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Abstract

The initiation of herpesvirus transcription requires the selective recruitment and activity of the host

transcriptional apparatus on virus immediate-early (IE) promoters. Despite general understanding

of the broad principles of these early processes that have stemmed from population studies, we

have comparatively limited knowledge of transcriptional events at the level of single cell and single

genomes. I have developed methods combining click chemistry to visualise individual viral genomes

with single molecule RNA transcript analysis and immunofluorescence to gain high resolution in-

sight into the earliest processes of RNA polymerase recruitment, transcriptional bursting and RNA

transport during the initiation of herpes simplex (HSV) infection.

Analysing ICP0 and ICP4, as key representatives of the HSV IE class, my results allow quan-

titative identification of genomes with transcriptionally active IE RNA bursting and the discrimination

of active genomes from inactive ones. From simultaneous analysis of the ICP0 intron and exon, I show

the highly restricted localisation of intron containing transcripts on genomes within the large mature

transcript bursts. The results indicate the highly rapid and likely co-transcriptional splicing of the

ICP0 pre-mRNA before general dispersal from the genome. I also show that while genomes show

bursting activity for both ICP4 and ICP0, individual genomes can also be highly active for only one or

other of these IE genes, indicating a spatial and temporal uncoupling of IE transcription at the single

genome level. Combining genome, RNA and protein localisation, and discriminating transcription-

ally active genomes from inactive ones, my results also indicate that there is no significant correlation

between PML-genome association and transcriptional bursting.

Using pulse labelling with clickable nucleotide precursors to label nascent infected cell DNA

synthesis I have examined the organisation and spatial relationship between later DNA synthesis and

virus transcription during lytic HSV infection to reveal new qualitative features of the spatial relation-

ship between viral transcription and DNA synthesis. In infected cells that are in S-phase my results
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allow the spatial discrimination between cellular and viral DNA synthesis. Moreover, ICP4 shows

pronounced selectivity by being recruited only to viral and not cellular sites of DNA replication, in

contrast ICP8 is recruited to both types. I also show that different individual replication compartments

within a single cell can be functionally distinct in terms of association with transcriptional activity.

These and other results yield insight into the processes of HSV gene expression. They demon-

strate the utility of single cell and single molecule based imaging approaches for investigation of DNA

virus genomes and their relationship with the host cell during infection. Finally, they prompt a re-

evaluation of current models in aspects both of host suppression of viral transcription and the temporal

progression of DNA replication.
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Chapter 1

Introduction

1.1 DNA Viruses

Over 100 years ago, following the development of germ theory, scientists were confident that infec-

tious diseases could be each explained by a causative agent which could reproduce. The first viruses

to be discovered in 1915 were bacterial viruses, the bacteriophage, followed by plant and animal

viruses. Purification of the first viruses in 1933 identified DNA contained within the bacteriophage

followed by the identification of RNA in tobacco mosaic virus in 1937 [1, 2]. Subsequent experiments

throughout the 20th century, and importantly the identification of nucleic acid as genetic material, led

to the classification of DNA and RNA viruses and the identification of numerous classes of each with

huge diversity. Viral DNA is embedded within our genome, indicating their abundance and longevity

in our history. It is likely that every organism on earth has its own range of host specific viruses.

The Baltimore classification of viruses divides families of viruses based on how they produce RNA.

DNA viruses make up class I (double strand DNA (dsDNA) genomes), class II (single strand DNA

(ssDNA) converted to dsDNA) or class VII (dsDNA with an RNA intermediate, ‘reversiviruses’).

Group I viruses include the Adenoviridae, Papillomaviridae and Polyomaviridae, Hepesviridae and
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poxviridae families. Group II contains Paroviridae and Geminiviridae. Hepatitis B virus (HBV) is an

example of a Group VII virus.

Infection begins when viruses attach to a cell via receptor molecules on the surface through

high affinity interactions leading to pore formation and virus internalisation. The cell receptors have

specific viral binding domains, and likewise the viral surface proteins have specific cellular binding

regions. Viruses can enter cells via direct fusion with the plasma membrane, releasing their capsid or

uncoated genomic content directly into the cytoplasm. Alternatively viruses make use of the endocytic

pathway, entering the cell in an endosome and fusing directly with the endosomal membrane [3].

One of the greatest problems for a DNA virus is the necessity for the viral genomes to access

the nucleus for transcription and replication. Some viruses have viral proteins associated with the

DNA to facilitate replication and nuclear entry, others rely purely on host proteins. Entry into the

nucleus occurs through the nuclear pore complex (NPC), a large protein construct in the nuclear

membrane. The NPC allows passive diffusion of small molecules and active transport of molecules

up to 39 nm in diameter [4]. Viruses have developed unique mechanisms to achieve nuclear delivery.

For example, the capsid protein of HBV has an NLS signal, to target it to the nuclear membrane,

and the small size of the capsid could mean the entire capsid is imported through the NPC. However

the exact mechanism remains unknown, and the capsid may even disassemble in the NPC and reform

inside the nucleus. Indeed, this occurs with Adenovirus, whose capsid is partially disassembled inside

the NPC. For larger viruses, such as Herpes Simplex virus (HSV), they bind to or ‘dock’ on the outside

of the NPC, and inject their DNA through the NPC into the nucleus [5].

The replication of viral DNA in the nucleus differs depending on the structure of the DNA.

Some linear genomes, ie HSV-1, are circularised when they replicate, whereas other linear genomes

remain linear throughout replication (adenovirus). Small DNA viruses use host cell enzymes for

transcription and replication. Medium sized viruses such as adenoviruses, encode their own DNA
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polymerase but use cellular RNA polymerase. Large DNA viruses encode their own DNA poly-

merases. Circular genomes, like SV40, have a single origin of replication. It replicates, using RNA

primers, each strand in the opposite direction. Linear genomes that are circularised, such as HSV-1,

are replicated in a rolling circular mechanism producing multiple genomes connected end to end,

which are cleaved during incorporation into new progeny virions. Adenovirus genomes use a DNA

polymerase and terminal protein precursor complex which uses an amino acid side chain OH as a

primer and subsequently proceeds along the length of the genome.

The study of DNA viral infection is vitally important for many reasons. DNA viruses are

major public health issue worldwide, responsible for both acute and chronic infections such as small-

pox, hepatitis and influenza. Several DNA viruses are cancer causing agents, such as Epstein Barr

virus and Human papilloma virus. The manipulation of viruses has been exploited for their thera-

peutic potential. For example, many vaccines have been developed using viral vectors. The recently

developed SARS-CoV-2 vaccine by Oxford/Astrazeneca uses a chimpanzee Adenovirus vector [6, 7].

Gene therapy treatments involve the delivery of a therapeutic gene to the patient by viral vectors,

like adenoviruses, either in vivo or ex vivo. [8]. Oncolytic virus therapy is a cancer therapy that

uses viruses to target and destroy cancer cells. The first oncolytic virus therapy to be licensed was

T-VEC for melanoma in 2015. T-VEC is a modified HSV containing a transgene for granulocyte

macrophage-colony stimulating factor along with functional deletions of two viral genes [9]. It is

essential to understand the environment that DNA viruses encounter when they enter cells, and more

specifically nuclei, and identify the responses targeted against them by our immune responses in order

to further develop the therapeutic potential of DNA viruses in addition to combatting infection.
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1.2 Herpes Simplex Virus

Within our lab, the model DNA virus we use to study early events in DNA virus infections is Herpes

simplex virus 1 (HSV-1). Herpesviruses are split into alpha, beta and gamma families, with HSV-1,

HSV-2 and varicella zoster virus in the alpha family, whose defining characteristic is neuronal latent

infections. Historically HSV-1 is the most widely studied of the herpesviruses, and could be described

as the prototypical herpesvirus, as it infects and replicates in a wide variety of cell types. After

infection through skin or mucosa, HSV-1 establishes lifelong infections in neurons with periods of

latency and recurrent activations. Most infections are asymptomatic or very mild but in rare cases and

immunocompromised individuals HSV-1 can cause severe disease. Reactivation can cause oral and

genital lesions and encephalitis. It is estimated by the WHO that two thirds of the global population

are infected by HSV-1. Antiviral drugs are the only current treatment and vaccine development has

had only limited success [10].

HSV-1 is 180 nm in diameter, with a 152 kbp genome encased in an icosahedral capsid.

The capsid is surrounded by a tegument protein layer and finally encased in the viral envelope. The

tegument layer comprises two thirds of the total viral volume. Within the envelope the capsid is not

situated centrally, with 30-35 nm of tegument space at one side and much less at the other side, which

is therefore closer to the envelope. [11]. The tegument consists of many copies of 23 viral tegument

proteins, and viral transcripts. The envelope is a lipid bilayer, consisting of 11 viral glycoproteins and

some intrinsic membrane proteins. The remainder of the envelope is taken from the host cell. The

genome is contained within a spool like structure, and it has recently been shown there are as many

as 284 reading frames and at least 84 proteins [12].
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1.2.1 Viral Lifecycle

Viral Entry

There are two proposed entry mechanisms for HSV-1; fusion with the plasma membrane or through

the endocytic pathway, described above. The type of cell being infected may determine what entry

mechanism is used, with the virus entering Vero cells by membrane fusion, and HeLa cells and ker-

atinocytes by the endocytic pathway [13–15]. The fusion process described below either occurs at

the cell membrane or in an endosome. HSV-1 cellular entry receptors include heparin sulfate, her-

pesvirus entry mediator (HVEM) and nectin 1 [16]. On the viral envelope several glycoproteins have

key roles; glycoproteins gD, gH/L and gB. Membrane fusion of HSV-1 includes 3 phases. Phase I

brings together the membranes through receptor binding. Phase II allows the lipids from the two outer

membranes to mix, called hemifusion. Finally, in phase III the inner membranes mix and a pore is

formed [17]. gD, gB and gH/L are all essential for fusion. gD and gH/L are required for phases I

and II, and gB is essential for the third stage [18]. gD binds to the cellular receptor and transmits a

signal through gH/L to the fusion protein gB [19]. In the absence of gB gH/L is not able to cause

fusion. The sequential interaction of all 4 components is needed [20]. Transfecting a cocktail of the

viral proteins gB, gD and gH/L is sufficient to trigger mass fusion events [21].

After membrane fusion HSV-1 travels to the nucleus by using the host cell microtubule net-

work. This is especially important in neurons, where HSV-1 has to travel big distances along neuronal

axons. Microtubules are filaments composed of tubulin heterodimers. They have a structural polarity,

one end tethered to the MTOC and a dynamic opposing end. Dynein is the molecular motor respon-

sible for transport from the periphery to the cell centre [22]. Microtubule disrupting drugs reduce

transport of HSV-1 capsids to the nucleus [23]. There are conflicting studies over the role of HSV-1

capsid proteins, but the interaction with several tegument proteins is understood to be very important,

including UL36 (VP1/2) and UL37 [24].

21



Transcription

HSV-1 has over 80 genes which are expressed in a regulated temporal cascade by host RNA poly-

merase II and associated cellular machinery (Figure 1.1, see section 1.3 for mechanistic detail) [25–

27]. Immediate early (IE) or alpha genes are transcribed and synthesised by 2 hours post infection

(hpi) [28]. Early (E) genes or beta are the next to be transcribed and this requires the presence of the

IE proteins. They can be subdivided into two classes, β1 and β2 based on temporal behaviour. The

final class are the late (L) genes, consist of the many structural proteins required for virion formation

and are expressed after the onset of DNA replication. The late genes can also be subdivided into two

classes, γ1 and γ2. γ1 can be synthesised in the presence of DNA synthesis inhibitors, but γ2 are

dependent on replication [29]. The three main viral transcriptional regulators are the L protein VP16

and the IE proteins ICP0 and ICP4. All are discussed further below.

Replication, Assembly and Egress

The HSV-1 genome has three origins of replication: two oriS domains and one oriL. There are two

unique regions in the genome, unique long (UL) and unique short (US). OriS is present twice in

the US genomic region, and oriL is present in UL. Genome replication is initiated after the genome

has circularized by a number of viral proteins. Initially, UL9 and ICP8 bind and unwind the DNA.

UL9 binds at origin sequences, forming a single strand loop structure that allows ICP8, the ssDNA

binding protein, to bind and begin unwinding the DNA. The helicase/primase (H/P) is composed

of three viral proteins: UL5, UL8 and UL52. UL5 and UL52 together act as an ATPase, helicase

and primase, unwinding DNA and synthesising the initialising primer, and UL8 serves as a nuclear

localisation protein. Thirdly, the polymerase is composed of two subunits; UL30 and UL42. UL42

closely resembles PCNA, the mammalian sliding clamp processivity factor, and tethers UL30 to the

DNA. It is capable of moving linearly along the DNA. UL30 contains the catalytic subunit of the

polymerase. The commonly accepted model for HSV-1 replication is a rolling circle mechanism,
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Figure 1.1: HSV-1 Transcription Cascade

Expression of HSV-1 genes in a regulated temporal cascade. Reproduced from [30].

where the DNA is replicated to produce concatamers, but it may be recombination dependent as in late

stages of replication the DNA can be found in branched networks [31–33]. Both Y and X structures

have been visualised by electrophoresis, resembling replication forks or recombination intermediates.

To produce new virions, structural viral proteins are translated in the cytoplasm and trans-

ported back into the nucleus. VP5, VP26 and VP23 move into the nucleus as a complex. The capsid

is composed of 161 capsomers - 150 hexon and 11 pentons [34]. The pentamers and hexamers are

made of 5 or 6 copies of VP5 respectively, and there is one VP26 molecule on each VP5 in the hex-

amers. After the capsid has assembled with the help of some scaffolding molecules, the scaffolding
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molecules are expelled as the DNA is packaged. DNA packaging requires several proteins for DNA

cleavage - UL6 forms the portal structure, UL15/28/33 complex is a terminase, cleaving the concate-

meric DNA into monomers. The capsid vertex specific component (CVSC) is composed of UL17,

UL25 and UL36. There are 5 CVSC’s in every penton. UL25 is an essential encapsidation protein but

is not involved in DNA cleavage, and may have a role in preventing the loss of DNA from the capsid

[35]. UL15 controls the DNA translocation into the capsid in an ATP dependent manner [36, 37].

Through a process called nuclear egress, the capsids bud through the the inner nuclear mem-

brane into the perinuclear space, gaining an envelope, which then fuses with the outer nuclear mem-

brane and releases the capsid into the cytoplasm. This process relies on the viral proteins UL31 and

UL34. In the cytoplasm the majority of tegument proteins are added, before secondary envelopment

through glycoprotein membranes of the trans-Golgi network, and the now mature virions exit through

the secretory pathway [38].

1.2.2 Viral Proteins

Immediate Early Proteins

ICP0 is not an essential viral gene yet ICP0 mutant viruses are severely decreased in viral yield and

have a very limited capacity to initiate infection at low multiplicities of infection. ICP0 activates

expression from all 3 gene classes, IE E and L, but does not bind DNA directly [39]. ICP0 has a

RING finger domain which gives it E3 ubiquitin ligase activity, promoting the degradation of multi-

ple host cell proteins [40], including many components of the antiviral immune signalling pathway.

These proteins are numerous and include PML and DNA-PK. Additionally, it is thought to regulate

the interaction of chromatin with viral DNA by limiting the amount of interactions and promoting

acetylation of histones that are present on viral DNA [41, 42].

ICP4 is a major transcriptional transactivator of viral gene expression. It is a 175 kDa phos-
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phoprotein with 4 regions, including DNA binding and C terminal activation domains. ICP4 preferen-

tially binds a specific DNA sequence, yet is also capable of binding dsDNA independent of sequence

[43]. It is synthesised early in infection and is associated with viral DNA throughout infection, from

the incoming genomes to replicated DNA. ICP4 is not required for IE transcription, but is required

for transcription of E and L genes and therefore is essential for viral replication and progeny virion

production [44]. In the absence of ICP4, there is reduced recruitment of RNA polymerase II and

transcription apparatus to E and L genes and therefore there is no transcription [45]. The tertiary

structure of HSV-1 DNA affects ICP4 binding. G-quadruplexes (G4s), which are structures that form

in DNA regions with a high guanine content, have been found throughout the HSV-1 genome and

in gene promoters. ICP4 binds preferentially to these structures and drives the unfolding of the G4

structures, therefore promoting transcription [46].

In addition to promoting E and L gene expression, it is also capable of autoregulation on its

own promoter, restricting its own expression in a negative feedback loop [47–51]. Depending on the

promoter and subsequent protein interactions, ICP4 is therefore capable of suppressing or activating

transcription. In the promoter of ICP4 it forms a complex with TFIID and TATA-binding protein

(TBP) (see section 1.3.2) and this interaction is required for autoregulation.

ICP27 is involved in export of RNA from the nucleus. It binds intronless RNA and exports

them from the nucleus through interactions with the export receptor TAP/NXF1 and the Aly/Ref

transport adaptor [52]. The RNA poll II binding domain in ICP27 overlaps with the TAP/NXF1

binding domain, so mRNAs are only exported when they have been released from the polymerase.

ICP27 interacts with Nup62, a component of the NPC, suggesting that HSV-1 is able to preferentially

transport viral RNAs while blocking host RNA transport [53, 54].
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Early Protein

ICP8 is a 128 kDa zinc metalloprotein [55]. It is required for DNA synthesis, binding DNA in

complex with UL9 (the origin binding protein) and subsequently recruits the other viral proteins

involved; the helicase primase complex and the polymerase described above. It binds to non-specific

DNA sequences, and in vivo it is many times more likely to bind ssDNA [56, 57]. Several regions

within ICP8 are responsible for its nuclear localisation [58]. ICP8 represses transcription from input

viral genomes, and is thought to stimualte expression from L genes through it’s interaction with

ICP27. [47, 59, 60] ICP8 accumulates in replication compartments. An additional function of ICP8

may serve in recruitment of other host proteins. For example, ICP8 and UL12 have been found to

interact with Rad50 and Mre11. This may indicate a role for ICP8 to recruit the Mrn11 complex to

viral genomes, adapting the role of this host protein to facilitate genome recombination [61, 62].

Late protein

The late tegument protein VP16 is also known as α-gene transactivating factor. VP16 is abundant

in the tegument layer, then released by incoming virions with the genome into the nucleus. There,

it stimulates IE gene expression by forming a complex with two cellular proteins, Oct1 and HCF,

and binding to specific TAATGARAT motifs in IE gene promoters. Oct1 contains two POU DNA

binding domains, POUH and POUS, joined by an unstructured linker region. In the standard DNA

binding configuration the two POU domains bind on opposite sides of the DNA strand. When it

recongises the IE promoter TAATGARAT motif, the flexible linker allows the POU domains to bind

in a different relative position. VP16 first binds HCF, and then binds Oct1 through the POUH domain

[63–67]. When it is bound, VP16 recruits transcription factors such as TFIIB, TFIIH and TBP [68].

After IE proteins have been synthesised they are capable of sustaining the transcription regulation

necessary for infection.

VP16 can also negatively regulate host shutdown protein (VHS). VHS degrades host and viral
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mRNA by targeting 5’ and 3’ RNA ends for endoribonucleocytic cleavage [69]. When cellular RNA

has been degraded VP16 restricts VHS activity in order for viral RNA to accumulate [70, 71].

1.3 Transcription

1.3.1 DNA Dependent RNA polymerase

Eukaryotic transcription is performed by three RNA polymerases (RNA pol) : RNA pol I, II and III.

Non-coding RNAs (ncRNA) such as ribosomal RNA (rRNA) and tRNA (tRNA) are transcribed by

RNA pol I and III respectively [72–74]. RNA pol II transcribes protein coding genes into mRNA, as

well as ncRNAs such as microRNAs. rRNAs are synthesised within a subnuclear compartment, the

nucleolus, by RNA pol I and assembled inside the nucleolus before being exported to the cytoplasm

[75]. Work in the 1970s first identified and determined the synthesis of different RNA classes by work

using α-amanitin [74]. For all three polymerases, transcription begins with the assembly of initiation

complexes on different gene promoters. Despite the functional differences between the polymerases

they have a degree of mechanistic and structural conservation. They share a catalytic core of 10

subunits, although the total number of subunits differ between them to achieve specific functions

[76, 77].

RNA polymerase II has a long C terminal domain (RNA pol II CTD). The degree of phospho-

rylation of the RNA pol II CTD influences the binding of various processing factors and controls the

progression through various checkpoints. It consists of 52 heptad repeats of YSPTSPS. A generalised

view of RNA pol II CTD phosphorylation during transcription is shown below in figure 1.2 adapted

from [78]. Serine 5 phosporylation is found at the transcription start site, and serine 2 is associated

with elongating polymerases [79]. This has been found to be fairly consistent across most genes [80].

At the end of transcription, the phosphorylation is removed by phosphatases and the polymerase is

able to be recycled for another round of transcription. RNA pol II CTD modifications allow for the
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interplay between transcription and transcript processing steps, including capping, splicing and 3’end

processing.

Figure 1.2: RNA pol II CTD Phoshorylation

Adapted from [78].

1.3.2 RNA pol II transcription initiation

There are several regulatory steps involved in the initiation and elongation stages of RNA pol II

transcription. The pre initiation complex (PIC) assembles on promoter regions of DNA and consists

of many proteins, including TFIID, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH and pol II, and its function is

to open DNA ready for transcription [81]. TBP is a component of TFIID and binds DNA, inducing it

to bend 90◦[82]. TFIID-TBP binding is further stabilised by TFIIB and TFIIA, which then allows the

TFIIF-RNA Pol II complex to bind [83]. TFIIE and TFIIH are the last components of the PIC to be

recruited [84]. Serine 5 of the RNA pol II CTD is phosphorylated by TFIIH and associated kinases.

After the formation of the PIC, the polymerase escapes the promoter and transcribes a short region
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of RNA which quickly receives the first post transcriptional modification of a 5’ cap for protection

from endonucleases. The polymerase stalls at approximately 100 nucleotides downstream of the

transcription start site at the pausing region [85, 86].

1.3.3 Promoter proximal pausing

The checkpoint at the entry to elongation is known as promoter proximal pausing. A paused poly-

merase can be quickly released from pausing to continue transcribing through the body of the gene.

Paused polymerases were found on 60% of mammalian genes in a 2016 study [87]. Work using

GFP-RNA pol II and fluorescence recovery after photobleaching examined the stability of paused

polymerase and progression rate. Of all the polymerases that engage with the promoter, only 10%

progress to the paused state. Of these, the time spent paused was on average 42 seconds and only 10%

progress to elongation [88]. The remaining polymerases terminate prematurely in abortive elongation.

Two factors that induce pol II pausing are negative elongation factor, (NELF) and DRB sensitivity in-

ducing factor (DSIF) [89, 90]. To progress out of the paused state, several changes need to happen.

Both NELF and DSIF are phosphorylated, causing NELF to dissociate and a conformational change

in DSIF to an elongation permissive state, as well as phosphorylation of Serine 2 within the CTD. The

key protein involved with these actions is positive transcription elongation factor b (P-TEFb) (Figure

1.3).

1.3.4 P-TEFb

P-TEFb has been extensively studied. Early experiments using the transcription inhibitor DRB iden-

tified P-TEFb as an interaction partner of early elongation complexes after they were paused. P-TEFb

allowed them to overcome the negative transcription factors and allow RNA pol II to enter elongation

[91]. It is a heterodimer consisting of two subunits, cyclin dependent kinase 9 (Cdk9) and Cyclin

T1 [92]. Cdk9 phosphorylates Serine 2 of RNA pol II CTD, NELF and DSIF [93–95]. P-TEFb can
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Figure 1.3: RNA pol II Transcription

Stages of transcription of RNA pol II. Produced in Biorender.

be recruited through multiple mechanisms, including through artificial tethering, and intermediaries

such as Nf-kappaB and Brd4 [96].

In the cell, a large amount of the Cdk9/CyclinT1 P-TEFb molecules are sequestered in an

inactive form with HEXIM1 and 7SK small nuclear RNA (snRNA), with the snRNA acting as a
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scaffold for HEXIM1 to inhibit the kinase activity of Cdk9 (Fig 1.3). P-TEFb is also found in an active

form when bound to Brd4 [97]. Brd4 is a BET family protein, with 2 bromodomains and an extra

terminal (ET) domain and can bind chromatin on acetylated H3 and H4. In this manner, it can recruit

P-TEFb to regions of DNA which need to be transcribed. Brd4 has multiple enzymatic activities;

kinase activity capable of phosphorylating Serine 2 on the RNA pol II CTD therefore promoting

transcription [98], as well as histone acetyltransferase activity allowing it to acetylate histones further

opening chromatin structure and promoting transcription [99]. Finally, P-TEFb can exist as part of the

super elongation complex (SEC). Both Brd4-P-TEFb and SEC-P-TEFb can phosphorylate RNA pol II

CTD [100]. The SEC consists of elongation factors including AFF scaffold proteins, eleven-nineteen

Lys-rich leukaemia (ELL) proteins and several mixed lineage leukaemia (MLL) proteins [101]. The

release of active P-TEFb from its inactive bound state may be controlled by stress or UV damage

activating PP2B and PP1α, post translational modifications such as dephosphorylation or acetylation,

or by the action of PI3 kinase [102–104].

1.4 Nuclear environment during early virus entry

When a HSV-1 genome enters a nucleus, it will encounter a complex and densely packaged envi-

ronment. It will need to overcome many cellular factors which identify it as a foreign threat or

damaged DNA and it will need to communicate with transcription machinery to begin gene transcrip-

tion. Within the fluid yet dense scene which the relatively small genome has to navigate are multiple

subnuclear organelles, densely packed chromatin and regions of euchromatin and transcription terri-

tories.

1.4.1 PML

Promyleocytic leukemia protein (PML) is a tumor suppressor and the main constituent of PML nu-

clear bodies (PML-NB’s). They also known as nuclear domain 10 (ND-10) bodies, named for the
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number of domains that appear in the nucleus. PML was first identified in acute promyelocytic

leukaemia (APL), where a chromosomal translocation results in the fusion protein PML-RARα. This

fusion protein interferes with normal PML function [105, 106]. PML itself is an interferon inducible

gene [107] subject to several post-translational modifications. SUMOylation occurs on three residues:

lysine 65, 160 and 490, and has a role in modulating PML degradation and PML-NB assembly. PML

contains a SUMO binding domain which enables PML to interact with other SUMOlyated proteins

and other PML molecules, interactions which are essential for the formation of PML-NB’s. Phos-

phorylation is another means of regulation of PML. The N and C terminal regions, the NLS, and

several other domains all contain phosphorylation sites, and the phosphorylation status of these sites

goes on to control PML function. PML also undergoes the other post-translational modifications of

ubiquitination and acetylation [108].

PML-NB’s are discrete nuclear foci and range in size from 0.1 to 1 microns in diameter. There

are on average between 5 to 15 PML-NB’s in the nucleus, which in response to stress stimuli increase

in size and number. The number and size of PML-NB’s also changes during the cell cycle, with

numbers increasing as the cells enter and progress through G2 and S phase. During M phase they are

disrupted by the movement of chromatin [109]. The role of PML-NB’s in the cell is wide-ranging and

varied, including transcriptional regulation, the DNA damage response and intrinsic immunity. PML-

NB’s can act as a damage sensors and participate in DNA repair after activation of the DNA damage

response (DDR). In response to DNA damage PML is phosphorylated on at least two residues by

ATM and Chk2 [110]. Many other DDR proteins are associated with PML, including MRE1, NBS1,

and ATR. The number of PML-NB increases after double strand break induction by UV irradiation

[111]. The integrity of PML and it’s ability to recruit and therefore direct many interacting proteins

is crucial for the DDR. In APL the disruption of PML-NB’s is associated with delayed DSB repair.

PML-NB’s are sites of transcriptional regulation, they associate with transcription factors, and PML-

NB’s make contact with chromatin in a non-random manner [112]. The mechanism is not known, as it
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has been suggested PML has a role in transcriptional suppression and activation. The nuclear bodies

can associate with chromatin in a non-random manner, establishing more transcriptionally permissive

domains [113]. For example, PML has been shown to regulate transcription from the MHC locus by

organising higher order chromatin loop structures [114]. The spatial localisation or composition of

the PML bodies may influence the pro or repressive role during transcription.

PML and HSV-1

PML-NB’s have long been known to be involved in DNA virus infection. In the 1990s several papers

identified PML-NB’s as the sites of virus transcription and replication. Using both HCMV and HSV-

1, it was shown that only the viral genomes that localise to the ND10 bodies are able to transcribe

and proceed to replication [115]. As many as 81% of in situ hybridisation (ISH) DNA signals were

associated with PML-NB’s [116]. These early papers were evidence for a pro-viral role for PML-

NB’s in HSV-1 infection. Prior to the publication of these papers, the first published evidence of

PML involvement in viral infection was in 1993 when it was discovered that some viruses cause

the dispersal of ND10 bodies. During HSV-1 infection it was determined that the immediate early

protein ICP0 was the only HSV-1 gene product needed for the loss of ND10, and that upon IE protein

synthesis PML-NB’s disappeared within 10 minutes [117]. Therefore ICP0 deficient viruses (∆ICP0)

are frequently used to prevent the degradation of PML and allow studies to be performed to elucidate

the role of PML in viral infection.

The preliminary experiments mentioned above highlight a conflict of views that continue

to permeate this field. It is clear that HSV-1 and other DNA viruses encode proteins that degrade

and disrupt PML and PML-NB’s. However, the virus shows a preference for associating with these

bodies and infection progresses from their location. Whether PML is an antiviral factor that has to

be eliminated, or whether it is a pro-viral factor whose elimination benefits the virus in other ways

remains unresolved.
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Following the 1993 study by Maul et al., identifying the degradation of PML by ICP0, the

proteasome inhibitor MG132 was shown to prevent HSV-1 induced PML degradation. In human

glioblastoma cells overexpressing PML, PML is also degraded, but there is no evidence about the

effect the high level of PML had on viral infection [118]. This was one of the first PML overexpression

studies. A paper by Weller et al., suggested that the disruption of PML-NB’s is critical for productive

infection. They categorise HSV-1 infection into several stages, and look at the role of HSV-1 in each.

Treatment with arsenic trioxide to stabilise the PML-NB’s prevented successful virus infection [119].

One of the first papers to demonstrate PML knockdown in mouse fibroblasts was presented by the

Roizman group, who hypothesised that if the effect of IFN in a viral infection is mediated by PML, the

IFN should have a greater effect in WT cells than PML knockdown cells. For an HSV ICP0 mutant,

there was no difference between wildtype and PML knockdown, indicating that lack of PML did not

significantly increase protein synthesis under normal conditions. However in interferon treated cells

infection with ∆ICP0 virus was impaired in WT cells and yet was only minorly affected in PML-/-

cells. They showed that PML is necessary for the IFN response to HSV-1 infection [120]. In human

cells, knockdown of PML was achieved in 2006 by Everett et al. The lack of PML enhances plaque

forming efficiency of a ∆ICP0 virus, but not of a WT virus [121]. This is consistent with the belief

that a virus that is unable to disassemble PML-NB’s will replicate better if PML is not present. PML

knockout lines can be used to express individual PML isoforms, to study the role individual isoforms

have in HSV-1 infection. Endogenous PML has to be removed before using vectors to control the

expression of the isoforms. PML isoforms I and II are particularly important in the restriction of

HSV-1 infection [122].

The majority of PML studies propose an antiviral role to the factor. However, there have been

several studies that have claimed the opposite. The proviral aspect may be linked to the proximity of

the PML-NB’s to the incoming genomes. PML-NB’s are disrupted by HSV-1, but rather then elim-

inating a repressive nuclear structure this may cause the release of stimulatory factors, for example
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transcription factors, necessary for the progression of infection. Live microscopy techniques have

enabled the ability to follow individual genomes as infection progresses. Initially this was done using

small plasmids containing parts of the HSV-1 genome along with fluorescent proteins. In cells over-

expressing PML, it was found that replication compartments only develop from genomes that were

associated with PML, confirming the studies performed in the late 1990s [123]. In another overexpres-

sion study, PML structures could be found many hours after infection but with significantly altered

structure and morphology [124]. The discrepancies in PML studies may be partially explained by

differences in MOI. For example, at low MOI HSV replication is actually impaired in PML -/- Hep2

cells, while at high MOI there is no difference between WT and PML -/- cells [125, 126]. Merkl

et al., discovered in their hands a PML-/- line created by siRNA resulted in a decreased viral yield,

in contrast to many other publications. To check their experimental system they obtained PML-/-

cells from another source and after infection, saw the increase in viral yield. However upon treat-

ment with their siRNA they again observed a decrease in viral yield. They propose PML depletion

blocks the progression to DNA replication as it is required for the efficient formation of replication

compartments [127].

An interesting question in PML HSV-1 research concerns PML localisation and structure.

Initially it was thought that HSV-1 genomes preferentially recruit PML-NB’s or migrate through the

nucleus to encounter one. For example, ICP4 and ICP27 were thought to be necessary for genomes

to localise to PML-NB [128]. However, several convincing studies emerged to demonstrate the for-

mation of de novo ND10 formation. HSV-1 spreads via cell to cell contact, so in a low MOI infection

where virions are spreading from one cell to another they will arrive from one direction. Using a low

MOI infection of ∆ICP0 and staining for PML and ICP4 protein at 24 hpi, Everett et al., showed

asymmetric ICP4/PML complexes at the edge of a spreading plaque, suggesting that the ICP4 foci

(representing genomes) arriving at one side of the nucleus are inducing the formation of novel PML-

NB’s [129]. The PML-NB’s are associated with or juxtaposed to the ICP4 domains. In high MOI
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infection where a lot of virus is applied onto the monolayer, the virus enters the nucleus in a more

random manner. These high MOI infections explain why it was initially thought that viral genomes

migrate until they find a PML-NB. Further live cell microscopy experiments indicate that novel PML-

NB’s form at viral genomes [130]. In this study genomes were directly revealed by FISH rather than

relying on ICP4 as a surrogate marker. There remain many outstanding questions in this area, such

as the purpose of juxtaposition of PML-NB’s rather than precise colocalization, and what drives the

initial nucleation of the foci.

1.4.2 Immune surveillance

Innate immunity requires detection of the virus and subsequent cascades of signalling molecules

resulting in the production of interferon (IFN) and interferon stimulated genes (ISGs) [131]. This

response creates an antiviral environment to limit viral spread and stimulate the adaptive immune re-

sponse. Against HSV-1, innate signalling is initiated by several molecules including cGMP-AMP syn-

thase (cGAS), simulator of interferon genes (STING) and interferon-γ inducible protein 16 (IFI16).

IFI16 is an intracellular DNA sensor, initially discovered as a cytoplamsic sensor but has been found

to also detect nuclear viral DNA [132, 133]. IFI16 localises to genomes early during infection

[134, 135]. Following its translocation to the cytoplasm IFI16 activates STING [136]. cGAS trig-

gers cGAMP production upon binding HSV-1 DNA and also signals to activate STING [134, 137].

STING will then recruit TANK-binding kinase 1 (TBK-1) which will phosphorylate and activate

IRF3 [138]. HSV-1 can destabilise these sensors, fighting back against immune detection, as well as

disrupting steps further downstream in the signalling pathway.

1.4.3 DNA damage response

The DNA damage response (DDR) is a network of proteins, modifications and processes that mon-

itors and repairs cellular DNA. DNA can be damaged by multiple factors, including UV radiation,
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environmental toxins and oxidative stress. DNA damage is detected by surveillance proteins and

causes signalling cascades that can direct the cell to either repair the damage, enter cell cycle arrest or

apoptosis. The main proteins involved include three protein kinases; ATM, ATR and DNA-dependent

protein kinase (DNA-PK), which phosphorylate many downstream effector proteins. Different forms

of DNA damage are recognised and repaired by different pathways in the DDR. For example, dsDNA

breaks are recognised by the MRN complex (Mre11-Rad50-Nbs1) which activates ATM. Damage

which causes exposure of ssDNA regions, such as errors surrounding DNA replication forks, acti-

vates ATR. Finally, DNA-PK is recruited to dsDNA breaks which are eventually repaired through

nonhomologous end joining (NHEJ) by XRCC4-DNA ligase IV [139].

DNA viruses can activate the DDR. Upon activation, the DDR components can be pro or

anti viral. In addition, there are emerging reports that many of the proteins involved in the DDR

recognition are capable of triggering an innate immune response [140]. When HSV-1 enters the cell

the genome can cause localised damage to host cell DNA. Additionally, HSV-1 DNA contains many

nicks and there are thought to be 15 gaps of approximately 30 nucleotides per genome [141, 142]. The

DDR first responder proteins are able to recognise the damage within the HSV-1 genome, including

MRN, ATM and DNA-PK. During an HSV-1 infection ATM is activated and phosphorylates p53,

Chk1 and NBS [143]. Mre11 and ATM enhance viral replication, whereas DNA-PK is antiviral [143–

145]. The requirement of Mre11 and other DDR proteins for HSV-1 replication may be reflected in

the branched structures of HSV-1 DNA formed during replication. However, there are conflicting

papers suggesting dispensable roles or conflicting results for DDR proteins in HSV-1 infection. For

example Mre11 was found to restrict viral replication in a recent paper, in contrast to the evidence

presented above [146]. Thus, there is ongoing debate about the role of these proteins in viral infection.

The histone variant H2AX is phosphorylated by ATM and ATR and is a common marker of

DNA damage [147, 148]. The phosphorylated form, γH2AX, acts as a platform to recruit other DDR

proteins induced by HSV-1 infection and is seen near HSV-1 genomes when ICP4 immunofluores-
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cence is used as a surrogate marker. Viral proteins are required for the increase in phosphorylation but

it has little impact on viral yield, therefore the role of γH2AX in HSV-1 infection is not clear [149].

1.4.4 Chromatin structures

Human DNA is organised in chromatin, consisting of DNA strands packaged tightly around nucleo-

somes comprising of histones. Heterochromatin is a dense region with tightly packed chromatin and

little to no transcriptional activity, in contrast to euchromatin which is more open and accessible, al-

lowing access for transcription machinery. Chromatin is a dynamic organisational strategy employed

by the cell with modifications including acetylation and methylation of histone tails, as well as nu-

cleosome remodellers controlling the density and positioning of nucleosomes. The status of covalent

modifications on the histones determine the accessibility of the DNA, for example H3K27me3 (lysine

27 trimethylation on histone 3) is associated with heterochromatin and H3K9ac (histone 3 lysine 9

acetylation) labels transcription regions accessible to RNA polymerase II.

In latent HSV-1 infections, the viral genome is highly associated with histones. An HSV-1

genome in a lytic infection when it first enters the cell will be initially completely devoid of histones,

but evidence suggests it is recognised by cellular machinery and histones are quickly deposited, in

an attempt to silence genomes in an antiviral response. Histones are initially loaded onto a HSV-1

genome very rapidly, and with time as infection progresses the proportion of DNA associated with

histones decreases [150]. VP16 has a role in restricting the depositing of histones on IE promoters,

whilst having no impact on the presence of histones throughout the IE gene body and E promoters.

Deletion of VP16 causes an increase in histone occupancy on IE promoters [151]. Histone loss as

infection progresses is dependent on ICP0 [41]. As histones can present markers of transcriptional

activation to cellular machinery, the presence of histones on viral DNA does not immediately cor-

relate with transcriptional repression. Indeed, in addition to histone removal ICP0 promotes histone

acetylation, a marker linked with active chromatin [152].
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1.5 Single cell vs Population Analysis

Until recently, population level analysis such as sequencing, qPCR and western blots were the stan-

dard method of analysis of gene expression. Population analysis however averages a huge number

of individual cells and it is becoming increasingly clear that there is a wide degree of heterogeneity

both at the tissue level and at the clonal tissue culture monolayer. Averaging analysis over popula-

tions therefore masks cellular differences and reduces the chance of finding unique cell types. Highly

detailed single cell analysis methods such as single cell RNA sequencing and single cell mass spec-

trometry demonstrate the heterogeneity at the single cell level [153, 154]. Variability in host gene

expression profiles, environmental signalling from neighbouring cells, and cell cycle status all affect

the progression of an HSV-1 infection. In addition to host cell variation, variation within the virus

population and the random distribution in the number of viruses entering cells affect infection out-

come at the single cell level [155]. Single cell analysis allows visualisation of spatiotemporal events

that occur during a HSV-1 infection. Within a cell monolayer, single cells exhibit a wide variety of

infections, including abortive infected cells and a large range of transcriptional profiles [156]. It is

vital to make efforts to understand infections at the single cell level and how this interlinks across

populations.

1.5.1 Click Chemistry

Bioorthogonal chemistry refers to a highly selective group of chemical reactions in cells that will

not have any side effects against endogenous processes and groups as they are not commonly found

naturally, also known as click chemistry [157, 158]. The development of click chemistry by Carolyn

Bertozzi, Morten Meldal and Barry Sharpless was awarded the Nobel Prize for Chemistry in 2022.

A bioorthogonal precursor, such as an azide group, is incorporated into cells. Subsequently, a probe

with the correct functional group (an alkyne group will react to an azide group) reacts to the molecule

in the cell that has been labelled. These reactions include the Staudinger ligation (azides and phos-
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phines), metal catalysed reactions, and Tetrazine ligations [159]. The use of bioorthagonal chemistry

in biological research has increased in the last decade, with it being most commonly utilised in studies

of proteins [160].

Of importance within this work are the copper catalysed azide-alkyne cycloaddition (CuAAC)

reactions to label nuclei acids. Alkyne derivatised nucleosides are incorporated into newly synthesised

DNA and RNA and following the CuAAC reaction an azide-fluorophore is covalently attached [161].

Analysis of DNA synthesis in this way has been used to study cell proliferation and the cell cycle,

and DNA synthesis changes in response to external stimuli [162, 163]. The commonly used modified

nucleotides include deoxycytidine analogue 5-ethynyl-2’-deoxycytidine (EdC) and deoxythymidine

analogue 5-ethynyl-2’-deoxyuridine (EdU) for DNA and EU for RNA.

In viral infections click chemistry has been used to visualise viruses. EdU or EdC is incor-

porated into the viral genomes, and the progeny virions are used to infect cells. After infection, the

cells are processed with the click chemistry reaction and the labelled viral genomes are revealed.

This has been achieved for Adenovirus [164], and by this lab and others for HSV-1 [165, 166]. The

viruses with the bioorthoganol nucleotides are fully infectious, and allow high resolution spatial anal-

ysis of infecting viral genomes within nuclei. Studies into the early stages of infection are permitted,

including recruitment and interactions with host proteins as well as genome decompaction.

1.5.2 RNAscope

Population based RNA transcriptional analysis, such as northern blots and qRT-PCR, do not give

the level of detail about transcriptional heterogeneity that could be achieved by single cell analysis

techniques. In 2009 the first transcriptome from a single cell was published [167]. This method, per-

formed on a mouse blastomere, detected 75% more genes than the previous gold standard microarray

assays. In the context of viral infections, single cell RNA sequencing (scRNA-Seq) was first used to

investigate Hepatitis C virus [168]. In this study they determined there was diversity between qua-
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sispecies within one cell. Since then, there have been multiple scRNA-seq studies examining viral

infections [169]. Single cell RNA sequencing has been invaluable in providing omics datasets about

the individual transcription profile of cells in conjunction with transcriptional data from an infecting

virus [170, 171]. However, this type of analysis is both costly and time consuming, requiring the

isolation of single cells and generates large data files for analysis. Another disadvantage of omics

studies is that they cannot give any spatial information. The ability to view a monolayer and a viral

infection at single molecule level will give insight into infection heterogeneity cell by cell and virus

by virus.

Figure 1.4: RNAscope Schematic

Reproduced from [172]. Step 1, cells are fixed and permeabilised. Step 2, Probes are hybridised to RNA
targets. Step 3, Amplification molecules are hybridised in sequence and each unique probe is conjugated to a

fluorophore. Step 4, Fluorescent microscopes are used to detect the signal.

RNA Fluorescent in situ hybridisation (RNA FISH) is a widely used technique for detection

of emerging transcripts. RNAscope, a commercial assay, is an RNA FISH assay that will provide

resolution at the single molecule level, known as single molecule RNA FISH (smRNA FISH). This

technique involves the design of highly specific of probes of approximately 18 bases with a tail se-

quence. These can be thought of as Z shape, where the bottom part is for specific annealing to the
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target RNA and the top part, when two adjacent probes are annealed, provides an area of approxi-

mately 28 bases. Here, the pre-amplifier can bind, which has 20 binding sites for the next amplifier,

which itself has 20 binding sites for the labelled probe. The multiple rounds of amplification result

in high specificity and high signal-to-noise ratios allowing detection and visualisation of single RNA

molecules [172]. There are RNAscope probes available to purchase for over 100 viruses, and research

has been published using RNAscope to investigate many viruses including HIV, Hepatitis E virus and

SARS-CoV-2 [173–175].
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Objectives

1. Develop techniques of single cell spatial analysis for the simultaneous detection of RNA, pro-

tein immunofluorescence and HSV-1 genomes.

2. Investigate transcription in the absence of VP16 or ICP4 function.

3. Investigate the hypothesis that recruitment of specific host restriction factors such as PML are

responsible for virus transcriptional repression.

4. Examine the spatial relationship between transcription and DNA replication within viral repli-

cation compartments.

5. Examine the changes to nascent global transcription induced by HSV-1 incoming genomes.
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Chapter 2

Materials and Methods

2.1 Cell Culture

2.1.1 Cell lines and propagation

Cells were cultured in a humidified incubator at 37 ◦C with 5% CO2. The cell lines used are sum-

marised in table 2.1. African green monkey kidney fibroblasts (Vero) cells (both WT and transgenic),

Human Bone Osteosarcoma Epithelial Cells (U2OS) and Human epithelial keratinocytes (HaCaT)

cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) with 10% foetal bovine

serum (FBS; Gibco). Human telomerase immortalised retinal pigment epithelial cells (RPE) were

grown in DMEM/F12 medium (Sigma) supplemented with 200 mM glutamine and 10% newborn

calf serum (NCS; Gibco). All the above cell growth media was supplemented with 100 units/mL

penicillin and 100 µg/mL streptomycin (Gibco).

Cells were subcultured from a confluent monolayer approximately 1:6 and twice a week,

as required. Culture medium was aspirated and cells were washed in PBS (Sigma), followed by

treatment with 0.05% trypsin/EDTA (Invitrogen) for cell detachment. Culture medium was added to

neutralise trypsin, and the suspended cells were seeded either in new flasks for continued growth or on
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Cell line Growth Media Serum Origin

Vero DMEM 10% FBS O’Hare Lab

Vero 49-44 DMEM 10% FBS Neal DeLuca

HaCaT DMEM 10% FBS O’Hare Lab

U2OS DMEM 10% FBS O’Hare Lab

RPE DMEM/F12 10% NCS O’Hare Lab

Table 2.1: Cell lines and culture conditions

sterile coverslips or multiwell plates for experiments. Cells were counted using a Countess automated

cell counter or with a hemocytometer.

2.1.2 Drug treatments

Various drugs used are listed in table 2.2. Dosage length varied in individual expeirments, detailed in

the results.

Drug Concentration Dilution medium Source

Actinomycin D (ActD) 5 µg/mL DMSO Sigma

Cycloheximide (CHX) 50 µg/mL Cell culture media Sigma

Phosphonoacetic acid

(PAA)
400 µg/mL Cell culture media Sigma

Hexamethylene Bisacetamide

(HMBA)
5 mM Cell culture media Abcam

JQ1 500 nM DMSO Stratech

DRB 50 µg/mL DMSO Sigma

Table 2.2: Drug treatments
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2.2 Virus Culture

2.2.1 List of viruses and production cell line

Viruses used in this thesis are detailed in table 2.3, alongwith the cell lines used to produce them.

HSV-1 Virus Description Producer cell line Source

HSV-1 Wild-type HSV-1 strain 17 RPE O’Hare Lab

HSV-1EdC EdC labelled HSV-1 strain 17 RPE O’Hare Lab

FxE
HSV-1 strain 17 ICP0 RING finger

domain deletion mutant
U2OS Roger Everett

HSV-1 [KOS] Wild-type HSV-1 strain KOS RPE O’Hare Lab

n12
HSV-1 strain 17 ICP4 deletion

mutant
Vero 49-44 Neal DeLuca

in1814
HSV-1 strain 17 VP16 deletion

mutant
U2OS NIBSC

Table 2.3: Viruses

2.2.2 Production of Viruses

Wild-type HSV-1 strain 17 (HSV-1) was produced by infection of confluent RPE monolayers in either

T225 flasks or 2L roller bottles at MOI 0.005 in serum free medium. At 2 hpi, an equal volume of

medium with 4% NCS was added to give a final concentration of 2% NCS. When cell cytopathy

reached 80-100% the infected cells were harvested, normally 48-72 hpi. The cell culture suspension

was spun at 2000 rpm for 10 minutes to pellet the cell debris. The supernatant was spun in a Sorvall

centrifuge, rotor SS-34, at 19,000 rpm for 90 minutes at 4 ◦C. The virus pellets were resuspended in

PBS and aliquoted and stored at -80 ◦C.
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2.2.3 Production of HSV-1EdC

HSV-1EdC was produced as above, with the following modification. EdC was supplied to the culture

media at a final concentration of 10 µM EdC at 6 hpi, and again at 24 hpi.

2.2.4 Titration of Viral Stocks

Cells were seeded in 12 well plates at an appropriate cell density. Cells were infected with three

dilutions of virus stock (most often 10-6, 10-7 and 10-8). The infection was performed as described

below in 2.2.6, with the addition of 1% human serum for neutralising antibodies to reduce viral

spread. Plaques are allowed to grow for 72 h before fixation in 4% PFA and stained with crystal

violet. Plaques were then counted and titre was calculated as plaque forming units per mL (PFU/mL).

2.2.5 Adsorption and Visualisation of HSV-1EdC on coverslips

5 µL of HSV-1EdC stock containing 25000 PFU was placed on a glass coverslip for 15 minutes. 4%

PFA was dropped onto the virus and left for 15 minutes. The coverslips were transferred to a 12 well

plate and washed with PBS, and processed for click chemistry and immmunofluorescence (described

in sections 2.4 and 2.5 respectively). Quantification of efficiency of EdC incoporation was performed

as described in section 2.10.

2.2.6 Infections

When cells were infected by HSV-1, multiplicity of infection (MOI) was calculated based on the titre

in PFU/mL. Virus stock was thawed on ice and diluted in DMEM (serum free). 0.5 mL of inoculum

per well of a 12 well plate was applied to the cells and incubated on a rotating shaker at 37 ◦C for 1 h.

When the cells are placed in the 37 ◦C incubator, this defines 0 h. At 1 hpi, the inoculum is removed

from the cells and 0.5 mL of 2% FBS DMEM is added. Cells are fixed with 4% PFA at the desired

timepoints, or harvested for RNA or protein extraction. Mock infected cells were treated as above
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with serum free DMEM, followed by the shift to 2% FBS DMEM.

An exception to this protocol is for the capsid entry studies, where virus entry is synchronised.

Cells and inoculum were chilled at 4 ◦C, the inoculum is added and cells were incubated on a rotating

shaker at 4 ◦C for 45 minutes. This allows viruses to be adsorbed to the cells but not enter. Cells were

then transferred to the 37 ◦C, allowing virus entry.

2.3 EdC and EU pulse labelling of nascent DNA replication and

RNA synthesis

Cells were seeded on glass coverslips and were infected or mock-infected with HSV-1. 1 h before

fixation, 10 µM EdC or 1 mM EU was added to the media. Cells were fixed in 4% PFA and processed

for click chemistry (section 2.4).

2.4 Click chemistry

Cells that had been fixed in 4% PFA were washed in PBS and quenched in 100 mM glycine for 5 min-

utes. Cells were permeabilised in 0.5 % Triton/PBS for 15 minutes, washed in PBS, and incubated in

the click reaction mix for 2 hours; 10 µM Alexa Fluor 488-azide (Invitrogen); 1 mM CuSO4; 10 mM

Sodium Ascorbate; 10 mM Amino-guanidine and 1 mM Tris(3-hydroxypropyltriazolylmethyl)-amine

(Sigma-Aldrich). For the incubation, coverslips were inverted onto a 35 µL drop of reaction mix on

a piece of parafilm. Coverslips were washed in PBS and either processed for Immunofluoresence

(section 2.5) beginning at the blocking stage, or directly stained with DAPI (100 µg/ml) and mounted

with ProLong gold Antifade Mountant onto a glass slide. Slides were left in the dark overnight and

imaged the following day.
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2.5 Immunofluorescence

Cells that had been fixed in 4% PFA were washed in PBS, permeabilised in 0.5 % Triton/PBS for

15 minutes, washed in PBS, and blocked in 10% FBS/PBS for 1 hour at room temperature (RT). All

antibodies used are shown in tables 2.4 and 2.5. The primary antibody was diluted to the working

dilution in 10% FBS/PBS and cells were incubated with the primary antibody for 1 hour, RT. After

3 x PBS washes, the secondary antibody was diluted in 10% FBS/PBS and added to the cells for 1

hour. Cells were washed 3 x PBS stained with DAPI (100 µg/ml) and mounted with ProLong gold

Antifade Mountant onto a glass slide.

Antibody target Host Dilution Source

yH2AX Rabbit 1:1000 Abcam (ab81299)

ICP4 mouse 1:400 Virusys (H1A021)

ICP4 rabbit 1:200 Chris Boutell

ICP8 mouse 1:250 Abcam (20194)

Mx1 Rabbit 1:200 SantaCruz

pDNA-PK Rabbit 1:100 Abcam (ab18192)

PML (#368) Rabbit 1:100 O’Hare Lab

PML (5E10) Mouse 1:10 Prof. Van Driel

RNA pol II CTD Mouse 1:150 SantaCruz (sc47701)

RNA pol II pSer5 Rabbit 1:250 CST (#13523)

RNA pol II pSer2 Rabbit 1:250 CST (#13499)

VP5 Mouse 1:400 Virusys (HA018)

Table 2.4: Immunofluorescence Primary Antibodies
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Antibody Dilution Source

Mouse IgG (AlexaFluor 594) 1:1000 Invitrogen (A21203)

Mouse IgG (AlexaFluor 488) 1:1000 Invitrogen (A11029)

Rabbit IgG (AlexaFluor 594) 1:1000 Thermo (35560)

Rabbit IgG (AlexaFluor 488) 1:1000 Invirtogen (A11029)

Rabbit IgG(AlexaFluor 635) 1:1000 Invitrogen (A31577)

Table 2.5: Immunofluorescence Secondary Antibodies

2.6 RNA detection

2.6.1 RNAscope

Cells that have been fixed in 4% PFA are either processed for RNAscope immediately, or if they

were to be stored they are dehydrated in ethanol and stored in 100% EtOH at -20 ◦C. Coverslips

were inverted onto parafilm for all subsequent steps. The RNAscope multiplex fluorescent kit v2 was

used as described by Advanced Cell Diagnostics, ACD Bio. Briefly, the coverslips were treated with

hydrogen peroxide, followed by RNAscope protease III. They were then incubated with the ZZ probe

pairs, designed by ACD, for 2 hours at 40 ◦C in a hybridisation oven (HybEZ oven, ACD Bio). The

signal is amplified through a series of amplifiers, then the designated channel for each probe is added

and developed with TSA plus Cyanine 3 (Cy3) or TSA Plus Fluoresceine (Fr). Cells were then stained

with DAPI, and mounted on glass slides with ProLong Gold Antifade Mountant. The probes use are

listed in table 2.6.

2.6.2 DNase treatment before RNA detection

After hydrogen peroxide treatment in the RNAscope protocol, cells were incubated with 8 units of

DNase in DNase I Reaction Buffer (Thermo) for 30 minutes at 37 ◦C. The digestion was stopped by

adding 2.5 mM EDTA in H2O for 10 minutes. Cells were then processed for RNAscope as described
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Target Probe name

ICP0 (HSV-1) V-HHV1-RL2-C2

ICP0 intron (HSV-1) V-HHV1-RL2-Intron-O1

ICP0 reduced z (HSV-1) V-HHV1-RL2-O1

ICP4 (HSV-1) V-HSV-1-RS1

VP16 (HSV-1) V-HSV1-UL48-C2

PP1B (Human) 3-plex positive control probe Hs

Mx1 (Human) Hs-Mx1

Table 2.6: RNAscope probes

above, resuming at the protease step.

2.6.3 RNAscope combined with click chemistry and Immunofluorescence

When the three detection protocols were combined, RNAscope was completed first, followed by

click chemistry (excluding the permeabilisation step) and finished by protein immunofluorescence.

All three protocols were completed on the same day as cell fixation for optimal results.

2.6.4 qRT-PCR

Cells were grown on 12 well plates and infected with virus as described above. RNA was extracted

using Qiagen RNeasy extraction kits as described by the manufactures. Purified RNA was stored

at -80 ◦C. 1 µg RNA was digested with DNase I Amplification Grade (Thermo, 18068015) to re-

move any contaminating DNA. RNA was then converted to cDNA using the High Capacity cDNA

Reverse Transcription Kit (Applied Biosystemts). cDNA was stored at -20 ◦C. cDNA was diluted

1:4, then 2 µL was used in a 10 µL PCR reaction with 5 µL PowerUp Sybr Green Master Mix in a

MicroAmp Optical 384 well reaction plate (Applied Biosystems). Primers used are detailed in Table

2.7. 40 cycles were run on a QuantStudio 7 Flex. Melt curves and Ct values were evaluated using the

QuantStudio 7 Flex System Software.
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Primer Name Sequence Reference

18s F CCAGTAAGTGCGGGTCATAAGC [176]

18s R GCCTCACTAAACCATCCAATCGG [176]

ICP0 F GTCGCCTTACGTGAACAAGAC [177]

ICP0 R GTCGCCATGTTTCCCGTCTG [177]

ICP4 F CGGTGATGAAGGAGCTGCTGTTGC [177]

ICP4 R CTGATCACGCGGCTGCTGTACA [177]

Table 2.7: Primers

2.7 Western Blotting

Cells were grown on 12 well plates and infected with virus or treated with drugs as described above.

Protein was extracted by harvesting cells in SDS lysis buffer, or RIPA lysis buffer (150 mM NaCl, 1%

NP-40, 0.5% Sodium deoxycholate, 50 mM Tris pH8) + protease inhibitors + phostphatase inhibitors.

Two protocols follow from here: for phosphorylated targets the samples were extracted in RIPA

buffer and used Tris-buffered saline + 0.1% Tween (TBST) buffer. All other targets used the LI-COR

blocking buffer and SDS lysis buffer. Protein samples were boiled for 5 minutes and sonicated for 10

seconds using the Soniprep 150 at maximum amplitude (20 microns). Proteins were loaded on 12%

polyacrylamide gels, or 4-12% gradient gels. Proteins resolved by electrophoresis were transferred

to nitrocellulose membranes which were blocked with Odyssey blocking solution (LI-COR) or 10%

BSA/TBST. Primary antibodies were diluted in blocking buffer and incubated overnight at 4 ◦C on

a roller. Membranes were washed three times with 0.005% Tween in PBS or TBST. Secondary

antibodies were diluted in blocking buffer and incubated in the dark for 1h at RT. All antibodies

used in western blots are listed in table 2.8. Visualisation of protein bands was performed using the

LI-COR Odyssey infrared imaging system.
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Antibody Target Host Dilution Source

ICP0 Mouse 1:500 Santa Cruz

RNA pol II CTD pSer2 Mouse 1:2000 MBL

Tubulin Mouse 1:8000 Sigma

Table 2.8: Western Blot Antibodies

2.8 Mass Spectrometry

HaCaT cells were seeded in 10 cm dishes. 24 h hours post seeding, the cells were either infected with

an inoculum of in1814 at MOI 0.1 in 5 mL serum free media per dish, or mock infected with media

alone. After 1 hour at 37◦C, the inoculum (or virus free media) was removed and replaced with 2%

FBS media, +/- 5 mM HMBA, and returned to the 37◦C incubator. At 3 hpi (2 h post addition of 2%

FBS media), the media was removed and cells were washed 3 times in cold PBS. Cells were lysed

in 600 µL 2% SDS in PBS. The lysate was transferred to an eppendorf, sonicated for 10 seconds,

centrifuged at 5000 rpm for 10 minutes. Protein was extracted using phenol chloroform precipitation.

600 µL methanol and 150 µL chloroform was added to the lysate, then vortexed vigorously and

centrifuged for 5 minutes at 14000 rpm. The upper aqueous layer and lower chloroform layer was

removed, leaving behind the protein interphase layer. 1 mL methanol was added to dissolve the

protein with the aid of a sonicator. The protein suspension was centrifuged at 14000 rpm for 10 mins.

The pellet was washed in methanol and centrifuged again. The methanol was removed and the protein

pellet allowed to air dry. Once dry, the pellet was resuspended in in FRESH 600ul AMBIC (50 mM),

with TCEP (5 mM) plus 2-chloroacetamide (10 mM) and left to resuspend on a shaker.

Protein concentration was assessed using the nanodrop at 280 nm. Sequencing grade trypsin

(Promega) was used to degrade 100 µg protein and incubated at 37 ◦C overnight. 10% trifluoroacetic

acid was used to stop the reaction. The sample was dried in a SpeedVac at 30 ◦C until dry, approx-

imately 2-3 hours. The dried sample was stored at 4 ◦C before shipment to Dr Remigiusz Serwa,
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Proteomics Core Facility, IMoL.

2.9 Widefield microscopy

Images were acquired with Zeiss Axiovert 135 TV microscope using Zeiss 63x lens (Plan-APOCHROMAT,

1.4 numerical aperture), 20x (Plan-Neofluar, 0.5 numerical aperture) objective lens and Retiga 2000R

camera with Image Pro Plus 7.0 software. 3D stacks were acquired with a z-step of 0.5 µm/.

For the 4 colour analysis, images were acquired on a widefield Nikon Ti-Eclipse microscope,

with a Plan Apo λ 60x oil immersion objective 1.4NA, a 1.5x zoom, a CoolLED pE-4000 light source

and a Hamamatsu Flash 4.0 camera (2048 by 2048 pixels, xy pixel size of 72 nm). 3D stacks were

acquired with a z-step of 0.1 µm. Files were deconvolved in NIS-Elements (Nikon, UK), Blind mode,

5 iterations.

2.10 Quantitative Image Analysis

2.10.1 Quantification of Transcription Bursts

For identification of transcription bursts, multichannel fluorescence images were opened in ICY soft-

ware and transcription bursts were identified using the Spot detector function on the fluorescence

channel containing the transcript dye [178]. The bursts were subsequently counted manually. For

each field it was confirmed no cytoplasmic transcripts were being detected.

2.10.2 Quantification of EdC incorporation efficiency

For quantification of the efficiency of EdC incorporation into HSV-1EdC, the images of capsid protein

(VP5) and EdC genomes from virus on a coverslip were processed using the ComDet v.0.4.1 plugin

in ImageJ. The input image was first converted to a two channel format. Approximate particle size of
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4 pixels and intensity thresholds for foci in each channel were specified. The plugin identifies foci in

each channel with intensities above the detection threshold and classifies them as colocalised if they

are within 4 pixels of a foci in another channel. The output of the plugin gives the total number of

foci per channel and the number of colocalised particles.

2.10.3 Quantification of Genomes or Capsids per cell

During an HSV-1EdC infection the numbers of capsids or genomes per cell was quantified using Im-

ageJ. The find maxima function identified the total number of genomes or capsids per field and this

number was divided by the number of whole nuclei per field.

2.10.4 Quantification of total RNA

To quantify the amount of RNA per cell the DAPI channel was used to segment cells and provide an

ROI overlay mask in ImageJ. The background was subtracted from the RNA containing channel, and

the pixel intensity per ROI area (therefore per cell) was measured. The integrated density per cell was

plotted to analyse the RNA quantity per cell in a field. This method can be extended to quantify the

percentage of RNA in a cell that is nuclear. The DAPI field is used to create a second ROI overlay

mask restricted to nuclei. Application of this mask onto the RNA channel allows the nuclear RNA

signal to be measured. The cytoplasmic RNA signal is calculated by subtraction of the nuclear RNA

value from the whole cell RNA value, and expressed as a percentage.

To count the number of nuclei positive for RNA in a field a nuclear ROI mask was created

in ImageJ as described above. For each independent experiment a baseline threshold was chosen to

remove background signal and applied. Any cell that records a grey value (RNA) above this threshold

is identified as positive.
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2.10.5 Quantification of protein levels

The percentage of ICP4 protein positive cells was calculated in ImageJ. The dapi channel was used

to create a nuclear ROI mask. The ICP4 protein channel was used to measure the grey value of ICP4

per cell, and any cell that was higher than a set threshold was classed as positive.
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Chapter 3

Development of techniques for the

simultaneous analysis of individual genomes

and their transcriptional activity

After HSV-1 genomes enter a cell nucleus, transcription of IE genes is the first step in a successful

infection. By examining the de novo transcriptional activity of a genome we can start to understand

the progression of infection at level of the single genome as it encounters a variety of counterattacks

from within the cell. The first stage of my research was to develop and validate techniques for the

high resolution spatial analysis of transcription of representative HSV-1 genes and quantitative anal-

ysis. Following this, I developed the ability to visualise transcription simultaneously with individual

genome location by click chemistry.

Throughout this thesis I have chosen example cells to represent the features of interest. These

cells have been chosen from experiments where a large number of cells were imaged to best illustrate

the result. The Vero cell line has been used in the majority of the infections, and was chosen due

to both its permissibility to HSV-1 infection and a consistently high performance in the RNAscope

assays.

57



3.1 RNA in situ hybridisation allows visualisation of HSV-1

transcripts

RNAscope, manufactured by ACDBio, is an RNA FISH technology that allows spatiotemporal anal-

ysis at the single transcript level. The principles of RNAscope are described in the Introduction, in

section 1.5.2. This first gene chosen to be tested was the IE gene ICP0. In mock infected cells, there

was no detectable signal from the ICP0 probe, demonstrating the specificity of the signal (Fig 3.1 A).

The probe for ICP0 transcript was used to examine transcription at 3 and 8 hpi in cells infected

with MOI 10. At 3 hpi, transcripts were readily detected. The infected cells show a large accumulation

of transcript in the cytoplasm as well as small areas of transcript within the nucleus. A detailed

examination of transcript localisation and features is developed through the chapter. To ensure that

de novo viral transcription is required for probe hybridisation, Actinomycin D (ActD) was added to

halt all nascent transcription (Fig 3.1 B). In the presence of ActD, no viral transcripts were detected,

demonstrating the requirement for new transcription off the incoming viral genomes as well as the

lack of transcripts in the viral capsids.

At 8 hpi, ICP0 RNA accumulates in the nucleus. At this timepoint, there is a large quantity

of newly replicated viral DNA in viral replication compartments. To ensure the specificity of the

RNAscope probes against viral RNA as opposed to any exposed ssDNA in the actively replicating

viral DNA, cells were treated with DNase prior to the probe hybridisation. Figure 3.1 C shows that

after the removal of all DNA, confirmed by the absence of DAPI stain, the signal from the RNAscope

probe remains. This confirmed that the probes are targeting RNA molecules as opposed to any DNA

regions.

After the preliminary experiments establishing the specificity of the RNAscope protocol, a

timecourse of infection was performed with probes against two gene classes, an IE gene ICP4 and an
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Figure 3.1: RNAscope allows visualisation of HSV-1 RNA transcripts.

A) Uninfected Vero cells B) HSV-1 MOI 10, 3 hpi. Untreated or 5 µg/mL ActD. ICP0 RNA (red), DAPI (blue).
C) HSV-1 MOI 10, 8 hpi. Cells fixed, then left untreated or digested with DNase prior to RNAscope. ICP0
RNA (red), DAPI (blue). Scale bar 10 microns.

L gene VP16. ICP4 transcripts appear as early as 1 hpi within the nucleus (Fig 3.2 A). Both single

transcripts and large nuclear foci are visible. The large nuclear foci are termed transcriptional bursts
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and are discussed further below. At 2 hpi, ICP4 begins to accumulate in the cytoplasm and there

are more frequent transcriptional bursts. By 4 hpi, coinciding with the onset of DNA replication,

the nuclear burst have mostly disappeared and there is a large amount of cytoplasmic transcript. The

virus is preparing for viral replication and there is no ongoing transcription of IE from the incoming

genome. At 8 hpi, there is a large viral replication compartment full of ICP4 transcript with little

cytoplasmic transcript visible. To summarise, after an initial burst of activity from 1-2 hpi, the number

and size of nuclear foci diminished. Then, post replication, transcripts emerge from the replication

compartments. To reinforce that this decline and subsequent reactivation is due to the onset of DNA

replication, I included PAA in the assay, an inhibitor of HSV-1 viral replication. At 8 hpi there

is a large difference in the location of the viral transcripts when PAA is added, as ICP4 does not

accumulate in large nuclear regions.

The L gene VP16 requires more time for gene expression due to the requirement of the

IE proteins in transcription, with transcripts becoming visual by 2 hpi (Fig 3.2 B). At 8 hpi, VP16

transcript within the nucleus is contained within the replication compartments, but in contrast to the

IE ICP4 it has significant quantities of cytoplasmic transcript. The addition of PAA was used to inhibit

the onset of viral replication which prevented replication compartment formation and consequently

prevents the nuclear accumulation of VP16 transcript. Transcription following the onset of DNA

replication will be examined in more detail and discussed in Chapter 6.

3.2 Immediate early transcription bursts

In figure 3.2 A at 1 hpi, in the absence of PAA, two large nuclear foci of ICP4 RNA, or transcription

bursts, can be seen. A further example of a transcription burst at 1 hpi is shown in figure 3.3 A

and indicated by the arrow. A transcription burst is defined by its large size and intense signal.

It must be significantly larger than any single transcript molecules. The current hypothesis, which

will be investigated later in this chapter, is that the transcription bursts represent the sites of viral
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Figure 3.2: HSV-1 transcription progression throughout infection.

Vero cells, HSV-1 MOI 10. A) ICP4 transcript (red) by RNAscope at 1-8 hpi. B) VP16 transcript (red) at 2-8
hpi An example cell from each timepoint is shown.

genomes. Therefore, transcription bursts must also be nuclear. Surrounding the burst are additional

single transcript dots representing single transcript molecules. These individual transcripts have been

transported away or diffused away from the viral genome.

Quantification of transcription bursts was performed using ICY. Input 63x fields (Fig 3.3 B
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i) were processed using the Spot detector function within the ICY software to identify transcription

bursts (Fig 3.3 B ii). A new image was generated with nuclear outlines in white and containing only

the transcription bursts from the RNA signal (Fig 3.3 B iii). The number of bursts in each cell was

then manually counted. Quantification of 230 cells reveals 32% have no transcription bursts, 41%

have either 1 or 2 bursts, and the remaining 25% have 3 or more.

Infections used for this image analysis were performed at MOI 10 in an asynchronous cell

population. Despite this high MOI, RNAscope reveals significant heterogeneity in transcriptional

progression. Statistically, all of these cells will have received at least 1 HSV-1 genome, yet nearly one

third have no transcriptional bursts. Some of the negative cells have single transcripts, indicating that

the genomes have been transcriptionally active but then have either stopped bursting or have yet to

produce a large quantity of transcript. These results from single cell analysis reveal detailed informa-

tion about heterogeneity during early stages of infection that is not obtainable with bulk population

analysis such as RNA sequencing.
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Figure 3.3: IE Transcription bursts

Vero cells, HSV-1 MOI 10, 1 hpi. ICP0 RNA (red), DAPI (blue). A) A single cell with one ICP0 transcription
burst, indicated by the arrow. Scale bar 10 microns. B) Example of how a field of cells (i) is processed through
ICY. Spot detector selects the transcription bursts (ii), and then the number of bursts per cell are counted
manually from a newly generated image with the nuclear outline in white (iii). C) Quantification of the number
of ICP0 transcription bursts per cell, n=230.
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3.3 Simultaneous detection of ICP4 and ICP0 transcripts

To expand on the transcription analysis presented so far, I wanted to address the transcription of

multiple genes simultaneously. Probes against different genes can be multiplexed within the same

RNAscope experiment. The design of the amplification reagents allow different probes to be bound to

different fluorophores, which therefore means multiple probes can be visualised on the same sample in

different channels. This will give spatiotemporal information about the relationship between multiple

transcripts within one cell. Probes for two IE genes, ICP0 and ICP4 were used together at 1 hpi (Fig

3.4 A). To aid visualisation of the two transcript types I have chosen a cell with a low transcript level

to present in this figure. There is a low level of single transcripts present throughout the nucleus and

no large transcription burst is visible. A transcript molecule of ICP0 is indicated by the outline arrow,

and a molecule of ICP4 RNA is indicated by the filled arrow. The two transcripts give separate and

distinct signals demonstrating that the probes are specific to the individual transcript sequences they

are designed to detect and do not cross react.
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Figure 3.4: Simultaneous detection of ICP0 and ICP4 viral gene transcripts.

Multiplex RNAscope for ICP0 (red) and ICP4 (green) transcript, Vero cells. Scale bar 10 microns. A) HSV-1
MOI 10, 1 hpi. The filled arrow is representing a single ICP4 transcript, and the outline arrow is indicating a
single ICP0 transcript. B) HSV-1 MOI 10, 1 hpi. Cell i: arrows indicate ICP0 transcription bursts. Filled arrow
(arrow b): ICP0 and ICP4 burst. Cell ii: two ICP4 bursts. Filled arrow (arrow e): small burst, outline arrow
(arrow d): large burst. C) HSV-1 n12 MOI 10, 3 hpi. ICP0 and ICP4 RNA. Nuclear outline in white.
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In a high MOI infection where there are multiple genomes with transcription bursts, each in-

dividual genome may be transcribing both IE genes at the same time, or alternatively only transcribing

one or the other. There are two example cells in figure 3.4 B. Cell i has three ICP0 transcription bursts,

indicated by the arrows and labelled a, b and c. Of the three ICP0 transcription bursts, burst b (indi-

cated by the filled arrow) is also bursting for ICP4. Bursts a and c, indicated by the outline arrows,

are not bursting for ICP4. Bursts a and c have a small amount of ICP4 transcript, suggesting that the

genomes are not silent for ICP4, yet there is significantly more ICP0. Cell ii has a large ICP4 burst

(burst d) which has only a very low amount of ICP0 transcript associated, most likely a single tran-

script. The filled arrow at the bottom of the cell highlights an ICP4 burst (burst e), which again is not

bursting for ICP0 but is a larger size than a single transcript molecule. Therefore, multiplexing RNA

FISH probes has revealed a temporal distinction of transcription kinetics for two IE genes. These

were previously thought to be expressed in a highly coordinated manner, yet the transcription burst

dynamics suggest different rates of transcription and with heterogeneity between individuals genomes

within one cell.

During singleplex experiments using either probes against ICP0 or ICP4 alone, it is not pos-

sible to compare relative abundance accurately. This is due to biological and experimental variation.

However, one feature of interest that was identified during singleplex experiments was the location

of viral transcripts. In order to confirm that the localisation of the two IE genes ICP0 and ICP4 was

different, multiplex analysis of the two genes in combination was required. ICP0 is normally present

at a greater abundance and with a higher proportion of cytoplasmic transcript. Figure 3.4 A provides

an example of this, where there is significantly more ICP0 transcript than ICP4 transcript with a large

percentage in the cytoplasm.

To examine this further, a HSV-1 virus with a truncated ICP4 protein was used, n12. The

mutant n12 virus is produced in a complementing cell line expressing ICP4, as the ICP4 gene encoded

within the virus is non-functional. Therefore, there are two defining features of this virus. Firstly, it
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will not replicate. Secondly, as ICP4 is unable to perform the autoregulatory function there will be

an increased amount of IE transcripts. The large quantity of transcripts will exaggerate the location

phenotype and make any conclusions easier to observe. At 3 hpi with n12 at MOI 10 there are many

transcription bursts, in contrast to a WT infection where the bursting rate would be decreasing at the

onset of replication. The ICP0 RNA is abundant in the cytoplasm whereas the ICP4 RNA is nuclear

(Fig 3.4 C).

3.4 Multiplex analysis within one gene

ICP0 is one of the few HSV-1 genes that is spliced. It has two introns that are removed during

post-transcription processing. By designing an RNAscope probe specific for the intron containing

regions we aim to view the active area of transcription with increased specificity. The design of the

ICP0 probe for RNAscope used thus far spans a large region of the gene. In order to observe intron

containing ICP0 transcripts, the binding region of the probe was restricted to the ICP0 intron, a region

not covered by the original ICP0 probe. A schematic of the ICP0 RNA probes is given in figure 3.5

A.

The ICP0 intron probe was used in multiplex analysis with the previously used ICP0 probe,

now termed the ICP0 exon probe, with the aim of being able to distinguish spliced vs unspliced tran-

scripts. Cell i in figure 3.5 B has one transcription burst, indicated by the arrow. The ICP0 intron

domain colocalises with the ICP0 exon transcription burst, but it is a much smaller signal than the

ICP0 exon probe. Thus, the ICP0 transcripts containing the intron and therefore unspliced occupy a

smaller area than the exon transcripts and the remainder of the transcription burst consists of spliced,

processed ICP0 transcript. Splicing of ICP0 must occur quickly after transcription before the intron

containing transcripts have had time to diffuse and move away from the genome. Cell ii has two ar-

rows, and additional bursts not indicated by arrows. In the top half of the cell, there are several bursts.
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In three of the bursts the intron and exon probes colocalise, while one burst, the one indicated by

the filled arrow has no detectable intron signal. Assuming the transcription bursts all represent active

viral genomes, this genome may no longer be actively transcribing. Alternatively, the ICP0 transcript

is so rapidly spliced no intron remains, having been degraded or diffusing away. The remaining ICP0

transcript, which had been identified as a burst, therefore could represent an accumulation of tran-

script that has yet to be transported away. The lower half of cell ii, with the magnified insert labelled

ii* shows a large transcription burst positive for both probes, and an additional smaller ICP0 intron

spot, labelled with the arrow. This single transcript represents a rare single intron containing ICP0

transcript which can be observed diffusing away from transcription bursts.
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Figure 3.5: Detection of intron containing ICP0 transcripts.

A) Diagram of ICP0 exon and Intron probes. Exons are represented as the coloured boxes, introns are the lines
between them. B) Vero cell, HSV-1 MOI 10, 1 hpi Cell i: One ICP0 transcription burst, indicated by the arrow.
Cell ii: 5 ICP0 transcription bursts, one is indicated by the filled arrow that is negative for intron. The inset box
is expanded in ii*. The outline arrow shoes a single intron transcript. Cell iii: the arrow indicates a colocalised
intron exon.
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3.5 Combined detection of HSV-1 genomes and analysis of

transcriptional activity

As described in the introduction, HSV-1 viral genomes can be visualised through click chemistry

reactions if an alkyne nucleotide, such as EdC, is incorporated into the genome. Production of EdC

labelled HSV-1 (HSV-1EdC) has been previously detailed by the lab [165]. In brief, HSV-1 is produced

in media supplemented with EdC. To assess the efficiency of EdC incorporation, the percentage of

labelled viruses can be quantified by application of the purified virus to a glass coverslip. An anti-

body for the capsid protein VP5 identifies all capsids on the coverslips, and combination with click

chemistry to conjugate the Azide-488 fluorophore allows quantification of the percentage of virions

with EdC labelled genomes (Fig 3.6 A). The filled arrow is indicating a capsid with a clickable, or

EdC labelled genome. The outline arrow is showing a capsid that is either empty, or has a genome

that is not labelled with EdC. The ImageJ plugin Comdet calculates colocalisation of VP5 and EdC

genomes. Signal maxima that are within 4 pixels are classified as colocalised and appear as a yellow

box (fig 3.6 A). It is important that every new virus preparation is evaluated is this manner to ensure

there is a high percentage of labelled virions. Quantification of several virus preparations of differ-

ent ages are presented in the graph in figure 3.6 B. The black bars represent the percentage of VP5

capsids in a field that colocalised with EdC labelled genomes. The grey bars represent the percent-

age of EdC labelled genomes that are contained within capsids. I evaluated several older stocks and

determined that in the two viral stocks from 2015 and 2016, up to 50% of capsids did not contain

clickable genomes. The original analysis of these stocks when they were first made resulted in only

10% of capsids without clickable genomes [165]. Older virus stocks are more prone to have both

empty capsids and free genomes due to degradation. Therefore, EdC labelled viral stocks should not

be stored for extended periods of time.

EdC labelled viruses are fully infectious. When the genome is released from the capsid
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Figure 3.6: Production of infectious HSV-1EdC.

A) HSV-1EdC adhered onto a glass coverslip. Processed for IF (VP5 (capsid protein), red) and click chemistry
for EdC genomes (green). ComDet analysis identifies colocalised genomes and capsids in the yellow boxes,
shown by the filled arrow. Empty capsids without genomes are in red boxes, shown by the outline arrow. Scale
bar 10 microns. B) Analysis of quality of different virus stocks. At least two independent image fields were
analysed. Black bars: percentage of VP5 capsids colocalised with genomes. Grey bars: percentage of genomes
that colocalised with capsids. C) Vero cell infected with HSV-1EdC at MOI 10, 1 hpi. Processed for IF (VP5)
and click chemistry. The vertical filled arrow shows a colocalised genome and capsid. In the expanded inset
box, several genomes can be seen leaving the capsid.
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through the nuclear pore complex, it is accessible to the click chemistry reaction reagents. At 1 hpi,

genomes can be seen inside the nucleus after being released from VP5 capsids (Fig 3.6 C). The outline

arrow indicates a genome that has just been released, and the filled arrow in the expanded box shows

a genome that has been released from the capsid into the nucleus and has moved slightly from the

nuclear pore. These images are initially taken as a z stack and a maximum projection created, so

it is important to note that genome indicated by the outline arrow may have moved a distance into

the nucleus, but directly beneath so there is no lateral xy movement. Also of interest to note is the

capsid to the left of the nuclei. Although this capsid has not released its genome, the genome gives

a detectable EdC signal. In the majority of cytoplasmic capsids the genome is undetectable as it

is protected by the capsid, but a minority are made visible during sample processing. Occasionally

genomes free from capsids are also visualised in the cytoplasm. As mentioned above, the rate of

genome free capsids is linked to the quality and therefore the age of the virus stock.

Figure 3.7: RNAscope can be combined with click chemistry of EdC labelled cellular DNA

2h pulse of 10 µM EdC in uninfected Vero cells. Upper panel: Click chemistry analysis. Lower panel:
RNAscope for PP1B RNA (red) + Click chemistry (green).

EdC can be supplied to cell culture medium to be incorporated into replicating viral or cellu-

72



lar DNA, which can then be visualised through a click chemistry reaction. To optimise the protocols

for combining RNAscope with bioorthoganol click chemistry reactions, EdC was used to pulse la-

bel uninfected cells for 2 hours. Cells were fixed and processed for click chemistry alone, or click

chemistry in combination with RNAscope for the cellular gene protein phosphatase 1B (PP1B) (Fig

3.7). When the protocols were combined, there was no loss of EdC DNA signal and the RNA FISH

signal remained bright and clear. However, the order of the analysis is important, the RNAscope must

be performed before the click chemistry reaction. Additionally, the best fluorescence signals were

obtained when the samples were processed on the same day that the cells were fixed.

Having determined that the click chemistry reactions could in principle be combined with

RNAscope, the combined protocol was then performed in cells infected with HSV-1EdC. Cells were

fixed at 1 hpi, processed for RNAScope (ICP4) and click chemistry for EdC genomes. At 1 hpi,

genomes remain in a relatively compact state. As infection progresses, genomes will begin to de-

compact. In figure 3.8 A, cell i has three transcriptional bursts. Underneath all three bursts there are

HSV-1 genomes. Now with the addition of EdC labelled genomes, it can be stated with confidence

that the transcriptional bursts represent the sites of active viral genomes. The ability to simultaneously

examine genomes and their transcriptional activity demonstrates a significant degree of heterogeneity

at the individual genome level. Cell ii in figure 3.8 A has multiple genomes. A genome with a large

amount of transcriptional activity is indicated by the open arrow, whilst a genome with little or no

activity is illustrated in the same cell with a filled arrow. Therefore within one cell, genomes can be

active or inactive with regards to transcription of ICP4. However, this doesn’t exclude the possibility

that a genome that is inactive for ICP4 at any time could be active for another viral gene in particular

other IE genes.

Simultaneous visualisation of infecting genomes and viral RNA allows spatial features of

transcription to be analysed. In figure 3.8 B three examples are presented of HSV-1 genomes and

their associated transcriptional bursts. The burst may be centred on the genome, as in figure 3.8 B i,
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Figure 3.8: Continued on following page.
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Figure 3.8: Spatial relationship between active genomes and transcription bursts

Infection with HSV-1EdC in Vero cells, MOI 10. A-C) Processed for RNAscope (ICP4) (red) and click chemistry
(green). A) 1 hpi. Cell i: ICP4 transcription bursts over HSV-1 genomes. Cell ii: Outline arrow indicates an
active genome, the filled arrow indicates an inactive genome. Scale bar 10 microns. B) Three example cells at 1
hpi with three expanded areas illustrating different spatial presentation of genomes and transcription bursts. C)
Quantification of bursting and not bursting for ICP4. Active are indicated by the outline arrow, inactive by the
filled arrow. n=416. D) Vero cell, HSV-1 MOI 10, 1 hpi. RNAscope for ICP0 intron (red) with click chemistry
for genomes (green). Directly associated genomes and transcripts: outline arrow. Closely associated genomes
and transcript: filled arrow.

or emerging in one direction, as in figure 3.8 B ii. The example in figure 3.8 B iii would still be classed

as a transcription burst, but the associated genome is spatially separated. This may represent loops

of actively transcribed viral DNA regions emerging from the compact region, as discussed further in

section 3.6.
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The transcriptional activity of viral genomes can be quantified. Using the same ICY analysis

as introduced in section 3.2, the transcriptional bursts are then compared to genome location. The

overwhelming majority of transcription bursts are associated with a viral genome, confirming our

hypothesis that transcription bursts represent the location of viral genomes. The few exceptions of a

transcription burst without an apparent associated genome is most likely explained by the presence of

a small fraction of the genomes that were not efficiently labelled with EdC. Quantification of over 400

genomes and ICP4 RNA reveals no significant difference between the number of genomes Bursting

versus Not Bursting. The Not Bursting category includes completely negative or inactive genomes

in addition to genomes that may have a small amount of transcript but which were not classified as a

burst. As an example, the Vero cell in figure 3.8 C has 5 HSV-1 genomes, two of which are actively

bursting, indicated by the open arrows. The other genomes although associated with a small amount

of transcript are classified as ’not bursting’. Therefore, significantly higher than 50% of genomes are

actively transcribing ICP4, but only 50% are classified as a bursting genome.

As previously stated in section 3.3, the ICP0 intron RNAscope probe represents the location

of viral genomes more accurately than the ICP0 exon probe. Analysis of ICP0 intron RNA with viral

genomes supports this hypothesis. The Vero cell in figure 3.8 D was infected with HSV-1EdC, fixed at

1 hpi, and processed for RNAscope (ICP0 intron) and click chemistry. It has several viral genomes,

and the majority of intron foci colocalise with the genomes. The two indicated with the arrows are

either directly colocalised (the outline arrow) or closely associated (the filled arrow). There is one

ICP0 intron region which is too large to be a single transcript, but is not associated with a genome.

The most probable explanation for this is that there could be an unlabelled genome at this location.

Within an HSV-1 IE transcription burst there are large numbers of RNA transcripts. Attempts

to quantify the number of transcripts within the bursts are particularly difficult due to the high intensity

of the signal generated with the burst. In an effort to improve resolution within the burst, several

protocol modifications were tried. Initially, a reduced amount of fluorophore was added (Fig 3.9 A).
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Although transcription bursts are still visible, there was a significant reduction in overall signal and

many single transcript foci were lost. A new ICP0 probe was designed with a reduced number of z

probes over a smaller binding region on the RNA (Fig 3.9 B). The standard probe contains 20 pairs

of z probes, all of which are capable of eventually binding the fluorescent dye. The reduced z probe

only consists of 10 z pairs. Compared to the standard probe with a reduced fluorophore, there was

better retention of the single molecule signals in the cytoplasm. However, even with the reduced z

probe there is no improved resolution within the bursts. They are too densely packed with transcript

for single transcript resolution to be obtained.
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Figure 3.9: Optimisation of resolution of transcription bursts

Vero cells, HSV-1 MOI 10, 1.5 hpi. A) RNAscope for ICP0 (red). Standard protocol with fluorophore concen-
tration at 1:1500. Modified protocol with a reduced fluorophore concentration of 1:5000. B) Design of new
ICP0 exon probe. C) RNAscope for ICP0 reduced z exon probe (red) with fluorophore at 1:1500. Scale bar 10
microns.
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3.6 Discussion and future perspectives

RNA FISH can be used to examine IE transcription at early timepoints in HSV-1 lytic infections. With

the highly detailed subcellular resolution, novel features of viral transcription are revealed. After

the genome enters the cell there is rapid transcription of IE genes. A dense region of transcript

appears around nuclear genomes, called transcription bursts. Transcripts are exported from these

bursts out to the cytoplasm where there is a gradual accumulation of transcript molecules. The rate of

transcription from the incoming genomes slows after several hours when transcription bursts are no

longer visible. After the onset of DNA replication, transcription resumes at a high rate from inside

the viral replication compartments, and this late stage transcription and replication will be addressed

in chapter 6.

Transcriptional bursting has been defined in cellular genes which fluctuate between existing

in an ’on’ or ’off’ state. The switch between the two states results in short bursts of rapid RNA

synthesis, followed by a period with no transcription [179]. This widely held hypothesis is thought

to help explain gene regulation and variation across cells. Single molecule RNA FISH has identified

transcriptional bursting as a factor for allele specific expression of individual genes [180]. Once a

burst is initiated, the promoter is left in an open state allowing multiple polymerases to engage in

gene expression, with as many as 200 polymerases on a single gene being observed [181]. When

the promoter switches to an inactive state the burst ends, therefore the time period of accessibility

of the promoter has a key role in dictating burst length [182]. There has been limited work studying

transcription bursting on virus genomes. In HIV-1, transcription from LAT in integrated HIV DNA

showed bursts of RNA expression consisting of up to 10 RNA molecules, essential for reactivation

from latency [183, 184].

Here I present evidence for transcriptional bursting on HSV-1 genomes. The appearance of

the bursts are similar to published analysis of eukaryotic transcription by smRNA FISH [185]. The
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RNAscope images represent a single moment in time and live cell imaging of HSV-1 transcriptional

bursting would be a worthwhile next step to pursue. Imaging RNA in live cells relies on proteins such

as MS2 or small molecules binding RNA elements, such as the Mango or Spinach aptamers, though

many rely on the genetic modification of target RNAs [186]. As viruses do not often cope well with

insertions into their genomes, these methods are hard to use successfully. The best results have been

achieved for HIV-1 using MS2 [187, 188]. Detection of endogenous RNA in live cell imaging can

be achieved with molecular beacons, which are oligonucleotide probes with both a fluorescence and

quencher molecule. Upon binding the sequence specific endogenous RNA, the fluorescent molecule

and quencher are separated, allowing the molecule to fluoresce [189]. Imaging of endogenous viral

RNA has been primarily used for detecting RNA virus genomes such as influenza. To optimise

a protocol for live cell imaging of HSV-1 transcription either genetic manipulation of the HSV-1

genome or an endogenous probe could be attempted. However, live cell imaging would inhibit the

use of click chemistry to detect HSV-1EdC.

I have successfully been able to combine click chemistry with RNAscope. This allows the

detection of single viral genomes and analysis of the transcriptional activity. The RNAscope protocol

should be performed first, followed by the click chemistry. This may be due to RNase contamination

within the click chemistry reagents, or a process within the click chemistry reaction may prevent the

hybridisation of the RNAscope probes to viral RNA. Another observation of combining the two pro-

tocols was that a greater number of cytoplasmic genomes were detected than expected. Presumably

some stage of the RNAscope protocol, such as the protease digestion, is damaging the viral capsids

and making the genomes more accessible to click chemistry reagents. With this being said, it is pos-

sible I am overestimating the numbers of viral genomes that I have counted as not transcriptionally

active, as quantified in figure 3.8 C. Some of these inactive genomes may not have entered the nucleus.

However I am estimating that this proportion will be a low fraction of the whole.

The spatial arrangement I observe between genomes and the transcription bursts opens many
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interesting questions. Several of the main spatial associations shown in figure 3.8 are summarised in

figure 3.10. Diagrams A, B and C represent the most common arrangements; the genome is either di-

rectly underneath the burst (A), the burst is pluming from one side (B), or there is a small gap between

the genome and RNA. With A and B, we are very confident that the transcripts have been recently

synthesised from the associated genome. However, with C, I would still hypothesise a relationship

and would link the burst to the adjacent genome. The spatial separation may be due to the genome no

longer actively transcribing RNA, ie the burst has finished, and there has been some movement of the

transcript domain away from the genome. Alternatively, the genome may have initiated the process of

decompaction after nuclear entry and has prioritised the regions of DNA containing the IE genes. It is

conceivable that sections of the 150 kbp genome have looped out from the main body of the genome

and transcription is occurring off this region (Figure 3.10, D and E). Evidence that would challenge

this hypothesis lies within the ICP0 intron probe RNAscope images. The intron foci are a very good

surrogate marker for the site of transcription. I very rarely observe a small spatial separation of the

intron foci from the genomes that I would expect to observe if transcription is occurring on a looped

region of the genome. We would not be able to accurately investigate this hypothesis using these

visualisation methods with widefield microscopy, and future work should most certainly continue to

high resolution microscopy.

An additional reason to turn to super resolution imaging is to quantify the size of the viral

transcription bursts. Due to the saturation of the signal within the transcription burst it is hard to de-

termine how many single transcripts are contained within a burst. My attempts to improve resolution

by reduced probe binding or reduced dye content were not successful. The limiting factor remains

the image resolution of widefield and confocal microscopy.

During the acquisition of the images for IE’s ICP0 and ICP4 I observed a high degree of

heterogeneity. This occurred within a cell monolayer when examining the rate of infection between

adjacent cells, and also between infection experiments when taking the population as a whole. Despite
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Figure 3.10: Spatial relationship between genomes and transcription bursts

Black HSV-1 genomes with a red transcription burst emerging in various patterns.

this high heterogeneity, there was a trend when comparing the relative spatial localisation of ICP0 and

ICP4 transcript. Unexpectedly, ICP0 was often transcribed more rapidly and accumulated to higher

levels in the cytoplasm. However, the variability between experiments made this difficult to quantify.

Multiplex analysis of ICP0 and ICP4 in an n12 mutant virus infection revealed the differences most

starkly, when transcription was occurring at high rates (Figure 3.4). ICP0 is a spliced gene, and I

have shown that ICP0 splicing is extremely rapid as very few intron containing transcripts exist away

from the genome (Fig 3.8 D). The difference in post translational mechanisms may account for the

differences in export from the nucleus. However, by 4 hpi and the onset of DNA replication, there are

no observable differences in the localisation of the two IE genes.

The multiplex analysis revealed the potential uncoupling of the two IE genes, which may

be another explanation for the differential transport. ICP0 and ICP4 are thought to be under tight

temporal transcriptional control, but the ability of genomes to be active for different IE genes suggests

a degree of autonomy between the two transcripts. This provides new evidence that the control of IE

gene transcription is more complex than previously thought.

To conclude this chapter, I have validated and shown the ability of both RNA FISH and
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click chemistry to examine the HSV-1 transcription in lytic infections. The following chapters of this

thesis will further develop these tools to investigate HSV-1 transcriptional progression and the host

cell defense mechanisms.
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Chapter 4

Investigation of IE transcription in the

absence of new translation and the influence

of the autoregulatory function of ICP4 and

stimulatory function of VP16

To extend the analysis we wanted to examine viral transcription in the absence of any new

protein translation. HSV-1 encodes powerful regulatory proteins to control gene expression, includ-

ing promoting both initial transcription and recruitment of cellular proteins as well as regulation of

the temporal cascade of expression through the gene classes. When these proteins are absent it is

possible to examine the transcriptional potential of an unrestricted virus and how a virus is able to

manipulate the host transcriptional environment in greater detail. In this chapter, I will investigate the

transcription activity of genomes in the absence of function of two transcriptional regulators; ICP4

and VP16.
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4.1 Absence of ICP4 autoregulation accounts for increase in

transcription during translation inhibition

In the absence of de novo protein translation, ICP4 protein would not be able to negatively autoregu-

late expression, yet VP16 would still be present from the incoming capsid. The translation inhibitor

CHX was added to cells at 50 µg/mL for 45 minutes before infection and maintained throughout in-

fection. To confirm the block of protein synthesis, infected cells were stained for ICP4 protein (Fig

4.1 A). In untreated cells, ICP4 protein becomes visible in small foci at 1 hpi, likely to represent

the location of viral genomes. By 3 hpi there is an increase in foci number and a diffuse staining

throughout the rest of the nucleus. At 5 hpi, after the onset of DNA replication, ICP4 is recruited to

replication compartments as they form and develop. In the presence of CHX, there is no detectable

ICP4 protein expression at any timepoint.

In the absence of CHX, transcription of IE appears as transcription bursts at 1 hpi and an

increase in cytoplasmic transcript and decrease in transcription bursts by 3 hpi. When CHX is added,

the transcriptional environment at 1 hpi is similar to the untreated cells (Fig 4.1 B). At this early

timepoint viral RNA synthesis is not affected by newly synthesised viral proteins. However, at 3 hpi

there is a stark difference between the CHX treated and untreated cells. In the absence of any newly

synthesised proteins (+ CHX), there is a significant increase in the amount of ICP4 transcript. When

the 3 hpi + CHX field is imaged with a lower exposure, multiple transcription bursts are still visible

within the nucleus. Therefore, a newly synthesised protein or proteins, either cellular, viral or both

is repressing transcriptional output in a normal infection. In the absence of this repressor protein,

the huge rate of transcriptional activity that genomes can achieve is revealed. The maintenance of

transcription bursts demonstrates the continued activity of genomes.

To confirm my visual observations by RNAscope at the population level, RT-qPCR assays

to measure IE proteins were established. RNA was extracted and converted to cDNA. qPCR primers
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Figure 4.1: Effect of CHX on HSV-1 transcription indicates presence of repressor molecules.

Vero cells infected with HSV-1 MOI 10. Cells pretreated 45 min with 50 µg/mL CHX and present throughout
infection. Cells fixed at indicated timepoints (1, 3 and 5 hpi). Scale bar 10 microns. A) ICP4 protein (red) is not
synthesised + CHX. B) RNAscope for ICP4 RNA (red). A lower exposure of 3 hpi + CHX is shown with the
*. C) qRT-PCR for ICP0 and ICP4 RNA extracted from cells. RNA levels in the presence of CHX presented as
fold expression over untreated infection.
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were chosen from published literature and efficiency was checked. By plotting expression levels in

the presence of CHX as a fold induction over untreated cells, the increase in transcription can be

quantified (Fig 4.1 C). ICP0 reaches a nearly 10 fold increase in the presence of CHX, and ICP4

reaches a 15 fold increase. Obvious candidates for the repressor are viral proteins, such as ICP4. As

a negative autoregulator, the absence of ICP4 will contribute to the increase of ICP4 RNA. However,

there may be additional cellular proteins whose expression is induced by infection which repress viral

gene expression.

To investigate the importance of ICP4 repression, the n12 mutant virus with a truncated ICP4

was used. This virus was introduced in section 3.3 and has a non functional ICP4 protein. RNAscope

was used to examine ICP0 transcript levels at 3 hpi in WT HSV-1 or n12 infections, in the presence

or absence of CHX. Quantification of RNA levels per cell was then performed in ImageJ (Fig 4.2 A).

In the absence of CHX, there is an increase in transcript in n12 compared to WT HSV-1 infection.

ICP0 RNA in WT infection increased with CHX as expected. However, there was no increase in

ICP0 RNA when cells were infected with n12 in the presence of CHX. In the absence of a functional

ICP4, preventing protein translation does not further increase viral RNA levels, suggesting the role of

a cellular repressor is minimal.

n12 was made from the KOS HSV-1 strain by Neal De Luca. WT HSV-1 strain 17 is the

WT strain used in this work, including figure 4.2 A. Due to multiple technical difficulties producing

a stable high titre stock of HSV-1 [KOS] it was not possible to produce reproducible RNAscope data

for this virus. Consequently, in figure 4.2 A where WT HSV-1 strain 17 is used it is not the most

appropriate control. During the optimisation of experiments with the HSV-1 [KOS] strain, RT-qPCR

was used to verify the RNAscope data (Fig 4.2 B). For both ICP0 and ICP4, there was a significant

increase in HSV-1 [KOS] when CHX was added. However, for n12 there was no significant increase

in ICP0 and ICP4 RNA levels. Therefore, ICP4 is the major protein responsible for the increase in

transcription seen in a WT infection where protein translation is inhibited. There may be additional
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Figure 4.2: ∆ICP4 HSV1- infection shows role of ICP4 in transcriptional suppression

A) ICP0 RNA (red) in Vero cells at 3 hpi infected by HSV-1 or n12, MOI 10, in the presence or absence of
CHX. Quantification is presented as RNA value per cell. B) qRT-PCR of ICP0 and ICP4 RNA levels at 3 hpi in
Vero cells, HSV-1[KOS] or n12, MOI 10. Levels presented as fold expression over HSV-1 [KOS] infection.

rapidly synthesised cellular proteins involved, but compared to the transcriptional repression of ICP4

their effect is modest.
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4.2 VP16 induction of viral transcription

VP16 is a tegument protein associated with the capsid and is the driving force of initial IE transcrip-

tion (see chapter 1.2.2). n12 virions arrive at the nucleus with VP16 to promote transcription, but

subsequently lack the transcriptional promotion by ICP4. To further examine the transcriptional po-

tential of VP16 on expression from infecting viral genomes, n12 was allowed to infect Vero cells for

3 h (Fig 4.3 A i). At this point, ActD was added for 1 h to stop all transcription (Fig 4.3 A ii). At

4 h (3 hpi + 1 h ActD) there is still cytoplasmic transcript but nuclear bursts have almost completely

disappeared. The 1 h drug treatment stops transcription bursts and allows nuclear transcript to be

exported. After the 1 h ActD treatment, the ActD is washed out and the cells allowed to recover for

varying times. A 1 h recovery is not long enough for transcription to re-start, but at 3 h after the ActD

is removed transcription bursts are beginning to reappear (Fig 4.3 A iii and iv).

Quantification was performed to determine the percentage of total ICP0 transcript present in

the nucleus at the treatment timepoints represented in part A. After the addition of ActD for 1h nuclear

transcript drops from 15% to 5%. After a 3h recovery from ActD nuclear transcript has increased to

nearly 10% (Fig 4.3 B). Quantification of transcription bursts demonstrates a near complete loss of

bursts with 1h ActD (4h), and the 3h recovery shows the genomes starting to burst again (7h, Fig 4.3

C). Even if the length of ActD treatment is increased to 6h, the genomes can still reactivate with a

3h recovery period (Fig 4.3 D). Due to the nature of the end point analysis of RNAscope it cannot be

determined if the genomes that reactivate are the genomes that were transcriptionally active initially,

or what percentage of genomes that were active during the first phase are able to reactivate.

In the above experiments, the virus is allowed to begin a productive infection. During this

time period viral proteins such as ICP0 are synthesised and begin altering the cellular environment.

During the ActD treatment period, the genomes are vulnerable to any remaining cellular restriction

factors that are deposited on the genome. Despite this, with a suitable recovery period the genomes
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Figure 4.3: Genomes are able to reactivate after incubation with ActD

A) Cell i: ICP0 RNA at 3 hpi. Cell ii: ICP0 RNA at 4 hpi, with ActD added at 3 hpi for 1h. Cell iii: ICP0
RNA at 5 hpi, with ActD added at 3 hpi for 1h and washed out at 4 hpi to give a 1h recovery phase. Cell iv:
ICP0 RNA at 7 hpi, with ActD added at 3 hpi for 1h and washed out at 4 hpi to give a 3h recovery phase.
B) Quantification of ICP0 transcript per nucleus in the 4 conditions in part (A). C) Quantification of number
of ICP0 transcription bursts per cell in the 4 conditions in part (A). Cells with different numbers of bursts are
represented by the difference colours, shown in the legend. D) Cell v: ICP0 RNA at 9 hpi, with ActD added at
3 hpi for 6h. Cell vi: ICP0 RNA at 12 hpi, with ActD added at 3 hpi for 6h and washed out at 9 hpi to give a
3h recovery phase. E) Infections are performed in the presence of ActD. At 1 hpi, ActD is washed out to give
a 3h recovery (cell vii, 4 hpi) or a 5h recovery (cell viii, 6 hpi).
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regain transcriptional activity. However, the cellular landscape will have been altered in the first

3 hours by viral proteins. To investigate the activity of genomes after cellular factors are allowed

to recognise viral genomes with no interference from newly synthesised viral proteins, cells were

infected in the presence of ActD (Fig 4.3 E). In this scenario, a 3 h recovery was not sufficient for

transcription to begin, but after a 5 h recovery transcription bursts were visible. In this experiment

HSV-1 genomes are present in the nucleus but transcriptionally inactive for 1 h. Regardless of how

many cellular proteins are deposited on the genomes or post translation markers are created, they

are not sufficient for the virus to be completely restricted from transcribing. The virion associated

proteins such as VP16 are sufficient to overcome the negative cellular factors. This work demonstrates

the immense potency and strength HSV-1 has to promote infection.

4.3 Investigation of the role of P-TEFb on viral transcription

In the absence of VP16, viruses are severely compromised but are capable of eventually establishing

infections. in1814 is a ∆VP16 HSV-1 virus, with an inactive VP16. It contains a 12 base pair insertion

inside the protein coding region of VP16 which prevents the association with HCF-1 and Oct1 [190].

Infections with this mutant virus allow the study of other cellular processes that are involved in the

initiation of viral transcription. It has been previously demonstrated that Hexamethylene bisacetamide

(HMBA) increases infectivity of in1814 and is used to produce high titre stocks [191]. HMBA is an

inducer of murine erythroleukemia (MEL) cell differentiation [192]. A 1998 paper examined other

MEL cell differentiation agents, including SBHA and Nicotinamide and their effect on in1814 titre

[193]. They found nicotinamide to increase the mutant virus titre, but no effect of SBHA.

On HaCaT cells, HMBA, SBHA and nicotinamide had no effect on the plaque number of

a WT virus (Fig 4.4 A). However, HMBA increased the plaque number of in1814 by 100 fold and

Nicotinamide had a 30 fold increase (Fig 4.4 B). SBHA had no effect on in1814 titre. in1814 has
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been shown to have a high particle to PFU ratio, therefore these experiments demonstrate that in the

absence of HMBA there are many viral particles present that do not go on to create a plaque.

Figure 4.4: Effect of drugs on plaquing efficiency of ∆VP16 HSV-1.

Titre of (A) HSV-1 and (B) in1814 on HaCat cells in the presence of various drugs. All drugs added at 1 hpi.
C) Titre of HSV-1 and in1814 on Vero cells in the presence or absence of JQ1.

HMBA induces Hexamethylene bisacetamide-inducible protein 1 (HEXIM1) which together

with 7SK RNA inhibits P-TEFb [194, 195]. When P-TEFb is in a complex with Brd4 it is in an active

form and can phosphorylate RNA pol II, allowing transcription to progress. The role of P-TEFb

on transcription and it’s regulation is described in section 1.3 and in figure 1.3. Thus, the HMBA

treatment is seemingly causing opposite effects; the increase of viral infection and the inhibition of

92



P-TEFb, which is normally associated with an inhibition of transcription. Studies looking at the

effect of HMBA on various viruses have produced conflicting results. HMBA has been shown to

increase the reactivation of HIV-1 from latency [196]. One proposed mechanism for this increase is

due to chromatin remodelling around the transcription start site, despite not altering acetylation or

methylation of histones [197]. An alternative mechanism is through activation of cellular kinases.

HMBA activated Akt via phosphatidylinositol-3-kinase (PI3K) which disrupted the inactive P-TEFb

complex by phosphorylation of T270 and S278 in HEXIM1, increasing viral transcription [104]. In

contrast, HMBA has also been show to limit viral replication.

As described in section 1.3.4, Brd4 recruits active P-TEFb to acetylated histones. BET do-

main inhibitors have been developed recently as novel cancer treatments, due to the various roles of

BET proteins including Brd4 in cell cycle progression, transcription and DNA replication. JQ1 is a

small molecule inhibitor of Brd4 and functions by mimicking acetyl lysines. By this mimicry JQ1

blocks the binding sites the Brd4 would normally utilise to bind to acetylated lysines on histones,

displacing Brd4 from chromatin [198]. Brd4 occupancy on genes decreases after JQ1 treatment, and

this results in decreased gene expression, for example the transcription of MYC [199].

Conversely, JQ1 has been shown to also play a role in transcriptional activation. JQ1 has

been used to shown increased HSV-1 transcription and has been shown to cause reactivation of HSV-

1 from latency by releasing it from active chromatin due to an increased level of P-TEFb on the virus

genome [200]. A study in 2012 found JQ1 activated transcription of HEXIM1, and that Brd4 was

released from it’s chromatin bound state in addition to releasing P-TEFb from 7SK RNA [201]. In

U2OS cells, 1 h of JQ1 treatment increased EU incorporation into nascent RNA by 35%, an indication

of increased transcription. The majority of the upregulated transcripts in this study were determined

to be ncRNA or non-polyadenylated transcripts, in comparison to polyadenylated transcripts such as

MYC which are downregulated [202]. They propose in this study that JQ1 induces replication stress,

which causes P-TEFb dissociation from 7SK RNA.
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JQ1 has no effect on the titre of WT HSV-1 virus, however the titre of in1814 increased

by 100 fold in the presence of JQ1 (Fig 4.4 A and B). A study investigating the effect of JQ1 on

WT HSV-1 infection found an increase in viral titre in Vero cells [200]. The results in Figure 4.4 C

directly contradict the results from this study by Ren et al., as we show WT HSV-1 does not increase

in infection with the addition of JQ1.

Both HMBA and JQ1 increase the titre of HSV-1 with a defective VP16. Therefore, they

must induce cellular changes to compensate for the lack of VP16 transcriptional induction. I therefore

investigated the effects of these drugs on viral infection, with the long term goal of understanding how

cellular transcriptional machinery can promote viral infection.

Evidence from the McFarlane paper suggests that HMBA presence in the first few hours is

sufficient to achieve the increase in titre. To confirm, a plaque assay was performed. Vero cells were

infected with in1814 at dilutions from 10-5 to 10-7 and HMBA was either included in the inoculum

and washed out at various timepoints (HMBA exposure length) or added at various timepoints post

infection (Time of HMBA addition). After 3 days the number of plaques formed was used to deter-

mine titre in these conditions (Fig 4.5). An HMBA exposure of 3h is sufficient to induce the 100

fold increase in plaque number. If HMBA is added up to 2 hpi, an increase in plaque number is seen.

However, if the HMBA is not added until 3 hpi the increase is greatly reduced. Therefore, the action

of HMBA occurs in the first few hours of infection.

If HMBA or JQ1 increase viral entry into to the nucleus an increased number of viral particle

entry would cause an increased plaque number. To investigate the effect of HMBA and JQ1 on viral

entry Vero cells were infected with HSV-1 in the presence or absence of HMBA, and the number

of capsids per cell was counted at 1 hpi. There was no significant difference in capsid number for

either HSV-1 or in1814 (Fig 4.6 A). HSV-1EdC was used to quantify genome entry in the presence of

HMBA. There was no significant difference in the number of genomes released into the nucleus in
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Figure 4.5: HMBA present at early timepoints allows successful infection.

Titre of in1814 when 5 mM HMBA is added at delayed timepoints (Time of HMBA addition) or the titre of
in1814 when HMBA is present in the inoculum and removed at various timepoints (HMBA exposure length).

the presence of HMBA (Fig 4.6 B). Similarly, there was no changes to capsid number per cell in the

presence of JQ1 in HaCaT cells at 1 hpi (Fig 4.6 C).

Having demonstrated that neither of these drugs inhibited capsid or genome entry into the

cells, the results indicated that the in1814 virions in the absence of HMBA or JQ1 are entering cells

but failing to form plaques. To begin to investigate where the defect of these virions lie, IE protein

expression was examined. Cells infected with HSV-1 or in1814 at MOI 5 (calculated from the titre

+ HMBA, therefore MOI 0.05 in the absence of HMBA) in the presence or absence of HMBA were

fixed at 6 hpi and then probed with an ICP4 antibody (Fig 4.7 A). ICP4 positive cells were counted

and expressed as a percentage of total cells (Fig 4.7 B). HMBA failed to increase the number of

ICP4 positive cells infected with WT, but significantly increased the percentage of ICP4 positive cells

infected with in1814. The percentage of ICP4 positive cells likewise increased in the presence of JQ1

(Fig 4.7 C and D). ICP0 protein measured by western blot also shows a significant increase at 3 hpi

due to HMBA or JQ1 (Figure 4.7 E). In summary, HMBA and JQ1 increase IE protein levels.

In the McFarlane paper from 1992 they examined RNA levels after in1814 infection with

HMBA. A dot blot experiment with radioactive RNA probes revealed increased IE RNA levels in the
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Figure 4.6: HMBA and JQ1 have no effect on viral entry.

A) Vero cells, 1 hpi, HSV-1 MOI 5, in1814 MOI 0.05. +/- 5 mM HMBA. VP5 stained capsids were counted.
B) Vero cells, 1 hpi, HSV-1EdC MOI 5. Click chemistry reaction and genomes per nuclei counted. C) HaCaT
cells, 1 hpi, in1814 MOI 0.05. +/- 500 nM JQ1. Per field, number of capsids or genomes divided by number of
cells or nuclei respectively. 5 separate fields.

presence of HMBA [191]. To examine this with our detailed single cell techniques, RNAscope was

used to investigate the effect of HMBA on in1814 transcription. Cells were infected at MOI 0.05

(based on the titre without HMBA) and ICP0 transcript was probed using RNA FISH. At 3 hpi, there

was a dramatic increase in ICP0 RNA abundance in the presence of HMBA (Fig 4.8 A). Without

HMBA, there were very few cells with nuclear bursts and almost undetectable cytoplasmic ICP0

transcript. In the presence of the drug, almost every cell has multiple ICP0 nuclear bursts with much

transcript accumulating in the cytoplasm. Quantification was performed in multiple ways. Firstly,
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Figure 4.7: HMBA and JQ1 increase levels of ICP0 and ICP4 protein.

A) ICP4 protein in Vero cells at 6 hpi infected by in1814, +/- HMBA. MOI 0.05. B) Quantification of ICP4
positive cells in (A). C) ICP4 protein in Vero cells at 6 hpi infected by in1814, +/- JQ1, MOI 0.05. D) Quantifi-
cation of ICP4 positive cells in (C). E) ICP0 protein abundance of the total HaCaT cell population. Uninfected
cells (mock), 3 hpi in1814 MOI 0.05 untreated (-), 3 hpi + HMBA and 3 hpi + JQ1. Tubulin as loading control.

by analysing total RNA values per cell (Fig 4.8 B) and secondly, by calculating the percentage of

nuclei that are positive for RNA signal (Fig 4.8 C). Both analysis show significant increases of RNA

in the presence of HMBA. JQ1 produced a similar result, with RNA positive Vero nuclei increasing
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significantly at 3 hpi and 6 hpi. Therefore both HMBA and JQ1 stimulate viral IE RNA expression

of a VP16 deficient virus at early timepoints. These drugs are inducing cellular changes that promote

viral transcription, but only in the absence of VP16. In a WT infection with functional VP16, the

cellular changes that HMBA and JQ1 induce are redundant due to the large transcriptional induction

that VP16 can achieve.
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Figure 4.8: HMBA and JQ1 increase levels of IE RNA.

A) ICP0 RNA in Vero cells infected with in1814 MOI 0.05 at 3 hpi in the presence or absence of 5 mM HMBA.
Scale bar 10 microns. B) Quantification of total RNA value per cell. C) Quantification of %nuclei positive for
ICP0 RNA. D) ICP0 RNA in Vero cells infected with in1814 MOI 0.05 at 3 hpi in the presence or absence of
JQ1. Scale bar 10 microns. E) Quantification of %nuclei positive for ICP0 RNA at 3 and 6 hpi.
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4.4 A rapidly synthesised protein affects viral gene expression

In the data presented above HMBA and JQ1 have been producing similar effects. Both increased

the infectivity of in1814 at the level of RNA transcription. However, the two drugs do have some

differing effects. When cells were pre-treated with HMBA prior to infection with in1814, there was

no increase in titre (Fig 4.9 A). In contrast, there was increased plaque formation in cells that were

treated with JQ1 prior to infection with in1814, though not to the extent seen if JQ1 is provided after

infection (Fig 4.9 B). Removal of the JQ1 treatment 1h before infection negated the increase in plaque

number caused by the pre-treatment. Thus, HMBA and JQ1 have differing mechanisms of action: the

changes induced by HMBA are short lived and quickly reversible, whereas JQ1 induces a change that

is more stable yet still reversible and is able to positively promote viral infection of VP16 deficient

viruses.

If the induction of HEXIM1 or another protein by HMBA or JQ1 is responsible for the tran-

scriptional increase of the viral genes, then a CHX treatment would reverse the effects. A 4 h pre-

treatment of CHX at 50 µg/mL induces a modest 2.8 fold increase in viral titre over the untreated

cells (Fig 4.9 C). When the JQ1 pre-treatment of 4 h is combined with a 4 h CHX pre-treatment, the

CHX does not decrease the JQ1 induced plaque increase. This suggests that the cellular modifications

caused by JQ1 do not involve synthesis of a new cellular protein. This is consistent with the mecha-

nism of action of JQ1 being a small molecule inhibitor binding to Brd4. Yet it is inconsistent with the

role of JQ1 as an inducer of HEXIM1, one of the mechanisms it has been reported to act by.

To examine the effect of CHX in combination with HMBA, cells were infected with in1814

and ICP0 transcript was examined in untreated cells at 3 hpi, cells treated with 3 h HMBA or cells

treated with 3 h of HMBA and CHX (Fig 4.10). The 3 h HMBA treatment produced the expected

increase in ICP0 RNA levels. However, the presence of CHX drastically reduced the HMBA induc-

tion. As CHX prevents the synthesis of any new proteins, the results therefore strongly suggest that
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Figure 4.9: Pretreatment of HaCaT cells with HMBA or JQ1 has differing effects.

A) HaCaT cells were pretreated with 5 mM HMBA for 6 or 3 h before infection and then washed. Titre of
in1814 in the pretreated cells is compared to the titre of untreated cells (0 h HMBA exposure) and 72 h HMBA
post infection (+HMBA). B) HaCaT cells were pretreated with 500 nM JQ1 for 24, 8 or 4 h before infection.
These cells were infected immediately after JQ1 removal, and a further condition was included of a 1h recover
(-4 h JQ1, 1h wash). The titre of in1814 in the pretreated cells is compared to the titre of untreated cells (0)
and 72 h JQ1 post infection (+ JQ1). C) Titre of in1814 in untreated cells (-), 72 h JQ1 (+ JQ1), a 4 h JQ1
pretreatment (-4 JQ1), a 4 h CHX pretreatment (-4 CHX) and a 4 h pretreatment of JQ1 and CHX (-4 JQ1 +
CHX).

a newly synthesised cellular protein is induced by HMBA and promotes the increase in transcription

early during infection with a VP16 defective virus. In a WT infection, the action of this induced

protein is unnecessary due to the activity of VP16. In a VP16 deficient virus infection, this cellular
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protein affects transcriptional machinery in a profound way to benefit viral transcription.

Figure 4.10: HMBA induces rapidly turned over protein which increases viral gene expression.

ICP0 RNA (red) levels at 3 hpi in Vero cells infected with in1814 MOI 0.05. Cells were untreated, treated with
5 mM HMBA or treated with both HMBA and 50 µg/mL CHX.

HEXIM1, one of the key targets induced by HMBA, could be a strong candidate for a newly

translated factor that might induce HSV-1 transcription when VP16 was defective. HEXIM1 would

therefore need to be transcribed and translated very rapidly, however there is conflicting evidence

about the rate of HEXIM1 protein induction by HMBA. For example, in MEL cells HEXIM1 induc-

tion by western blot is not observed until 8 hours post treatment [203, 204]. However, in Jurkat cells

an increase in HEXIM1 protein abundance is seen at 2 hours [104]. To investigate if additional cel-

lular proteins are rapidly synthesised in response to HMBA, and possibly contributing to the HSV-1

transcriptional response, a proteomics based approach was chosen. The experimental plan is outlined

in figure 4.11 A. In triplicate, cells were infected with in1814, or left uninfected. At 1 hpi, when the

inoculum was removed, one sample was left untreated whilst the other was incubated with HMBA.

At 3 hpi, all cells were harvested and the protein extracted using phenol chloroform precipitation.

The total cell protein was then subjected to digestion and dried in a speedvac. The samples were then
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analysed by mass spectrometry after labelling by TMT reporter tags.

During optimisation, extracted proteins were run on an SDS PAGE gel and total protein was

stained with Coomassie. Lane 1 in figure 4.11 B shows phenol chloroform extracted protein. Lane

2 was loaded with the equivalent amount of protein after the trypsin digest, and the lack of visible

bands represent a successful digestion.

After the TMT analysis, 44 proteins were identified as significantly upregulated in the unin-

fected cells after 2 hours with HMBA, indicated by the pink dots (Fig 4.11 C). GO analysis failed

to identify significantly affected biological processes. Importantly, HEXIM1 was not significantly

upregulated. In the infected vs infected + HMBA, no proteins were identified as being significantly

different. This was not expected, as the viral IE proteins should have been significantly increased.

Overall, the results from this proteomics analysis were inconclusive. It is possible there was a small

increase in HEXIM1 protein level which was sufficient to induce the functional affect but was an

undetectable change in this experiment. The three triplicate experiments were performed on separate

days. Each set had newly plated cells, and a fresh inoculum of virus prepared. Although the statistical

tests were performed in both paired and non-paired methodologies, if the triplicates were performed

on the same day with cells of the same passage perhaps this would have reduced the sample varia-

tion enough to generate stastical significance. Despite the unsuccessful attempt, identification of a

new target in this scenario has to be performed at the population based omics level, and cannot be

achieved with single cell analysis. Therefore, further optimisation beyond this project will hopefully

yield successful candidates for validation.
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Figure 4.11: Proteomic analysis to identify targets induced by HMBA.

A) Experiment design for proteomic analysis. B) Coomassie stain of proteins extracted by phenol chloroform
extraction from HaCaT lysates before trypsin digest (lane 1) or after trypsin digest (lane 2). C) All proteins
identified in the TMT analyses. Significantly different proteins between uninfected and uninfected + HMBA
are labelled in pink. D) There are no significantly different proteins in cells infected with in1814 and cells
infected with in1814 and treated with HMBA.
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4.5 Discussion and Future Perspectives

Within this chapter I have examined the transcription of several mutant HSV-1 viruses. The aim

was to first identify the importance of the role of the transcriptional regulators ICP4 and VP16 on

transcription output. Despite initial experiments inhibiting protein translation suggesting there may be

rapidly induced cellular proteins inhibiting viral transcription in an antiviral manner, I demonstrated

this was primarily due to the actions of ICP4 autoregulation. Secondly, I wanted to investigate the

influence of cellular proteins on viral transcription in the absence of VP16. I demonstrated with high

resolution the effect of both HMBA and JQ1 on HSV-1 transcription. I concluded that that population

based analysis would be required to identify candidates. This did not yield definitive results but has

enabled future analysis.

In a WT virus VP16 plays the role of an important transcriptional inducer, as described pre-

viously. However, in its absence the virus must rely on cellular transcription machinery, which it

does with limited success giving a severely inhibited infection. The use of small molecule drugs

that influence transcription, particularly through the modulation of proteins involved in the P-TEFb

equilibrium, allowed me to examine how these cellular changes can influence viral transcription. It

is difficult to reconcile the different state of Cdk9 in P-TEFb, whether inactive, active or chromatin

bound, with the actions of HMBA and JQ1 and the corresponding information available about tran-

scriptional increases and decreases. As described in the Introduction, P-TEFb exists in active and

inactive forms (Figure 1.2). Overwhelmingly in the literature, when it is bound with Brd4 it is con-

sidered active and Brd4 recruits P-TEFb to gene promoters. Brd4 is either chromatin bound, free or

in protein complexes.

The effect of HMBA on in1814 viral infection initially present a contradiction. HMBA in-

creases the transcription of IE genes within the first few hours of HSV-1 infection in the absence

of VP16. However, one of the main functions of HMBA is to induce the expression of HEXIM1,
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a molecule that keeps P-TEFb in an inactive state. This conflict has been acknowledged previously,

with several interpretations given for this disparity centering in the disruption of HEXIM1-7SK-RNA-

P-TEFb by AKT, which HMBA activates (figure 4.12, A) [104]. I attempted to confirm the affect of

HMBA on AKT phosphorylation by Western blot, but I was unable to successfully optimise the use

of the antibodies. Further validation of this method of P-TEFb activation should be continued, partic-

ularly in keratinocyte cell lines. An alternative explanation was proposed by He et al. In the first few

hours post HMBA treatment, HMBA induces the disruption of the inactive P-TEFb complex. One of

the genes activated by P-TEFb is HEXIM1, resulting in a large increase of the HEXIM1 concentration

within the nucleus by up to 5 fold. This creates a negative feedback loop, where the HEXIM1 pushes

the P-TEFb status back towards the inactive state (Figure 4.12 B) [205]. VP16 can recruit P-TEFb to

RNA pol II [206]. In the absence of VP16, this recruitment is therefore diminished. During an in1814

infection the absence of P-TEFb recruitment by VP16 is a key component of the reduced infectivity

and HMBA alleviates some of this effect. Unfortunately I was not able to provide detailed insight into

the molecular explanation for HMBA induced transcription of IE genes, and this will be the focus of

ongoing future work.

JQ1 is BET domain inhibitor which is also involved in the P-TEFb equilibrium. As described

in section 4.3 JQ1 may employ the same negative feedback loop as illustrated by HMBA in figure

4.12 B. Additionally, it has been proposed JQ1 promotes dissociation of inactive P-TEFb by inducing

replication stress. Aside from these proposals, I believe JQ1 increases viral transcription by a different

mechanism. My results indicate this pathway differs from the HMBA mode of action (Figure 4.9).

Histone acetylation is associated with transcription. The addition of a negatively charged

acetyl group promotes an open chromatin structure [207]. As described in section 1.3.4, Brd4 recog-

nises acetylated histones in promoters and recruits P-TEFb to transcription start sites. JQ1 binds

competitively in the acetyl lysine binding site on Brd4, preventing it from binding chromatin. There-

fore this would suggest there is a large population of Brd4 that is unable to recognise acetylated

106



Figure 4.12: Models of HMBA induced P-TEFb activation.

A) Proposed method of P-TEFb activation by AKT. B) Proposed negative feedback loop of HEXIM1 regulation
of P-TEFb.

lysines in promoters, and consequently unable to recruit P-TEFb. Ren et al., suggested in 2016 that

the increase in free Brd4 caused by JQ1 is responsible for the increase in viral transcription. They

propose the free Brd4, although bound with JQ1, is able to promote transcription from viral genomes

by recruiting P-TEFb (figure 4.13). However, I have presented data which contradicts results found

within this paper (figure 4.4 C). This proposed model also introduces several new questions, such as

how Brd4 is able to recruit P-TEFb to viral promoters when the normal means of doing so, by binding

acetylated lysines, is inhibited.

In this chapter I observe extreme transcriptional changes within a very short time frame.

Although the well characterised induction of HEXIM1 may be playing a role, perhaps as described

above, there is variation in the timeframes for expression induction profiles for HEXIM1 in different

cell lines in the literature. Therefore, in HaCaT cell line the induction may not be rapid enough.

An important future experiment would make use of an HEXIM1 antibody and examine HEXIM1
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Figure 4.13: Model of JQ1 induced HSV-1 IE transcription

A) Proposed method of JQ1 mediating the release of Brd4 from chromatin, the subsequent activation of P-TEFb
and the promotion of IE transcription [200].

expression levels by Western blot.

With the proteomics analysis I undertook, I attempted to analyse the whole cell proteome

following a short HMBA treatment. In my analysis I discovered HEXIM1 levels did not increase

significantly. Of the 44 proteins that were significantly different in the mock conditions plus or minus

HMBA, they were not significantly different in the infected samples plus or minus HMBA. The results

between the triplicates were too variable to allow conclusions to be made between the two biological

sets. In future analysis there would be strict adherence to protocols and conditions to ensure all the

sets and triplicates were precisely controlled.
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Chapter 5

The role of cellular protein PML on

transcriptional output from HSV-1 genomes

Following the successful combination of RNAscope with click chemistry in Chapter 3, I

next wished to combine such analysis with the simultaneous investigation of protein localisation by

immunofluorescence. The successful implementation of such three-way analysis would allow me to

investigate the relationship between individual genomes, transcription output and the recruitment, or

indeed lack of recruitment, of specific viral and host cell proteins. This will enable the assessment of

the spatial proximity of host proteins, such as PML, with the transcriptional activity of viral genomes.

5.1 The fate of PML in early HSV-1 infection

PML is the major protein component of nuclear bodies, called ND10 or PML domains, as described in

the Introduction. PML was analysed using a monoclonal antibody 5E10 [208]. 5E10 was the widely

used PML antibody in the field but had severely limited supplies. Our lab received a small amount

of 5E10 from Prof. Van Driel, and additionally developed a rabbit antibody against raised against

recombinant GST-PML, #368. The antibodies were directly compared to ensure the accuracy of #368

against 5E10. The various protocols produced similar staining patterns, with PML domains clearly

defined (Fig 5.1 A). The PML bodies in HaCaT cells give a less defined signal, but this is consistent
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Figure 5.1: Development of PML IF protocols.

A) Optimisation of PML antibody staining in Vero and HaCaT cells. Column 1: permeabilisation with 0.5%
Triton, primary antibody incubation 1 h at room temperature. Column 2: Permeabilisation with Ethanol de-
hydration, primary antibody incubation 1 h at room temperature. Column 3: Permeabilisation with Ethanol
dehydration, storage in 100% EtOH overnight. Primary antibody incubation 1 h at room temperature. Column
4: Permeabilisation with Ethanol dehydration, storage in 100% EtOH overnight. Primary antibody incubation
overnight at 4◦C. Scale bar 10 microns. B) Combined stain using #368 (red) and 5E10 (green) on a Vero cell.
Scale bar 10 microns.

across both antibodies. In a dual stain experiment, the PML domains revealed by #368 and 5E10

colocalise exactly (Fig 5.1 B). #368 will be used for the remainder of the thesis.

As described earlier, viral protein ICP0 is an E3 ubiquitin ligase. As ICP0 protein accu-
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mulates there is a progressive loss of PML (Fig 5.2 A). If CHX is added to prevent de novo ICP0

synthesis, PML domains are maintained throughout infection (Fig 5.2 B). Therefore, at 3 hpi + CHX

when we have previously demonstrated a large quantity of viral transcription to be taking place (Fig

4.1 B), PML bodies are intact. Quantification of PML bodies in the presence of CHX in mock or

infected cells confirms the longevity of PML domains, except by 8 hpi in the presence of CHX when

we know the cells to be suffering from prolonged CHX exposure.

PML has been previously shown to associate with viral genomes. To confirm this, HSV-

1EdC was used to infect Vero cells. At 1 hpi cells were fixed, processed for click chemistry to reveal

viral genomes and immunofluorescence for PML. The FIJI plugin Comdet was used to calculate

colocalisation of genomes and PML domains (Fig 5.3). In figure 5.3 A, the filled arrow represents a

PML domain that is not associated with a genome. The outline arrow shows a genome colocalised

with a PML domain, which is detected as a yellow box by the ComDet analysis. Lastly, the arrow

head is indicating a genome that is not colocalised with a PML domain. Analysis of over 100 cells

infected by HSV-1 at MOI 10 reveals that on average, just under half of the genomes are colocalised

with PML at 1 hpi. The genomes that are not associated may never recruit PML, or they have yet to

recruit PML. There is also a varying number of PML domains per cell, and in some cells the number

of genomes exceeds the number of PML domains as these were high MOI infections.
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Figure 5.2: PML is degraded during infection by ICP0.

A) Timecourse of infection of HSV-1 in Vero cells, stained for ICP0 protein and PML. Scale bar 10 microns.
B) PML in uninfected cells treated with CHX or infected cells treated with CHX. C) Quantification of PML
bodies per cell in uninfected cells + CHX (+CHX) or infected cells + CHX ([17] + CHX).
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Figure 5.3: PML associates with HSV-1 genomes

A) Vero cells infected with HSV-1EdC at 1 hpi, MOI 10. Click chemistry reveals genome location (green)
relative to PML domains (red). Arrow head: a genome that has no PML. Solid filled arrow: PML that is not
associated with a genome. Outline arrow: A colocalised genome and PML. Analysis performed using ComDet.
B) Quantification of genomes associated with PML. Each point represents an individual infected cell. The plot
indicates for each cell with detected genomes, the percentage of those genomes that are associated with PML
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5.2 Transcriptional activity of genomes and their proximity to

PML domains

PML bodies have a long history within HSV-1 research. The most widely held consensus is that PML

domains are restrictive molecules that inhibit viral transcription. The current general proposition

is that the genomes that are associated with PML domains will not be transcriptionally active. To

investigate the effect of the proximity of PML domains and viral gene expression, RNAscope for IE

genes was combined with immunofluorescence for PML.

The RNAscope protocol contains a protease treatment step before the probes are hybridised.

The protease is supplied commercially from ACDBio, and there is no information about the strength

on the enzymatic activity. IF staining for PML was performed with and without a protease treatment

(Fig 5.4 A). There was no difference in PML bodies, demonstrating that the protease treatment is mild

enough to not affect the epitope required for antibody binding. When immunofluorescence for PML

was performed after the RNAscope protocol, there was a loss of signal intensity of RNA transcripts

for cellular gene PP1B compared to the RNAscope protocol alone (Fig 5.4 B). However, a slight

increase in exposure time during image acquisition reveals that no detail or resolution is lost when the

protocols are combined.

Cells were infected with HSV-1 in the presence of CHX in order to prevent PML degradation.

In figure 5.5 A, two cells are showing examples of ICP0 and ICP4 transcripts. The cell probed for

ICP0 RNA has one transcription burst, indicated by the arrow. It colocalises with a PML domain.

The second cell, probed for ICP4 RNA, has two transcription bursts. The one indicated with the filled

arrow also has a PML domain. This cell has a second transcription burst shown by the outline arrow,

which does not colocalise with PML. Identification of many transcription bursts and classification

as PML negative or positive reveals that the IE transcription bursts are in fact not more likely to be

absent of PML domains (Figure 5.5 B). Rather, the results indicate that the transcription bursts are if
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anything more likely to be found associated with PML domains.

Figure 5.4: RNAscope and IF in combination

A) PML protein (green) in Vero cells with or without a protease treatment. Scale bar 10 microns. B) Uninfected
Vero cells processed for RNAscope, or RNAscope with IF. PP1B transcript (red), PML protein (green). An
increased exposure panel is shown for this image.
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Figure 5.5: PML is associated with IE transcription bursts

A) ICP0 and ICP4 RNA (red) with protein IF for PML (green). Vero cells 1 hpi + CHX. Upper panel: ICP0
RNA transcription burst is colocalised with a PML domain (filled arrow). Lower panel: Two of the ICP4
transcription bursts are indicated by arrows. The filled arrow shows a burst colocalised with PML, the outline
arrow indicates a burst that is free of PML. B) Quantification of transcription bursts that are associated with
PML for ICP0 and ICP4 at 1 hpi + CHX.

This surprising result goes against the widely accepted view of PML as a transcriptional re-

pressor and the prediction that transcriptional bursts would not be associated with PML. However,
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combining RNAscope and PML immunofluorescence does not give any indication about inactive

genomes within the cell, and whether such genomes are associated with PML domains or not. To an-

swer this question, RNAscope, click chemistry and protein IF need to be combined into one protocol.

In developing such a three way analysis, I determined the order had to be RNAscope followed

by click chemistry and finally the protein IF. To achieve optimal results the cells were processed on

the same day as infection and fixation. This successful integration of the three analysis methods

reveals for the first time HSV-1 viral genome location, transcriptional activity and the location of

PML domains.

Vero cells were infected with HSV-1EdC in the presence of CHX, and fixed at 1 hpi (Fig 5.6

A). They were then processed for RNAscope, click chemistry and protein immunofluorescence for

PML. In figure 5.6 I am presenting one example cell, followed by quantification of multiple cells. In

this cell (Fig 5.6 A) there are six HSV-1 genomes. Three are bursting for ICP4 transcript. Of these

active genomes, two are associated with PML (the outline arrows) and one is not associated with

PML (filled arrow). The three inactive genomes are positioned along the top of the cell. The filled

arrow head is indicating a genome that is inactive and associated with PML. The other two inactive

genomes are not associated with PML (v shaped arrow heads). Thus it is revealed that not all of the

inactive genomes are associated with PML.

Identification and classification of HSV-1 genomes as transcription burst positive (TB+) or

transcription burst negative (TB-) for ICP0 in Vero cells show that the genomes that are bursting are

actually more likely to be associated with PML (Fig 5.6 B). The inactive genomes are equally likely

to be found with or without PML bodies. To confirm these results in another cell line, HaCaT cells

were analysed as described for the Vero cells above. Quantification of transcription bursts, genomes

and ICP0 transcript in these cells gives similar results. Therefore, the presence of PML on a viral

genomes does not inhibit transcription.
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Figure 5.6: Transcriptional activity of genomes and their proximity to PML domains.

A) Vero cell infected with HSV-1EdC MOI 10, and processed for click chemistry, IF (PML) and RNAscope
(ICP4) at 1 hpi. Six genomes are visible, the arrow heads show inactive genomes, the arrows show active
genomes. The two outline arrows indicate active genomes associated with PML, the filled arrow indicates
an active genome not associated with PML. The filled arrow head indicates an inactive genome associated
with PML, and the V arrow heads indicate inactive genomes not associated with PML. B-C) Quantification of
genomes that are classified as transcriptionally bursting (TB +) or not bursting (TB-), and identification of PML
association. B) ICP4 RNA in Vero cells. C) ICP0 RNA in HaCaT cells. Transcription burst (TB).
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As described in section 3.6, the spatial relationship between transcription bursts and genomes

is of great interest. When combined with PML, a third entity is brought into play. In figure 5.7 A

the DAPI signal is represented by greyscale, and is removed for clarity in the expanded box. Here I

show an infected cell at 1 hpi (Fig 5.7 A i), and one transcription burst has been enlarged within the

box. This active genome is colocalised with the PML body, and the transcription burst is pluming

in one direction from the genome. In comparison, there are two active genomes in cell ii in the

expanded region. The Comdet analysis (Fig 5.3) would not identify the PML and genomes in cell

ii as colocalised, as the pixel distances for the maximum foci signal are too great for the acceptable

parameters. However, there is a clear association between the PML and the genome. Therefore, I can

distinguish based on pixel distance both colocalised (Fig 5.7 i) and associated (Fig 5.7 ii) genomes

and PML domains. In the analysis in figure 5.6 both colocalised and associated measurements are

included.
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Figure 5.7: Association vs colocalisation

A) Two example Vero cells infected with HSV-1EdC MOI 10, 1 hpi, PML protein and ICP4 RNA. Cell i:
Genome and PML are colocalised, and transcription burst is pluming in one direction. Cell ii: Genome and
PML are associated, with the transcription burst between.
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All of the previous experiments were performed in the presence of CHX to prevent PML

degradation. Although CHX does not affect PML bodies within 3 hours (Fig 5.2), infection with

an ∆ICP0 virus would allow the maintenance of PML domains without CHX addition. The FxE

mutant virus has a deletion within the RING finger domain of ICP0, rendering it functionally inactive.

FxE has a growth deficit on RPE cells, the cell line used to produce WT HSV-1EdC, so it has to be

grown on U2OS cells, a permissive bone cancer cell line. Attempts to produce an FxEEdC virus were

unsuccessful, with a very low EdC incorporation rate (Fig 5.8).

Figure 5.8: Production of FxEEdC

FxEEdC adhered onto a glass coverslip. VP5 (capsid protein) and click chemistry for EdC genomes. Comdet
analysis only finds very few capsids with an EdC labelled genome, one in this example field within the yellow
box. Scale bar 10 microns.

The analysis of infections with FxE was therefore limited to RNAscope and IF. Three exam-

ple cells at 1 hpi presented in figure 5.9 A show that the ICP0 transcription bursts, and therefore the

sites of the FxE genomes, may be found associated with PML or PML free. In cell i, the filled arrow

shows an ICP0 transcription burst that is not associated with PML. In cell iii, there is one transcription

burst, indicated by the outline arrow, and it is associated with a PML domain. Finally, cell ii has one

example of each. Quantification of these cells shows that 40% of the transcription bursts are found

with PML (Fig 5.9 B). In the absence of CHX, ∆ICP0 HSV-1 genomes are still transcriptionally
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active when associated with PML.

Figure 5.9: PML is associated with IE transcription of an FxE virus

Infection with FxE in Vero cells, 1 hpi, MOI 10. ICP0 RNA (red) and PML protein (green). A) Three exam-
ple cells of ICP0 RNA and PML association. Filled arrow: transcription burst without PML. Outline arrow:
Transcription burst associated with PML. B) Quantification of transcription bursts with or without PML.
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5.3 Role of PML recruitment to HSV-1 genomes

The evidence presented here indicate that PML association with viral genomes does not correlate and

is not a predictor of suppression of IE transcription. However, it is very clear from both this work

and other published works that PML is degraded during infection by ICP0 and that it is recruited

to genomes. Therefore, a clear role for PML in HSV-1 infections remains to be determined. One

possible role could be linked to the recruitment of cellular proteins in the DNA damage response

(DDR).

HSV-1 genomes contain many nicks and gaps in the DNA which can be recognised as dam-

aged DNA and trigger the host cell DDR. γH2AX is a commonly used as marker of DNA damage.

HSV-1 infection induces an increase in the total γH2AX stain (Fig 5.10 A). By 6 hpi, γH2AX is

pushed out of replication compartments as they grow in size, marking the damaged host chromatin

around the areas of virus replication. Phosphorylated DNA-dependent protein kinase (pDNA-PK) is

an important protein in the DDR and is recruited to damaged DNA. It also increases during HSV-1

infection (Fig 5.10 B). For both γH2AX and pDNA-PK bright foci appear at 1-2 hpi. The presence

of these foci suggests γH2AX and pDNA-PK may be responding to HSV-1 genomes.

Vero cells were infected with HSV-1EdC and processed for click chemistry and the detection

of DDR markers. At 1 hpi, γH2AX accumulates around HSV-1 genomes (fig 5.11 A). There is

very little colocalisation, as the γH2AX is forming adjacent to the genomes and is therefore on host

cell DNA. The viral genomes could be causing a lot of damage to host cell DNA upon entry and

through the initiation of infection. In contrast, DNA-PK is being phosphorylated on areas that do

colocalsie with genomes (fig 5.11 B). The example cell in figure 5.11 B has two large sites of DNA-PK

phosphorylation, shown by the two arrows. These both colocalise with HSV-1 genomes. However,

the pDNA-PK signal may form initially on surrounding host cell DNA, as shown by the genomes

indicated by the arrow head, which only has a small enrichment of pDNA-PK signal adjacent to the
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Figure 5.10: HSV-1 infection induces DNA damage and activates the DDR

A) Timecourse of γH2AX IF through a high MOI infection in Vero cells. B) Timecourse of pDNA-PK in a
high MOI infection in Vero cells.

genome.

By 1 hpi, these genomes will be transcribing and the first IE genes will be being trans-

lated. To identify if the damage surrounding the HSV-1 genomes is triggered by viral transcription,

cells were treated with ActD. ActD however induced a large amount of DNA damage in uninfected

cells, measured with γH2AX (Fig 5.12 A). It therefore became necessary to inhibit transcription

without causing any DNA damage. To this end, the transcription inhibitor 5,6-dichloro-1-beta-D-

ribofuranosylbenzimidazole (DRB) was used. Uninfected cells were treated with 50 µg/mL DRB for
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Figure 5.11: DDR markers are recruited to viral genomes

Infection of Vero cells with HSV-1EdC. A) Click chemistry combined with IF for γH2AX. The arrows show
EdC genomes. The two expanded boxes show the accumulation of γH2AX around viral genomes. Scale bar 10
microns. B) Click chemistry combined with IF for pDNA-PK. Vertical arrows: large pDNA-PK accumulating
on genomes. Arrow head: small pDNA-PK accumulate adjacent to genome.

1 h. The DRB did not induce an increase in γH2AX (Fig 5.12 B). Vero cells were then infected

with HSV-1 in the presence of DRB and ICP0 transcript was examined. At 1 hpi, DRB inhibits viral
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transcription but without causing damage to host cell DNA (Fig 5.12 C). Infection with HSV-1EdC

in the presence of DRB, and then processing with click chemistry and IF for γH2AX revealed that

if HSV-1 genomes are inactive and not transcribing, γH2AX still accumulates adjacent to HSV-1

genomes (Fig 5.12 D). This is in direct contrast with work by Lilley et al., who found that mutant

viruses which don’t express viral proteins do not trigger the DDR. I have shown that host cell DNA

damage is triggered by genome presence alone [143].
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Figure 5.12: Damage accumulates around genomes even if they are transcriptionally silenced

A) γH2AX staining (red) in uninfected cells either untreated or treated with 1 h ActD. B) γH2AX staining
(red) in uninfected cells either untreated or treated with 50 µg/mL DRB for 1 h. C) ICP0 RNA (red) in cells
infected with HSV-1 MOi 10 at 1 hpi, Untreated or treated with DRB. D) Infection with HSV-1EdC MOI 10 in
the presence of DRB, 1 hpi. Click chemistry (green) combined with IF for γH2AX (red). Scale bar 10 microns.
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5.4 Discussion and Future Perspectives

The ability to combine RNA FISH with genome detection and protein immunofluorescence provides

exciting new opportunities to investigate the roles of many proteins on the transcriptional activity of

viral genomes. During the process of optimisation, it became clear that the order of the processing

steps was important. The RNAscope protocol should be performed first, followed by the click chem-

istry and then the immunofluorescence. Although the protease treatment step from the RNAscope

protocol as found to have no detrimental effect on the epitope recognition of PML, any other proteins

subjected to this analysis should also be evaluated for protease treatment.

The spatial orientation of genomes, PML and transcription bursts is quite diverse. As ex-

plained above in figure 5.7, there are genomes and domains that are easily classified as colocalised.

Yet, there are another population of actively transcribing genomes that are not colocalised but closely

associated with PML bodies. Although I have included both in my analysis, I believe further work is

needed to understand this class of genomes. It could be that this captures the recruitment of a PML

body that has not yet arrived at the genome. In this scenario, it might be argued that the genome is

only transcriptionally active because the PML has yet to arrive. However, the numbers of directly

colocalised genomes with PML suggest this is not true.

My conclusions from this data are that the presence of PML on a HSV-1 genome does not

prevent viral transcription. This contradicts the widely held view in HSV-1 field of PML as a restric-

tion factor, with many stating it operates at the level of viral transcription. At some unspecified level

PML may well be operating as a restriction factor, but not by inhibiting viral transcription. PML body

recruitment in response to DNA damage has already been documented, and may be why PML bodies

are recruited to viral genomes. The subsequent disruption of PML bodies by the degradation of PML

by ICP0 could be releasing multiple factors within the PML bodies, which as they are now adjacent

to HSV-1 genomes the virus can utilise for enhanced infection. PML bodies have been shown to con-
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tain many chromatin modifying factors, including histone chaperones, histone methyltransferases and

acetyltransferases [209]. By degrading PML, there is a reduced chance of chromatin being deposited

on the viral genome. There are arguments for HSV-1 to encourage PML recruitment by inducing

cellular damage, and many reasons why the virus may want to degrade PML. I have shown no di-

rect link between PML association and transcriptional repression, and I think this work should cause

researchers to avoid describing PML as a transcriptional repressor.

The development of this analysis technique will allow the evaluation of many proteins on

viral transcription. Schlafen family member 5 (SLFN5) was identified in proteomics screen in 2021

as a restriction factor which suppresses HSV-1 at the level of transcription [210]. SLFN5 forms small

discrete foci that colocalise with ICP0 upon infection with HSV-1, making it an ideal candidate to

analyse by the RNAscope, IF and click chemistry protocol. I obtained the SLFN5 antibody but was

unable to successfully optimise it within this project. Interestingly, by western blot I did not observe

the degradation of SLFN5 during infection that was found in the above 2021 paper. The authors of

the study used HFF cells, in comparison to the Vero and HaCaT cell lines that I utilised, therefore cell

type differences may be partly to blame.
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Chapter 6

Spatial Relationship between viral

transcription and viral DNA replication

6.1 Transcripts accumulate inside replication compartments

I observed that after the first phase of transcription declined at 3 hpi there was a later phase typified

by the accumulation of abundant nuclear transcripts together with some cytoplasmic accumulation

retained in specific areas (figures 3.2, 6.1). In a high MOI infection of Vero cells both IE and L gene

transcripts accumulate within subnuclear regions (Fig 6.1, A and B). These regions are likely to be

replication compartments, and the addition of PAA to prevent viral DNA replication inhibited the

accumulation of viral transcript within these nuclear regions (Fig 3.2).

As discussed earlier, ICP4 is a dsDNA binding protein and is recruited to and marks vi-

ral replication compartments [211]. Immunofluorescence staining for ICP4 protein demonstrates the

lack of replication compartments at 8 hpi in the presence of PAA (Fig 6.2 A). To confirm that the re-

gions where transcript accumulates at late timepoints are replication compartments, VP16 transcript

and ICP4 protein was examined in infected cells at 8 hpi. Previous experiments had confirmed that

like PML, ICP4 protein is not affected by the protease treatment step in the RNAscope protocol.

Therefore, it is possible to combine the RNAscope techniques with immunofluorescence. The sub-
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Figure 6.1: Subcellular location of IE and L transcripts pre and post replication

Vero cells infected with HSV-1 at MOI 10. RNAscope at 2 hpi and 8 hpi for A) ICP0 RNA and B) VP16 RNA.
Scale bar 10 microns.

nuclear regions where transcript accumulates colocalise with ICP4, confirming that viral transcript

is accumulating within replication compartments (Fig 6.2 B). Of note, the RNA is not distributed

homogeneously within replication compartments. The expanded region in figure 6.2 B shows two

replication compartments. In red are the VP16 transcripts, both single transcripts and small transcript

aggregates can be seen. The RNAscope allows highly resolved analysis, discriminating where the

majority of transcript signal is in a defined region within a replication compartment.
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Figure 6.2: Late transcripts accumulate inside replication compartments

A) ICP4 protein (red) in Vero cells infected with HSV-1 MOi 10 at 8 hpi, in the presence or absence of PAA.
Scale bar 10 microns. B) VP16 RNA (red) and ICP4 protein (green) at 8 hpi. A small region is expanded (*).
Scale bar 10 microns.
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6.2 HSV-1 infection in cells undergoing S phase

With the high resolution of transcript location within the replication compartment, the spatial relation-

ship between ongoing viral DNA replication and transcription could be investigated. The modified

nucleotide EdC can be used to pulse label nascent DNA replication. When supplied in a 1 h pulse,

EdC will be incorporated into newly synthesised DNA, and using click chemistry this DNA can be

visualised. Vero cells infected with HSV-1 at 7 hpi were pulsed with EdC for 1 h, and then fixed with

PFA at 8 hpi. If a cell had a viral replication compartment that was actively replicating viral DNA

during the EdC pulse, the replication compartment (revealed with ICP4 protein) would be labelled

with the azide fluorophore, as demonstrated in the example cell in figure 6.3 A.

The infections presented within this thesis are performed in asynchronous cell populations.

Therefore, a percentage of the cells will be undergoing mitosis. Any cell in S phase and therefore

replicating it’s own DNA will also incorporate EdC into newly synthesised cellular DNA. Three

examples of uninfected cells after a 1 h EdC pulse are shown in figure 6.3 B. These all represent

different EdC staining patterns that can be seen at various stages of S phase, ranging from fairly

diffuse to bright discrete foci.

When cells undergoing S phase are infected, EdC will be incorporated into both viral and

cellular DNA. Cells with EdC positive replication compartments, which therefore have active viral

replication, may also have regions of EdC incorporation which are ICP4 negative, which are likely

cellular. An example of this is shown by the cell in Fig 6.3 C. It has two ICP4 positive replication

compartments, which are EdC positive. Around the edges of the nuclei and in the space between the

replication compartments there are areas of EdC staining that are ICP4 negative. The EdC in these

areas takes on more defined staining than the diffuse stain associated with the ICP4 positive areas.

Although it cannot be completely ruled out that these areas are viral, it is very likely they are cellular.

In a cell with large and highly developed replication compartments, the chance of any other viral
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Figure 6.3: EdC pulse labelling reveals newly synthesised DNA

Vero cells are pulse for 1 h with 10 µM EdC. A) Vero cell, 8 hpi, HSV-1. Click chemistry labels the replicating
DNA (green) combined with ICP4 protein IF (red). B) Three uninfected Vero cells showing various stages of
S phase, with EdC labelled replicating DNA (green). C) Vero cell, 8 hpi, HSV-1. Click chemistry labels the
replicating DNA (green) combined with ICP4 protein IF (red).

replication occurring outside of the regions that are ICP4 positive is very low.

The ability of EdC to label both viral and cellular DNA creates a complex cell population,

with many different classes of labelled cells. An example field showing roughly fifty nuclei is pre-

sented in figure 6.4 A. In red is ICP4 protein, and EdC labelled DNA is presented in green. The
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Figure 6.4: Heterogeneity of EdC labelling in an asynchronous population.

Vero cell, 8 hpi, HSV-1. 1h pulse with 10 µM EdC. A) A large filed showing EdC incorporation and ICP4
protein after processing for click chemistry and ICP4 protein. Cell i: Ongoing S phase synthesis, no ICP4. Cell
ii: ICP4 replication compartments and both viral and cellular EdC. The two cells, iii and iv, shown by arrows
are expanded. B) ICP4 protein and EdC from the box in part (A). White circles outline nuclei.
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two cells labelled i are examples of cells undergoing S phase with no ICP4 positive viral replica-

tion compartments. The cells labelled ii are examples of cells with multiple ICP4 positive replication

compartments which are also positive for EdC and therefore actively replicating DNA. They also have

regions of cellular DNA synthesis outside the replication compartments, similar to the cell presented

in figure 6.3 C. In addition, there are cells with no EdC incorporation and cells that show very low or

no infection. To illustrate some of these features, the inset box shows two cells indicated by arrows

and labelled iii and iv. The upper one, cell iii, has large replication compartments but little EdC in-

corporation. The lower one, cell iv, also has large replication compartments and has a large amount

of EdC incorporation, indicating a large amount of viral replication within the EdC pulse duration.

Therefore, the size of the replication compartment does not reflect the level of DNA replication.

Classification of different infected and replicating cell types gives rise to 7 cell types (Fig

6.5 A), which are summarised and quantified in figure 6.5 B. Classes a to d all have ICP4 positive

replication compartments. The most abundant class is class a, where the EdC pattern shows that the

only nascent DNA synthesis is viral and occurring inside the replication compartment. In classes b

and d, there is both cellular S phase and viral DNA replication. The difference between b and d lies in

the pattern of S phase synthesis. In class b there are regions of high incorporation and regions that are

EdC negative, whereas in class d the entire nucleus outside of the replication compartments is diffuse

EdC. Class c has fully formed replication compartments, but a diffuse EdC pattern with no enrichment

in the viral compartments. These cells could either have a very low level of viral DNA synthesis, or

none at all and represent a type of abortive cell, where viral replication began but was then inhibited.

Class c has been counted as positive for viral DNA synthesis for this analysis, but an asterisk in figure

6.5 B shows there is some uncertainty here. This class is discussed further in section 6.5 below.

Classes e and f do not have replication compartments, but have a diffuse ICP4 staining pattern. These

cells could be slower in infection progression and have not yet formed replication compartments,

which is the most likely, or infection could have been repressed by cellular mechanisms and they will
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never progress to replication. Together, e and f comprise 25% of the cell population. Class e cells are

not undergoing S phase, whereas class f have ongoing cellular DNA synthesis. Finally, cell class g

are ICP4 negative and therefore may be uninfected with no detectable ICP4 protein expression. They

are in S phase based on the EdC staining pattern. Class g accounts for 8% of the cell population.

Overall, 65% of cells within this analysis have replication compartments, 25% have not yet formed

replication compartments and the final 8% are negative for ICP4 (Figure 6.5 C). With regards to

EdC incorporation, 11% have no ongoing DNA synthesis. 24% of the cells in the population have

only viral replication, just over 40% have both viral and cellular DNA synthesis and 23% are only

replicating cellular DNA (Fig 6.4 D).
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Figure 6.5: Continued on following page.
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Figure 6.5: Classification of EdC labelled HSV-1 infected cells at 8 hpi.

A) 7 classes of Vero cells at 8 hpi after a 1 h EdC pulse. ICP4 protein (red) and EdC (green). B) Quantification
of numbers of cells in each class, expressed as a percentage of the population. C) Proportions of cells with
replication compartments (ICP4 RC), infected but without replication compartments (ICP4 diffuse) or unin-
fected (ICP4 negative). D) Proportions of cell with nascent replication viral, cellular, viral and cellular or no
EdC incorporation.
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There has been previous work by the labs of David Knipe and others identifying that if cells

are infected by HSV-1 in G1, mitosis is blocked. However, if cells are infected in S phase mitosis

can continue [212]. To examine this in our system, cells were pulsed with EdC for 1 hour before

infection, then the EdC was washed out and the cells were infected with HSV-1. Cells were fixed

at 8 hpi and processed for click chemistry and ICP4 protein. Quantification of the intensity of ICP4

and EdC staining using Fiji and analysis of the results led to the creation of 4 cell classes. Examples

of each of the 4 classes are illustrated in figure 6.6 A, and summarised in the table in figure 6.6

B. Class A were ICP4 negative and were not in S phase at the start of infection. Class B are also

uninfected, but were in S phase during the EdC pulse. Classes C and D are infected and are ICP4

positive. Class C were not in S phase, whereas class D were in S phase. Within class D, sometimes

the cellular DNA that has incorporated EdC is pushed out by the replication compartments, leaving

visible gaps behind which are occupied by viral DNA. In other cases this is not observed and the

EdC labelled DNA remains diffuse throughout the cell. Often these cells have smaller replication

compartments, suggesting they are not as advanced as the cells that are actively excluding cellular

DNA from replication compartments. When infecting Vero cells, HSV-1 is equally able to form large

replication compartments in cells that were in S phase (class D) as cells that were not (class C). 40%

of cells lie in class C and 32% in class D (Fig 6.6 C, Pre-infection).

In contrast to labelling cellular DNA with EdC before infection there is an experimental

way to specifically identify replicating cellular DNA at the endpoint of infection. Vero cells infected

with HSV-1 where pulsed with EdC for 1h, from 7-8 hpi. However, PAA was added to inhibit viral

replication just before the EdC pulse, therefore only cellular replication was ongoing and it was

possible to examine S phase activity after 8 hours of viral infection. The pie chart in figure 6.6 D

shows the quantification of the post-infection + PAA EdC pulse. The same ratio of cell classes is

observed. There is no difference in the numbers of infected cells with ongoing S phase versus cells

with no cellular replication. Therefore, the virus does not block S phase if the cell has already entered
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it.

Figure 6.6: There is no preference for HSV-1 infecting mitotic cells.

Vero cells were pulsed with EdC for 1h prior to infection. Cells were fixed at 8 hpi. A) 4 classes of cells
determined by infection or EdC incorporation. B) Table summarising the 4 classes of cells illustrated in part
(A). C) Quantification of cell classes based on a EdC pulse label pre-infection D) Quantification of cell classes
based on an EdC pulse label 7-8 hpi in the presence of PAA.
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6.3 ICP8 is recruited to both viral and cell DNA replication sites

The EdC pulse label will reveal both replicating and replicated DNA. A large proportion of DNA

that has replicated during the EdC pulse will have incorporated the modified EdC nucleotide, and

this will include DNA that replicated at the beginning of the pulse which no longer represents an

active site of replication. Therefore, the resolution of the click chemistry signal within replication

compartments is low and it is very hard to gain accurate spatial information about the sites of active

replication. To improve functional resolution within the replication compartment, an antibody against

ICP8 protein was used. ICP8 is a ssDNA binding protein, binding at the replication fork as DNA

unwinds. Infected cells pulsed with EdC for 1 h were processed for click chemistry and ICP8 protein

by immunofluorescence at 8 hpi (Fig 6.7 A). In this cell there is a large viral replication compartment

which is positive for EdC so therefore is replicating viral DNA. ICP8 protein forms many small foci

throughout the replication compartment. In cells which have both cellular and viral DNA synthesis,

we observed an interesting association. A representative cell has been chose to illustrate this finding.

The cell in figure 6.7 B has both viral and cellular DNA replication. It has several relatively small

viral replication compartments, marked with diffuse EdC and visible as regions of lower DAPI stain

(shown by the solid filled arrows). In addition, there are areas of cellular DNA replication which do

not exclude DAPI and have a distinct EdC incorporation pattern, indicated by the outline arrows. All

the areas of DNA replication, both cellular and viral, contain ICP8 foci. This suggests that ICP8 binds

and is recruited to both cellular and viral nascent DNA synthesis.

The addition of PAA to prevent viral replication reveals where ICP8 will localise when only

cellular DNA synthesis occurs. Cell i in figure 6.7 C has no ongoing S phase, therefore ICP8 remains

in tight puncta. In cell ii, which is in S phase, ICP8 is redistributed onto replicating cellular DNA. In

summary, ICP8 can bind cellular DNA in the absence of viral replication.

As an additional confirmation, ICP8 and ICP4 antibodies were combined alongside an EdC
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Figure 6.7: ICP8 provides better resolution than EdC patterns.

Vero cells, 8 hpi MOI 10, 1h EdC pulse. Processed for ICP8 protein (red) and click chemistry (green). A)
Viral replication compartment positive for ICP8 and EdC signal. B) Viral and cellular DNA replication. Solid
filled arrow: Viral replication compartment. Outline arrow: Cellular DNA replication. C) PAA present through
infection to prevent viral replication. Cell i: No cellular replication. Arrow indicates a small ICP8 domain. Cell
ii: cellular S phase replication. Arrow indicates a regions of EdC incorporation which is ICP8 positive.
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pulse (Fig 6.8). In this experiment, a reduced length EdC pulse of 30 minutes was used. In cell i,

the only DNA synthesis is occurring inside the ICP4 positive replication compartment. ICP8 protein

is also restricted to this region. In cell ii, there are two replication compartments labelled by ICP4,

which are positive for EdC, but the rest of the cell nucleus is also positive for EdC illustrating ongoing

cellular replication. ICP8 in cell ii is distributed throughout the cell. The reduced pulse length of EdC

has increased the resolution of the EdC pattern, and small foci can be identified. The expanded

box from cell ii is showing a region of the viral replication compartment, with a small dot of EdC

highlighted by the arrow. This EdC domain colocaliases with an ICP8 domain. The colocalistion

is evidence that the ICP8 foci represent replication forks. Although the short EdC pulse provided

increased resolution, it introduced technical difficulties when combined with RNAscope, therefore

in the subsequent experiments ICP8 is used as a surrogate marker for replication forks and nascent

replication.
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Figure 6.8: ICP8 binds both viral and cellular replicating DNA

Vero cells at 8 hpi, HSV-1 MOI 10. 30 minute EdC pulse. Processed for click chemistry (grey), ICP8 protein
(yellow) and ICP4 protein (magenta). Cell i: A large ICP4 and ICP8 positive replication compartment with
ongoing viral replication. Cell ii: two viral replication compartments with both viral and cellular DNA synthesis
present in the nucleus. A small region is expanded, the arrow indicates colocalised EdC and ICP8 region.
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6.4 Spatial separation of nascent replication sites and RNA

transcripts

To examine the spatial relationship between transcripts and ICP8 foci, RNAscope needs to be com-

bined with ICP8 protein immunofluorescence. As described previously, the effect of the protease step

within the RNAscope protocol on the epitope recognised by an antibody needs to be evaluated for

each antibody used in conjunction with RNAscope. In the case of ICP8, removal of the protease step

improved the resolution of the protein foci without any loss of transcript signal, as shown in figure

6.9.

Figure 6.9: Withdrawal of protease step in RNAscope protocol improves ICP8 IF staining

Vero cells at 8 hpi, MOI 10. Processed for ICP) RNA (with or without the protease step) and IF (ICP8 protein).

Replication compartments were examined at 8 hpi for ICP0 RNA and ICP8 protein. Example

cells are shown in figures 6.9 and 6.10. An expanded view of two regions from the replication com-

partment of the cell in figure 6.10, regions i and ii, reveal that there is no colocalisation between the
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two channels. Quantification of pixel intensity along a line through region i confirms that the signal

intensity peaks of the channels do not overlap (Fig 6.10 B). Therefore, there is a spatial separation of

transcripts from nascent replication forks. Transcripts are segregated away from newly synthesised

DNA and are instead accumulating on DNA that has already replicated. Although an EdC pulse label

was not included in this analysis, it is assumed the replication compartment will be full of recently

synthesised DNA, which is where the transcripts are accumulating.
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Figure 6.10: Spatial separation between ICP8 foci and RNA transcripts.

A) Vero cell at 8 hpi, HSV-1 MOI 10. ICP0 transcript (red) and ICP8 protein (green). Two expanded regions
from the replication compartments, i and ii. Each channel from i and ii are displayed separately. B) Quantifi-
cation of expanded region ii from (A). Intensity of both channels along the white line is measured and plotted.
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6.5 Heterogeneity between replication and transcription

With these tools, various features regarding the relationship between transcription and replication

can be investigated. Vero cells infected with HSV-1 were fixed at 8 hpi and processed for ICP0

RNA by RNAscope and ICP8 immunofluorescence. Cells with equivalent levels of ICP8 may have

vastly different levels of transcription (Fig 6.11 A). Cells with similar levels of EdC incorporation,

therefore similar rates of replication within the pulse duration also may have vastly different levels of

transcript. The two cells in Figure 6.11 B have similarly sized replication compartments with similar

EdC staining. However, the cell on the left has a large amount of ICP0 transcript in contrast to the

right hand cell which has relatively little. The differences between replication and transcription shown

by the cells in figure 6.11 A and 6.11 B suggest a degree of uncoupling between the two, that a high

replication amount does not directly correlate with a high transcription rate.

In addition to heterogeneity existing between cells, it can be observed between replication

compartments within one cell. The cell in figure 6.11 C has four ICP4 positive replication compart-

ments, all of which are actively replicating DNA. The replication compartments are outlined in white,

as is the edge of the nucleus. There is additional cellular S phase replication. There is relatively little

VP16 transcript, with one replication compartment completely negative for transcript. This analy-

sis was only performed with one class of transcript and needs to be extended for other RNA genes.

Although negative for VP16, that replication compartment may be highly active for an IE gene, for

example.

Class c cells in figure 6.5 may represent a type of abortive infected cell. Abortive infected

cells are infected by HSV-1, and will have detectable levels of gene expression, but are restricted

at some point during infection and will not produce any progeny viruses. If the abortive cells are

cultured the HSV-1 genomes can lie dormant and sporadically reactivate, suggesting a non-neuronal

form of latency [213]. It is not known what triggers an abortive infection, but it has been linked to the

149



expression of anti-viral genes and IFN induction which would normally be blocked [156]. Another

example of a class c cell is presented in figure 6.12 A, with replication compartments outlined in white.

Although not negative for EdC, there is no enrichment over cellular S phase levels. To investigate the

transcriptional activity inside class c cells, ICP0 RNA transcripts were examined, in combination

with an EdC pulse and immunofluorescence for ICP4. An example cell is shown in figure 6.12 B, and

two replication compartments have been outlined in white. One replication compartment has a small

accumulation of transcript, whereas the other only has one single transcript molecule. Therefore the

replication compartments in class c cells have a low level of transcription. However, the analysis

would need to be extended to a larger number of cells to show this was a common feature of class c

cells.

150



Figure 6.11: Intercellular heterogeneity

Vero cell at 8 hpi, HSV-1 MOI 10. A) ICP0 RNA and ICP8 protein. Scale bar 10 microns. B) 1h EdC pulse.
Processed for RNA scope (ICP0) and click chemistry. Scale bar 10 microns. C) 1h EdC pulse. Processed for
RNAscope (VP16), IF (ICP4) and click chemistry. Nuclei outline in white, replication compartment outline in
green (based on ICP4).
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Figure 6.12: Viral Replication compartments may have very low replication.

Vero cell at 8 hpi, HSV-1 MOI 10. 1h EdC pulse. Replication compartments outlined in white. Scale bar 10
microns. A) Processed for click chemistry and IF (ICP4). B) Processed for click chemistry, RNAscope (ICP0)
and IF (ICP4).
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6.6 Discussion and Future Perspectives

Within this chapter I have examined transcription at late timepoints in a lytic infection. I have achieved

high resolution of transcription and nascent DNA replication within replication compartments, allow-

ing conclusions about the organisation of the two processes to be made.

When HSV-1 genomes enter the cell, they begin to decompact. Many host and viral pro-

teins interact with the infecting genome, and eventually will form the replication compartment. As

infection progresses the replication compartments expand and merge, although it is thought that the

original genomes maintain distinct territories within the compartments. The compartments are the

site of DNA replication, transcription and encapsidation [214, 215].

RNAscope on cells fixed at 8 hpi reveals a distinct localisation pattern for transcript. VP16

RNA is found within the replication compartments and in the cytoplasm, yet there is very little tran-

script present throughout the rest of the nucleus. We believe there is a rapid transport of transcript out

of the replication compartment to the cytoplasm. Alternatively, there may be inefficient transport and

little nascent transcript production. I was able to begin preliminary experiments using Actinonmycin

D to inhibit transcription and examine the longevity and location of both IE and VP16 transcripts.

Unfortunately I was not able to complete the analysis, but the initial results showed the amount of nu-

clear transcript decreased with ActD treatment suggesting that there is active transcription and export.

Future work should continue these experiments.

In 2018, Pheasent et al., from the lab of Gill Elliot published RNAscope data from an HSV-1

infection [216]. During their investigations of the viral endouclease virion host shutoff (vhs) they

show the inhibition of nuclear export of IE and E transcripts, and the role of viral protein VP22

which specifically allows L transcripts to leave the nucleus for transcription. Their experiments were

performed in HFFF cells, which have a different phenotype to the Vero cells I am working with.

Differing from my results, they did not observe a retention or accumulation of transcripts within the
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replication compartments. However, the differences between the export of IE and L transcripts they

discuss are also observable within my results. Figure 6.1 shows the transcripts of ICP0 and VP16 at

8 hpi. There is a greater proportion of VP16 RNA in the cytoplasm than for ICP0, which is almost

completely nuclear. At late phases of infection, the preferential export and therefore translation of L

genes promotes the production of progeny virions. The transcription inhibition experiments proposed

in the previous paragraph could also provide detail on the export of L versus IE transcript, most

notably if multiplex analysis of both gene classes was used.

I have presented evidence that ICP4 specifically recognises HSV-1 DNA whereas ICP8 will

bind both viral and cellular DNA. If correct, this will have implications on some published HSV-

1 research. For example, a proteomics screen for ICP8 binding partners may not be identifying

proteins with a role in HSV-1 replication [217]. Immunofluorescence for ICP8 or ICP8 tagged with

fluorescent proteins has been used to identify pre-replicative sites [215, 218]. In contrast to ICP8

staining indicating the start of a replication compartments, ICP8 may only be localising to cellular

DNA synthesis or repair.

An argument against my hypothesis regarding ICP4 and ICP8 DNA binding may suggest I

am not observing S phase replication. DNA repair would also result in the incorporation of EdC into

cellular DNA. I would like to highlight two specific examples from the results in this chapter; figure

6.3 C and cell ii from figure 6.8. They both show viral replication compartments with ongoing cellular

synthesis, however the cellular replication appears as different patterns. The small patches of cellular

synthesis may just be a type of S phase, however it is also possible that this is EdC incorporation that

is linked to DNA repair.

Early studies investigating RNA transcription and DNA replication within the replication

compartments proposed that the processes are linked at early timepoints, but as infection progresses

the virus prioritises DNA replication. Using Br-UTP labelling for RNA and biotin-dUTP for DNA
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and antibodies they identified replication compartments that were transcriptionally active, but also de-

scribed addition areas of DNA replication that were not transcriptionally active. It is likely they were

observing replication compartments increasing in size, with an uneven distribution of RNA synthesis

within them. The premise for heterogeneity of transcription within replication compartments was

therefore proposed over twenty years ago [219]. My data agree with the hypothesis of a high degree

of heterogeneity. I observe many cells with replication compartments of similar size and appearance

when stained with ICP4 yet have widely varying levels of DNA replication and transcription. Al-

though the majority of the replication compartments I observe are transcriptionally active, there are

many which are only transcribing at a very low level.

There is mechanistic uncoupling between DNA replication and transcription. Replication

compartment formation and nascent DNA synthesis do not predict rates of late transcription. Such

uncoupling can be observed both between neighbouring cells and between replication compartments

in one cell. The next steps with this analysis would include multiplexing of RNAscope probes. The

replication compartments that I have observed which have no transcript of one particular gene may

very well be transcribing another gene. Initially I would propose an experiment with ICP8 protein

and the RNAscope probes for ICP0 and VP16, which would generate data on transcription of genes

from two temporal classes.
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Chapter 7

Spatial analysis of host cell transcription

during HSV-1 infection

There is a dramatic change to host cell transcription induced during HSV-1 infection. The

viral tegument protein vhs induces rapid mRNA degradation, and the virus recruits RNA polymerase

machinery away from host cell DNA therefore shutting down a large proportion of host transcription.

This shut off gives multiple advantages to the virus such as increasing availability of resources and

preventing the transcription of antiviral genes. Although some research has indicated that there is

a complete loss of RNA pol II from host DNA, other work has demonstrated aberrant transcription

with defects at termination [220, 221]. It is likely that the virus will allow transcription of genes

that promote viral infection. There have been multiple studies examining changes to the host cell

transcriptome using RNA sequencing both by single cell and population analysis. There have also

been experiments examining the association of viral and cellular proteins across the host and viral

genomes by CHIP-seq or PRO-seq. There is a high degree of variability in the omics datasets between

cells, cell types and viral dose, making them problematic to analyse and interpret [222].

Within this chapter I aim to examine novel features revealed by spatial single cell analysis.

By utilising the techniques developed within this thesis I hope to bring to light new understanding of

global transcriptional changes.
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7.1 Characterisation of HSV induced transcription territories

The cell nucleus is highly condensed and highly organised. When an HSV-1 genome enters the nu-

cleus, it will encounter this compact environment. Chromatin domains are separated by regions of

interchromatin space which provide channels to the nuclear pores and through the dense heterochro-

matin. The interchromatin space contains many functional regions, including nuclear bodies, splicing

speckles and transcriptional factories which contains large amounts of RNA polymerase II [223]. It

is likely that HSV-1 viral genomes are utilising transcription factories for their own transcriptional

requirements. Most investigations into nascent transcription and the interplay of host polymerase re-

cruitment have used global population analysis. Here, I will use click chemistry to study transcription

at the spatial level.

5-Ethynyl-uridine (EU), a metabolic precursor, can be supplied to cells in a defined pulse

length. It is incorporated into RNA transcripts, and will react in a copper catalysed click chemistry

reaction with an azide fluorophore, revealing the location of RNA transcripts synthesised within the

pulse duration. Uninfected cells were pulsed with 1 mM EU for 1 h and then fixed in 4% PFA,

followed by a click chemistry reaction. This revealed RNA synthesis within the pulse duration, il-

lustrated by an example cell in figure 7.1 A. There was a large region within the nucleus with an

increase in EU staining which is the nucleolus, the site of rRNA transcription by RNA polymerase

I. The remainder of the nucleus contains a more diffuse stain, representing RNA pol II transcription.

Control cells that were not incubated with EU and processed for click chemistry demonstrated that

the background level is very low.

To confirm EU is being incorporated into nascently transcribed RNA, cells were treated with

ActD at 5 µg/mL to stop all transcription, followed by an EU pulse in the continued presence of ActD.

In figure 7.1 B, no EU is visible. A low dose of ActD at 50 ng/mL inhibited RNA pol I transcription,

but not RNA pol II transcription, so there is no nucleolar transcription yet the RNA pol II transcription
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throughout the rest of the nucleus is still visible by EU incorporation (Fig 7.1 B).

Figure 7.1: An EU pulse labels ongoing RNA synthesis

A) Vero cells, no EU pulse (-EU) and with a 1 h 1 mM EU pulse (+EU). Processed with click chemistry. B)
Vero cells pulsed with 1 h 1 mM EU pulse and treated with ActD for 1 h at two concentrations. Processed for
click chemistry.

Infection with HSV-1 profoundly affects the synthesis of host cell RNA. Cells were infected

with HSV-1 and pulsed with EU for 1 h prior to fixation at 3 hpi, therefore the EU pulse was from 2-3

hpi. As shown in figure 7.2 A there was significant disruption to the compaction of the nucleolus by

HSV-1 infection. The boundary around the nucleolar space becomes less defined, with some regions

appearing to plume outwards. There is also a drop in RNA pol II transcription, shown by decrease

in the EU incorporation in the nucleoplasm. In addition, a novel feature appeared. Small EU foci

appeared throughout the cell at 3 hpi, likely representing small active regions of transcription. These

regions could represent sites of viral transcription, they could be nucleolar transcripts released from

the disrupted nucleolus or they could represent highly active sites of RNA pol II cellular transcription.

I will refer to these EU foci subsequently as HSV-1 induced transcription territories, HITTs.

To begin to assess the spatial association of the EU HITTs with viral infection the 1 h EU

pulse label from 2-3 hpi was combined with immunofluorescence for ICP4 in cells infected with

HSV-1 and fixed at 3 hpi. This revealed that many of the EU HITTs colocalised with ICP4 (Fig 7.2

B). The three example cells in figure 7.2 B all have multiple EU HITTs. In cell i, the outline arrow
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Figure 7.2: EU labels ongoing RNA synthesis

A) Uninfected Vero cell (Mock), 1 h EU pulse (green). HSV-1 MOI 10, 3 hpi, Vero cell, 1 h EU pulse (2-3
hpi). Processed for click chemistry. B) Three example Vero cells infected with HSV-1 MOI 10, 3 hpi, 1h EU
pulse (2-3 hpi). Processed for IF (ICP4 protein, red) and click chemistry (green). Outline arrow: colocalising
ICP4 and EU HITT. Solid filled arrow: ICP4, no EU. Arrow head: EU, no ICP4.
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is showing an EU HITT that is adjacent to small regions of ICP4. There are also ICP4 domains that

do not colocalise with EU HITTs, such as the region indicated by the solid filled arrow. In cell ii,

there are again colocalising HITTs and ICP4 (outline arrow) and ICP4 without HITTs (filled arrow).

Additionally, the arrow head represents a HITT that is negative for ICP4. Cell iii provides an example

of how the ICP4 and HITT proximity can sometimes appear, with ICP4 forming a ring around the EU

HITT indicated by the outline arrow and shown in the enlarged box. To summarise, ICP4 protein can

clearly be found adjacent to the EU HITTs but it is not always the case.

To investigate the hypothesis that EU HITTs may represent the site of viral transcription, Vero

cells were infected with HSV-1 and pulsed with 1 mM EU for 1 h before fixing cells at 3 hpi. Cells

were processed for ICP0 RNA followed by a click chemistry reaction to reveal total nascent RNA.

Two cells are shown as an example in figure 7.3 A. Both cell i and cell ii have multiple transcription

bursts and HITTs. HITTs are indicated by the short filled arrows, and it is clear that the HITTs do

not colocalise with ICP0 transcription bursts. Several transcription bursts which are indicated with

the outline arrows, and therefore the viral genomes, do not colocalise with HITTs. Although other IE

and E viral genes have yet to be tested alongside the EU pulse label, it is likely they will all exhibit

the same behaviour.

It is not possible to perform two click chemistry reactions simultaneously to visualise both

HSV-1EdC genomes and EU incorporation. Therefore, aside from the ICP4 protein staining used

above, ICP0 intron RNA is another accurate indicator of HSV-1 genome location. Cells that had been

infected with HSV-1 were pulsed with 1 mM EU for 1 h prior to fixation at 3 hpi. The cells were then

processed for click chemistry and ICP0 intron transcripts. None of the ICP0 transcripts were adjacent

or colocalised with EU foci (Figure 7.3 B). Therefore, it is very likely that viral genomes are not at

the sites of the EU HITTs, despite the data showing ICP4 protein colocalisation.

The proximity of ICP4 to some EU HITTs indicates the possibility that ICP4 plays a role in
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Figure 7.3: EU HITTs are not sites of viral transcription

Vero cells, 3 hpi, HSV-1 MOI 10. 1h EU pulse (2-3 hpi). A) ICP0 exon RNA (red) and click chemistry (green).
Short filled arrows: EU HITTS, no RNA. Outline arrow: ICP0 transcription burst, no EU HITT. B) ICP0 intron
RNA (red) and click chemistry (green).

their formation. In order to address this question, the n12 mutant virus with a non functional ICP4

was used. The ICP4 gene lacks the NLS containing region and therefore the ICP4 is not able to

localise to the nucleus. Cells were infected with n12, pulsed with EU for 1 h and then subjected to
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a click chemistry reaction and ICP4 immunofluorescence. In the absence of functional ICP4 protein,

no HITTs were observed (Fig 7.4). This is despite the large amount of viral transcription already

shown to be present at this timepoint during an n12 infection (Fig 4.2). The results in figures 7.3

and 7.4 strongly indicate that the HITTs are not regions of viral transcription but are induced by viral

infection.

Figure 7.4: ∆ICP4 HSV-1 does not induce EU HITTs

A) Infection with n12, MOI 10, 3 hpi. 1h EU pulse (2-3 hpi). Processed for click chemistry (green) and IF for
ICP4 protein (red). The EU channel is displayed next to the merged image. Scale bar 10 microns.
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7.2 Differential effect of inhibition of Cdk9 on virus versus host

transcription

DRB is an inhibitor of transcription through a different mechanism to ActD. Actinomycin D interca-

lates into DNA, whereas DRB inhibits RNA pol II CTD phosphorylation through inhibition of Cdk9,

achieved by binding of DRB near the ATP active site [224, 225]. The aim of using DRB was to

determine if the HITTs were host cell nucleolar transcripts and thus due to RNA pol I. It was hypoth-

esised that nucleolar disruption during HSV-1 infection would release aggregates of pol I transcript

and therefore the HITTs were not novel transcription territories. Therefore the HITTs could be due to

HSV disruption of nucleolar transcription.

To confirm the action of DRB, the levels of phosphorylated Serine 2 (pSer2) in the RNA

pol II CTD were assessed by western blot. With increasing DRB treatment length at 50 µg/mL,

the level of pSer2 decreased (Fig 7.5 A). IFN treatment activates a large group of IFN inducible

genes, including the Mx1 protein. To confirm the activity of DRB on preventing the transcription of

inducible cellular genes, protein and RNA levels of Mx1 were examined by immunofluorescence and

RNAscope respectively. At the protein level, 6 h of IFN treatment induces a large production of Mx1

yet there is no induction after IFN treatment in the presence of DRB (Fig 7.5 B). At the RNA level

using RNAscope probes against Mx1, there is a significant induction of nuclear transcripts of Mx1 in

the presence of IFN. When DRB is present, there is no IFN induction of transcription of Mx1 (Fig 7.5

C).
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Figure 7.5: DRB inhibits transcription.

A) Abundance of RNA pol II CTD phosphorylated serine 2 (Ser2-p) by western blot. Cells were treated with a
DMSO vehicle control for 6h or for DRB at 50 µg/mL for various times. B) Expression of Mx1 protein by IF in
untreated cells, cells treated with 6h 500 U IFNα, and cells treated with IFNα + 50 µg/mL DRB. C) Processed
for RNAscope (Mx1), same treatment conditions as in part (B).
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Cells were infected with HSV-1 at MOI 10 in the presence of varying concentrations of

DRB. Cell lysates were collected at 3 hpi and 6 hpi and analysed by western blot. At the protein

level, DRB prevented the expression of ICP0 in a dose dependent manner (Fig 7.6 A). At 1 hpi,

viral transcription in cells infected with HSV-1 is inhibited by DRB as expected (Fig 7.6 B, Fig 5.12

C). However, RNAscope at 3 hpi in cells infected by HSV-1 in the presence of DRB revealed an

interesting result. Rather than transcriptional inhibition by DRB at 3 hpi, in the presence of DRB at 3

hpi there were large intense transcription bursts with very little cytoplasmic transcript (Fig 7.6 C). The

bursts were not atypical for IE transcription bursts, they were larger and more intense. This suggests

that even with inhibition of the phosphorylation of Ser2 in the CTD of RNA pol II, the virus is able

to circumvent the normal requirement of Ser2 phosphorylation to release the paused RNA pol from

the elongation checkpoint to transcribe mRNA. However, there is very little cytoplasmic transcript

or transcript moving from the sites of the bursts or therefore the genomes. This suggests inefficient

release and export of transcripts and that there is still a role for Cdk9 at transcription termination.

Further evidence that viral genomes are transcriptionally active in the presence of DRB is

gained by HSV-1EdC infections. Cells were infected with HSV-1EdC in the presence of DRB. By 3 hpi,

the two example cells presented in figure 7.6 D show that the genomes that have ICP0 transcription

bursts exhibit genome decompaction. This is characterised by the diffuse EdC signal, and was de-

scribed in [165]. The intriguing effect of DRB mediated inhibition of Cdk9 on viral transcription is

discussed further in section 7.4.
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Figure 7.6: DRB has a profound impact on viral transcription.

Vero cells. A) Uninfected cells (mock), and cells infected at MOI 10 with DRB at 7, 15 and 50 µg/mL, or
untreated (0 µg/mL) at 3 hpi and 6 hpi. ICP0 and tubulin expression analysed by Western blot. B) 1 hpi,
with or without 50 µg/mL DRB. Processed for RNAscope (ICP0). C) 3 hpi, with or without 50 µg/mL DRB.
Processed for RNAscope (ICP0). D) Infection with HSV-1EdC, 3 hpi, + 50 µg/mL DRB. Two example cells.
Processed for RNAscope (ICP0) and click chemistry.
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I have established that the HITTs are not associated with ICP0 viral transcription. To de-

termine if they may be sites of cellular transcription, uninfected cells were treated with DRB and

with a 1 h EU pulse label before fixation. As DRB specifically prevents RNA pol II transcription the

level of nuclear EU staining is reduced compared to untreated cells, however the nucleolar RNA pol

I transcription continues. A phenotype previously described as ’nucleolar necklaces’ is observed as

the nucleolus loses definition and small subunits spread out, which are thought to be extended linear

arrangements of active rRNA genes (Fig 7.7 A) [226]. Figure 7.7 B shows two HSV-1 infected cells;

one infection was carried out under standard conditions and the other in the presence of DRB. In the

DRB treated cells there are no EU foci present, therefore DRB inhibits the formation of HITTs in

HSV-1 infected cells. In this experiment the analysis was combined with RNAscope to validate the

effect of DRB at the viral RNA level, with the results confirming the conclusions from figure 7.6. In

the presence of DRB when RNA pol II transcription is inhibited but nucleolar transcription, although

disrupted, is ongoing, there are no HITTs formed. This strongly suggests that the HITTs are not

aberrant releases of RNA pol I transcription released from the nucleolus.
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Figure 7.7: EU HITTs are cellular transcription sites.

A) Vero cells, 1h EU pulse. Either untreated, treated with 1h 50 µg/mL DRB or with 3h 50 µg/mLDRB.
Processed for click chemistry. B) Vero cells, 3 hpi, +/- 50 µg/mL DRB. 1h EU pulse (2-3 hpi). Processed for
ICP0 RNA (red) and click chemistry (green).
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7.3 Reorganisation of RNA polymerase II during HSV-1

infection

Having shown that HITTs were not due to RNA pol I, I next wished to investigate processes that were

involved in inducing HITTs and in particular the potential involvement and colocalisation with RNA

pol II. During HSV1 infection, RNA pol II is recruited for viral transcription and there is a gradual

shutoff of host cell transcription. In mock infected cells, RNA pol II protein appears as a diffuse

nuclear stain. Small foci of RNA pol II develop by 2 hpi, and at later timepoints the majority of RNA

pol II is recruited inside replication compartments (Fig 7.8 A).

Examination of the location of HITTs at 3 hpi in infected cells in relation to the location of

RNA pol II CTD foci is presented in figure 7.8 B. Cells were infected with HSV-1 at MOI 10 and

pulsed with EU for 1h before fixation at 3 hpi. The cells were then processed for click chemistry

to reveal EU incorporation and immunofluorescence for RNA pol II. The first example cell has two

arrows, both indicating HITTs. The HITT labelled by the filled arrow has an accumulation of RNA pol

II adjacent to it, almost encircling it. The outline arrow is indicating an HITT that has not accumulated

any RNA pol II. In the second example cell, the filled arrow is again labelling a HITT with a large

RNA pol II CTD domain associated. The arrow head is showing an RNA pol II CTD domain that is

negative for EU. The accumulation of RNA pol II CTD around the HITTs adds further evidence to

the hypothesis that these are highly active areas of transcription. However, there are EU foci that do

not have any colocalising RNA pol II so it is not consistent across all HITTs.

To determine if newly synthesised viral proteins are required for the induction of RNA pol II

CTD foci, infections with HSV-1 were performed in the presence of CHX to prevent protein synthesis

or with PAA to inhibit viral replication. There is no change to RNA pol II CTD or pSer5 staining in

uninfected mock cells treated with either CHX or PAA (Fig 7.9 A). Figure 7.9 B shows untreated

cells at 2 hpi and 4 hpi. The CTD foci are visible at 4 hpi, though in this infection they form more
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Figure 7.8: RNA polymerase can colocalise with EU HITTs

A) Vero cells, mock or infected with HSV-1 MOI 10 and fixed at 2, 4 and 8 hpi. Processed for IF (RNA pol II
CTD). Scale bar 10 microns. B) Vero cells, 3 hpi. 1h EU pulse (2-3 hpi). Processed for click chemistry. Filled
arrow: associated RNA pol II CTD accumulation (red) and EU HITT (green). Outline arrow: EU HITT, no
RNA pol II CTD. Arrow head: RNA pol II CTD accumulation, no EU HITT.

slowly than the infection in figure 7.8. In uninfected cells, RNA polymerase II with a phosphorylated

Serine 5 in the CTD is mostly diffuse throughout the nucleus with some small foci (Fig 7.9 A). Upon

infection with HSV-1, more foci of pSer5 form. By co staining for RNA pol II CTD and the pSer5

modification, we conclude that the pSer5 foci do colocalise with the RNA poll II CTD foci (Fig 7.9
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B). In the untreated infected cells, the pSer5 is most likely located within the developing replication

compartments. The majority of the increase of RNA pol modified with the pSer5 marker is not

reflected in the total CTD localisation. The increased pSer5 modification is therefore not indicating

a redistribution of total RNA pol II, but rather an increased in pSer5 phosphorylation. However, the

CTD foci do correlate with areas of increased pSer5.

In the presence of CHX no RNA pol II foci form during HSV-1 infection (Fig 7.9 C, red

channel). I have previously shown the increased viral IE transcription taking place in the presence

of CHX, yet in the absence of newly synthesised viral proteins there is no redistribution of CTD into

foci. This suggests that the RNA pol II foci are not required for viral transcription, yet like the EU

foci they are induced by viral proteins. The number of pSer5 foci increases in the presence of CHX

but as there is no replication compartment formation they do not increase in size, suggesting that the

pSer5 modification is promoted by viral transcription. In the presence of PAA, the RNA pol II CTD

foci appear by 4 hpi (Fig 7.9 D). The phosphorylation of Serine 5 behaves similarly in the presence

of PAA as to in the presence of CHX.
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Figure 7.9: IE proteins are required for RNA pol CTD foci formation

A) Uninfected Vero cells, treated with 4h CHX or PAA. Processed for IF (RNA pol II CTD and RNA Pol II
pSer5). B-D) Vero cells infected with HSV-1 MOI 10, 2 and 4 hpi. Processed for IF (RNA pol II CTD and
RNA Pol II pSer5). B) Untreated, C) Treated with CHX, C) Treated with PAA.
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The results above suggest RNA pol II CTD foci are not required for viral transcription. How-

ever, the proximity to viral transcription bursts can give insight on the function of CTD foci, both viral

and cellular. To address this, HSV-1 infected cells were processed for ICP0 RNA and immunofluo-

rescence for RNA pol II CTD or the pSer5 modification in two separate experiments. In figure 7.10

B, three example cells are showing ICP0 RNA with RNA pol II CTD foci. Cell i has multiple tran-

scription bursts, but no CTD foci, reinforcing the previous conclusion that CTD foci are not required

for viral transcription. Cells ii and iii in figure 7.10 B also have multiple transcription bursts, and the

ones indicated by the arrows are associated with RNA pol II CTD foci. These cells have additional

bursts that are negative for RNA pol II enrichment. Therefore, although not required, there can be

some visible recruitment of RNA pol II to transcriptionally active viral genomes.

The RNA pol II CTD modification pSer5 follows a similar pattern. There are some cells, such

as cell i in figure 7.10 D, where there are transcription bursts that are not associated with any pSer5

accumulation. Two such bursts are indicated by the outline arrows. These cells tend to have relatively

small amounts of cytoplasmic transcript and therefore represent less advanced cells in infection. Cell

ii (Fig 7.10 D), which has more cytoplasmic transcript than cell i, has two ICP0 RNA bursts which

are associated with small pSer5 foci. These bursts are designated by the solid filled arrow. Cell iii

(Fig 7.10 D), the most advanced through infection of the three cells based on ICP0 RNA abundance,

has multiple bursts all associated with increased pSer5. One of these bursts is picked out by the filled

arrow. The bursts in this cell are relatively smaller, which could suggest that the incoming genomes in

this cell are starting to reduce their IE transcription bursting rate before the onset of DNA replication

(Section 3.1). There are always small foci of pSer5, even in mock infected cells. Virus infection

induces the formation of new pSer5 domains, which begin as small foci and grow in size, and which

are located at the sites of viral infection shown by transcription. HSV-1EdC infections could be used

to confirm the location of genomes and the proximity of RNA pol II CTD pSer5 accumulation.

The RNA pol II foci do not indicate the location of viral genomes. They may be recruited to
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HITTs or for another yet unknown role. However, the phosphorylated Serine 5 marker will ultimately

appear on all transcription bursts demonstrating that the RNA polymerase transcribing viral genes

carries this modification.
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Figure 7.10: Viral transcription bursts are adjacent to RNA polymerase foci.

Vero cells, A + C) Uninfected. B + D) Infected with HSV-1, MOI 10, 2 hpi. B) Three example cells showing
ICP0 RNA (red) and RNA pol II CTD protein (green). Arrow: RNA pol II CTD accumulation colocalising with
transcription bursts. D) Three example cells showing ICP0 RNA (red) and RNA pol II pSer5 protein (green).
Filled arrow: RNA pol II pSer5 foci colocalising with transcription bursts. Outline arrow: Transcription burst
only. Scale bar 10 microns.
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7.4 Discussion and Future Perspectives

In this chapter I have revealed novel spatial features of RNA pol II transcription during HSV-1 infec-

tion. In addition, I would like to propose that HSV-1 alters the requirement for Ser2 phosphorylation

during the release of Pol II from the pausing checkpoint before elongation. RNAscope and click

chemistry have revealed features that would not be possible to observe during population analysis.

The effect of Cdk9 inhibition on viral transcripton

Cdk9 is the kinase within P-TEFb that phosphorylates NEFL, DSIF and RNA pol II CTD. It has an

essential role in productive transcription by controlling the entry into elongation. Inhibition of Cdk9

kinase activity by DRB rapidly halts cellular transcription. However, I propose that the inhibition of

Cdk9 does not prove insurmountable to HSV-1. At 1 hpi, DRB dramatically reduces viral transcrip-

tion. However, at 3 hpi the DRB treated cells have a sizeable amount of viral RNA. I verified the

activity of my DRB solutions by showing the reduction in Ser2 phosphorylation by Western blot and

by the inhibition of the transcription of the cellular gene Mx1 (Fig 7.5). I also repeatedly added DRB

to the culture media of the HSV-1 infected cells to demonstrate that the phenotype observed at 3 hpi

is not due to the recovery of cells after either loss of DRB potency or drug turnover. This data is not

shown but the 3 hpi phenotype in figure 7.6 C did not change.

My hypothesis is depicted in figure 7.11. At early timepoints the viral genome is in the

process of recruiting cellular transcription machinery that is subject to the normal checks and controls.

Therefore, the absence of pSer2 and the presence of NELF result in paused polymerases on the HSV-1

genome, which are released from pausing by the action of Cdk9. However, as the virion associated

proteins and genome presence begin to alter the nuclear environment there is a mechanistic shift and

RNA polymerase is able to transcribe without the checkpoint being cleared. In an untreated infection,

showed in the upper diagrams of figure 7.11, this results in a large amount of viral transcription. By
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treating with DRB, we reveal the effects of the transcriptional mechanistic shift. Before this shift, at

1 hpi, the virus is unable to transcribe in the presence of DRB. However, by 3 hpi viral transcription

has begun in a non-typical manner. The RNAscope images show that in the presence of DRB the

transcripts are retained in the nucleus, specifically around the genome. From my protein expression

analysis I have shown that viral proteins are not synthesised in the presence of DRB and therefore the

transcripts are not being translated. Therefore, I hypothesise that there is still a Cdk9 dependent step

that is affected by DRB at later points in transcription preventing the proper export of transcript away

from the transcription site and out of the nucleus.

Figure 7.11: Effect of Cdk9 Inhibition on Viral Transcription

There is evidence that HSV-1 transcription can function in the absence of pSer2. A 2005

paper from Fraser and Rice demonstrated a loss of RNA pol II CTD phosphorylation throughout in-

fection. This global loss of phosphorylation has been linked to the shut down of host transcription,

however it creates an interesting problem to understand with regard to viral transcription. They hy-

pothesised that if the viral transcription is not restricted by transcriptional pausing this would greatly
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benefit the transcriptional output of the virus [227]. If RNA polymerases are recruited and immedi-

ately allowed to move down the genome to transcribe this would generate a huge amount of transcript.

My evidence highlighting ongoing viral transcription in the presence of Cdk9 inhibition confirms their

hypothesis, that viral transcription does not require pSer2. However, this does directly go against some

other published work. For example, previous working investigating HSV-1 in the presence of DRB

has generally concluded a reduction in viral transcription. A paper by Sandri-Goldin used BrdU la-

belling to examine nascent transcription. They reported a loss of viral transcription using this method

and did not observe any of the spatial features that I have seen [228]. I propose that the high specificity

of RNAscope reveals the true picture of viral transcription that methods such as BrdU incorporation

and antibody labelling protocols could not detect.

A key aspect to understanding this story lies in an analysis technique I have not been able

to perform. It was shown in 2020 that by 3 hpi 30% of cellular RNA pol II can be found on viral

genes with a large proportion found at the promoter proximal pausing region. Precision nuclear run-

on with sequencing (PRO-Seq) is capable of refining the location of RNA polymerases on genomes

to single nucleotide resolution [229]. If RNA pol II is being redirected away from the host genomes

but is still subjected to pausing, it is reasonable to suggest different mechanisms are operating on

viral and cellular transcription control. Additionally, if what I have hypothesised above regarding

a mechanistic shift from the virus being vulnerable to DRB and therefore Cdk9 inhibition of the

elongation checkpoint 1 hpi, but the virus becomes resistant to this inhibition and at 3 hpi passes

through the elongation checkpoint, PRO-seq analysis of polymerase location at 1 h and 3 h would be

a future direction this project could take.

More information could be gained by further development of RNAscope. I have presented

data showing the effect of DRB on ICP0 expression, but I have additional data not included here giving

the same phenotype for ICP4 expression. It is important to note that both spliced and unspliced genes

behave similarly in the presence of DRB. In Chapter 3 I discussed the design of the ICP0 RNAscope
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probes. The reduced z probe (Fig 3.9 B) has a narrower binding region. Through a similar process

another ICP0 exon probe could be generated, but with the probe binding region restricted to the 3’

end of the gene. This would provide information regarding the length of the transcripts produced. If

the ICP0 transcript is not full length, then a RNAscope probe targetted to the end of the gene would

not be able to bind.

HSV-1 induced transcription territories

I have identified novel transcription territories by EU labelling and click chemistry. These HITTs

are induced by viral infection and are visible by 3 hpi but they do not represent the sites of IE viral

transcription. They are often but not always associated with ICP4 protein and RNA pol II CTD and

require viral gene expression to form.

I hypothesise that HITTs are sites of cellular transcription caused by collapse of traditional

transcription factories. In an uninfected nucleus numerous transcription factories line the interchro-

matin space and do not appear as EU foci or RNA pol II CTD foci. Upon HSV-1 infection and IE

protein synthesis, there is huge disruption to the nuclear architecture. This also disrupts transcription

factories which releases a large amount of RNA pol II into the interchromatin space. The virus is then

able to recruit RNA pol II and associated machinery. It has been shown previously that there is an

excess of ICP4 foci over the number of genomes, therefore not all of the ICP4 protein is recruited to

viral genomes. The ’genome free’ ICP4 is able to recruit RNA pol II transcription associated machin-

ery, but with a limited number of viral genomes to transcribe it can create a new large transcription

factory on cellular DNA. I propose that these large domains are the EU HITTs. The side affect of

ICP4 modulation of transcription territories is that it decondenses the environment ready for viral

transcription. Figure 7.12 summarises this model.

Identification of the transcripts within the EU foci would be a very interesting project to con-

tinue. Despite a general shut down of host cell transcription, some genes have been shown to be
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elevated, for example antiviral genes. Although the EU HITTs show a small localised transcriptional

increase, when averaged over the whole cell they would not counter the overall transcription inhibi-

tion. EU pulse labelling and a washout may help monitor the fate of the HITTs, such as stability and

size.
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Figure 7.12: HSV-1 Induced Transcription Territories.

A) 1 hpi. Viral genomes (black) are transcribing and ICP4 protein (red circles) is synthesised. Cellular DNA is
transcribed in transcription factories (yellow circles) at the edge of the interchromatin space. B) 3 hpi. A large
amount of viral ICP4 has been made. Transcription factories have been disrupted, some are recruited by viral
genomes. ICP4 recruits transcription machinery to other areas where rapid transcription forms HITTs (green).
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Chapter 8

General Conclusions and Closing

Perspectives

Within this thesis I have investigated the very earliest phase of transcription after HSV-1

infections. While many studies from genetic and biochemical approaches have contributed to an

understanding of broad principles of these early processes, we only have an preliminary understanding

of events at the level of single genomes. I have developed a protocol for detecting HSV-1 viral

genomes, their transcriptional status and their spatial relationship with proteins.

In chapter 3, I developed and validated the RNA FISH technique RNAscope alongside util-

ising click chemistry to detect EdC labelled HSV-1 genomes. My results allow detection and quan-

tification of transcriptionally active genomes. Utilisation of multiplex RNA FISH analysis has shown

the rapid splicing of ICP0 RNA and the uncoupling of transcription of IE genes at the single genome

level. In chapter 5, I extended this analysis by including protein immunofluorescence. I have shown

that the presence of PML on a genome does not correlate with transcriptional suppression, a finding

which goes against the widely held view of PML as a repressor of transcription.

In further work presented in chapter 6 I examined the spatial relationship between viral tran-

scription and DNA replication. Viral and cellular replication can be separated qualitatively through

182



EdC pulse labelling. ICP4 is selectively recruited to only viral sites of DNA replication, and these

replication compartments are not homogeneous. In pursuing questions relating to similarities or dif-

ferences in regulatory mechanisms between virus and host I examined the role of P-TEFb in the

presence of the specific inhibitor DRB (chapter 7) and in the absence of the viral protein VP16 (chap-

ter 4). It is clear that this molecule is vitally important for HSV-1 transcription and I anticipate future

research will bring further insights. Finally, through studying changes to nascent global transcrip-

tion induced during infection I have examined a completely novel feature of HSV-1 infection, the

formation of HITTs, and proposed a model explaining why their formation may provide a pro-viral

platform for gene expression and a mechanism for their formation.

With the added insight that stems from high resolution analysis, during these studies one fea-

ture became apparent. Whilst general principles and mechanisms can be proposed there was clearly

a significant degree of heterogeneity both from cell to cell and between individual genomes. This as-

pect itself has mechanistic consequences for our general understanding of the nature and progression

of virus infection, as discussed below. This work builds the foundations for a wide range of further

analysis that can be undertaken, including but not limited to analysis of different viral transcription

groups, innate immune responses to viral infection, and the study of many transcription factors to

elucidate their role and location during infection.

8.1 Heterogeneity during HSV-1 infection

DNA viral infections are most commonly depicted in schematic formats, where particles enter the

cell by fusion or endocytosis and are transported to the nucleus to deliver their genomes which will

undergo transcription, replication and eventually produce new progeny [28]. This may falsely lead

to the assumption that the pathway is universal across cells in a population, and that each virus will

behave in the same manner. However, there is a large degree of heterogeneity across infection which

is being demonstrated as novel single cell technologies are established [155]. Variability between
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even genetically identically cells at the cell cycle level, at the host RNA transcriptome level and at the

protein level all are thought to influence viral infection. For example, a virus may have numerous entry

pathways to utilise. A therapeutic entry inhibitor specific to one pathway may not prevent infection

and simply divert the virus down an alternative pathway. A full understanding of heterogeneous viral

entry pathways for a particular pathogen is vital for therapeutic development. In addition to the host

cell, heterogeneity in viral infection can arise from the composition of viral particles. Differences in

surface protein composition and internal proteins, as well as particles that may have damaged DNA,

all will have different efficiencies of infection which will be reflected in transcriptional output and

protein expression.

As an example, in my analysis, in figure 6.5, the percentage of infected cells (defined by

the presence of ICP4) is 92% with 8% uninfected (or not expressing ICP4). In a related experiment

(figure 6.6), the percentage of ICP4 expressing cells was 75% with 25% not expressing ICP4. This

demonstrates some inter experiment variation across experiments which could be due to a number of

technical reasons despite following identical experimental protocols. Inevitable variations including

cell passage number, age of the virus preparation, number of freeze/thaws cycles and fluctuations in

seeding density could all be contributing factors. By using high MOI, statistically all cells will have

been infected by multiple particles, eliminating absence of virus as an explanation for the lack of ICP4

expression. Infection with HSV-1EdC and a click chemistry reaction has confirmed this. Population

based analysis would not indicate the variability in gene expression and that a significant, though

variable, percentage may show no IE protein expression. Precisely why some cells appear relatively

resistant to infection, at least as defined by ICP4, is unclear, though these results are in agreement

with those of Koblier who recently showed that even in the highly permissive Vero cell line, some

cells remained highly refractory to normal progressive infection [213].

What is more pronounced is the heterogeneity in viral transcription between cells which are

all clearly classed as positive for viral infection. Even within those cells there is variability in the
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activity of individual genomes. The results from visualising transcription have yielded some refined

insight into this aspect. Using high MOI infections in an asynchronous cell population, the rate

of infection onset and abundance of transcription varied considerably between neighbouring cells.

For example figure 3.3 illustrates a typical field of cells at 1 hpi. Some cells have already large

transcription bursts whereas others have little or no detectable RNA. At later timepoints, for example

3 hpi in figure 4.2, there are several cells within the field that have very low levels of RNA adjacent

to cells with very high levels of RNA. The difference in RNA abundance may be due to differing

rates of infection progression, and if examined at later timepoints the numbers of the slower or more

resistant cells may decrease. Alternatively, these cells with low RNA at early timepoints may belong

to the class of abortive infected cells, described in chapter 6 (fig 6.5, class c). The infecting virions

have produced enough viral RNA to develop replication compartments, yet due to the slower rate of

infection the cell was able to shut down viral replication before it overwhelmed the cell. Although bulk

analysis of transcription whether by RT-PCR or RNA sequencing will not reveal such heterogeneity,

single cell RNA sequencing analysis during influenza virus infection has shown such heterogeneity.

[171].

In addition to the variability between cells discussed above, my results reveal heterogeneity

within a given cell at the level of the genome, where individual genomes may be transcriptionally

active or inactive for a particular IE gene (figure 3.8). Moreover, as shown in figure 3.4 by multi-

plex analysis, genomes that are inactive for one gene may be active for another (Figure 3.8). Thus

genomes within the same nucleus are capable of behaving quite differently. Explanation for the differ-

ential transcriptional activity of genomes within one cell includes differential association or retention

with incoming virus components, the differential deposition or nuclear entry of genomes into distinct

nuclear environments or variation in the relative rate of recruitment of both positive and negative host

factors. These factors can in future be further studied by combining genome, RNA and protein anal-

ysis in a highly multiplexed manner. To that end, I developed assays combining click chemistry with
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RNA FISH and protein immunofluorescence. I then investigated the general hypothesis that recruit-

ment of one of the candidate host restriction factors PML would correlate with relative suppression

of transcriptional activity of individual genomes [121, 166]. Surprisingly, despite considerable in-

vestigation into the role of PML, such direct analysis has not previously been performed in lytically

infected cells because the techniques for simultaneous quantitative analysis of genomes, RNA and

protein have not been available. My results indicate that while PML protein is recruited to the close

vicinity of viral genomes, this does not correlate with inhibition of IE RNA transcription. This analy-

sis can now be extended to examine other protein candidates, as well as expanding the RNA analysis

to look at multiple classes of transcripts. Further discussion of the role of the immediate nuclear

environment on the transcription from an HSV-1 genome is outlined in more detail in chapter 7.

8.2 Future potential of Azide Biotin Click Chemistry

Click chemistry has proved to be an exceptional tool for visualisation of HSV-1 genomes and for our

understanding of detailed mechanism of infection. The applications of inserting clickable ethynyl nu-

cleotides into infecting and replicating genomes extend far beyond the conjugation of a fluorophore

for visualisation of spatial localisation by fluorescence microscopy. The corresponding azides with

different functional groups apart from a fluorophore allow a wide range of subsequent applications to

be performed. Biotin azide has been used to provide a mechanism of capturing and purifying DNA

that has incorporated EdC. This technique is providing detailed insight into cellular DNA replica-

tion forks and nascent chromatin formation after short EdC or EdU pulses [230]. After fixation, cell

suspensions are subjected to a whole cell click chemistry reaction with biotin azide. Following this

the chromatin-DNA-EdC-biotin complexes are pulled down by strepatividin beads and processed for

subsequent analysis. Several papers utilising this technique to study HSV-1 have been recently pub-

lished [231, 232]. This work allowed the identification of proteins interacting with replicating HSV-1

genomes by subsequent mass spectrometry after the biotin streptavidin pull down and enrichment.
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Therefore the platform I have developed to examine HSV-1 genomes, transcription and pro-

tein association will be extremely useful for examining the interaction and function of additional can-

didate proteins. However, additional hurdles remain to be overcome in their application for the iden-

tification of novel targets. During this project I attempted to adapt the technique of azide-biotin click

chemistry reactions to isolate the proteins associated with incoming viral genomes, as reported pre-

viously using EdC labelled HSV-1 [KOS] [232]. This work isolated nascent EdC incorporating DNA

at various timepoints throughout infection, reporting the identification of numerous DNA-associated

proteins including viral species and host histone and non-histone factors.

In attempting to repeat such analysis, I spent a significant amount of time optimising a qPCR

reaction for the detection of viral DNA, initially using phenol chloroform extracted viral DNA with

primers directed against the viral genome. I detected a very clear positive signal. Moreover in the

presence of PAA, the signal was substantially reduced confirming that I was detecting replicated

DNA and suggesting that the remaining signal was from incoming infecting genomes. However, I

encountered several problems with these experiments and interpretation of the data. Alongside the

standard infection protocol I performed control experiments at 4 ◦C. This would allow virus binding

to the outside cell surface but prevent fusion and therefore entry to the cell and is used to synchronise

infection. However, after DNA extraction and PCR analysis I observed the same level of DNA in

these control experiments as cells which had been at 37 ◦C for 1 hour. This result indicated that the

signal that was observed mainly originated from contaminant particles, bound to the cell surface. I

attempted multiple methods to remove surface bound virus from cells but was unable to eliminate this

contaminating signal. Therefore, if I had continued this project I would not be able to state with any

certainty that I was isolating genomes that had entered the cell nucleus. Previous work had combined

such selective purification methods with SILAC labelling in order to distinguish between proteins

brought in by the virion from proteins in the infected cell ([232]), which unfortunately I did not have

the time to pursue.
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There are many results in my thesis that this technique, if successful, would be advantageous

for. Firstly, identification of proteins bound with the incoming genome. My data examining tran-

scription in the absence of de novo protein synthesis demonstrated a major increase in transcription

bursting and burst size. Identifying bound proteins bound under these conditions may reveal novel

aspects in the nature of host transcription machinery in the absence of newly made viral proteins.

Additionally, my results suggested there may be rapidly synthesised cellular repressors restricting the

expression from HSV-1 genomes. Although I concluded the majority of the transcription increase

caused by translation inhibition was due to relief of subsequent inhibition by ICP4, comparing the

genome bound protein profile in the presence and absence of CHX could identify if there are any

candidate proteins for this function.

Secondly, pull down of genomes with biotin could be useful to further the results presented

in section 4.2, figure 4.3. In that work, I presented evidence that at least some genomes can resume

transcription after a period of general inhibition of transcription by Actinomycin D. I also showed

(figure 4.3 E) that if genomes entered nuclei in the presence of ActD, they were eventually able to

start transcription when the drug was removed. When HSV-1 DNA enters the cell it is very quickly

recognised as naked DNA resulting in rapid deposition of histones, initiation of DNA repair pathways

and activation of innate immune signalling. From my results, I concluded that the activity of virion

associated VP16 overcame these restrictive processes that associated with the early incoming genome.

Using click chemistry with biotin to isolate these genomes would reveal different cellular factors

that associated with genomes during periods of transcriptional inactivity, and ultimately how not all

genomes were silenced for viral gene expression.

Thirdly, biotin click chemistry reaction could be used to examine nascent RNA transcription

with EU pulse labelling. Many studies examining RNA transcription used Global run-on sequencing

(GRO-seq), or other similar techniques where RNA is labelled with BrU. However, a major drawback

of these techniques is the requirement of nuclei isolation prior to labelling creating an artificial in vitro
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environment for studies of viral infection. EU-RNA-seq has been used predominantly to examine

transcription during mitosis [233, 234]. I described the use of EU pulse labelling in HSV-1 infected

cells in chapter 7 for fluorochrome linked coupling. For the biotin labelling, EU-incorporating RNA is

extracted and the Azide-biotin is covalently coupled by the click chemistry reaction. This is followed

by the selective isolation of the RNA-biotin by streptavidin beads. Using this technique, it may be

possible to identify all nascently transcribed RNA during the pulse length, both cellular and viral. I

would not anticipate this as being used for identifying the type of cellular RNA contained within the

spatial domains of the HITTs, but rather to examine the global nascent transcriptome. Furthermore

performing the pulse labelling and extraction in the presence of DRB would gain further insight into

the viral transcription activity that I have observed in the presence of DRB, such as sequence length

and content and the difference in DRB sensitivity of host RNA transcription (figures 7.6 and 7.7).

8.3 RNA pol II transcription during HSV-1 infection

HSV-1 recruits and uses the host cell RNA polymerase II and associated machinery for transcription

[235]. By attempting to gain further insight into how cellular machinery functions on viral genomes

it is possible that unique functional properties of proteins involved with the transcription machinery

could be associated for therapeutic purposes.

HMBA and JQ1, two drugs which interfere with the stability of P-TEFb active and inac-

tive forms, only have an effect when VP16 is absent. The strong transcriptional activity of VP16

outcompetes any changes in the P-TEFb composition when these drugs are added, but by studying

their effects in the absence of VP16 I have examined the potential roles of P-TEFb on viral genomes.

Inhibition of Cdk9 activity by DRB has a dramatic impact on viral transcription, where viral tran-

scription is initially inhibited then is able to resume but is significantly affected and the transcripts

are not translated (Chapter 7). Both of these findings have been discussed in chapters 4.5 and 7.4
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respectively.

One of the roles of Cdk9 within P-TEFb is phosphorylation within the heptad repeat in the

CTD of RNA pol II. Future work examining the necessity and roles of pSer5 and pSer2 phosphory-

lation during HSV-1 infection will prove very useful. I showed in section 7.3 that the RNA pol II

CTD pSer5 was highly elevated on RNA pol II transcribing viral RNA from WT genomes, but the

nature of CTD phosphorylation markers on VP16 deficient virus genomes treated with HMBA or JQ1

was not investigated. Additionally the location of pSer5 within the later replication compartments

and it’s proximity to replication and transcription sites in the presence of drugs affecting P-TEFb

should provide information relating to the changing state of transcription on replicated viral DNA. In

this regard recent data from super-resolution microscopy examined pSer5 and pSer2 foci in relation

to ICP8 within replication compartments [236]. They showed close association of ICP8 foci with

HSV-1 genomes, but no association between ICP8 foci and RNA pol II. I would be able to extend this

analysis to include RNA transcripts from these later infection stages.

An additional aspect of RNA pol II CTD phosphorylation and the effect of DRB has been

shown for snRNAs. U2 snRNA are transcribed by RNA Pol II and are short and intronless genes,

which act as components of the spliceosome. While the CTD of RNA pol II is itself required for U2

snRNA transcription, when the phosphorylation of Ser2 and Ser5 is inhibited by DRB transcription

of the snRNAs is not affected [237]. In this regard, transcription of snRNAs resemble HSV-1 RNA.

The U2 snRNA has an atypically large nucleosome free region with up to 1 kb without nucleosome

deposits [238, 239]. In contrast, mRNA genes only have a nucleosome free region of approximately

100 nucleotides. Transcription from eukaryotic genes is highly dependent on chromatin. Because

transcription from genes such as U2 snRNA is not dependent on Cdk9 phosphorylation activity, this

suggests the lack of nucleosomes around elongation checkpoints may have a significant role in the

requirement for CTD phosphorylation markers on the progression through checkpoints. However,

studying the regulation of transcription from chromatin free cellular DNA in whole cells is extremely
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challenging. It has been suggested that chromatin is required for early elongation checkpoints, and

genes devoid of nucleosomes at these points utilise an alternative method of transcription. While there

is some nucleoprotein deposition on HSV-1 genomes there is no classical nucleosomal formation

[150]. It is tempting to speculate that the DRB-resistant transcription of HSV IE genes may resemble

some aspect of the DRB-resistant transcription of the nucleosome free snRNAs. Therefore, I propose

that HSV-1 genomes could be a useful tool for studying transcription from non-chromatinised native

DNA.

In conclusion, I have developed methods combining click chemistry to visualise individual

viral genomes with single molecule RNA transcript analysis and immunofluorescence. The results

have yielded more refined and high resolution insight into the earliest processes of RNA polymerase

recruitment, transcriptional bursting and RNA transport during the initiation of herpes simplex (HSV)

infection. They also provide a platform not only for further studies including HSV transcription, host

restriction and DNA replication, but also for similar studies in other virus systems.
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