBS) were adding to the SiIRNA mixture. The sSiRNA

transfection was incubated at 37<€ for 4 hours, followed by replacing the medium
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with complete DMEM. The knockdown of GAPDH by siRNA silencing was

halted at 72 hours post-transfection for analysis.

The conditions of siRNA transfection were optimized by measuring
GAPDH knockdown using the KDalert™ GAPDH Assay (Ambion). At 72 hour
post-transfection, the culture medium was replaced with 200 L KDalert lysis
buffer. After incubation at 4 for 20 minutes, the cells were homogenized by
pipetting lysates, and 10 L of homogenate was added to 90 L of KDalert
Master Mix. The kinetics of fluorescence was measured by using Envison 2104

Multilabel Plate Reader (PerkinElmer) at RT.
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Chapter 3: Results
3.1  Construction of derivatives of HSV-1 bearing reporter EGFP

exp ression cassettes

In this project, | made three fluorescent EGFP recombinant viruses derived
from the wild type HSV-1 KOS stain. These viruses were designed for use in a
SIRNA intereference-base experimental system to identify cellular proteins
regulating IE gene expression. To make these reporter viruses, | introduced two
EGFP expression cassettes into the TK gene, in a wild-type KOS and V422
(VP16 mutant) background. The EGFP gene in the two cassettes is either driven
by the HCMV IE promoter or an HSV IE promoter (from ICP22 gene). The
viruses carrying the HSV-EGFP cassette are designated KOS-HSV-GFP and
V422-HSV-GFP, and the ones bearing the HCMV-EGFP cassette are referred to
as KOS-CMV-GFP and V422-CMV-GFP. KOS/V422-HSV-GFP and VV422-
CMV-GFP were constructed by me. KOS-CMV-GFP (also referred to as KOS-

Green) was constructed by Rebecca Minaker [272].

The EGFP recombinant viruses were constructed by using lambda (1)
Red-mediated homologous recombination of infectious BAC clones of HSV-1.
The BAC carrying the wild-type KOS genome, referred to as KOS37 BAC, was
kindly provided by David Leib’s lab [274], and the V422 BAC was made by
Candace Haarsma. These BAC constructs were introduced into E.coli SW102,
which is a bacterial strain suitable for recombineering [271]. Mutagenesis was

accomplished by two steps of BAC recombineering involving sequential positive
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and negative selections for the galactokinase gene (galK), in the SW102 cells
lacking a functional galK protein. First, the sequence from 429" to 451 nt of the
TK ORF (both KOS37 and V422 BACSs) was replaced with a galK expression
cassette, and the recombinants were selected on the medium containing galactose
as the only carbon source. Second, the inserted galK cassette was then replaced
with either one of the EGFP expression cassettes, yielding BAC clones of

KOS/V422-HSV-GFP and V422-CMV-GFP (Figure 3.1.1).

Both steps of recombineering involve introducing linear DNA bearing 5’
and 3° homology to the target BAC into cells, in which the lambda red
recombination system has been induced. For all the EGFP viruses, the linear
DNA fragment carrying the galK gene (termed TK-galK) was made by PCR using
the primers (TK-galK primers) containing TK homology, in the first step of
recombineering. The linear DNA involved in the second step of recombineering
of V422-CMV-GFP BAC construction (termed TK-CMV-GFP) was also
synthesized by PCR on the plasmid pTK-green [272]. The EGFP expression
cassette on TK-CMV-GFP fragment is located between the 422" and 423" nt on
the TK ORF. Thus, after recombineering, the EGFP gene driven by the HCMV IE
promoter was inserted at the 442" nt of the TK ORF of V422-CMV-GFP BAC

(Figure 3.1.2).

The linear DNA (TK-HSV-GFP) containing the EGFP gene driven by the
ICP22 promoter used in the second step of recombineering (negative selection for
galK) was constructed by PCR from the plasmid pUC19-HSV-GFP. The primers

used to generate the TK-pUC-GFP fragment have the same TK homology
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sequence as the primers for TK-galK. At the 3’ end, each of the TK-pUC-GFP
primers has a sequence of 20 nts specific for the pUC19 residues that flank the
EGFP cassette. As a result, after recombineering, the region between 430" and
450" nts of the TK ORF of the KOS/V422-HSV-GFP BACs is replaced with the

EGFP cassette bearing 20 nts of pUC19 sequences at either end (Figure 3.1.3).

The BACs bearing the desired modifications were identified as described
in section 3.1.1-3.1.2. Then, the BAC clones of EGFP viruses were transfected
into U20S cells to produce the corresponding infectious viruses. The V422-
CMV-GFP virus was then passaged three times through Cre-Vero cells, in order
to delete the BAC sequence in its genome. The Cre enzyme from Cre-Vero cells
removed the BAC from the viral genome through the recombination with LoxP
sites flanking at the either end of the BAC sequence. Since the BAC was
originally inserted between U, 37 and U 38 of the viral genome, after Cre-
mediated excision of the BAC vector sequence, there is supposed to be only one
LoxP site left at that location in V422-CMV-GFP genome. The KOS/V422-HSV-
GFP viruses were not passaged in Cre-Vero cells, so their genome still carried the

BAC sequence.

After generation of these EGFP recombinant viruses, | confirmed their
structures by PCR screening, southern blot and western blot analysis. The results

of each analysis are shown in the following sections (3.1.1-3.1.4).
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Figure 3.1.1-Summary of BAC recombineering.

The acquisition of EGFP expression cassettes by KOS and V422 viruses was
accomplished using BAC recombineering and a galK positive/counterselection
cassette. A. In the first step, the galK gene was inserted into the TK ORF of the
KOS37 (or V422) BAC by homologous DNA recombination. Recombinants were
selected on medium containing galactose as the only carbon source, which
requires galactokinase function. B. In the second step, the galK gene was replaced
with the EGFP cassette using medium containing DOG to select against the galK
gene. The galK gene, BAC sequence, and EGFP gene are indicated by a solid
rectangle, a black circle and a five-point star, respectively.
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Figure 3.1.2-Construction of the V422-CMV-GFP virus

A) Construction of TK-galK DNA and the VV422-galK/tk BAC. The TK-galK
DNA was made by PCR using the indicated TK-galK primers and plasmid pgalK
as the template (shown in pink). The TK-galK primers have the galK sequences
(pink arrows) at their 3’ end and TK homology sequences (black lines) at the 5’
end. In the first step of BAC recombineering, the galK gene was inserted into the
TK locus of the V422 BAC. The TK gene is shown in blue, with the region
homologous to the TK-galK fragment in black, and the region deleted from TK in
yellow (429"-451° nt of the TK ORF).

B) Construction of the TK-CMV-GFP DNA fragment. The TK-CMV-GFP DNA
fragment was constructed by PCR using the indicated TK-CMV-GFP primers
(black arrows) and the plasmid pTK-green as the template. Driven by the HCMV
IE promoter (shown in red), the EGFP ORF followed by a SV40 poly A signal
(shown in green) is inserted at the Sstl site of the TK ORF on the pTK-green
plasmid. The region within TK-CMV-GFP DNA homologous to the TK gene is
shown in black, with the region between the 429"-451% nt of TK ORF in yellow,
the HCMV IE promoter in red, and the EGFP ORF followed by the SVV40 poly A
signal in green.

C) In the second step of recombineering, the galK gene (shown in pink) of the
V422-galK/tk BAC was replaced with the EGFP cassette (red and green) to
construct the V422-CMV-GFP BAC. The EGFP cassette was inserted at the Sstl
site (442" nt) inside the yellow region of the TK ORF. There was no sequence
deletion from the TK ORF of the V422-CMV-GFP BAC. The final BAC clone of
V422-CMV-GFP was then transfected into Cre-Vero cells to produce the
infectious virus, shown in C.

63



A) B)

TK gene
galK gene TK gene
- pTK-green
e <\
TK-galK
primers PCR l A\ Sstl P T () /. TK-CMV-GFP
primers
= . ooly HCMV IE
TK-galK poly A promoter
PCR l
Sstl
—i— e I
TK gene TK-CMV-GFP
Step 1: galk
insertion
— [ —— R —— | —
V422-galK/tk BAC
O
Step 2:
galk
replacement
transfection in
Y Cre-Vero cells
— //—<— N ee—//—
TK TK
Us
(- T 1]

UL

V422-CMV-GFP virus

64



Figure 3.1.3-Structural diagrams of DNAs used in construction of KOS/V422-
HSV-GFP virues

A) Construction of TK-galK DNA and KOS37/V422-galK/tk BAC (the same
procedure as Figure 3.1.3-A).

B) Construction of the TK-HSV-GFP DNA fragment. The TK-HSV-GFP DNA
was made by PCR using the indicated TK-pUC-GFP primers (red arrows with
black lines) and the plasmid pUC19-HSV-GFP as the template. The TK-pUC-
GFP primers contain the sequence of pUC19 (red arrows) at the 3” ends and TK
homology sequences (black lines, the identical TK sequences of the TK-galK
primers in A) at the 5’ ends. The TK-CMV-GFP DNA is shown with the region
homologous to the TK-galK in black, the pUC19 sequences in red, the HSV IE
promoter in yellow and the EGFP ORF followed by the BGH poly A signal in
green.

C) In the second step of recombineering, the galK gene (pink) in KOS37/V422-
galK/tk BAC was replaced with the EGFP cassette (red, yellow, and green) to
construct the KOS/V422-HSV-GFP BAC. There is a TK sequence deletion (the
yellow region of the TK gene in A) and a pU19 sequence insertion (40 nts in red)
along with the EGFP cassette (shown in green) in the final KOS/V422-HSV-GFP
BAC. The final BAC clones of KOS/VV422-HSV-GFP were then transfected into
U20S cells to produce the infection virus, shown in C.
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3.1.1 Identification of candidate BAC clones by PCR

DNA isolated from colonies grown on galactose plates in the first step of
the BAC recombineering (Figure 3.1.1-A) was purified and screened for galK
insertion by PCR (Figure 3.1.4). Primers 1 and 2 (Table 1) were used to amplify
the targeted region of the TK gene. The predicted sizes of the PCR products
arising from the wild-type and mutant TK genes are 547 bp and 1.8 kb
respectively (Figure 3.1.4-A). As expected, all of the screened samples (lane 2-12
in B.) originating from the V422 BAC were shown to have the galK-insertion at
the TK locus, evidenced by the 1.8 kb PCR product. Also, the PCR product from
the parental KOS37 BAC (lane 1 in B) had the predicted size of 547 bp
characteristic of the the wild-type TK gene. The four candidate colonies (lane 2-5
in C.) derived from KOS37 BACs were also confirmed to have the mutant TK by
showing the predicted 1.8 kb bands. A galK-positive sample of the V422 (lane 3
in B.) and KOS37 BACs (lane 2 in C.) were selected and used in the second step
of BAC recombineering, which involved the replacement of galK by EGFP

cassette.

Candidate BACs isolated from the DOG-resistant colonies isolated in the
second step of BAC recombineering (Figure 3.1.1-B) were screened for
replacement of the galK gene with the EGFP expression cassettes at the TK locus
by PCR (Figure 3.1.5). Primers 1 and 2 (Table 1) were used to determine if the
EGFP gene driven by the CMV IE promoter at the TK locus was successfully
inserted into the V422 BACs (Figure 3.1.5-A). This insertion produced a DNA

fragment with an expected size of 2.2 kb. The PCR products from the four
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candidate V422 BACs (lane 1-4 in B.) all had the predicted size of 2.2 kb, which
confirmed the successful replacement of the EGFP gene driven by the HCMV IE

promoter in these V422 BACs.

Primers 2 and 3 (Table 1) were used to detect whether the EGFP gene
driven by the HSV IE (ICP22) promoter was inserted into the KOS37 and V422
BACs. The predicted size of this PCR product is 1.5 kb. Primer 3 binds to the N-
terminal part of the EGFP ORF, so primers 2 and 3 only amplify templates
containing the EGFP gene at the TK locus (Figure 3.1.5-A). Two out of the five
candidate KOS37 BACs (lane 1 and 5 in C.) and two out of the four candidate
V422 BACs (lane 6 and 9 in C) were shown to have the HSV-IE promoter driving
the EGFP cassette, in that PCR produced amplimers with the predicted size of 1.5
kb. The negative ones (lane 2, 3, 4, 7, and 8 in C) might still have the galK gene at
the TK locus, but these genes may contain mutations and produce defective galK
proteins. Plasmid pTK-green was used as the positive DNA template for EGFP
insertion in these PCR reactions. In this way, the KOS37 and V422 BACs bearing
the desired EGFP cassettes were identified. A representative EGFP-positive BAC
(lane 2 in B., lane 1 and 6 in C.) was then selected and used to make infectious

V422-CMV-GFP, KOS-HSV-GFP and V422-HSV-GFP viruses.

The VP16 mutation in the candidate V422-CMV-GFP BAC (same
samples as lane 1-4 in Figure 3.1.5-B.) was also verified by PCR followed by
Nhel digestion (Figure 3.1.6). Primers 4 and 5 (Table 1) were used in the PCR
reaction. PCR products of BACs bearing the wild-type or mutant VP16 could not

be differentiated by mere visualization on gel electrophoresis, since the wild-type
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and mutant VP16 gene only have a difference of 12 nts in size. In addition, the
V422 mutant bears a novel Nhel site, this enzyme can be used to identify the
mutation. In theory, after Nhel digestion, the PCR product derived from the wild-
type VP16 gene should generate a single band of 700 bp, while that derived from
the mutant VP16 gene should produce two bands with a size of 520 and 180 bp
(Figure 3.1.6-A). The parental V422 and KOS37 BACs were used as the controls
of the mutant and wild-type VP16 genes. All the EGFP-positive V422 BACs (lane
1-4in B.) produced two bands with the predicted sizes of 520 and 180 bp, which
co-migrated with those arising from the parental V422 BAC. In contrast, the
KOS37 BAC generated a single band of around 700 bp, which indicated the wild-
type VP16 gene (lane 6 in B.). Therefore, this PCR experiment confirmed the

VP16 mutation in the V422-CMV-GFP BAC.
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Figure 3.1.4-PCR screen for galK insertion into the TK locus of the KOS37 and
V422 BACs.

Candidate BACs derived from the KOS37 and V422 BACs were screened by
PCR for the insertion of the galK gene at the TK locus. A. DNA structure of the
TK locus from galK-positive derivatives is compared to that of the native TK
locus. TK and galK sequences are labelled on the diagram. B. Identification of
galK-positive V422 BACs. BACs from candidate colonies (lane 2-12) were
analyzed by PCR using primer 1 and 2. KOS37 BAC was used as a control. (lane
1) C. Identification of KOS37 BACs containing the galK gene. PCR with the
same primers as B. were used to select for galK+ derivatives from candidate
colonies (Lane 2-5). Lane L is the DNA ladder (Fermentas).
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Figure 3.1.5-PCR screen for EGFP insertions into the TK locus of the KOS37 and
V422 BACs.

Candidate BACs derived from KOS37-galK/tk (lane-3 in Figure 3.1.3-C) and
V422-galK/tk (lane-3 in Figure 3.1.3-B) were screened for acquisition of the
desired EGFP cassette at the TK locus by PCR.

A). The structure of the TK locus of the EGFP-positive BACs is compared to that
of the parental galK-positive derivatives. TK, galK, and EGFP sequences are
labelled in the diagram.

B). Identification of V422 derivatives containing the CMV-GFP expression
cassette. Candidate BACs from four galK-negative colonies were analyzed by
PCR using primers 1 and 2. (lane 1-4) The parental VV422-galK/tk BAC was used
as a control. (lane 5) The BAC DNA labelled as lane-2 was used to make the
VV422-CMV-GFP virus.

C). ldentification of KOS and V422 derivatives bearing the HSV-GFP cassette.
Candidate BACs (lane 1-5, KOS derivatives; lane 6-9, V422 derivatives) from
individual galK-negative colonies were analyzed by PCR with primers 2 and 3.
PCR amplimers from pTK-green were used as a positive control. The BAC
DNA s labelled as lane-1 and lane-6 were used to make the KOS-HSV-GFP and
V422-HSV-GFP viruses.
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Figure 3.1.6-Identification of VP16 mutations in V422-CMV-BACs by PCR.

The VP16 mutation of V422 derivatives bearing an EGFP cassette at the TK
locus (the same BACs as lane 1-4 in Figure 3.1.4-B) was verified by PCR using
primers 4 and 5, followed by Nhel digestion of the PCR products. A. DNA
structures of the wild-type and mutant VP16 genes. Construction of the V422
mutation resulted in a novel Nhel site, which is not present in the PCR product
from wild-type VP16 gene. B. Identification of the VP16 mutation in EGFP-
positive V422 BACs (lane 1-4). V422 (lane 5) and KOS37 BAC (lane 6) were
used as the positive and negative controls.
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3.1.2 Southern blot analysis of candidate recombinant BACs

The insertion of the EGFP cassettes into KOS37 or V422 BACs was
further verified by Southern blot analysis (Figure 3.1.7). BAC DNAs (lane 2 in
Figure 3.1.5-B., lane 1 and 6 in Figure 3.1.5-C.) were purified from SW102 cells
using the Large-Construct kit (Qiagen), and digested with Nhel and BamHI. Each
sample was then electrophoresed through 1% agarose gels, tranferred to nylon
membranes, and hybridized with the *2P-labelled probes for EGFP and VVP16. (as

described in Chapter 2).

The EGFP probe was made by excising the entire EGFP ORF from the
pEGFP-C1 plasmid. The EGFP cassette driven by the HCMV promoter was
originally excised from the pEGFP-C1 plasmid with the Sstl enzyme, and then
inserted into the TK ORF at the Sstl site of the pTK173 plasmid to construct the
pTK-green plasmid [272]. The KOS- (or V422)-HSV-GFP BACs contain two
BamHI sites around the inserted EGFP ORF: one located between the ICP22
promoter and the EGFP ORF, and one 2.3 kb downstream of the EGFP-insert
region. There is no Nhel site between these two BamHI sites. A double digestion
with BamHI/Nhel on KOS- (or V422)-HSV-GFP should produce a 3.3 kb band,
which hybridizes to the EGFP probe. In the case of the V422-CMV-GFP BAC, a
Nhel site and a BamHI site flank either end of the EGFP ORF. Thus, digestion
with BamHI/Nhel should produce an 800 bp band which hybridizes to the EGFP
probe (Figure 3.1.7-A). The results shown in Figure 3.1.7-B indicate the bands
with the predicted sizes derived from the corresponding BACs. Also, the insertion

of the EGFP cassette into the recombinant viruses was verified by Southern blot
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analysis, and the same results as from their parental BACs were shown in figure
3.1.7-C. Thus, the insertion of the EGFP gene driven by the CMV or HSV IE

promoter in KOS or V422 BACs was confirmed by Southern blot analysis.

The VP16 mutation in the V422-HSV-GFP and V422-CMV-GFP BACs
was verified by Southern blot analysis using a VP16 probe (Figure 3.1.8). The
probe DNA was synthesized by PCR amplification of the KOS DNA with primers
4 and 5. After a double digestion with BamHI/Nhel, the KOS derived BACs
should produce a single band of 8.1 kb, since there is no Nhel site between the
two BamHlI sites (Figure 3.1.8-A). The result of the Southern blot analysis (Figure
3.1.8-B) shows that, as predicted, KOS-HSV-GFP and parental KOS37 BACs
have an approximately 8.1 kb band indicating a wild-type VP16 gene. In contrast,
the mutant VP16 gene of V422 bears a Nhel site within the 12 bp linker located
between the two BamHI sites. Therefore, a BamHI/Nhel double digestion should
produce two bands with sizes of 4.9 and 3.2 kb from the V422 derived BACs
(Figure 3.1.8-A). As a result, the V422-HSV-GFP and parental V422 BACs have
two bands with sizes of 4.9 and 3.2 kb (Figure 3.1.8-B), indicating the mutated
VP16 gene bearing the Nhel site, as does the V422-CMV-GFP BAC (Figure
3.1.8-C). The the identity of the VP16 gene of the recombinant viruses was also
confirmed by Southern blot analysis, and the same results as from their parental

BACs were shown in Figure 3.1.8-D.

The above results confirmed the successful insertion of the EGFP cassette
driven by either HSV or HCMV IE promoter into the TK locus of the

corresponding V422 and KOS37 derived recombinant viruses. The VP16
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mutation of VV422-derived viruses was also verified by Southern blot analysis with

expected band motilities on gel electrophoresis.
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Figure 3.1.7-Confirmation of the identity of EGFP insertions in the TK locus of
the KOS37 and V422 BACs.

Acquisition of the EGPF expression cassette was verified using Southern blotting
on the EGFP-positive BAC DNAs selected for making the viruses (lane-2 in
Figure 3.1.5-B, and lane-1&6 in Figure 3.1.5-C). The BAC DNAs were digested
with BamHI/Nhel, followed by hybridization with a **P-labelled EGFP probe.

A). The location of restriction enzyme sites (BamHI/Nhel) in the EGFP-inserted
TK locus of KOS/V422-HSV-GFP BAC is compared to that of KOS/V422-CMV-
GFP BAC. The EGFP probe is indicated by the thick black bar.

B). The result of Southern blot analysis shows that the KOS- and V422-HSV-GFP
BACs have the expected product of about 3 kb, whereas V422-CMV-GFP BAC
has a band with the predicted size of 800 bp.

C). The results of Southern blot analysis of the corresponding viruses from B).
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Figure 3.1.8-Confirmation of the identity of the VP16 genes in the EGFP-positive
V422 and KOS37 BACs.

A). DNA structure of the mutant VP16 gene (mut VVP16) from V422 derivatives is
compared with that of the native VP16 gene (wt VP16) of KOS37 derivatives.
BAC DNA was digested with BamHI/Nhel, followed by hybridization with a *2P-
labelled VVP16-specific probe. The location of the VP16 probe hybridized to the
VP16 gene is indicated by the thick black bar. Due to the presence of an Nhel site
in the mut VP16 gene, the VP16 probe was predicted to hybridize to two bands of
DNA fromV422 derivatives, but one band from KOS37 derivatives, which do not
contain the Nhel site.

B). Southern blot analysis of the VP16 genes of V422-HSV-GFP and KOS-HSV-
GFP BACs. The parental KOS37 and V422 BACs were used as controls.

C). Southern blot analysis of the mutant VP16 gene of V422-CMV-GFP BAC.
The V422- and KOS-HSV-GFP BACs from B were used as the positive and
negative control. The V422-, KOS-HSV-GFP and V422-CMV-GFP BACs were
the same samples shown in Figure 3.1.7-B.

D). Southern blot analysis of the VP16 gene of KOS-, V422-HSV-GFP and
V422-CMV-GFP viruses. The indicated viruses from D (the same viruses as in
Figure 3.1.7-C) were originally produced from the BAC DNAs on C.
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3.1.3 Western blot analysis of recombinant viruses

We tested whether these recombinant viruses expressed EGFP and the
intended form of VP16 (wild-type or mutant VV422) by western blot analysis.
Confluent monolayers of U20S cells were infected with each recombinant HSV-1
virus at an MOI of 5, and incubated for 16 hours. The KOS and V422 parental
viruses were used as positive controls for VP16 expression and negative controls
for EGFP production. HMBA was supplied to the infections with the \V422-
derived viruses bearing the EGFP gene, in order to facilitate the mutant infections
[249]. Extracts of infected cells were separated through a SDS-PAGE gel,
transferred to a nylon membrane and assayed for VP16 and EGFP using anti-

VP16 and anti-EGFP antibodies.

The V422 mutation of the VP16 gene was constructed via insertion of a
chain terminating oligonucleotide (12 bp linker) in the VP16 ORF, leading to a
truncated VP16 upon translation [242]. The results of the Western analysis with
the KOS/V422-CMV-GFP viruses show that the KOS derivatives produce a wild
type 65kDa VP16 protein, while the V422 derivatives express a truncated VP16
derivative with an apparent size of 47kDa (Figure 3.1.9-A). VP16 proteins of the
appropriate size were also seen from the control infections with parental KOS and
V422. In contrast, the EGFP protein (approximately 30 kDa) could only be
detected from the recombinant viral infections, but not from the KOS or V422
infections (Figure 3.1.9-A). Figure 3.1.9-A also shows the results obtained with

samples prepared from cells infected at a MOI of 1. The VP16 and EGFP proteins
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were detected from V422- and KOS-HSV-GFP infections (Figure 3.1.9-B), which

show similar results as V422- and KOS-CMV-GFP infections.

According to the sequencing data (Appendix, Figure A-1), the EGFP gene
driven by the CMV promoter (in pEGFP-C1) contains 78 extra bps (equal to 26
additional amino acids) at the C-terminus compared to the EGFP gene driven by
the ICP22 promoter (in pUC19-HSV-GFP). Therefore, the size difference
between the two EGFP genes can be used to distinguish the recombinant viruses
bearing the EGFP gene driven by the CMV or HSV IE promoter. As shown in
Figure 3.1.9-C, EGFP from KOS- and VV422-HSV-GFP infections has the same
size as the one produced from pUC19-HSV-GFP transfection. As predicted, the
HSV-GFP was smaller than the EGFP from KOS- (or V422-)-CMV-GFP
infections, which ran at the same level on the blot as did EGFP from a pEGFP-C1
transfection (Figure 3.1.9-C). The slight difference in amino acid sequence did not
affect EGFP fluorescence during infection, as evidenced by fluorescence

microscopy (Figure 3.2.1).

In summary, the identities of the EGFP and VP16 genes of each

recombinant virus were verified by Western blot analysis.
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Figure 3.1.9- Analysis of VP16 and EGFP expression by the recombinant viruses.
Western blot analysis.

A). Identification of the VP16 gene and acquisition of the EGFP gene of KOS-
and V422-CMV-GFP viruses. HeLa cells were infected with KOS, KOS-CMV-
GFP, V422 and V422-CMV-GFP at an MOI of 5 or 1, as indicated in the brackets
following the name of the virus. KOS and V422 were used as controls. Infections
using V422-derived viruses were supplemented with 3mM HMBA. VP16 and
EGFP proteins are labelled to the right of the Figure, and the protein size ladder is
shown on the left.

B). Identification of the VP16 and the EGFP proteins in KOS- and V422-HSV-
GFP infected HeLa cells (MOI=5). HMBA (3mM) was added to the V422
infections.

C). Comparison of the sizes of EGFP proteins expressed from the EGFP gene
driven by the HSV or CMV IE promoters. The size of the EGFP protein produced
from V422- or KOS-HSV-GFP infections is compared to that produced from
V422- or KOS-CMV-GFP infections. HMBA (3mM) was added to the V422
related infections. HeLa cells tranfected with pUC19-HSV-GFP and pEGFP-C1
were used as the positive controls. Actin was included as a loading control.
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3.1.4 Sequence analysis:

In order to determine if the promoters (HSV, HCMV) driving the EGFP
gene in the recombinant HSV-1 strains had the same DNA sequences as the ones
carried by the original plasmids used to construct the viruses (pUC19-HSV-GFP,
pEGFP-C1), total DNA containing viral genomic DNA was isolated from infected
cells as described in Chapter 2. The entire EGFP expression cassette was
amplified by PCR of the genomic DNA of each virus with primers 1 and 2 (Figure
3.1.5-A). The 2.2 kb amplimers from KOS- and V422-CMV-GFP viruses were
then sequenced with the primer 6, which binds to the N-terminal region of the
EGFP ORF (Figure 3.1.10-A). Figure 3.1.11 shows the sequences obtained for the
entire HCMV-IE promoter of V422- and KOS-CMV-GFP viruses compared with
that of the plasmid pEGFP-C1. The sequence is shown in the orientation of primer
6, which is the opposite direction of EGFP transcription. The Nhel site
(separating the EGFP gene and the HCMV IE promoter) and the upstream TK
sequence are labeled at the ends of the sequences. The results demonstrate that the
sequences of HCMV-IE promoters from the viral genome are identical to that of

the plasmid pEGFP-C1 (Figure3.1.11).

Due to the high GC content of the HSV-IE (ICP22) promoter, sequencing
with primer 6 alone from V422- and KOS-HSV-GFP viral DNAs could only
obtain part of the promoter sequences. Therefore, the sequences of the HSV-IE
promoter were also obtained by using primer 7, which binds to the TK sequence
upstream of the ICP22 promoter (Figure 3.1.10-B). Sequencing with primer 7

from the other end of the promoter would help to identify the rest of the ICP22
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promoter sequence. As a control, the HSV-IE promoter from the parental vector
pUC19-HSV-GFP was also sequenced using a commercial primer M13-F and the
primer 6 (Figure 3.1.10-C). The sequence of the HSV-IE promoter (shown in
Figure 3.1.12) is presented with a BamHI and Sphl site at either end of the
promoter. As in Figure 3.1.11, the sequence is also shown in the processing
direction of the primer 6. Comparison between the KOS-HSV-GFP virus and the
pUC19-HSV-GFP plasmid shows a 95.8% identity (ie. 21 bps). As shown in
Figure 3.1.12, two mismatches are C-to-G and T-to-A changes, and the other 19
positions were due to unclear results from sequencing facility. The V422-HSV-
GFP virus had a 98.8% identity to the pUC19-HSV-GFP plasmid, and all 6
positions were unclear nucleotides-“N”. The blast result showed that the
sequence of the ICP22 promoter in the pUC19-HSV-GFP plasmid was identical to
that of the one from the strain 17 of HSV-1 as expected. The homologous DNA
recombination between the external ICP22 promoter of the inserted EGFP
cassette and the native ICP22 promoter of HSV-1 KOS strain may have caused

the generation of the two base-changes in KOS-HSV-GFP viral genome.

In summary, the sequence results verified the identity of the desired EGFP
and VP16 mutations in the corresponding recombinant viruses. In addition, the
orientation of EGFP insertion in the TK gene of viral genomes was also
determined by sequence analysis (Appendix, Figure A-2); results indicate that the
MRNA of the EGFP gene from the recombinant viruses would be transcribed in

the same direction as that of the TK gene, as shown in Figure 3.1.2 and 3.1.3.
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Taken in combination, the above data obtained from the PCR screen,
Southern and western analyses, and sequence analysis establish that the desired

reporter viruses of HSV-1were successfully generated.
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Figure 3.1.10-Summary of the primers used for sequencing the HCMV and HSV
(ICP22) IE promoters of the EGFP expression cassettes in the EGPF-positive
HSV-1 viruses.

A). Primer 6 was used to sequence the HCMV IE promoter from the KOS- and
V422-CMV-GFP genomic DNAs in a reverse direction, which is indicated as a
short arrow on the diagram.

B). Primers 7 and 6 were used to sequence the HSV IE promoter from the
genomic DNAs of KOS- and V422-HSV-GFP viruses in directions indicated on
the diagram. The EGFP cassette bearing the HSV IE promoter was placed at the
same location of TK locus of KOS or V422 as A.

C). As a control, the HSV IE promoter in vector pUC19-HSV-GFP was also
sequenced using primers M13-F and 6. The long thin arrows in each section
indicate the sequence acquired by each primer.
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Figure 3.1.11- Confirmation of the authenticity of the HCMV-IE promoter in the
V422- and KOS-CMV-GFP viruses.

The sequences of HCMV IE promoters acquired from V422- and KOS-CMV-
GFP viruses were compared with that of the vector pEGFP-C1, which was used to
construct the EGFP viruses. The sequence of pEGFP-C1 was obtained from the
LabLife™ website-
https://www.lablife.org/g?a=seqa&id=vdb%5fg2%2ejhM75AFSGnfZ8WtEeOcS
2bUKY 81%2d%5fsequence%5fcd4135a17d9390e26198566f44b6e4a08e381e57
%5f10. The Nhel site between the EGFP gene and HCMV promoter and the TK
gene upstream of the promoter is labeled on the diagram. Stars indicate identical
nucleotides between the three sequences.
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Figure 3.1.12- Sequence identification of the HSV-IE promoter borne in the
EGPF gene of the V422- and KOS-HSV-GFP viruses.

The sequence of the HSV-IE (ICP22) promoter from parental vector pUC19-
HSV-GFP was compared with the ones acquired from V422- and KOS-HSV-GFP
viruses. The Sphl and BamHI sites on the either end of the promoter are labeled
on the diagram. The unique nucleotides of the sequences from V422- and KOS-
HSV-GFP are bolded in the diagram, and the identical sequences of the three
subjects are shown as stars.
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ICP22 promoter sequence comparison
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khkkkhkhkkhkhkhkhkhkhkhkkhkhkhhkhkhhhkhkhkhhhkhkhkhkkhkhkhhhkhhhkhhkhhhkhhhkhkhkhkhk

GGCGCCGTGCCCGACTCCGCGCCGGCCCCGGEEEGECEEGCCCEEELEELEGEEEGECEEETC
GGCGCCGTGCCCGACTCCGCGCCGGCCCCGGEEEGECEEGCCCEEELEELEEEEEGECEEETC

GGCGCCETGCCCGACTCCGCGCCEGECCCCEEEEECEEECCCEEELGECEEEEEEGCEEETC
khkkhkkhkkhkhkhkhkhkhkhkhhkhhkhhkkhkhhhhkhhkhhkhhhhkhhkhkhkhkhhkhhhhkhhkkrkhhkhhk

TCTCCGGCGCACATAAAGGCCCGGCGCGACCGACGCCCGCAGACGGCGCCGGCCACGAAC
TCTCCGGCGCACATAAAGGCCCGGCGCGACCGACGCCCGCAGACGGCGCCGGCCACGAAC

TCTCCGGCGCACATAAAGGCCCGGCGCGACCGACGCCCGCTGACGGCGCCGGCCACGAAC
khkkkhkhkhkhhhkhhkhkhhkhkhhkhkhhkhhhkhhhkhhhkhkhkhhkhhhkhh hhkhkhhkhkhhkhhhkhkhhkhk

GACGGGAGCGGCTGCGGAGCACGCGGACCGGEGAGCGGEGACTCGCAGAGGGCCGTCGGAGT
GACGGGAGCGGCTGCGGAGCACGCGGACCGGEGAGCGGEGACTCGCAGAGGGCCGTCGGAGT

GACGGGAGCGGCTGCGGAGCACGCGGACCGGEGAGCGGEGACTCGCAGAGGGCCGTCGGAGT
khkhkkhkhkhkhkhkhkhkhkhkhhkhkhkkhkhhkhhkhkhhkhhhkhkhkhkhkhkhhkhkhhkhkhhkhhhkhkhkhkhkhkhk

GGACGGCGTCGGCATCGGGEEGATCC | 506
GGACGGCGTCGGCATCGGGEEGATCC | 506

GGACGGCGTCGGCATCGGGHEGATCC | 506
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3.2 Detection of EGFP expression by plate reader and fluorescence

microscopy:

The EGFP recombinant viruses were designed to be used in a screen with
siRNAs against the human genome, in order to study the host-viral relationship.
The EGFP fluorescence from these viruses would be quantified using an Envision
plate reader (PerkinElmer) as an indication of viral activity. However, preliminary
data obtained from both non-silencing siRNA or pure viral infection showed that
the EGFP fluorescence from the KOS-(and VV422-)-HSV-GFP infection could not
be distinguished from background readings (non-infected HelLa cells or KOS
infection). In the case of KOS-(or V422-)-CMV-GFP infection, EGFP
fluorescence readout was three times higher (on average) than the background

reading, but this difference could not be detected until 12 hpi.

In order to find out whether the recombinant viruses express EGFP, and
when fluorescence could be detected, HeLa cells infected by each recombinant
virus were examined using fluorescence microscopy. Monolayers of HelLa cells
were infected with each virus at an MOI of 1, and the infections were halted at 4,
8 and 12 hpi, followed by washing with PBS. Expressed EGFP was detected in
cells using fluorescence microscopy. KOS and V422 were used as the negative
controls for detecting EGFP fluorescence. These results suggested that expression
from the HSV ICP22 promoter was delayed and reduced relative to that driven

from the HCMV IE promoter.

EGFP fluorescence could be detected from KOS-CMV-GFP infected cells
and from cells infected with V422-CMV-GFP in the presence of HMBA as early
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as 4 hpi. In contrast, EGFP regulated by the ICP22 promoter in KOS-HSV-GFP

and HMBA-treated VV422-HSV-GFP infections could not be detected until 12 hpi.

Figure 3.2.1 shows the EGFP expression from HeLa cells infected with
recombinant viruses, detected at 12 hpi. In V422-HSV-GFP and V422-CMV-GFP
infected cells HMBA treatment increased the green fluorescence, confirming the
successful insertion of EGFP expression cassette into the recombinant genome of
these viruses. The green cells shown in KOS-HSV-GFP and KOS-CMV-GFP
infections also confirmed the successful construction of these recombinant viruses.
However, it was surprising that only a minority of cells infected with KOS-HSV-

GFP scored positive of EGFP, given the MOI used (1 pfu/cell).

Interestingly, the number of green cells and the signal intensity of each
green cell were shown to be increased in V422- and KOS-CMV-GFP infections,
compared to cells from the corresponding viruses expressing EGFP from the
ICP22 promoter (KOS- and V422-HSV-GFP) (Figure 3.2.1-B & C). However,
even at very high MOls, not every cell infected by KOS-HSV-GFP showed green
fluorescence. These observations lead us to further analyze the EGFP expression

of the recombinant viruses.
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Figure 3.2.1-Detection of the green fluorescent EGFP protein in HelLa cells
infected by V422 and KOS derived viruses.

The expression of the EGFP gene of indicated V422 and KOS-derived viruses
was observed using fluorescent microscopy on infected HeLa cells. (infections
with an MOI of 1 and 12 hrs incubation). HeLa cells infected with KOS or V422

were used as negative controls.
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3.3  Characterizing EGFP expression from KOS-HSV/CMV-GFP viruses

The delay of EGFP expression from KOS-(or V422-)-HSV-GFP
(compared with that from KOS-CMV-GFP in section 3.2), raised the possibility
that the EGFP gene driven by the HSV-IE promoter was not expressed like a
typical IE gene in infected HeLa cells. Therefore, the kinetics of accumulation of
the viral-EGFP mRNA and protein were characterized and compared to those of

HSV-1 IE genes.

3.3.1 The kinetics of EGFP production in infected HelLa cells

3.3.11 The kinetics of EGFP mRNA accumulation in infected
Hela cells

In order to determine if the delay of EGFP expression from KOS-HSV-
GFP infected HeLa cells is occurring at the mRNA or protein level, mMRNA from
cells infected with KOS and KOS-derivatives bearing the EGFP gene was isolated

and subjected to northern blot analysis.

First of all, RNA from HeLa cells transfected with parental plasmids
pUC19-HSV-GFP or pEGFP-C1 was isolated and used as the control for marking
the native EGFP mRNA transcribed from the HSV or HCMV IE promoters
(Figure 3.3.1). The plasmid transfections in HeLa cells were incubated for 24 hrs,
and viral infections (MOI of 5) with KOS-HSV/CMV-GFP in HelLa cells were
carried for 6 hrs. The total RNA of each sample was then harvested, and subjected

to northern blot analysis with a **P-labelled DNA probe for EGFP.

The expected 1.3 Kb mRNA labelled by the EGFP probe was the major

product from both the pUC19-HSV-GFP and the pEGFP-C1 plasmid-transfected
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cells (Figure 3.3.1-indicated by arrow). Although carried with the same conditions
of transfection in HelLa cells, the plasmid pEGFP-C1 produced much more EGFP
MRNA (1.3 Kb) than the pUC19-HSV-GFP plasmid. This result has also been
confirmed by fluorescence microscopy with live HeLa cells transfected with these
two plasmids. In addition, two RNAs with larger sizes were produced from the
pEGFP-C1 plasmid. This may be due to the circular nature of the plasmid; i.e.
RNA polymerase may read though the SV40 poly A signal of the EGFP ORF, and
continuously transcribe the plasmid sequence until meeting this signal again. In
the case of viral infection, cells infected with either KOS-HSV-GFP or KOS-
CMV-GFP produced the expected 1.3 Kb mRNA as their major product. This
EGFP mRNA was produced much more from KOS-CMV-GFP virus than the
KOS-HSV-GFP one. This result is consistent with the observation of EGFP
fluorescence shown in Figure 3.2.1-D&E. Furthermore, one larger RNA was
detected from the KOS-HSV-GFP-infected cells. This mRNA is probably not
transcribed from the ICP22 promoter, since its accumulation could be abolished
by cycloheximide treatment, which is shown in the section 3.3.1.2 (Figure 3.3.4
and 3.3.6). There were also two RNAs with sizes larger than 1.3 Kb produced
from KOS-CMV-GFP infected cells. As will be mentioned in section 3.3.1.2,
cycloheximide treatment increased the production of the larger of the two minor
RNA products, but reduced the production of the other. However, cycloheximide
did not abolish the transcription of either RNAs produced from KOS-CMV-GFP
(Figure 3.3.6). In summary, as expected, the EGFP mRNA with a size of 1.3 Kb

was the major product of both viral infections with KOS-HSV-GFP and KOS-
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CMV-GFP, and plasmid transfections with pUC19-HSV-GFP and pEGFP-C1 in

HelLa cells (Figure 3.3.1).

Then, | performed a time-course experiment to ask whether the EGFP
MRNAs from KOS-HSV-GFP and KOS-CMV-GFP accumulate as a typical IE
mRNA of HSV-1. Total RNA was harvested from HeLa cells infected with KOS,
KOS-HSV-GFP or KOS-CMV-GFP at an MOI of 5. Samples were harvested at 3,
6, 9, 12, and 15 hpi. PAA was used to block the viral DNA replication, and thus
the transcription of true L genes. The samples treated with PAA were harvested at
15 hpi. RNA was resolved using denaturing agarose gel electrophoresis and then
was probed with 32P-labelled DNA probes for EGFP and ICP22 sequences (Figure

3.3.2and 3.3.3).

In HeLa cells, the 1.3 Kb EGFP mRNA from KOS-HSV-GFP could be
detected as early as 3 hpi. Moreover, this EGFP mRNA accumulated continuously
from 3 to 15 hpi. RNA production was reduced by PAA treatment, shown as the
last lane in B. However, PAA treatment did not eliminate the generation of this
EGPF mRNA, indicating that the EGFP gene of KOS-HSV-GFP was detectably
transcribed before viral DNA replication. The mRNA arising from IE ICP22 gene
accumulated with a similar time course. It was also detected as early as 3 hpi from
samples infected with KOS or KOS-HSV-GFP (Figure 3.3.2-C), although at 3 hpi
ICP22 mRNA was slightly more abundant in cells infected with KOS than in
those infected with KOS-HSV-GFP. ICP22 mRNA from KOS and KOS-HSV-
GFP infected samples also increased in a comparable fashion over time. Similar to

the major EGFP mRNA, PAA decreased ICP22 mRNA production, but it did not
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completely inhibit ICP22 mRNA transcription. These northern blot results
indicate that the EGFP gene driven by the HSV-IE promoter of KOS-HSV-GFP
accumulated with the same time course as IE ICP22 mRNA. The larger RNA
mentioned earlier was detected as early as 6 hpi, and it accumulated continuously
from 3 to 15 hpi. As was the case for the 1.3 Kb EGFP and ICP22 mRNA, PAA
reduced but did not eliminate the accumulation of the larger RNA, detected by the
EGFP probe (Figure 3.3.2-B). These results also indicate that the larger RNA was

also transcribed before DNA replication.

The kinetics of EGFP and ICP22 mRNA accumulation from KOS-CMV-
GFP infection were also measured and compared with KOS infection using
northern blot analysis (Figure 3.3.3). As for the KOS-HSV-GFP infection, the 1.3
Kb EGFP mRNA of KOS-CMV-GFP was detected as early as 3 hpi, and this
mMRNA was produced continuously over time (Figure 3.3.3-B). ICP22 mRNA
from KOS and KOS-CMV-GFP could also be seen as early as 3 hpi (Figure 3.3.3-
C). The accumulation of ICP22 mRNA produced during KOS infection increased
over time. The production of ICP22 mMRNA from KOS-CMV-GFP increased from
3 hpi to 9 hpi and then declined slightly during the remainder of the time points
examined. This slight decrease may be caused by sample loading differences,
since the ribosomal profile shows slightly less RNA in samples at 12 and 15 hpi
for KOS-CMV-GFP compared to 9 hpi (Figure 3.3.3-A). The PAA treatment
largely reduced, but did not abolish, EGFP and ICP22 mRNA production in KOS
and KOS-CMV-GFP infected HeLa cells (Figure 3.3.3-B&C). Therefore, these

data suggest that EGFP from either KOS-HSV-GFP or KOS-CMV-GFP
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accumulates with a time course similar to the IE ICP22 mRNA. Only the second
larger RNA (than 1.3 Kb) mentioned in Figure 3.3.1 was detected by the EGFP
probe in the samples from KOS-CMV-GFP infections. As was the case for the
larger RNA of KOS-HSV-GFP (Figure 3.3.2-B), this RNA could be detected as
early as 6 hpi, and its production accumulated continuously during the incubation
time. In addition, PAA reduced the level of this RNA accumulation, but PAA did

not abolish its production (Figure 3.3.3-B).
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Figure 3.3.1-Identification of the EGFP mRNA transcribed from the HSV and
HCMV IE promoters in viral recombinants.

EGFP mRNA expressed from the HSV or HCMV IE promoter was identified in
HeLa cells transfected with indicated plasmids or infected with KOS-derived
viruses (with an MOI of 5) by northern blot analysis with an EGFP probe (same
as the one in southern blot analysis). The transfections and infections were
incubated for 24 hours and 6 hours, respectively.

A) Ethidium bromide staining pattern of total RNA profile (displaying ribosomal
RNA).

B). The EGFP mRNAs arising from transfected pUC19-HSV-GFP and pEGFP-
C1 were used as the positive controls for identifying the EGFP mRNA transcribed
from the native promoters of EGFP expression cassette borne in the KOS or V422
derived viruses. KOS infection was used as a negative control. The RNA size
ladder is shown on the left side of the blot, and the arrow on the right side points
to the predicted EGFP mRNAs driven from the viral IE promoters.

C). The same blot as B. with a shorter exposure time.
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Figure 3.3.2-The accumulation of the EGFP and ICP22 mRNAs produced in KOS
or KOS-HSV-GFP infected HeLa cells.

HeLa cells were infected with KOS or KOS-HSV-GFP at an MOI of 5. RNA of
each infection was harvested at indicated times (hpi) and subjected to northern
blot analysis. Infections supplied with PAA were harvested at 15hpi. The non-
infected cells were used as the mock sample (labelled as M).

A). A) Ethidium bromide staining pattern of total RNA profile (displaying
ribosomal RNA).

B). Northern blot analysis with EGFP probe. The 1.3 kb EGFP mRNA is
indicated by the arrow.

C). Northern blot analysis with a probe for ICP22.
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Figure 3.3.3- The accumulation of the EGFP and ICP22 mRNAs of KOS and
KOS-CMV-GFP in HeLa cells.

HeLa cells were infected with KOS or KOS-CMV-GFP at an MOI of 5. RNA of
each infection was harvested at the indicated times (hpi) and subjected to northern
blot analysis. Infections carried out in the presence of PAA were harvested at
15hpi. The non-infected cells were used as the mock sample (labelled as M).

A). A) Ethidium bromide staining pattern of total RNA profile (displaying
ribosomal RNA).

B). Northern blot analysis with EGFP probe. The 1.3 kb EGFP mRNA is
indicated by the arrow.

C). Northern blot analysis with a probe for ICP22.
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3.3.1.2 EGFP transcription occurs during the IE phase of
infection

The above data show that the accumulation of 1.3 Kb EGFP mRNAs were
reduced but not abolished by the addition of PAA in the infections of KOS-HSV-
GFP (Figure 3.3.2-B) and KOS-CMV-GFP (Figure 3.3.3-B). This result
eliminates the possibility that the inserted EGFP gene of the KOS-derivatives
behaves like a true L gene. As one approach to determine if the EGFP gene of
KOS-HSV-GPF was transcribed as an IE gene of HSV-1, the effects of
cycloheximide on transcript accumulation were determined. Cycloheximide
inhibits protein synthesis through blocking the elongation of host translation
machinery in infected cells [277]. Consequently, E or L mRNA cannot be
transcribed in the presence of cycloheximide because these genes require IE
protein production prior to their expression. Therefore, cycloheximide (300pg/mL)
treatment could be applied to distinguish whether EGFP transcription occurs
during the IE phase of infection or during later transcriptional phases. To perform
these experiments, total RNA was harvested from infected HeLa cells at 6 hpi,
and northern blotting was performed with 3?P-labeled ICP22 and EGFP probes

(Figure 3.3.4).

EGFP mRNAs were detected in the samples from KOS-GFP viruses, but
not the one from KOS or V422. As expected, the EGFP gene downstream of the
HCMV promoter was transcribed in the samples from both KOS- and V422-
CMV-GFP infections, in the presence and absence of cycloheximide. In the
samples of KOS-CMV-GFP infection, cycloheximide treatment enhanced the
production of the 1.3 Kb RNA, but interestingly, it reduced the level of the second
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larger RNA. The largest RNA shown in the last lane of figure 3.3.1 could not be
seen from the blot. This result is consistent with the idea that the larger RNA was
transcribed from another promoter, not the HCMV IE promoter. In the case of
V422-CMV-GFP infection, the 1.3 Kb RNA was the only product detected in the
samples (not the larger RNASs), and its level was increased by cycloheximide
treatment. Compared with the wild-type infection, the V422 mutation severely
reduced the levels of the 1.3 Kb EGFP mRNA, both in the presence and absence
of cycloheximide. The result obtained in the absence of cycloheximide, is
expected, since the viral DNA replication of V422-CMV-GFP is restricted in
HeLa cells. The VP16 mutation of VV422-based viruses causes reduction on the
expression of IE genes, and thus the production of E proteins, which are required
for viral DNA synthesis; therefore, the viral DNA replication of V422-based
viruses was limited in the infected HeLa cells. Furthermore, this consequence
reduces the production of newly synthesized EGFP cassettes, which in turn leads
to less EGFP mRNA transcription from these DNA templates when compared to
the wild-type virus. Surprisingly, the level of EGFP mRNA in the samples from
V422-CMV-GFP infection did not reach the level of the wild-type infection, in
the presence of cyclohexmide. This result indicates that efficient use of the
HCMYV promoter requires the activation function of VP16. This is an unexpected
result, since the HCMV promoter does not contain the TATGARAT VP16
response element, or it was not activated or repressed by VP16 in a co-
transfection experiment (unpublish data from Lucy Bradley). This unexpected

result will be discussed in the section of discussion (Chapter 4).
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The 1.3 kb EGFP mRNA driven by the HSV IE ICP22 promoter was
detected in the wild-type infection, but not in the samples from V422-based
infections (in the absence of HMBA), in either the absence or presence of
cycloheximide (Figure 3.3.4-B). The larger RNA species mentioned in figure
3.3.1 was also identified from the wild-type infection using the EGFP probe, in
the absence of cycloheximide. In contrast to the 1.3 Kb RNA, this larger RNA
was abolished by the presence of cycloheximide. This data indicated that the
larger RNA product shown in the sample of KOS-HSV-GFP infection was not

transcribed from the IE ICP22 promoter (Figure 3.3.4-B).

ICP22 mRNA was used as a positive control for IE mRNA detection in
this experiment. ICP22 mRNA was observed in all the wild-type infections,
including KOS and KOS-derived GFP viruses (Figure 3.3.4-C). As the case of
EGFP mRNA driven by the ICP22 promoter, cycloheximide treatment slightly
enhanced the ICP22 mRNA production among all the wild-type infections. This
may be due to the absence of ICP4, a repressor of IE promoters [117]. Since ICP4
is an IE protein, its expression was inhibited by cycloheximide in this experiment.
As expected, the ICP22 mRNA was not detected in the samples from the V422
and V422-derived infections, in the absence of HMBA. Since the VV422-derived
viruses express a defective VP16, which functions as a transcription factor of IE
genes, the expression of IE genes (eg. ICP22 gene) are reduced in restrictive cells.
This in turn leads to reduced productions of E protein, viral DNA and L protein
[242]. Some additional, but faster migrating RNA species were also identified

with the ICP22 probe in the samples from KOS-CMV-GFP infections (both +/-
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cycloheximide), and this RNA could not be detected in either KOS or KOS-HSV-
GFP infections. The identity of this RNA species is unknown. In summary, in the
presence of cycloheximide, both ICP22 and EGFP mRNA accumulated in the
samples from KOS-derived GFP viral infections. Therefore, the above data
confirmed that the EGFP mRNA (1.3 Kb) from either KOS-HSV-GFP or KOS-

CMV-GFP was transcribed like a typical IE mRNA of HSV-1.

Viral replication of V422 recombinant viruses was shown to be attenuated
in HeLa cells, compared to the wild-type infections (Figure 3.2.1). This is an
expected consequence. Since compared to the KOS-derived viruses, IE protein
expression is reduced by the defective VP16 in VV422-derived viruses, this effect
leads to reduced production of E and then L proteins and causing an overall
reduction in viral gene expression. However, HMBA has been shown to rescue
the IE gene expression and the viral replication in the absence of VP16 function
[278]. In order to confirm the functional consequences of the VP16 mutation, |
asked if HMBA could enhance the transcription of EGFP and ICP22 genes in the
V422-derived recombinant viral infections. HeLa cells were infected by V422 and
V422-derived GFP viruses at a MOI of 5, in the absence and presence of HMBA
(3mM). The infected cells were harvested at 6 hpi, and followed by northern blot
analysis with EGFP and ICP22 probes. Infections with KOS and KOS derived

viruses were used as a control. The data are shown in figure 3.3.5.

The RNAs labeled by the EGFP probe were only detected in the samples
from the recombinant viral infections, not in those from KOS and V422 infections

(Figure 3.3.5-B). In the absence of HMBA, the major EGFP mRNA (1.3 Kb) was
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detected in the sample from KOS-HSV-GFP infection, but not from V422-HSV-
GFP infection. In the presence of HMBA, both RNA species labeled by the EGFP
probe were detected in the sample from VV422-HSV-GFP infection. Furthermore,
the level of the larger RNA was shown to be less than that of the 1.3 Kb mRNA.
In contrast to V422-HSV-GFP, the 1.3 Kb RNA were detected in the samples
from both V422- and KOS-CMV-GFP infections, in the absence of the HMBA.
However, the RNAs with larger sizes could only be detected after the addition of
HMBA in the V422-CMV-GFP infection. HMBA also increased the level of the

1.3 Kb RNA in the V422-CMV-GFP infection.

In the absence of HMBA, the ICP22 mRNA could only be detected in the
samples from KOS and KOS-derived viral infections (Figure 3.3.5-C). In the case
of V422 and VV422-derived infections, the ICP22 mRNA was detected after the
addition of HMBA. In all samples, there was only one RNA labeled by the ICP22
probe, and the additional band shown in figure 3.3.4-C was not detected in this

experiment.

In summary, the above results demonstrate that HMBA enhanced the
accumulation of mMRNA from the EGFP and ICP22 genes in the VV422-derived
viral infections. The enhancement of the EGFP mRNA productions in this
experiment could either be due to the induction of HSV IE protein synthesis, such
as ICPO and ICP4, or due to the effect of HMBA on the promoter driving EGFP.
To distinguish these two possibilities, | asked if HMBA stimulated EGFP mRNA
accumulation in the presence of cycloheximide. I performed a similar experiment

to the one shown in figure 3.3.5, with the same viruses, MOI and incubation time.
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All the VV422-related infections were supplied with HMBA (3mM). All the viral
infections were performed in the absence and presence of cycloheximide

(3001g/mL). The data are shown in figure 3.3.6.

The major EGFP mRNAs (1.3 Kb) were detected only in the samples from
the EGFP recombinant viral infections, not from the KOS or V422 infections
(Figure 3.3.6-B). In the absence and presence of cycloheximide, the 1.3 Kb RNAs
were detected from the samples infected by KOS-derived GFP viruses. In the case
of HMBA-treated V422-HSV-GFP and V422-CMV-GFP infections, the 1.3 Kb
EGFP mRNAs were not abolished by cycloheximide treatment. In contrast, the
larger band shown in the samples from V422- and KOS-HSV-GFP infection was
abolished by cycloheximide treatment as shown in figure 3.3.4-B. The same effect
of cycloheximide on the larger RNA was also shown in the sample from V422-
CMV-GFP infection. Also, cycloheximide greatly reduced (but did not abolish)
the level of this RNA in the KOS-CMV-GFP infection. The level of the largest
RNA detected in the samples from KOS-CMV-GFP infections was slightly
enhanced by cycloheximide treatment. The above data indicate that the
enhancement of the transcription of the 1.3 Kb EGFP mRNAs by HMBA (shown
in figure 3.3.5) in the samples from VV422-derived viral infections were due to
activation of the promoters driving EGFP, not to the stimulation of IE proteins. In
contrast, the production of other RNA species (sizes larger than 1.3 Kb) labelled
by the EGFP probe required the presence of the IE proteins, since their production
could be hindered or reduced by cycloheximide. This result was consistent with

the idea that these larger RNA species were not transcribed from the native ICP22
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or HCMV IE promoter. In the future, additional experiments that exam the effect
of HMBA on KOS-derived GFP viruses, and compare with the VV422-derived

viruses in the presence and absence of the drug, would strength this conclusion.

To confirm that cycloheximide could inhibit the viral protein synthesis, the
MRNA of ICP8, an E gene, was detected from the same blot of Figure 3.3.6. In
theory, if the IE protein synthesis is blocked by cycloheximide, there would no E
MRNAs produced in the infected cells, which require IE proteins to initiate the
transcription. The result is shown in Figure 3.3.6-C. In most case, ICP8 mRNA
can only be detected from the infections performed in the absence of
cycloheximide. However, cycloheximide reduced but did not abolish ICP8 mMRNA
production during HMBA-treated V422 infections, and this result was not
observed in the samples from VV422-derived GFP viral infection. This unexpected
result has been repeated in 3 individual experiments, and we are unable to explain
it at the present time. In contrast, even in the absence of cycloheximide, ICP8
MRNA was not detected in samples from HMBA-treated \V422-HSV-GFP

infected cells.

In conclusion, the above results from northern blot analysis demonstrate
that the EGFP genes driven by either the HCMV or HSV IE promoters from these

recombinant viruses were transcribed as a typical IE gene of HSV-1.
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Figure 3.3.4- Effects of cycloheximide and the V422 VP16 mutation on
accumulation of eGFP mRNA from viral recombinants.

HeLa cells were infected withVV422-and KOS-derived viruses in the presence and
absence of cycloheximide at an MOI of 5. The non-infected cells were used as the
mock sample (labelled as Mock).

A). The ribosomal RNA profile (stained with ethidium bromide).

B). Northern blotting analysis with EGFP probe. V422 and KOS infections were
shown as the negative controls for EGFP mRNA detection (indicated by the
arrow).

C). Northern analysis with ICP 22 probe. Appearance of ICP22 mRNA (indicated
by the arrow) was used as a positive control for cycloheximide treatment.
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Figure 3.3.5- Effects of HMBA on mRNA accumulation from recombinant
viruses.

Hela cells were infected with V422 and KOS derived viruses, and HMBA was
supplied to the V422 derived viral infections. Infections with KOS-derived
viruses were used as a positive control. The non-infected cells were used as the
mock sample (labelled as M).

A). The ribosomal RNA profile (stained with ethidium bromide).
B). Northern analysis with EGFP probe.

C). Northern analysis with ICP22 probe. ICP22 mRNA (indicated by the arrow)
was detected as a representative for other typical HSV-1 IE genes.
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Figure 3.3.6- HMBA activates mRNA accumulation from viral recombinants in
the presence of cycloheximide.

HeLa cells were infected withVV422-and KOS-derived viruses in the presence and
absence of cycloheximide at an MOI of 5. HMBA (3mM) was supplied to the
V422-derived viral infections. The non-infected cells were used as the mock
sample (labelled as M).

A). The ribosomal RNA profile (stained with ethidium bromide).

B). Northern blotting analysis with EGFP probe. V422 and KOS infections were
shown as the negative controls for EGFP mRNA detection (indicated by the
arrow).

C). Northern analysis with ICP8 probe. Appearance of ICP8 mRNA was used as a
negative control for cycloheximide treatment.

122



d49-AND-SOM
d49-AINO-SOM

d49-ASH-SOM
d49-ASH-SOM
SO

SOM
d49-AND-CZYA
d49-AIND-CZvA

d49-ASH-¢ZVA
d49-ASH-¢ZVA
(44 7\

447\
W

A)

B)

d49-AND-SOM
d49-AND-SOM

d49-ASH-SOM
d49-ASH-SOX
SOM

SOM
d49-AND-CCYA
d49-AND-CZvA
d49-ASH-CZYA

d49-ASH-CZVA
(447

(447,
N

+ 4+ + + + o+

HMBA

CHX

o
LL.
O
LU

©)

d49-AIND-SOM
d49-AIND-SOM

d49-ASH-SOM
d49-ASH-SOX
SOM

SOM
d49-AND-CCvA
d49-AIND-¢ZvA

d49-ASH-ZZYA
d49-ASH-¢ZYA
(442

447,
W

+ 4+ + + + 4+

HMBA

CHX

6_' ICP8

.“....."'

123



3.3.1.3 The kinetics of EGFP protein accumulation in infected
HeLa cells

From above results, we confirmed that the delay of EGFP expression in
KOS-HSV-GFP infection detected by fluorescence microscopy (section 3.2) is
not occurring at the transcriptional level. We decided to look at EGFP expression
at the translational level, as well as other viral protein production from the KOS-

derived recombinant viruses.

Confluent monolayers of HeLa cells were infected with KOS-HSV/CMV-
GFP or KOS viruses at an MOI of 5. The infected cells were harvested at 0 (also
for mock infected cells), 3, 6, 9, 12 and 15 hpi. PAA was added to selected wells,
and these samples were harvested at 15 hpi. The cell lysates were then analyzed
by western blotting with antibodies detecting the HSV-1 IE proteins ICP27 (we
did not have the antibody for ICP22), E protein ICP8, leaky L protein VP16, L
protein gC, EGFP, and actin. Samples from KOS-HSV-GFP and KOS-CMV-GFP
infections in HeLa cells were loaded onto two separate gels while KOS infected
samples were loaded on each gel as a control. The two blots were exposed to

films for various lengths of time.

In characterizing the new recombinant viruses it was important to examine
the temporal regulation of viral protein production. In general, the EGFP and
examined viral proteins produced from KOS and KOS-based recombinant viruses
increased continuously with time (from 3 to 15 hpi) in the absence of PAA

(Figure 3.3.7).
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EGFP produced in KOS-HSV-GFP infected cells was detected as early as
9 hpi, and its expression increased from 3 to 15 hpi (Figure 3.3.7-A). Notably,
despite being under the control of an HSV IE promoter in the KOS-HSV-GFP
virus, EGFP was produced 3 hours later than the IE protein ICP27, which was
observed as early as 6 hpi. In contrast, ICP27 from KOS infected cells was
observable as early as 3 hpi, which was 3 hours earlier than ICP27 produced from
KOS-HSV-GFP. Moreover, at 6 hpi ICP27 expression from KOS was noticeably
higher than from KOS-HSV-GFP. Similar to EGFP, expression of ICP27 from
both KOS and KOS-HSV-GFP viruses increased constantly during infection from
3to 15 hpi. The early protein ICP8 was detected as early as 9 hpi in KOS-HSV-
GFP infections, which was 3 hours later than from KOS infection. Furthermore,
ICP8 protein was noticeably more abundant in KOS infected samples than in
KOS-HSV-GFP infected samples at all times examined. ICP8 production also
increased over time during wild-type and recombinant virus infections in a similar
fashion to ICP27. The leaky late protein VP16 could be observed from 9 hpi
onward and its production increased continuously over time in both KOS and
KOS-HSV-GFP infections. In contrast, at every examined time, KOS infected
samples contained more VP16 than did KOS-HSV-GFP infected samples. The
true L protein gC was seen as early as 12 hpi in KOS infected samples and was
not detectable in KOS-HSV-GFP infections during the times tested. gC protein
production during KOS infection also increased with time similar to the other
viral proteins. As expected, PAA greatly reduced the expression of ICP27, ICP8,

and VP16 from both KOS and KOS-HSV-GFP viruses. EGFP expression was
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also reduced following PAA treatment in KOS-HSV-GFP infections. As a true L
protein, gC requires DNA replication for expression. As expected, gC expression
was blocked following the PAA treatment (see KOS 15hpi +PAA; Figure 3.3.7-
A). The above results suggested that EGFP and the indicated viral genes of KOS-
HSV-GFP were expressed later and with less amount of protein than the same

genes of KOS.

In section 3.2, the EGFP protein of KOS-CMV-GFP was observed under
the fluorescence microscope as early as 4 hpi. As a comparison to KOS-HSV-
GFP, the protein samples from KOS-CMV-GFP infected cells were also collected
and subjected to western blot analysis (Figure 3.3.7-B). In KOS-CMV-GFP
infected HelLa cells, EGFP was detected as early as 3 hpi, which was 3 hours
earlier than ICP27 within the same samples. ICP27 production from KOS-CMV-
GFP and KOS was comparable over time, and was detected as early as 6 hpi. In
regards to early protein production, ICP8 was detected as early as 6 hpi from
KOS-CMV-GFP infected samples and appeared to be slightly increased compared
to ICP8 production from KOS at the same time post infection. ICP8 protein
production also increased continuously with time in KOS and KOS-CMV-GFP
infections. VP16 protein produced from KOS and KOS-CMV-GFP viruses was
observed as early as 9 hpi; however, the KOS-CMV-GFP virus produced more
VP16 than did KOS at all times post infection. The true late protein gC was
weakly expressed by 9 hpi in the KOS-CMV-GFP virus, which was 3 hours
earlier than gC produced from KOS. Similar to KOS infection, expression of gC

from KOS-CMV-GFP was inhibited by PAA treatment. In addition, PAA reduced
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the production of EGFP, ICP27, ICP8, and VP16 proteins expressed from both
KOS and KOS-CMV-GFP viruses, which was similar to the effect of PAA during
KOS-HSV-GFP infections (Figure 3.3.6-B). Based on the above observations,

KOS-CMV-GFP behaves like the parental virus-KOS in infected HelLa cells.

In summary, these results demonstrate that the delay of EGFP fluorescence
detected from KOS-HSV-GFP in section 3.2 may occur during translation, but not
at the transcription level in HeLa cells. On the other hand, the EGFP gene of

KOS-CMV-GFP was expressed like a typical IE gene of KOS in HelLa cells.
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Figure 3.3.7- Viral gene expression profiles for KOS, KOS-HSV-GFP and KOS-
CMV-GFP infected HeLa cells

HeLa cells were infected with the indicated viruses at an MOI of 5. Total protein
was harvested at the indicated times (hpi) and subjected to western blot analysis
using antibodies against EGFP, ICP27, ICP8, VP16, gC, and actin (loading
control). Target proteins were visualized on X-RAY film (FUJI) with the ECL
Plus Western Blotting Detection kit (GE Healthcare). Infections carried out in the
presence of PAA were harvested at 15 hpi. The non-infected cells were used as
the mock sample (labelled as M).

A). Gene expression in KOS-HSV-GFP-infected cells was compared to that in
KOS infection.

B). Gene expression in KOS-CMV-GFP-infected cells was compared to that of
KOS. The KOS samples in panels A and B are from the same experiment, but
different film exposures are presented.
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3.3.2 The kinetics of EGFP production in infected Vero cells

3.3.2.1 The kinetics of EGFP mRNA accumulation in infected
Vero cells

To determine if the delay in EGFP production could also be seen in KOS-
HSV-GFP infected Vero cells, the kinetics of EGFP accumulation in Vero cells
was measured at both the RNA and protein levels. We performed northern blot
analyses as in section 3.3.1, with KOS and KOS-HSV-GFP infected Vero cells in

the absence of PAA (Figure 3.3.8).

As in HelLa cells, the 1.3 Kb EGFP mRNA was detected as early as 3 hpi
in Vero cells infected with KOS-HSV-GFP (Figure 3.3.7-B). The level of this
RNA accumulated continuously till 9 hpi, and then it seemed to decline in later
infections. However, this reduction may be due to the loading difference of the
RNA sample in the lanes (Figure 3.3.8-A). Especially, the amount of RNA loaded
in lane “9” of KOS-HSV-GFP panel was shown much more than the lane “12” of
the same panel. The larger RNA labeled by the EGFP probe was detected as early
as 3 hpi, and its accumulation followed the same pattern as that of the 1.3 Kb

RNA. At 15 hpi, the larger RNA could not be detected on the blot.

The ICP22 mRNA was observed as early as 3 hpi in both KOS and KOS-
HSV-GFP infections (Figure 3.3.8-C). The accumulation of ICP22 mRNA from
KOS-HSV-GFP increased slower than that from KOS, as shown by the lane “6”
of both KOS and KOS-HSV-GFP panels. In addition, this observation is
consistent with the result shown in Figure 3.3.7-A, which shows the general

overall delay in protein production seen in KOS-HSV-GFP-infected HeLa cells.
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In contrast, the level of ICP22 mRNA in KOS infected cells increased up to 9 hpi
and then dropped in later infections. This trend of ICP22 mMRNA production from
KOS-infected Vero cells was different than that from KOS-infected HelLa cells,
which continuously transcribed the ICP22 mRNA during the examined times
(Compare Figure 3.3.2-C to 3.3.7-C). However, it is similar to that seen in ICP22
MRNA production of KOS-CMV-GFP infected HelLa cells (Compare Figure
3.3.3-C t0 3.3.7-C). In summary, these observations suggest that the kinetics of
EGFP mRNA accumulation has a comparable fashion as that of ICP22 mRNA, in

KOS-HSV-GFP-infected Vero cells.

131



Figure 3.3.8- The accumulation of the EGFP and ICP22 mRNAs of KOS and
KOS-CMV-GFP in Vero cells.

Vero cells were infected with KOS, KOS-HSV-GFP and KOS-CMV-GFP at an
MOI of 5. Total RNA from each infection was harvested at the indicated times
(hpi) and subjected to northern blot analysis with probes for EGFP and ICP22.

A). Ethidium bromide staining pattern (displaying ribosomal RNA).

B). Northern analysis with EGFP probe. EGFP mRNA (1.3 kb) is indicated by the
arrow.

C). Northern analysis with ICP22 probe. Non-infected cells were used as the
mock sample (labelled as M). ICP22 mRNA (indicated by the arrow) was
detected as a representative for other typical HSV-1 IE genes.
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3.3.2.2 The kinetics of EGFP protein accumulation in infected
Vero cells

To find out whether the delayed viral protein expression of KOS-HSV-
GFP was unique to HeLa cells, similar experiments were performed in Vero cells

(Figure 3.3.9).

The IE ICP27 protein was detected as early as 3 hpi in KOS-infected Vero
cells (Figure 3.3.9-KOS panel). ICP27 was continuously expressed till 12 hpi, and
then its protein level was dropped at 15 hpi. The E protein ICP8 was emerged as
early as 6 hpi, and its expression followed the same pattern as that of ICP27.
VP16 as a leaky L protein was seen as early as 6 hpi, and its accumulation
increased along with the examined times. The true L gC protein was detected
from 6 hpi, and its accumulation was increased till 12 hpi, then slightly reduced at

15 hpi.

In the KOS-HSV-GFP infected samples, EGFP was detected as early as 6
hpi, and its expression increased over time till 15 hpi (Figure 3.3.9-KOS-HSV-
GFP panel). As seen in KOS infections, ICP27 and ICP8 were detected as early as
3 and 6 hpi, and they were expressed constantly over time in KOS-HSV-GFP
infected Vero cells. ICP8 produced from KOS infection showed higher protein
level than that from KOS-HSV-GFP at all time points. VP16 and gC from KOS-
HSV-GFP were produced as early as 9 hpi, and all their protein levels increased
constantly along all examined times. In contrast to KOS infection, VP16 and gC

proteins from KOS-HSV-GFP-infected Vero cells were seen three hours later than
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in a KOS infection, and the levels of VP16 were reduced with KOS-HSV-GFP,

especially at the 6 and 9 hour time points.

Compared to the samples from infected-HeLa cells (Figure 3.3.7-A),

ICP27 was observed as early as the same times (3 hpi and 6 hpi, respectively) in
KOS and KOS-HSV-GFP infected Vero cells (Figure 3.3.9). Interestingly, EGFP
was detected as early as 6 hpi in Vero cells infected with KOS-HSV-GFP, which
was three hours earlier than in HeLa cells. The largest difference between KOS-
HSV-GFP infections in HeLa and Vero cells was that the late protein gC could be
detected in Vero cells but not in HeLa cells. Moreover, gC produced during KOS
infection appeared slightly earlier than the gC from KOS-HSV-GFP infections
(Compare Figure 3.3.7-A to 3.3.9). Therefore, these data suggest that the delay of

viral protein expression from KOS-HSV-GFP was also apparent in Vero cells.
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Figure 3.3.9-Viral gene expression profiles for KOS and KOS-HSV-GFP infected
Vero cells.

Vero cells were infected with KOS or KOS-HSV-GFP at an MOI of 5. Samples
were harvested at the indicated times (hpi). Lysates and total protein were
analyzed by western blotting with antibodies against the indicated proteins on the
figure. The non-infected cells were used as the mock sample (labelled as M).
Actin was used as the loading control.
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Chapter 4 Discussion:

4.1  Summary of the results

As mentioned in the introduction, the IE gene expression of HSV-1 is
regulated both positively and negatively by viral and cellular proteins. Previous
studies have shown that most human cell lines, except the U20S osteosarcoma
cell, are restrictive to the V422 mutant virus of HSV-1, which lacks a functional
VP16 protein [249]. This permissive phenotype of U20S cells to V422 replication
IS recessive, suggesting that they are missing an inhibitory mechanism present in
other cell lines that can be silenced by VP16 during a wild-type infection [264,
265]. My initial objective was to construct reporter HSV-1 recombinant viruses
to identify the cellular proteins that repress the viral IE gene expression during
V422 infection. In addition, we also wished to screen for additional host factors
that promote the IE gene expression during wild-type KOS infection. To this end,
four recombinant reporter viruses of HSV-1 were constructed: KOS-CMV-GFP,
V422-CMV-GFP, KOS-HSV-GFP and V422-HSV-GFP. In these viruses, the
reporter EGFP gene was inserted into the TK locus of the KOS or V422 genome.
In the four reporter viruses, the EGFP gene is driven by two different promoters:
the HCMV IE promoter and the HSV IE (ICP22) promoter. KOS- and V422-
CMV-GFP carry the HCMV IE promoter driving the EGFP gene, and the one in
the KOS- and V422-HSV-GFP genome is driven by the HSV IE promoter.
Rebecca Minaker constructed the KOS-CMV-GFP virus [272] and | constructed

the other three.
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After construction of these EGFP recombinant viruses, the desired
mutations were confirmed by Southern blot and sequencing analyses (Chapter 3).
EGFP fluorescence was also detected in infected HeLa cells. HeLa cells were
selected for two main reasons; firstly, they are restrictive to V422 replication, and
this phenotype can be overcome by addition of HMBA [265]. Secondly, HelLa
cells are more suitable for sSiRNA transfection than HEL or Vero cells, which are
also restrictive to V422 [264, 265]. In HeLa cells, the EGFP of KOS-CMV-GFP
and HMBA-treated V422-CMV-GFP is expressed like a typical IE gene
temporally (Figure 3.3.7). In contrast, the delayed and reduced EGFP
fluorescence was detected in KOS-HSV-GFP infection, relative to KOS-CMV-

GFP (Figure 3.3.7).

Following this initial characterization, | performed time course
experiments to characterize the kinetics of EGFP expression at both RNA and
protein level in KOS-HSV-GFP infected HelLa cells, in comparison with the
KOS-CMV-GFP infection (Section 3.3.1). As expected, all four recombinant
viruses produced the predicted 1.3 Kb EGFP mRNA. The level of this EGFP
mMRNA from the HCMV IE promoter was much higher than that from the HSV IE
promoter. This observation is consistent with the EGFP expression in HeLa cells
transfected with the plasmids carrying these two EGFP cassettes, which showed
that the HCMV promoter has a much stronger activity than the HSV one in HelLa
cells. KOS-HSV-GFP also produced a larger RNA species, which hybridized to
the EGFP probe (figure 3.3.4 and 3.3.6). Since this RNAs could be eliminated by

the addition of cycloheximide, it is probably not transcribed from the IE ICP22
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promoter of the EGFP cassette. The EGFP expression cassette is inserted
downstream of the TK promoter in the same transcriptional direction as the TK
gene; thus, it is possible that the larger RNA species is transcribed from the TK
promoter, which is induced during the E phase of viral replication. This
speculation can be tested in the future through probing the blot in figure 3.3.4
with a TK probe, which has the sequence upstream of the inserted ICP22

promoter (or even a probe of ICP22 promoter).

Also, as expected, the inserted HSV IE (ICP22) promoter driving the
EGFP gene in the KOS or V422 genome showed several characteristics of HSV
IE promoters. Firstly, it was active in the absence of viral protein synthesis during
infection. Secondly, in the presence of the protein synthesis inhibitor-
cyclohexmide, EGFP expression from this promoter depended on the
transactivation domain of VP16. Finally, this ICP22 promoter can be stimulated
by HMBA in the absence of viral protein synthesis and VP16 activation function.
Also, as expected, the EGFP expression from KOS-CMV-GFP did not require

viral protein synthesis, as well.

However, my results also uncovered two unexpected and interesting
findings. First, I obtained evidence that the HCMV promoter is positively
regulated by VP16 in my viral recombinants. Second, | found that gene
expression from my recombinants bearing the HSV promoter was delayed and
reduced relative to other HSV isolates including wild-type virus. Below, I discuss

these findings further.
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4.2  Evidence that VP16 is required for the activation of the HCMV IE

promoter in HSV recombinants

The first unexpected result was that the HCMV IE promoter inserted in the
HSV-1 genome requires a functional VP16 for its activity in HeLa cells. Figure
3.3.4-B shows that in the absence of viral protein synthesis, the level of EGFP
MRNA arising from V422-CMV-GFP was greatly reduced relative to that from
KOS-CMV-GFP. This result was also seen in Vero cells (Appendix, Figure A-3-
B). The most significant difference between these two viruses is that V422-CMV-
GFP lacks a functional VP16 whereas KOS-CMV-GFP expresses the wild-type
VP16. Besides, in the presence of cycloheximide, the viral protein synthesis was
blocked, so the newly synthesized viral transcription activators, including ICP4
and ICPO, were absent in the infected cells. Therefore, the transcription of EGFP
MRNA was only dependent on the tegument proteins which were carried with the
input viral genome, and the only defective tegument protein of V422-CMV-GFP
that could cause this reduction on the EGFP mRNA, was VVP16. Furthermore, the
lack of the ICP22 mMRNA from V422-CMV-GFP (Figure 3.3.4-C) demonstrates
that the VP16 of this virus is defective in infected cells. In addition, the same
experiment was also performed in Vero cells, and the results of EGFP and 1CP22
MRNAs were consistent with those shown in Figure 3.3.4 (Appendix, Figure A-3).
Therefore, these observations indicate that the HCMV IE promoter is positively

regulated by a functional VP16 protein during infection.

However, the effect of VP16 on the HCMV IE promoter shown on figure

3.3.4 was not expected, for two reasons. Firstly, there is no TATGARAT element
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in the HCMV IE promoter for VP16-induced complex to recognize and bind to
(Figure 3.1.10). Secondly, co-transfection of a vector carrying the VP16 gene
with pEGFP-C1 (the plasmid that carries the HCMV-EGFP cassette) did not
increase the level of EGFP mRNA relative to the transfection of pEGFP-C1 alone
in HeLa cells (unpublished data from Lucy Bradley). Thus, the HCMV IE
promoter from the EGFP cassette is apparently regulated by VP16 and its
associated protein complexes in the circumstance of viral infection but not

following vector transfection in HeLa and Vero cells.

There are several possible explanations for this unexpected result. Firstly,
Since the EGFP cassette is inserted inside of the TK ORF, the TK sequence
upstream of the HCMV promoter (& downstream of the TK promoter) may
contain a TATGARAT element to respond to the VP16 activation. However,
preliminary data from Lucy Bradley showed that VP16 did not enhance the
HCMV IE promoter activity in HeLa cells transfected with a VP16 vector and the
plasmid pTK-green (the parental vector to construct the KOS-CMV-GFP virus),
which carries the entire TK ORF inserted with the EGFP gene. Thus, this

possibility seems unlikely.

How might VP16 activate the HCMV IE promoter without binding to a
nearby TAATGARAT element? One possibility is that VP16 acts in a fashion
analogous to pp71, an HCMV tegument protein required for IE promoter activity
during HCMV infection. pp71 is the most obvious candidate for a functional
counterpart of VP16 in HCMV lifecycle [279]. Previous studies have shown that

pp71-null mutants of HCMV are severely impaired for IE expression and
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initiation of viral infection at low MOI [280, 281], results which demonstrated the
importance of pp71 in activating the HCMV IE promoter during viral infection.
However, pp71 was also reported to globally stimulate expression from the entire
HCMV genome in addition to the IE genes [279, 282]. It has recently become
clear that pp71 exerts its activation on IE promoters through counteracting an
intrinsic antiviral defence that is dependent on the cell protein hDaxx [283].
hDaxx is a transcriptional corepressor, and it is a part of the ND10 structure,
where the incoming viral genome localizes. The repression by hDaxx of viral
gene expression is mediated through modification of histones associated with the
viral promoters [283]. In addition, more recent studies showed that other ND10
components, such as PML and hDaxx-associated protein ATRX, are able to
repress the IE gene expression of HCMV during lytic infection. In contrast, this
repression can be relieved by downregulation of hDaxx, PML and ATRX in cells
[283-288]. pp71 has been reported to induce the IE gene expression by disrupting
the ATRX-hDaxx complex [285], and promoting hDaxx degradation through an
uncommon proteasome-dependent but ubiquitin-independent pathway [287, 289].
Therefore, it seems possible that VP16 may similarly interact with ND10
components directly or indirectly to counteract their repression on the HCMV IE
promoter of KOS-CMV-GFP. It will be interesting to see whether downregulation
of hDaxx, ATRX and PML could enhance the EGFP expression of V422-CMV-
GFP (which has a defective VP16) in the presence of cycloheximide. Preliminary
data from Bradley demonstrated that VP16 did not induce the HCMV promoter of

pEGFP-CL1 in transfection experiment. One possible explanation is that VP16
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could be brought close to the HCMV promoter by binding to the TATGARAT
elements on the genome next to the insertion site, when the HCMV promoter is
inserted within the HSV-1 genome. In contrast, when the HCMV promoter carried
by a plasmid, which does not contain any VP16-responding sequence, VP16
cannot reach the HCMV promoter; thus, VP16 cannot enhance the HCMV

promoter activity in plasmid transfection experiments.

Another related possibility is that VP16 may globally modify the
chromatin structure on the HSV-1 genome, and HCMV IE promoter may only
require the active state of associated chromatin structure for its activity, but not
other viral transcription activators. Chromatin modification influences the
regulation of viral promoter activity and in turn the gene expression, but it is not
the only determinant factor for viral gene expression, which also requires certain
viral or cellular transcription activators to recruit the host transcription (reviewed
in [290, 291]). The HCMV IE promoter is more intrinsicly powerful than HSV-1
ones, which largely depend on the viral transcription activators, including VP16,
ICPO and ICP4. However, all of these promoters may require certain
modifications on associated-chromatin in order to allow binding of cellular and
viral transcription activators, including the inserted HCMV IE promoter.
Therefore, the global effect of VP16 on chromatin modification might induce the
HCMV IE promoter, but not the neighbour TK promoter, which requires the
additional ICPO and ICP4 presence. This possibility is also consistent with the
speculation that VP16 induces chromatin modification on the entire genome of

HSV-1 from a previous publication of our lab [57].

144



In that paper, Hancock et. al., [57] firstly demonstrated a global effect of
VP16 on depleting histones (specifically histone H3) on viral promoters, that was
not restricted to the IE promoters. Therefore, it is possible that the histone 3 levels
on the HCMV IE promoter would remain low during infection with KOS-CMV-
GFP, but increase in the case of V422-CMV-GFP. It will be interesting to
determine the histone levels on the HCMV promoter using the CHIP assay with
samples from KOS-CMV-GFP and V422-CMV-GFP infections, in the absence
and presence of cycloheximide. Secondly Hancock, et. al.,[57] showed that
although the histone occupancy remained high at the promoters of V422 genome
in U20S cells, V422 replicated efficiently in this cell type. This result indicates
that at least in U20S cells, viral replication of HSV-1 may be not affected by high
histone deposition on the viral genome. Therefore, it also will be interesting to
look at the histone level at the HCMV promoter in U20S cells infected with
KOS-CMV-GFP and V422-CMV-GFP. This may help to clarify the connections

between viral chromatin modification, viral gene expression and viral replication.

In addition, previous studies from Treizenberg group [47] demonstrated
that the activation domain of VP16 is required for recruiting the transcription
coactivators, including p300 and CBP histone acetyltransferase or BRM and Brg-
1 remodelling enzymes, to the IE promoters of HSV-1. Hancock, et. al.,[57]
showed that VP16 enhanced the level of acetylated H3 not only at the IE promoter
but also E and L promoters. In addition, it has been reported that in permissive
cells, the major IE promoter of HCMV is predominantly associated with histone

marks of transcriptional activation, in particular acetylated histone H4 [292].
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Therefore, it will be interesting to assay the level of acetylated H3 and H4 level
on HCMV IE promoter from both KOS-CMV-GFP and V422-CMV-GFP
infections, in the absence of viral protein synthesis. Furthermore, VP16 is
reported to selectively bind to the HCF-1 associated with the Set1/Ash2 histone
H3K4 methytransferase complex, which induces the active form of chromatin
[58]. It also has been reported that during lytic infection, methylated H3
(H3K4me) was found at the promoters of several temporal classes of HSV-1
genes [49]. In contrast, K9 methylation of H3 was demonstrated to be involved in
the repression of the major IE promoter of HCMV infection [293]. Thus, it will be
interesting to compare the levels of H3K4me/H3K9me at the HCMV promoters

from both KOS-CMV-GFP and V422-CMV-GFP in HelLa cells.

It is important to note that some reports suggested that the modifications
on viral chromatin structure by VP16 may not correlate to its function on viral
gene expression. Firstly, the Triezenberg group [54] showed that the
transcriptional coactivators that modify the chromatin structure, including histone
acetyltransferases p300, CBP, PCAF, and GCN5 or the BRM and Brg-1
chromatin remodeling complexes, were not required in VP16-mediated induction
of IE gene expression. Another paper, authored by the same group, providing a
functional VP16 in trans by HSV-2 superinfection, lead to neither an increase in
the active chromatin markers on the histones or depletion of these histones on the
IE genes (ICPO and ICP27 promoters, ICP4 and ICP27 ORFs) [294]. Anyhow,
these contradictory observations make the research of VP16 very interesting in the

future.
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Finally, VP16 may induce the viral gene expression through interacting
with cellular proteins that influence where the viral genome initially localizes in
the nucleus. As a tegument protein, VP16 contributes to the earliest viral activities
after infection in the nucleus, either before or after the viral genome enter the
nucleus. Initially, VP16 is released into the cytoplasm in host cells along with the
nucleocapsid, but the temporal order of viral genome or VP16 entering the
nucleus is still unknown. It has shown that after entering the nucleus, viral
genomes are restricted at the inner edge of the nucleus, and shortly after, ND10
components migrate to the viral DNAs [180]. The authors also speculated that
ND10 proteins are not associated with the viral genomes when the initial I1E gene
transcriptions occur [180]. Therefore, cellular proteins at the initial location of the
viral genome may facilitate the IE gene expression, and VP16 may act as a guide
to bring the genome there through direct or indirect interactions with those
proteins. Silva et.al., (2008) demonstrated a potential role of A-type lamins in
targeting the viral DNA and reducing the heterochromatin on viral promoters
during HSV-1 lytic infection [53]. Moreover, their preliminary data showed that
the assembly of VP16 activator complex onto IE promoter was dependent on the
A-type lamins (unpublished data from Lindsey Silva). Furthermore, they also
showed that VP16 is required for targeting the viral genome to the nuclear lamina

(unpublished data from Lindsey Silva).

In metazoans, A-type and B-type lamins are the major components of the
filamentous meshwork-nuclear lamina, which structurally support the

nucleoplasmic surface of the inner nuclear membrane [295, 296]. The nuclear
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lamina has been shown to provide a scaffold for the folding of chromosomes
inside the nucleus, through binding to specific DNA sequence on the
chromosomes [295]. The anchoring of DNA to the nuclear lamina may also occur
through associated DNA-binding proteins. For instance, Oct-1 binds to lamin B1
and is present at the nuclear lamina in a lamin B1-dependent manner [297].
Therefore, the targeting of the incoming HSV-1 DNA to nuclear lamina may also
occur though the association of Oct-1, since Oct-1 binds to the TATGARAT
sequence at the IE promoter of HSV-1. This raises the possibility that the viral
genome is captured by free or lamin Bl-assoicated Oct-1 proteins, once it is
released into the nucleus. Then the viral DNA is tethered at the nuclear lamina
through Oct-1 and lamin B1 association. This speculation can be further

investigated in lamin B1 silenced cells.

The nuclear lamina is also known to repress gene expression though
chromatin modification with its associated proteins. It has been reported that
several nuclear lamina associated proteins interact with HDACs, including Lap2f3
and emerin [298, 299], and hisones in chromatin near the nuclear lamina are
normally hypo-acetylated, indicating a high local HDAC activity. Histone
methylation is also reported to be involved in gene silencing at the nuclear lamina,
including H3K9me2 [300]. In human cells, this modification is possibly mediated
through an interaction of the lamina-assoicated protein BAF with the histone
methyltransferase G9a [300, 301]. Therefore, VP16 may also counteract the

repression of IE gene expression from the lamina-associated proteins, before the
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association of ND10 components. The mechanism of VP16 blocking gene

repression at nuclear lamina still needs further investigations.

However, since depletion of type A-lamins reduced the VP16 associations
with viral genome and HCF-1, the roles of nuclear lamina on viral gene
expression should not be limited to repression (unpublished data from Lindsey
Silva). Interestingly, silencing of lamin B1 expression in nucleus increases the
euchromatin formation at the nuclear lamina, but it does not elevate the
transcription due to the promoter proximal stalling of RNA pol 11 [302]. This
observation demonstrates the interactions between lamins and transcription
factors that promote the escape from stalling, such as p-TEFb [302]. As
mentioned in the introduction, HMBA induces HIV gene transcription through
recruiting p-TEFb to promote the elongation of transcription [257]. It is possible
that induction of HMBA on V422 replication in restrictive cells is also through
the recruitment of p-TEFb. Since HMBA compensates the VP16 function in V422
infections, VP16 may recruit the p-TEFb or other transcription elongation factors
to the initiation site of IE genes. In addition, this recruitment may be mediated by
the lamin networks. Previous studies showed that disruption of lamin networks by
depleting lamin B1 or expressing a truncated lamin A/C also results inactivation
of transcriptions for RNA pol Il [303, 304]. Together, VP16 activation complex
inducing IE gene expression may be mediated by the lamin networks and their

associated protein.

Overall, the roles of VP16 in initiating the HSV-1 replication may show in

viral genome anchoring, euchromatin activation at the IE promoters, transcription
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initiation and elongation of IE genes. The recombinant KOS or VV422-derived
viruses carrying the HCMV promoter-driving EGFP expression cassette are useful

to discover these VP16 functions in HSV life-cycle.

4.3  Abnormal EGFP protein accumulation in KOS-HSV-GFP infections

Another unexpected result from this project is the delayed and reduced
EGFP production from KOS-HSV-GFP infections in both HeLa and Vero cells.
In addition, the expression of all examined viral proteins in different temporal
classes (IE, E, leaky-L and L) from KOS-HSV-GFP was delayed and reduced
relative to that from the parental KOS and KOS-CMV-GFP in both cell-lines
(Figure 3.3.7 and 3.3.9).

The EGFP expression cassettes are inserted into the TK ORF for both
KOS-derived viruses. Since the EGFP gene from KOS-CMV-GFP is expressed as
a typical IE protein, the disruption of TK gene should not be the main reason for
the abnormal EGFP production profile of KOS-HSV-GFP. Besides, TK gene is
reported to be non-essential for viral lytic replication[305], and previous studies
have showed that insertion of foreign genes into the TK locus did not affect the
viral titer relative to the parental wild-type virus [306, 307]. There are three major
differences between the genomic structures of KOS-HSV-GFP and KOS-CMV-
GFP, which may most likely cause the different expression patterns of EGFP gene
from these two viruses.

Firstly, the promoter driving the EGFP expression cassette differs
between the two viruses. Detected by fluorescence microscopy, HelLa cells

transfected with the plasmid pEGFP-C1 (carrying the HCMV promoter-driving
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EGFP gene) showed enhanced EGFP expression compared to cells transfected
with pUC19-HSV-GFP (carrying the ICP22 promoter-driving EGFP gene). This
IS an expected result, since the HCMV IE promoter has been shown to be active in
cellular circumstance [308, 309], and the cells transfected with pUC19-HSV-GFP
lack VP16 to enhance transcription from the ICP22 promoter. The preliminary
data from Lucy Bradley demonstrate that cotransfection with VP16 vector
increases the EGFP expression from pUC19-HSV-GFP up to the level of EGFP
from pEGFP-C1 in transfected HelLa cells. Thus, the promoter should not be the
reason for different EGFP expressions from KOS-HSV-GFP and KOS-CMV-GFP.
Furthermore, although this difference of promoter activity could explain the
reduce EGFP expression from KOS-HSV-GFP relative to KOS-CMV-GFP, it
does not account for the delayed and reduced expression of other viral genes.

The second major difference between the genomes of KOS-HSV-GFP and
KOS-CMV-GFP is that KOS-HSV-GFP carries an extra bacterial artificial
chromosome (BAC) sequence located between the gene UL37 and UL38. KOS-
HSV-GFP was constructed through BAC recombinneering (Chapter 2), based on
cloning of the KOS genome as a BAC in E. coli [274]. Compared to the
conventional methods for mutagenesis of herpesviruses, such as chemical
mutagenesis, site-directed mutagenesis by homologous recombination in
eukaryotic cells, BAC recombinneering is especially more efficient and less time
consuming, for many herpesviruses (B- and y-herpesviruses) because of their slow
replication rate in vitro (reviewed in [310, 311]). In particular, viral BACs carried

by E. coli strains can be stored at -80<€, and new viral genome DNAs can be
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quickly synthesized from the BAC DNAs [311]. To date, mutagenesis using BAC
technology has been applied to many human and animal herpesviruses, including
HSV, HCMYV, pseudorabiesvirus (PRV), EBV, Kaposi’s sarcoma herpesvirus
(KHSV) and murine gammaherpesvirus 68 (MHV-68) [310]. Some of the
previous studies showed that excision of the BAC from the viral genome is
necessary for the normal viral activities in vitro and vivo [312-315]. For instance,
Adler et. al., showed that although the BAC sequence did not influence the MHV-
68 replication in vitro, but the BAC-derived MHV-68 was attenuated in vivo
[312]. Excision of the BAC sequence from the viral genome restored the
biological properties of the recombinant MHV-68 to wild type level in vivo [312].
In another study, BAC-derived pseudorabiesvirus showed normal viral replication
and virulence in animals, but displayed a growth defect in cultured cells [316].
After excision of the BAC sequence, the growth property of the recombinant
viruses was comparable to those of the wild type viruses both in vivo and vitro
[312-316]. Therefore, the abnormal gene expressions from KOS-HSV-GFP
relative to KOS may be due to the existence of BAC sequence in its genome. This
speculation need to be tested in the future. In the parental KOS37 BAC, the BAC
sequence flanking with a LoxP site on either end, can be readily excised using
Cre/LoxP recombination in the cells expressing the Cre enzyme [274]. After
excision, the KOS37 virus with a single LoxP site grows very similarly to the
wild-type KOS virus, both in vivo and in vitro. However, the authors did not
compare the protein expression or the growth curve of KOS37 BAC virus and

KOS37 virus in their paper [43]. Therefore, in this case, the BAC sequence could
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be removed from the viral genome by growing the KOS-HSV-GFP virus in Cre-
Vero cells.

Finally, as described in the section 2.2 (methods and materials), the genome
of KOS-HSV-GFP has a sequence deletion and insertion between the 429* and
451 nt of the TK ORF, relative to that of KOS-CMV-GFP. In other words, after
homologous recombination, the sequence between the 430" and 450" nt of the
TK ORF in the genome of KOS-HSV-GFP was replaced with the EGFP cassette
bearing 20 nts of pUC19 sequences at either end. In contrast, the EGFP
expression cassette was the only sequence inserted into the TK ORF (between the
422" and 423" nt) of KOS-CMV-GFP without any deletion from the TK gene.
The sequence deleted from the TK ORF of KOS-HSV-GFP was within the
promoter region of UL24 gene [317]. Therefore, this sequence deletion and
insertion (pUC19 vector sequence flanking at the EGFP cassette) in KOS-HSV-
GFP genome may lead to the abnormal expression of UL24 gene during infection.

UL24 is a 30-kDa protein, expressed with leaky-late kinetics during HSV-1
infection [318]. In the HSV-1 genome, the regulatory and coding sequences of
UL24 gene overlap with the ORF of TK gene at its 5” end in a head-to-head
orientation [317]. The UL24 gene is conserved among all the three subfamilies (a-,
B- and y-herpesvirus) of Herpesviridae, and this conservation suggests an
important role for UL24 in the life cycle of these viruses [319]. Indeed UL24 null
mutations and mutations in the conserved regions of UL24 cause defects in viral
growth, indicating that the UL24 protein is not essential but is important for viral

Iytic lifecycle in vitro [320]. The detailed function of the UL24 protein in HSV-1
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replication is still unknown and under investigation. UL24 has been shown to
localize to the nucleus after expression, and it mediates the dispersal of the
nucleolar protein nucleolin [321]. Nucleolin is found in the heart of the nucleolus,
which is a major site of many nuclear functions, such as rRNA production, and
ribosome assembly. As a multi-functional protein, Nucleolin has been implicated
in many metabolic processes, including ribosomal biogenesis, cytokinesis,
nucleogenesis, cell proliferation and growth (reviewed in [322]). UL24 has been
shown to be sufficient to induce the redistribution of nucleolin in the absence viral
proteins [321, 323]. Previous study has demonstrated that the UL24 gene of HSV-
1 encodes a putative PD-(D/E)XK endonuclease domain [324], and this motif is
reported to be important for the ability of UL24 to disperse the nucleolin during
infection [325]. Due to these important roles of UL24 in the viral lifecycle,
disruption of UL24 expression may relate to the abnormal gene expression profile
of KOS-HSV-GFP (Figure 3.3.7 & 3.3.9). Since the EGFP gene is inserted at the
promoter region of UL24, the deleted sequence (430"-450™ nts of TK ORF) from
KOS-HSV-GFP genome may contain important elements for inducing UL24
expression upon infection. This speculation need to be investigated in the future.
To test this, firstly, the gene expression profile of UL24 (at both RNA and protein
levels) from KOS-HSV-GFP infection needs to be assayed and compared to that
from KOS infection. If KOS-HSV-GFP produces abnormal amount of UL24
comparing to KOS (it is likely to be the case, since the productions of all checked
viral genes in the three classes-1E, E and L were delayed and reduced in samples

from KOS-HSV-GFP relative to KOS, shown in Figure 3.3.7 & 3.3.9), it will be
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interesting to assay the expression profile of UL24 from a new KOS-HSV-GFP
virus (which does not contain the BAC sequence and have any deletion at the TK

ORF), and compare to that from KOS and previously made KOS-HSV-GFP.

4.4 Future directions:

One major reason that I constructed the KOS/V422-HSV-GFP viruses was
the concern that the HCMV IE promoter of the EGFP gene from KOS/V422-
CMV-GFP would not be regulated by the VP16 protein during infection. If so,
then the KOS/V422-CMV-GFP viruses would not be suitable for the original
rational of this project, which was to identify the cellular factors that silenced by
VP16 during wild-type HSV-1 infection. However, Figure 3.3.4 provides
evidence that the HCMV IE promoter was in fact under the control of VP16. This
conclusion still needs further testing. If the HCMV IE promoter is confirmed to be
induced by VP16, the KOS-HCMV-GFP and V422-CMV-GFP viruses could be
very useful in a SiRNA screen to identify the host inhibitory factors that are
blocked by wild-type VP16 during HSV-1 infection. Also, the KOS-CMV-GFP
viruses can be used to identify the host factors that facilitate the viral replication,
in a SIRNA screen.

As described in last section 4.3, the delayed and reduced gene expression of
KOS-HSV-GFP may be caused by sequence deletion in the UL24 promoter
region and insertion of BAC sequence between the UL37 and UL38 genes. Thus,
in the future, this KOS-HSV-GFP virus will be modified to have a complete
UL24 promoter, and the BAC sequence will be deleted from its genome. Then,

we are going to perform northern and western blot analysis (as the experiments
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described in section 3.3.1) to check whether the viral gene expression of this
modified KOS-HSV-GFP, is comparable to that of the parental KOS. If so, this
virus and the VV422-HSV-GFP with the same modifications can be used in the
SiIRNA screen to identify the cellular factors that regulate the viral IE gene
expression during HSV-1 lytic infection.

As mentioned in section 3.2 (results), the Envision plate reader was not
sensitive enough to catch the signal of EGFP in KOS-HSV-GFP infected cells
even at high MOI. Besides the modifications of this virus mentioned above, the
EGFP reporter gene can also be changed. Other reporter genes with stronger
signals than EGFP, such as luciferase and f-galactosidase genes, can also be
inserted into the KOS/V422 genome to construct more sensitive ones for the plate
reader. Also, the sSiRNA screen can be performed without using a reporter virus.
After the siRNA trasnfection and then infection with KOS or V422 virus, the viral
activities can be detected by in-cell western technology with an antibody against

an IE protein, such as ICPO or ICP4.
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Appendix:

Figure A-1: The EGFP sequence alignment of plasmid pUC19-HSV-GFP and
PEGFP-C1

The start and stop codons are showed as bolded and underlined letters. There are
78 additional nts in the EGFP ORF of pEGFP-C1, which are labelled by italic
letters. Other differences between these two sequences are due to unclear
sequenced results (shown as “N” in the sequences).
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Figure A-2: Inserted direction of EGFP in the recombinant viruses

The directions of EGFP insertion in the recombinant viruses were examinated by
sequencing with a reverse primer JRS171, which binds to the 3’ end of TK gene.
This is demonstrated in A). B) and C) show the sequences of KOS-HSV-
GFP/V422-HSV-GFP and KOS-CMV-GFP/VV422-CMV-GFP. The 3’ ends of
EGFP gene and TK gene are labelled as bolded letters and normal letters,
respectively.
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A)
5’-Promoter of TK EGFP gene

[+5°-TK ] promoter | [ TK-3’end |

€JRS171

B) KOS-HSV-GFP/V422-HSV-GFP sequences:

TGTGCCGGGCAAGGTCGGCGGGATGAGGGCCACGAACGCCAGCACGG
CCTGGGGGGTCATGCTGCCCATAAGGTATCGCGCGGCCGGGTAGCACA
GGAGGGCGGCGATGGGATGGCGGTCGAAGATGAGGGTGAGGGCCGG
GGGCGGGGCATGTCC (TK gene)

ATGATTACGCCAAGCTTGCATGCCTGCTATTGTCTTCCCAATCCTC
CCCCTTGCTGTCCTGCCCCACCCCACCCCCCAGAATAGAATGACA
CCTACTCAGACAATGCGATGCAATTTCCTCATTTTATTAGGAAAGG
ACAGTGGGAGTGGCACCTTCCAGGGTCAAGGAAGGCACGGGGGA
GGGGCAAACAACAGATGGCTGGCAACTAGAAGGCACAGTCGAGG
CTGATCAGCGAGCTCTAGGGCCGCTTTACTTGTACAGCTCGTCCA
TGCCGAGAGTGATCCCGGCGGCGGTCACGAACTCCAGCAGGACC
ATGTGATCGCGCTTCTCGTTGGGGTATTTGCTCAGGGCGGACTGG
(EGFP gene)

C) KOS-CMV-GFP/V422-CMV-GFP sequences:

TGTGCCGGGCAAGGTCGGCGGGATGAGGGCCACGAACGCCAGCACGG
CCTGGGGGGTCATGCTGCCCATAAGGTATCGCGCGGCCGGGTAGCACA
GGAGGGCGGCGATGGGATGGCGGTCGAAGATGGGGGGGAGGGCCGG
GGGCGGGGCATGTGC (TK gene)

GCGTTAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATG
CAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTT
TATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAA
TTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGT
TTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTAT
GATCAGTTATCTAGATCCGGTGGATCCCGGGCCCGCGGTACCGTC
GACTGCAGAATTCGAAGCTTGA (EGFP gene)
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Figure A-3: Effects of cycloheximide and the V422 VP16 mutation on
accumulation of eGFP mRNA from viral recombinants.

Vero cells were infected withVV422-and KOS-derived viruses in the presence and
absence of cycloheximide at an MOI of 5. The non-infected cells were used as the
mock sample (labelled as Mock).

A). The total RNA profile (stained with ethidium bromide)

B). Northern blotting analysis with EGFP probe. V422 and KOS infections were
shown as the negative controls for EGFP mRNA detection (indicated by the
arrow).

C). Northern analysis with ICP 22 probe. Appearance of ICP22 mRNA (indicated
by the arrow) was used as a positive control for cycloheximide treatment.
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