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Abstract 

Herpes simplex virus-1 (HSV-1) establishes a latent infection in peripheral 

neurons, during which repressed lytic viral gene promoters associate with cellular 

heterochromatin. Periodically following stress, the viral genome can re-initiate lytic viral 

gene expression, reactivate, and cause serious clinical disease. The molecular events 

which mediate the repression and reactivation of lytic viral genes directly from the viral 

genome remain unresolved, and this study is complicated by heterogeneous ability of 

an individual neuron to undergo latency or reactivation. We developed a new model in 

primary neurons to preserve the heterogenous nature of these processes, which we use 

to explore how 1) neuronal stress signaling and 2) Polycomb silencing contribute to 

HSV-1 latency establishment, latency maintenance, and reactivation.  

Neuronal stress kinases dual leucine zipper kinase (DLK) and c-Jun N-terminal 

kinase (JNK) mediate initial viral gene expression during reactivation. However, how 

downstream host factors work with JNK to stimulate reactivation remains unclear. We 

find that c-Jun, the primary target downstream of physiological neuronal DLK/JNK 

signaling, functions on the viral genome during reactivation to permit the transition to full 

HSV-1 reactivation initiated by multiple stressors. We also find that this stress signaling 

pathway critical for reactivation becomes activated upon de novo neuronal infection and 

promotes the formation of more reactivation-competent genomes.  

We further discover a predominant role for Polycomb repressor complex 1 

(PRC1) and its associated histone modification, the mono-ubiquitination of histone H2A 

(H2AK119ub), for silencing a population of HSV-1 genomes in a manner that is 

amenable to later reactivation. Our data also suggest that a viral long noncoding RNA 
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may mediate PRC1 recruitment to the HSV-1 genome. We altogether propose that 

events during initial HSV-1 infection and acquisition modify the type of latency HSV-1 

establishes at the level of the viral genome, characterized by how amenable to 

reactivation it may be. Our work provides compelling evidence for the heterogenous 

nature of HSV-1 latent infection and reactivation and introduces new methods to study 

these processes at a higher biological resolution to create more targeted, accurate 

therapeutic interventions.  
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Chapter 1: Introduction to Herpes Simplex Virus Infection 

 
Parts of this chapter have been adapted from: 

 
Dochnal, SA, Francois, AK, & Cliffe, AR. De Novo Polycomb Recruitment: Lessons from 

Latent Herpesviruses. Viruses, 27;13(8):1470 doi: 10.3390/v13081470. (2021) 
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Herpes Simplex Virus-1 (HSV):  
 

Viral infection is often acute in nature, resulting in the eventual clearance of the 

virus, although long term sequalae attributed to inflammatory tissue damage may 

remain. Herpesviruses are large, double-stranded DNA viruses characterized by their 

insidious ability to establish a lifelong latent infection, from which they can periodically 

reactivate to cause disease and transmit infectious virus to new hosts. Human 

Herpesviruses are categorized into three groups by genetic composition, and each 

fashions a unique cellular tropism with which the virus can establish a latent infection; 

the gamma herpesviruses persist primarily in lymphocytes (and additionally epithelial, 

endothelial, and natural killer cells) (1-4), the beta herpesviruses within hematopoietic 

lineage cells (5-7), and the alpha herpesviruses can establish a latent infection within 

neurons of the peripheral nervous system (PNS) (8). 

 

Herpes simplex virus-1 (HSV-1) is the most prevalent human alpha herpesvirus, 

present in over 60% of the global population aged 0-49 according to the latest World 

Health Organization (WHO) estimates (9). HSV-1 can be found in one of three modes of 

infection, with the potential for the virus to transition from one another (10): lytic 

replication, latent infection, or reactivation. Following lytic infection on the body’s 

surface, HSV-1 can infect innervating peripheral ganglia. HSV-1 lytic replication occurs 

within a broad range of host cells (including neurons) (11-13), but latent infection and 

reactivation from latent infection are restricted to peripheral neurons, frequently within 

sensory or autonomic ganglia (14-17). HSV-1 is associated with a wide range of 

pathologies. 
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Clinical Significance 
 

HSV-1 is acquired by most through sexual contact and can also transmit in a 

vertical fashion from mother to newborn during vaginal delivery (18). A majority of 

infected persons present as asymptomatic (19) but nonetheless contribute significantly 

to viral shedding and transmission to new hosts (20-22). When symptoms manifest 

clinically, HSV-1 is most often associated with recurrent, painful lesions on oral or 

genital mucosa (23). Importantly, HSV-1 is also the causative agent of ocular keratitis, 

the leading cause of blindness in the developed world (23-25).  

 

The neurotropism of HSV-1 also lends itself to a spectrum of neuronal disease. 

HSV-1 can cause post-herpetic neuralgia, where painful sensations persist and transmit 

through the PNS despite the resolution of acute infection and associated clinical 

symptoms. This finding is supported by clinical case reports (26-28), as well as 

experimental data gathered from mouse models (29-33). The link between HSV-1 

infection and neuropathic pain may in part be attributed to chronic inflammation in 

response to HSV-1 within sites of latency (34), as this response has been linked with 

neuronal hyper-excitability and sensitivity to non-painful stimuli. Ironically, the 

attenuated HSV-1 backbone is commonly used as a genetic vector for neuropathic pain 

due its ability to penetrate neurons. From the attenuated HSV-1 backbone, exogenous 

expression of proteins which modify neuronal current generation and hyper-excitability 

can be manipulated for therapy (35). 
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Following reactivation from latently infected peripheral ganglia, new infectious 

virus can traffic anterograde through peripheral axons to the central nervous system 

(CNS) (36). It is also possible for HSV-1 infection to proceed directly into the CNS 

through the olfactory route or rarely through the umbilical vein from mother to fetus (37). 

HSV-1 infection in the CNS can then propagate throughout the frontal cortex, 

hippocampus, and cerebellum. Active replication of HSV-1 in the brain, termed herpetic 

simplex encephalitis /HSE, results in the death of neurons and support cells (38). This 

acute infection also leads to immune cell recruitment and inflammatory cytokine release, 

and therefore pervasive inflammation elicits further degeneration (39). Despite receiving 

antiviral treatment at the time of active replication, encephalitic patients demonstrate 

neuronal sequalae which can persist for years (40, 41).  

 

Notably, there is accumulating epidemiological and experimental evidence linking 

HSV-1 infection with the development of late-onset dementia and Alzheimer’s disease 

(AD) (42-47). The presence of the APOE-E4 allele variant alone confers a high risk of 

developing AD, but the addition of HSV-1 infection to this APOE-E4 allele phenotype 

further exacerbates risk (48, 49). It has also been demonstrated in mouse models that 

HSV-1 infection and recurrent in vivo reactivation leads to the accumulation of AD 

hallmarks, including Aβ42 oligomers, amyloid-B protein, tau hyperphosphorylation, and 

neuroinflammation markers (50-53). 

 

An extensive summary of human epidemiological data also linking HSV-1 

infection and chronic psychiatric illness was recently published (54). Conditions 
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mediated through the CNS such as depression, suicidal behavior, and schizophrenia 

are proposed to accelerate due to chronic neuroinflammation in response to recurrent 

HSV-1 reactivation events. In one clinical study, the treatment of schizophrenic and 

HSV-1 seropositive patients with antiviral valacyclovir demonstrated improvements in 

several cognitive parameters (55).  

 

There is no vaccine nor cure for HSV-1, nor any human herpesvirus apart from 

varicella zoster virus (VZV). The primary antiviral agents for HSV-1 are nucleoside 

derivatives (which can easily be identified through the suffix “clovir”) that interfere with 

lytic infection by perturbing viral DNA replication (recently reviewed in (56)). However, 1) 

these agents can exhibit extensive renal toxicity (57-59) and long-term use has been 

associated with neurotoxicity in vitro (60), 2) antiviral resistance to these therapies is 

building (61, 62), and 3) nucleoside derivatives only target the lytic phase of infection. 

Therefore, elucidating the molecular mechanisms behind how a latent infection is 

established and reactivation is initiated in a neuron is integral to identifying new 

therapeutic targets to relieve clinical burden. 

Lytic Replication:  

Host Cell Entry 
 

At the nanometer resolution, an HSV-1 virion consists of a double enveloped 

particle coated with viral glycoproteins which facilitate host cell entry and infection. 

These particles contain an epigenetically naïve 152 kB dsDNA genome compacted into 

an icosahedral capsid surrounded by viral tegument proteins (63). 
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HSV-1 transmission to a new host begins with an acute, lytic replicating infection 

at the body’s surface, littered with epithelial cells and other susceptible host cells, 

Figure 1. HSV Lytic Replication: A) Viral glycoproteins bind one of three host cell 
entry receptors, leading to B) the fusion of the viral envelope and host membrane. 
Viral tegument proteins (green in virion) and the viral capsid containing the viral DNA 
genome are released into the cytoplasm. C) The viral capsid is trafficked to the 
nucleus, into which epigenetically naïve viral DNA (vDNA) is released. D) Viral DNA 
is assembled into transcriptionally permissive chromatin, from which viral tegument 
protein VP16 initiates transcription of IE (immediate early) mRNA. E) In the 
cytoplasm, IE mRNA is translated into IE proteins (blue), which traffic to the nucleus 
to mediate transcription of E (early) mRNA. F) E mRNA is translated into E proteins 
(orange), which facilitate vDNA replication and L (late) gene transcription in the 
nucleus. G) In response to vDNA replication, L mRNA is translated into L proteins in 
the cytoplasm, which traffic to the nucleus to assemble the viral capsid. H) vDNA is 
packaged into the viral capsid. I) The viral capsid egresses from the nucleus. J) The 
viral capsid is re-enveloped in the cytoplasm by membrane containing viral 
glycoproteins. K) The new infectious virus particle is released from the host cell. 
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carrying at least one of three entry receptors: nectin-1, herpes virus entry meditator 

(HVEM), or 3-O-sulfated-heparan sulfate (3-OS-HS) (Fig 1A). Depending on the cell, 

HSV-1 can enter through fusion, endocytosis, or both processes as recently reviewed 

(64). An abundance of viral glycoproteins coats the double-membrane envelope of an 

HSV-1 virion, but only four are essential to viral entry (64-66): glycoprotein D (gD) binds 

one of three cellular entry receptors, triggering a conformational change and binding to 

a heterodimer composed of gH and gL, which in turn activates fusogen gB to merge the 

HSV-1 lipid envelope and facilitate entry of the viral capsid into the cytoplasm (Fig 1B). 

The 11 additional glycoproteins have been proposed to play roles in mediating 

alternative routes of host cell entry, but this is superficially understood in the case of 

HSV-1. Following host cell entry, HSV-1 tegument proteins (UL36, UL137) co-opt host 

motor proteins kinesin and dynein to enable movement along cellular microtubules (67, 

68). The viral capsid is translocated via these microtubules to the host’s nuclear pore 

complex (NPC), through which HSV-1 will inject its genomic material into the nucleus 

using a combination of viral and host factors (69-74) (Fig 1C). 

 

Transcriptional Initiation 
 
 When Herpesvirus genomes first enter the nucleus, they are not associated with 

cellular histone proteins and are therefore epigenetically naïve (75-80). However, the 

HSV-1 genome rapidly becomes chromatinized by an undefined chromatin structure 

composed of unstable nucleosomes as well as cellular histones with transcriptionally 

permissive modifications (81-85). Apart from one human herpesvirus (86), the viral 

genomes persist as extrachromosomal episomes, remaining unintegrated from the host 
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cell’s own genomic material. HSV-1 lytic genes are classified into three sets: immediate 

early (IE) genes, early (E) genes, and late (L) genes, and viral gene expression during a 

new lytic infection occurs in an ordered cascade (63). Gene expression is initiated from 

the viral genome by viral transactivator and tegument protein VP16 (Fig 1D), which 

forms a complex with cellular factors involved in transcriptional activation, including 

general transcription factors, ATP-dependent chromatin remodelers, and histone-

modifying enzymes to promote expression of immediate early (IE) genes (87). 

Synthesis of the IE proteins is required for early (E) mRNA transcription (Fig 1E), and 

early viral proteins enable viral DNA (vDNA) replication, which is carried out in 

replication compartments (Fig 1F). vDNA replication is a prerequisite for true-late (TL) 

mRNA transcription, likely due to a shift in genome accessibility which enables the 

increased binding of host transcriptional machinery including the preinitiation complex 

(88). The L genes largely encode structural viral proteins involved in capsid assembly 

and egress, as well as the eventual budding and binding of new infectious virus to 

surrounding host cells.  

 

De Novo Virus Exit 
 

Individual viral capsid proteins, while produced in the cytoplasm, are translocated 

into the nucleus where they assemble with newly replicated virus into a herpesvirus 

capsid (89) (Fig 1G-H). Subsequently, viral capsids egress from the nucleus through 

envelopment and de-envelopment at the inner and outer nuclear membranes 

respectively, a process mediated by viral proteins UL31 and UL34 (together known as 

the nuclear export complex) (90, 91) (Fig 1I). Following exit into the cytoplasm, the viral 
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capsid associates with viral tegument proteins, some of which mediate the cytoplasmic 

trafficking of the capsid via microtubules. Viral glycoproteins are processed through the 

endoplasmic reticulum and unite with capsids in endosomal particles, which are 

subsequently trafficked to the cell surface through host microtubules (89) (Fig 1J). Like 

other herpesviruses, HSV-1 co-opts the host endosomal sorting complex (ESCRT) for 

release of enveloped virions (92) (Fig 1K). 

 

Modeling HSV-1 Latent Infection and Reactivation: 
 

Before discussing the molecular mechanisms behind HSV-1 latency and 

reactivation, a summary of current model systems is required due to their 

extensiveness, synergy, advantages, and caveats. Given the post-mitotic nature of the 

neuron, in vitro and in vivo modeling is carried out largely using non-human animal 

hosts. Other alpha herpesviruses, like VZV, which display a strict human tropism, are 

likely for this reason under-studied. 

 

The study of HSV-1 in vivo is broad, where animal species (rabbit, guinea pig, 

rat, mouse), inoculation route (corneal, footpad, flank), virus strain and related 

pathogenicity, and method as well as potency of reactivation (where applicable) vary 

significantly (93). The most common animal model is the mouse, where latency can be 

established in both the sensory and autonomic ganglia following inoculation and a 

period of acute, lytic replication at the body’s surface and ganglia. In the mouse, 

reactivation can be triggered from latently infected ganglia by hormone modulation (94, 

95), hyperthermia (96), and UV irradiation (97). Animal models provide a more robust 
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reactivation output using an ex vivo method of reactivation, wherein latently infected 

ganglia are removed and stimulated to reactivate by axotomy alone or in combination 

with anti-NGF antibody or PI3 Kinase inhibition (98-101).  

 

In Vitro Models  
 

In vivo models most accurately recapitulate the processes of HSV-1 latency 

establishment and reactivation during a natural infection. However, the use of in vitro 

models is also required in complement. In vitro models provide a robust latent reservoir 

and reactivation output, and they can be easily manipulated for functional studies using 

small molecule inhibitors or RNA-mediated depletions. In vitro systems also enable the 

contribution of individual host (immune) or viral factors on HSV-1 infection to be 

interrogated.  

 

An in vitro system that employs primary human peripheral neurons has been 

established using post-mortem material from human donors (102). However, access to 

these samples is irregular, and these neurons may already be naturally infected with 

other alpha herpesviruses. Therefore, the mouse and the rat serve as the primary 

species of study in vitro. Primary neurons from peripheral ganglia, including dorsal root 

ganglia (DRG), trigeminal ganglia (TG), and superior cervical ganglia (SCG) from fetal, 

neonatal, or adult mice or rats are dissected and cultured using anti-mitotic agents 

(aphidicolin/APH or fluorodeoxyuridine/FUdR ) to eliminate non-neuronal cells (99, 103-

106). Following the establishment of a latent infection, reactivation can be elicited 

through the activation of several signaling pathways, including the loss of neurotrophic 
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factor support (99, 103, 106-108), enhanced neuronal hyper-excitability (109-111), 

perturbation of the DNA damage response (112), and heat stress (113). 

 

Recently, several groups have attempted to establish a cultured human neuronal 

model for HSV-1 latency and reactivation. Several in vitro models of human origin have 

been developed from embryonic cells that can be differentiated into human neurons and 

latently infected, including neural stem cell (NSC) rosettes (114), HD10.6 cells (115), 

and Lund human mesencephalic (LUHMES) (116). These systems carry species-

specificity, as well as the ability to provide substantial cellular material for experimental 

assays as the cells can be propagated prior to differentiation. However, these models 

also come with disadvantages.  

 

Reactivation in LUHMES has been reported by one group using nonspecific PI3K 

inhibitor wortmannin, but multiple other groups (including our own) have reported 

immense difficulty in achieving reactivation (116). Further, the group that reports 

achieving reactivation in LUHMES also documented detectable infectious virus in 

culture prior to reactivation, drawing into question if latency is truly established in this 

system or if the “reactivation” readout is cell-to-cell spread of infectious virus from 

lytically infected neurons. Reactivation has also not been achieved in HD10.6 cells 

without superinfection with live or UV-inactivated virus (115). These cells are also 

derived from fetal tissue, which is problematic as HSV-1 does not infect fetal neurons 

and most infections are acquired during early adulthood, where the transcriptional and 

epigenetic nature of the cell is markedly different as discussed later. Further, 



 21 

proliferation prior to differentiation is regulated by a v-myc transgene, and therefore a 

low level of Myc expression persists even following differentiation. Lastly, the clonal 

nature of these passaged cells cannot accurately recapitulate the heterogeneity 

demonstrated in mature, in vivo differentiated neurons within individual ganglia which 

may contribute to the heterogeneity witnessed during latent infection and reactivation as 

described in later paragraphs.  

 

Upon initial HSV-1 infection of neurons, only a subpopulation of infected neurons 

enters a latent state, whereas other neurons become lytic infected; this phenomenon is 

also observed in animal models. In the absence of the immune system, lytic infected 

neurons transmit new infectious virus, superinfect the culture, and eliminate the 

possibility of establishing a latent infection (117). Therefore, in vitro cultures (both 

murine and human) are often quiescently infected with HSV-1 in the presence of viral 

DNA replication inhibitors, primarily acyclovir (ACV) and less frequently 

phosphonoacteic acid (PAA), to interfere with viral DNA replication and new virus 

production and ultimately promote the establishment of a latent infection in vitro. 

However, in the presence of ACV, the process of viral DNA replication and subsequent 

late gene expression cannot be studied in lytic neurons during latency establishment 

(117). Moreover, the fate of any genomes that incorporate ACV is unknown, and there 

is some neurotoxicity associated with its use (60). There are groups that have 

periodically promoted HSV-1 latent infection and suppressed lytic infection in vitro in the 

absence of ACV or PAA by using a low multiplicity of infection (MOI)/inoculating amount 

of infectious virus (making reactivation difficult to achieve) (118) or immune system 
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components such as interferon (introducing host immune components which may 

muddle the biology of the virus) (99). In addition, even in systems where ACV is used, 

there can be low levels of spontaneous reactivation after removal of ACV from cultures, 

and initial molecular reactivation events cannot be discerned from downstream cell-to-

cell spread.  

 

HSV-1 Latent Infection:  
 

HSV-1 latent infection in neurons is defined by the persistence of viral DNA in the 

absence of detectable infectious virus with the ability to reactivate following a stimulus. 

Latency resembles a state of viral dormancy as lytic gene transcription and viral DNA 

replication are largely repressed, although there is a low level of promiscuous lytic 

expression associated with a latent infection (8). During latency, there is also a 

collection of long noncoding RNAs, collectively known as the latency-associated 

transcripts (LATs), that are pervasively transcribed. During a latent infection, repressed 

lytic genes are bound by multiple forms of cellular heterochromatin (119). Constitutive 

chromatin characterized by the di/tri-methylation of lysine 9 on histone H3, or 

H3K9me2/3, displays enrichment on the latent HSV-1 viral genome (120). The 

enrichment of another common constitutive mark, H4K20me3, was investigated but not 

found to be significantly enriched on the viral genome when compared to host 

heterochromatin (121). Facultative heterochromatin (fHC), which is also known as 

Polycomb silencing, is also enriched on repressed lytic gene promoters during HSV-1 

latent infection (121-124). Polycomb silencing is a form of heterochromatin defined by 

its ability to convert to active euchromatin. Therefore, it is unsurprising that latent 
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herpesvirus genomes that are capable of reactivation associate with this reversible form 

of heterochromatin.  

 

Polycomb Silencing:  
 

Polycomb silencing is deposited by two major protein-complexes: the polycomb 

repressive complex 1 (PRC1) and PRC2. PRC1 can deposit H2A lysine 119 

monoubiquitination (H2AK119ub1) and PRC2 can deposit H3 lysine 27 methylation 

(H3K27me). The study of mammalian Polycomb repression comes with many intricacies 

as the composition of Polycomb silencing can vary on different regions of DNA and in 

different cell types (125-127), which can modify the mechanisms of PRC1/2 recruitment 

(128) and mechanisms to maintain transcriptional repression (129, 130).  

 

Polycomb Repressor Complex 2 
 

PRC2, which can deposit the mono-, di-, or tri-methylation of histone H3 lysine 

27 (H3K27me1, H3K27me2, H3K27me3) (131-133), is composed of three core 

components: enhancer of Zeste 1 or 2 (EZH1/2), suppressor of Zeste 12 (SUZ12), and 

embryonic ectoderm development (EED) (Fig 1.2). EZH1/2 is catalytically active, but the 

full trimeric core is required for in vitro H3K27 methylation activity (133-135). PRC2 core 

proteins also include retinoblastoma associated proteins 46 and 48 (RbAp46/48; also 

known as RBBP4/7). The formation and function of K27 methylation has been most 

extensively studied in mouse embryonic stem cells (mESCs) and human induced 

pluripotent stem cells (iPSCs). In these systems, H3K27me2 exists across 50-70% of 

total histone H3, predominately at intergenic regions (136). H3K27me1 and H3K27me3 
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are each found on approximately 10-15% of total H3 (137, 138). H3K27me3 is found 

centered around CpG islands of transcriptionally silent genes, and is the only 

methylation state to which PRC2 stably binds (136). Therefore, these CpG islands can 

act as nucleation sites for facultative heterochromatin formation and propagation (136).  

Figure 1.2 The Composition of PRC2.1 and PRC2.2 Complexes: Polycomb 
repressive complex 2 (PRC2) has a catalytic core of EED, EZH1/2 and SUZ12 along 
with RBBP4/7. PRC2 carries out all three methylation states of H3K27, but 
H3K27me3 is the only one stably bound by the complex. To form the PRC2.1 
complex, the core can interact with either PALI1/2 and CTBP or EPOP and Elongin 
BC. One pair excludes the other from joining the complex. SUZ12 in PRC2.1 also 
interacts with one of three PCL proteins, but this interaction does not compete for the 
interacting pairs. PCL proteins enable binding to unmethylated CpG islands. PRC2.2 
forms by SUZ12 in the same catalytic core interacting with JARID2 and AEBP2. 
Unlike PRC2.1, JARID2 enables PRC2.2 recruitment to sites of H2AK119ub1. Figure 
was executed by Alison Francois. 
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PRC2 also associates with a variety of accessory proteins, resulting in two 

distinct complex variants: PRC2.1 and PRC2.2 (139) (Fig 1.2). The PRC2.1 complex 

includes one of three Polycomb-like (PCL) proteins (PCL1/2/3), also known as PHF1, 

MTF2 and PHF19 respectively, which enable PRC2.1 binding to unmethylated CpG 

islands (139). PRC2.1 also contains Elongin BC and Polycomb repressive complex 2-

associated protein (EPOP) or PRC2-associated LCOR isoform 1 (PALI1/2) (140-143). 

PRC2.2 instead contains Jumonji and AT-rich interaction domain 2 (JARID2), and 

adipocyte enhancer-binding protein 2 (AEBP2) which together recruit PRC2.2 to the 

H2AK119ub1 modification and permit the PRC2 methyltransferase activity to overcome 

the repressive effects of active histone modifications H3K4me3 and H3K36me3 (144-

147). Therefore, the differential activities of PHF1/PHF19/MTF2 and JARID2 contribute 

to PRC2.1 and 2.2 recruitment to different regions of chromatin. PRC2 occupancy is 

also significantly higher for PRC2.1 target regions than PRC2.2 bound regions, at least 

in human iPSCs (148). However, ultimately the inhibition of both PRC2.1 and PRC2.2 is 

required for full inhibition of PRC2 activity in pluripotent cells (149). 

 

PRC2 recruitment and function can change upon differentiation and in distinct 

differentiated cell types. For example, PRC2.2 appears important for de novo silencing 

during differentiation whereas MTF2-containing PRC2.1 is required to maintain high 

amounts of H3K27me3 at already repressed CpG dense promoters (126). Further, as 

cells become more differentiated, they reduce EZH2 expression and enhance levels of 

EZH1 (150, 151), which is believed to be predominant in the maintenance of H3K27me3 

in terminally differentiated cells (146). Studies in mESCs indicate that EZH1/2 use 
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different mechanisms to repress chromatin, with EZH2 largely catalyzing H3K27me2/3 

and EZH1 contributing to chromatin compaction (150). Further, PRC2-EZH2 but not 

EZH1 displays allosteric activation by H3K27me3 and PRC2-EZH1 activity is inhibited 

by free DNA whereas PRC2-EZH2 is unaffected by non-nucleosomal DNA (150). This 

may explain why PRC2-EZH2 is the major methyltransferase in ES cells as the 

chromatin structure is more open and higher levels of H3K27me3 favor allosteric 

activation. In contrast, the more compact chromatin structure in differentiated cells 

would result in less inhibition of EZH1.  

 

Forms of Polycomb-associated proteins may also change with differentiation. For 

example, full length JARID2 is down-regulated with differentiation and replaced by a 

cleaved protein lacking the PRC2-interacting domain (DelN-JARID2), at least in 

differentiated keratinocytes. This shorter form of JARID2 negatively regulates PRC2 

function and may release PRC2-mediated repression of differentiation genes (152). 

Even post-differentiation, as cells undergo maturation, the expression patterns of 

Polycomb group proteins change. Neurons, for example, undergo an intense maturation 

from the postnatal to adult period, during which time EZH2 and EED are down-

regulated, and EZH1 levels remain unchanged (153).  

 

Polycomb Repressor Complex 1 
 

The composition of PRC1 complexes can be categorized into canonical (cPRC1) 

and non-canonical/variant (vPRC1) (129, 130) (Fig 1.3). The PRC1 core contains 

dimerized RING1A or B, which interact with one of six possible PCGF proteins (PCGF1-
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6). cPRC1 complexes contain either PCGF2/MEL18 or PCGF4/BMI1 together with one 

of five chromobox (CBX2, 4, 6, 7 and 8) proteins (154). The CBX subunit of cPRC1 

directly binds H3K27me3 for recruitment to chromatin; therefore, the activity of cPRC1 

is dependent on PRC2 (155-157). vPRC1 complexes can contain any of the six PCGF 

proteins but lack CBX proteins and instead contain RYBP or YAF2 (128, 154, 158). 

Therefore, vPRC1 complexes cannot bind H3K27me3 and are recruited to chromatin 

independently of PRC2 (128, 159). Recruitment of vPRC1 can occur through direct 

DNA binding activities, for example KDM2B-containing vPRC1 directs the complex to 

non-methylated CpG islands (160). vPRC1 can also interact with and facilitate 

recruitment through sequence-specific DNA binding proteins such as E2F6, REST and 

RUNX1 (Fig 1.3) or RNA (Fig 1.5) (161).  
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The variability in composition of PRC1 complexes is reflective of their differential 

mechanisms of impacting gene expression and mechanisms of recruitment. Although 

all complexes contain the RING1/2 catalytic subunit, vPRC1 is predominantly 

responsible for mediating H2AK119ub1, likely because RYBP stimulates PRC1 E3 

Figure 1.3 The Components of Canonical and Variant PRC1 Complexes: 
Canonical PRC1 (cPRC1) consists of either PGCF2 or PGCF4, along with RING1A/B 
and one of five chromobox (CBX) proteins. Although catalytically active, cPRC1 is 
thought not to contribute to the majority of H2AK119ub1. Chromobox proteins CBX2, 
4, 6, 7 and 8 directly bind to H3K27me3, so cPRC1 recruitment to chromatin is 
dependent on PRC2 H3K27 methylation. Variant PRC1 (vPRC1) contains any of the 
six PGCF proteins, RING1A/B, and RYBP or YAF2. RYBP/YAF2 exclude CBX 
proteins from incorporating into the complex, and do not bind H3K27me3. vPRC1 
recruitment is thus independent of PRC2 activity. RYBP stimulates RING1A/B 
activity, and vPRC1 writes most H2AK119ub1. Transcription factors RUNX1 and 
REST can interact with cPRC1 via RING1B and CBX7/8 respectively, recruiting the 
complex to specific target sequences of DNA. E2F6 and MGA can similarly recruit 
vPRC1 to specific DNA sequences by interaction with RYBP/YAF2, while hnRNPK 
can do so through interaction with PGCF3/5. KDM2B can recruit vPRC1 to 
unmethylated CpG islands. Figure was executed by Alison Francois. 
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ubiquitin ligase activity (128, 157, 159, 162). There is evidence, at least in embryonic 

stem cells, that H2AK119ub1 is required for PRC2 recruitment and subsequent binding 

of both vPRC1 and cPRC1 (163, 164). These studies also revealed a direct role for 

H2AK119ub1 in repression of gene expression, and there is evidence for H2AK119ub1 

inhibiting RNA polymerase elongation (165, 166), possibly through preventing the 

eviction of H2A/H2B dimers (167).  

 

While vPRC1 is responsible for the majority of H2AK119ub1, cPRC1 appears to 

repress gene expression through chromatin compaction and long-range chromosomal 

interactions (168). For regions of chromatin that are bound by either vPRC1 or cPRC1 

in ES cells, those bound by cPRC1 exhibit increased transcriptional repression 

compared to those bound by vPRC1 (169).  cPRC1 compaction is driven by the CBX 

proteins like CBX2, 6, and 8, which contain a highly basic region that can drive 

chromatin compaction in vitro (130). Thus CBX2, 6, and 8-containing cPRC1 likely 

prevents gene expression by limiting access to transcriptional machinery. CBX7, which 

is the most abundant CBX in ES cells, lacks this basic domain and instead may function 

in transcriptional repression via mediating long-range chromosomal interactions (130, 

169, 170). CBX2 also contains an intrinsically disordered region, which drives the 

formation of nuclear condensates known as Polycomb group bodies by phase 

separation (171). Therefore, differential expression of CBX paralogs in different cell 

types can lead to different degrees of compaction and gene silencing. 

 

In mESCs, enzymatic activity of RING1A/1B is required for H2AK119ub1 and the 

majority of H3K27me3, indicating that at least in stem cells vPRC1-mediated Polycomb 
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repression is the predominant pathway (163, 164). Inhibition of this pathway also 

results in decreased association of cPRC1 at target genes usually bound by both 

vPRC1 and cPRC1 (163, 164). However, in these studies small subsets of genes were 

found to be associated with H3K27me3 and cPRC1 via PRC2.1-mediated H3K27me3 

deposition. There is evidence for a pathway of vPRC1-PRC2.2-mediated fHC formation 

during early development of neural progenitor cells (NPCs), where the RING1A/B E3 

ligase activity was found to be essential for repression of genes initially silenced during 

early neuronal development, but PRC1-mediated repression switched over to Ub-

independence as stable silencing was maintained (172). These findings highlight the 

importance of considering cell type and differentiation state when exploring 

mechanisms of Polycomb repression. 

 

Polycomb Silencing of Latent Herpesvirus Genomes:  
 

The association of Polycomb proteins and histone modifications with latent viral 

genomes has been demonstrated in each family of human herpesviruses. The evidence 

linking the association of fHC with herpesvirus latency consists of mechanistic studies 

investigating the role of K27me histone readers, writers, and erasers in regulating viral 

gene expression during latency and reactivation. 

 

Human Gamma Herpesviruses 
 

For the Gamma herpesvirus Kaposi’s sarcoma-associated herpesvirus (KSHV), 

the enrichment of H3K27me3 on silenced lytic promoters has been demonstrated in 

primary effusion lymphoma (PEL)-derived lines and latent SLK cells, and following in 
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vitro infection of endothelial cells and human PBMCs (173) (174-177) and closely 

mirrors that of the KSHV genome from Kaposi Sarcoma clinical isolates (178). PRC2 

components EZH2 and SUZ12 are detectable on lytic promoters marked by H3K27me3 

(175, 176), and inhibition or knockdown of EZH2 enhances viral gene expression in 

PEL-derived lines or following de novo infection of SLK cells (175, 176). H3K27me3 is 

lost upon reactivation and over-expression of H3K27 demethylase JMJD3 increases 

viral gene expression and incidence of reactivation from in vitro models of latency in B-

cells and SLK cells (174, 175). Together, data from these studies indicate a functional 

role for H3K27me3 in maintaining KSHV lytic gene silencing during latency. 

 

KSHV is also the best characterized of the herpesviruses in terms of the 

presence of PRC1 on the latent genome. Multiple studies have detected H2AK119ub1 

on lytic promoters, with data indicating that it is deposited prior to K27 methylation in 

SLK cells (176).  Core PRC1 component RING1B is also present at lytic promoters 

enriched for H2AK119ub1 in addition to vPRC1-associated proteins KDM2B and RYBP 

(176, 179, 180). Intriguingly, a recent study found that knockdown or inhibition of the 

PRC1 component PCGF4/Bmi1 in B cells resulted in loss of H2AK119ub1 from the Rta 

lytic gene promoter and induced increased levels of viral transcripts (181).  

 

There is also evidence for Polycomb silencing in Epstein-Barr virus (EBV). 

H3K27me3 and EZH2 have been detected on the promoter of ZEBRA/BZLF1 (an early 

gene required for lytic induction) and on several lytic promoters in lymphoblastoid cell 

lines (LCL’s), which contain latent EBV (182-184). EZH2 knockout, knockdown, or 
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inhibition alone is not sufficient to induce robust changes in ZEBRA expression in 

latently infected cells (182) (185) (186). However, PRC2 inhibition has been shown to 

enhance viral gene expression when in combination with other lytic induction triggers in 

latently infected cells (182, 185). Therefore, H3K27me3 appears important for 

maintaining silencing in response to additional triggers. The vPRC1 component KDM2B 

has also been detected at EBV promoters and exerts a repressive effect, although 

whether this is linked to vPRC1/H2AK119ub1 is unknown (187). 

 

Human Beta Herpesviruses 
 

For the prototypical human Beta herpesvirus, human cytomegalovirus (HCMV),  

there is experimental evidence that Polycomb silencing plays a role in the maintenance 

or establishment of HCMV latency. Inhibition of PRC2 prevented quiescence in both 

human monocytic leukemia THP-1 cell and embryonal carcinoma NT2D1 cell latency 

and reactivation models (188). In addition, PRC2 inhibition was sufficient to disrupt 

quiescence in NT2D1/THP1 models and knockdown of H3K27 demethylase JMJD3 

reduced viral gene expression in a THP-1 reactivation model (188, 189). In a CD14+ 

experimental system of latency, overexpression of JMJD3/UTX resulted in increased 

lytic gene expression (190). Further, H3K27 demethylases JMJD3 and UTX are 

targeted to the HCMV major immediate-early promoter (MIEP) in both THP-1 cells and 

CD34+ cells as a potential way for the host cell to defend against latency (191). The 

MIEP is composed of the major immediate early promoter and enhancer regions and 

exerts control over immediate early gene expression, which is critical to initiating the 

viral cycle. In the presence of a viral protein UL138, recruitment of histone 
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demethylases is decreased, permitting increased association of H3K27me3 with the 

MIEP.  

Human Alpha Herpesvirus HSV-1 
 

Using mouse models of HSV-1 latency, multiple studies have found that the viral 

genome is enriched for H3K27me3 (121, 123, 124). The contribution of H3K27me3 to 

HSV-1 latency is also demonstrated by the observed requirement for JMJD3 and/or 

UTX activity in HSV-1 reactivation (99, 100). Consistent with H3K27me3 association 

with latent HSV-1, PRC2 component SUZ12 is associated with the HSV-1 genome as 

latency is established (192). Interestingly, H3K27me3 and PRC2 are not initially 

detected on the viral genome until approximately 10-15 days post-infection in vivo, a 

timepoint at which lytic genes have already been repressed (122). These kinetics 

suggest that PRC2-mediated H3K27me3 may not actively initiate lytic viral gene 

silencing but may instead maintain this repression. However, the functional role of 

PRC2 in the repression of lytic viral genes during latency establishment and 

maintenance has never been directly tested through inhibition or depletion of PRC2. 

H3K27me3’s predecessor H3K27me2 may be deposited earlier and initiate gene 

silencing, but its enrichment has not been investigated on the HSV-1 genome. How 

PRC2 is recruited to the HSV-1 genome also remains unresolved, although there are 

theories involving a latent viral lncRNA (discussed below). 

 

Recruitment of the PRC1 complex to the latent HSV-1 genome has been 

analyzed by chromatin immunoprecipitation (ChIP) for PCGF4/Bmi1, but no significant 

enrichment of this protein was detected on the lytic promoters examined  (123, 192). 
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PCGF4 can be a subunit in either vPRC1 or cPRC1, although there are multiple PRC1 

variants that lack PCGF4, as discussed above. If H2AK119ub or any core components 

of PRC1 (Ring1A/B) are recruited to the latent HSV-1 genome, or how such recruitment 

might occur at the molecular level, has never been reported. Therefore, the contribution 

of PRC1 to lytic viral gene repression during latency establishment, maintenance, and 

reactivation through functional studies has also never been reported.  

 

The Contribution of (Viral) LncRNA’s to Polycomb Silencing: 
 

The only region of the HSV genome expressed to abundant levels during latency 

is the latency associated transcript (LAT) locus (193), although not all latent genomes 

express this locus (194-198). The LATs are a family of HSV-1 non-coding RNAs 

expressed from this locus, a primary 8.3kb transcript spliced is into 1.5kb and 2kb stable 

introns, and an exon that is further spliced into miRNAs (miR-H1 to miR-H8) (199, 200). 

The LAT promoter is enriched for H3K27me3 during latent infection, but a downstream 

region containing the long-term enhancer is depleted for this mark (121), likely due to 

CCCTC-binding factor (CTCF) sites on the HSV-1 genome that halt the propagation of 

repressive heterochromatin from nearby lytic genes onto the LAT (201-203). The LAT is 

also decorated with euchromatin-associated modifications during latency, including the 

di- and tri-methylation of lysine 4 on histone H3 (H3K4me3) and acetylated histone H3 

on lysines 9 and 14 (121, 204, 205), suggesting its chromatin structure is “poised” rather 

than repressive.  
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The function of the LAT has remained enigmatic for decades. However, it is 

known that the LAT represses lytic viral gene expression weakly during acute infection 

and robustly during latent infection, suggesting it may actively aid in the establishment 

or the maintenance of latent infection (124, 206-210). Long noncoding RNAs (lncRNAs) 

can participate in gene silencing by transcriptional interference of anti-sense transcripts 

and recruitment of additional silencing proteins like histone deacetylases and 

demethylases (reviewed in (211)). Several miRNAs encoded by the LAT exist anti-

sense to viral genes that promote lytic infection, including ICP0 (212) and ICP34.5 

(213), suggesting the regulation of lytic infection in a complementary manner. However, 

the LAT has also been implicated in the modulation of viral heterochromatin on silenced 

lytic gene promoters in several studies. For example, the presence of the LAT is 

associated with enhanced constitutive heterochromatin mark H3K9me2 on viral 

promoters (120). Importantly, there is also a potential link between the LAT and 

Polycomb silencing, specifically PRC2 H3K27 tri-methylation, on the HSV-1 genome. 

 

There are several ways that lncRNAs can interact with and modulate Polycomb 

silencing, although it should be acknowledged that additional factors like pre-existing 

histone post-translational modifications (PTMs), presence of transcription factors, 

composition of the Polycomb complexes, nature of the RNA, and active transcription 

can modify these relationships (214). First, the methyltransferase activity of PRC2 is 

inhibited by RNA binding and single-stranded RNA competes for PRC2 DNA binding 

(215) (Fig 1.4B). However, RNA itself and the RNA binding domain of EZH2 is also 

required for PRC2 binding to chromatin (216). A recent study addressed the conundrum 
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as to how lncRNAs play a role in promoting PRC2 recruitment and H3K27me3 

formation when the complex is known to be inhibited by RNA binding. It was found that 

although binding to single-strand RNA (ssRNA) inhibited PRC2 activity, binding of 

double strand RNA (dsRNA) can relieve this repression (217). Hence, lncRNAs can 

promote Polycomb silencing by base paring with nascent RNA transcripts that have 

homologous sequences and thus overcome the repression of ssRNA imposed by 

binding to EZH2. (Fig 1.4C). The HCMV lncRNA 4.9 may regulate PRC2 function at a 

lytic promoter in such a manner. During a latent infection of CD14+ monocytes, lncRNA 

4.9 interacts with PRC2 components EZH2 and SUZ12, and the RNA itself is enriched 

at the MIEP, which is also enriched for H3K27me3 (190).   
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LncRNA’s may also play a role in evicting repressive chromatin. PRC2 

component EZH2 has an affinity for a wide range of RNA species, with the highest 

binding affinity for RNA containing G tracts folded into G quadruplexes (also known as 

G4 structures) (215, 218). These RNA species can compete with H3K27me3 for PRC2 

binding (Fig 1.4D). Therefore, herpesvirus lncRNA expression during reactivation could 

also modulate PRC2 recruitment away from DNA. KSHV PAN RNA is broadly 

detectable across the viral genome and promotes reactivation (219). PAN RNA also 

interacts with SUZ12 and EZH2 (219) and therefore may divert PRC2 away from 

chromatin and/or restrict PRC2 function, although this remains to be tested (220).  

 

There is varying consensus on the role of the lncRNA LAT in modulating H3K27 

methylation on the HSV-1 viral genome. One study found that in the absence of the 

LAT, H3K27me3 levels on the latent viral genome were decreased using two 

independent LAT-deletion viruses that were both compared to rescue viruses (122). A 

second study described the opposite, although this study did not use a rescue virus nor 

were experiments with the wild-type and LAT-null virus done in parallel (123). In 

addition, later sequencing of the virus used in this study demonstrated unexpected 

genomic changes, included regions substituted with HSV-2 sequence and an altered 

amino acid sequence within 13 different ORFs (221). The third study found that the LAT 

Figure 1.4 Roles for RNA in Modulating Polycomb Complex Binding and Facultative 
Heterochromatin Targeting: A: Non-coding RNA paired with an RNA-binding protein can 
concentrate variant PRC1 near chromatin and promote subsequent H2AK119ub1 
deposition. This has been demonstrated for Xist and hnRNPK. B and C: Nascent RNA 
being transcribed by RNA polymerase II can inhibit PRC2 activity, but dsRNA formation by 
lncRNA base pairing to the nascent RNA can activate PRC2. HOTAIR is one such lncRNA. 
D: Nascent G-tract or G-quadruplex RNA have high binding affinity for PRC2, and can thus 
compete with H3K27me3 for PRC2 binding. PRC2 is evicted from the chromatin as a result 
of this competition. Figure was executed by Alison Francois. 
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repressed viral gene expression and did increase levels of H3K27me3 on the viral 

genome, but the increase was not significant (124). Therefore, whether a relationship 

between the LAT and PRC2 exists remains disputed, and a direct interaction between 

PRC2 and the LAT has not been demonstrated.  

 

Potentially, the LAT could instead modulate Polycomb silencing through PRC1 

akin to non-coding RNA X-inactive-specific transcript (Xist) (166). Xist is 17 kb RNA that 

is necessary for X chromosome inactivation, and it can also induce autosomal gene 

silencing as an exogenously inserted transgene. Distinct domains of the Xist RNA 

interact with different repressive proteins to orchestrate multiple events in epigenetic 

silencing of the X chromosome. A region of the Xist (the B repeat) binds heterogenous 

nuclear ribonucleoprotein K (hnRNPK) to indirectly recruit vPRC1 to catalyze 

H2AK119ub1 (159, 222). Xist does not interact directly with chromatin, and it is instead 

thought to increase the concentration of hnRNPK/vPRC1 in the vicinity of the region to 

be silenced. This is likely a common mechanism used by lncRNAs, at least in 

embryonic stem cells, where additional RNAs also involved in imprinting (Airn, Kcnq1ot1 

and Meg1) interact with hnRNPK and Polycomb proteins (211).  

 

HSV-1 Reactivation:  
  

A Biphasic Nature 
 

Periodically, HSV-1 re-initiates viral lytic gene expression following UV exposure, 

phycological stress, immune suppression, menstruation, secondary viral infection, or 

aging (8). Viral transcription can transition into the process of reactivation, which is 
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ultimately defined by the detection of new infectious virus production. Full reactivation 

mirrors the transcription of the HSV-1 genome during the initial lytic infection of neuronal 

or non-neuronal cells, where viral tegument protein VP16 drives the transcriptional 

cascade (IE genes → E genes → vDNA replication → L genes). Importantly, the 

removal of repressive histone modifications which coat the viral genome during latent 

infection (H3K9me2/3, H3K27me3) is ultimately required for reactivation, as the 

inhibition of H3K9 and H3K27 demethylases significantly reduce full reactivation in vitro 

and ex vivo, (99, 100, 109, 117).  

 

However, there is accumulating evidence that HSV-1 reactivation occurs as a 

biphasic process and differs from transcription during initial de novo lytic infection. In 

this model, a synchronous transcriptional burst of all three classes of viral genes (IE, E, 

L), known as Phase I, precedes full reactivation or “Phase II”. In contrast to full 

reactivation, Phase I gene expression is independent of lytic transactivator VP16 (223), 

viral DNA replication (98, 117, 223), and heterochromatin removal, as the inhibition of 

H3K9 or H3K27 demethylases does not disrupt Phase I gene expression (98, 99, 109, 

117). The validity of this biphasic model has been criticized as most experimental data 

that support this model have been acquired using in vitro models that use ACV to 

promote latency establishment. The concern is that biphasic reactivation is a remnant of 

antiviral use, and that Phase I gene expression is a sort of defunct reactivation event 

due to ACV-incorporated (and therefore presumably ”damaged”) viral genomes. 
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 Phase I gene expression precedes full reactivation at a timepoint which varies 

depending on model system and reactivation stimulus. In in vitro models employing 

acyclovir during latency establishment and eliciting reactivation through PI3Kinase 

inhibition or neuronal hyper-excitability, peak Phase I gene expression occurs 

approximately 20 hours post stimulus (99, 109, 223). Kinetics appear to be hastened by 

using triggers in combination. In our novel in vitro model where latency takes a longer 

time to establish and where reactivation requires a triple combinatorial trigger, Phase I 

initiates approximately 12.5 hours post-stimulus (117). In an ex vivo model where 

ganglia are triggered to reactivate with the combination of PI3Kinase inhibition and 

axotomy, Phase I can proceed as early as 5 hours post-stimulus (98).  

 

Viral genomes which progress through Phase I gene expression do not 

necessarily complete full reactivation. The transition from Phase I gene expression into 

full, Phase II reactivation can be perturbed by restrictive host cell proteins. Gadd45b, for 

example, appears to antagonize the HSV-1 late expression program to prevent full 

reactivation. Interestingly, Gadd45b mRNA is specifically increased in infected neurons 

in response to LY294002, suggesting that a viral factor may be mediating the 

gatekeeping into full reactivation or that host cells can respond to limit HSV reactivation 

(224).  

  

HSV-1 Reactivation through Neuronal Stress Signaling: 
 

In the context of a de novo lytic infection, VP16 is delivered to the host cell nuclei 

with the incoming virus’ tegument. However, during a latent infection, transcription of the 
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VP16 gene is restricted and viral gene expression must initiate in the absence of VP16 

protein. Therefore, reactivation from a latent infection is not initiated by VP16, but by 

alternative host or viral factors.  

 

Initiation of reactivation during Phase I requires activated cellular c-Jun N-

terminal kinase (JNK), which is specifically redirected to a physiologic neuronal stress 

signaling pathway through mixed lineage protein dual leucine kinase (DLK) and the JNK 

scaffold protein, JNK-interacting protein-3 (JIP3) (98, 99, 109, 112, 117). JNK activation 

results in the phosphorylation of serine (S10) neighboring repressive mark H3K9me3 on 

the viral genome during Phase I reactivation (99, 109). This “phospho/methyl switch” 

may enable viral transcription without the full removal of repressive marks on lytic 

promoters in Phase I reactivation, likely through the eviction of heterochromatin protein 

1 (HP1). JNK may also result in the phosphorylation of serine (S28) neighboring 

repressive mark H3K27me3 on the viral genome, although this has not been directly 

demonstrated. Phosphorylation of the S28 residue occludes binding of PRC2 to 

H3K27me3 and permits gene expression (225), and this H3K27/S28 methyl/phospho 

switch has been observed on cellular promoters following cell stress (225, 226) and in 

neurons following stimulation (227).   

 

The requirement of DLK/JNK for viral reactivation has been demonstrated using 

multiple systems and triggers converging upon diverse cellular pathways. For example, 

HSV-1 can co-opt an innate immune signaling pathway; IL-1β, which is released under 

conditions of fever and stress, induces neuronal hyper-excitation and subsequent 
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reactivation (109). HSV-1 reactivation is also elicited via disruption of neuronal DNA 

damage and repair pathways (112, 228). In response to a combinatorial stimulus of an 

NGF-deprivation mimic (LY294002), neuronal hyperexcitability (forskolin), and heat 

shock, we demonstrated that reactivation can be induced from a very silent form of 

latency established in vitro (117). DLK and/or JNK have been demonstrated as integral 

to reactivation when tested in these systems.  

 

However, the full mechanistic role of DLK and JNK activation in mediating Phase 

I of HSV reactivation is not yet elucidated. Although histone phosphorylation likely 

permits a chromatin environment that is conducive to transcription, additional 

transcription or pioneer factors are also required to initiate lytic gene transcription during 

Phase I. In the neuronal stress signaling pathway, JNK up-regulates and activates its 

primary transcriptional factor target c-Jun. c-Jun is well known for mediating neuronal 

cell death and axon pruning following the loss of nerve-growth factor signaling, where it 

is both up-regulated and phosphorylated by DLK-mediated activation of JNK (99, 229, 

230). As expected, c-Jun has also been shown to be up-regulated in response to 

neuronal stress stimuli in models of HSV-1 reactivation (99, 109). Interestingly, c-Jun-

binding motifs are represented across lytic HSV-1 genes, and on the cellular genome c-

Jun can act as a pioneer factor and maneuver through heterochromatin (231, 232). 

Therefore, it is likely that c-Jun mediates viral transcription from lytic gene promoters 

during Phase I gene expression, but this has not been directly tested. In fact, there has 

not been any neuronal host transcriptional/pioneer factors yet implicated in mediating 

Phase I gene expression, or full Phase II reactivation from the HSV-1 genome.  
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Heterogeneity of HSV-1 Latent Infection and Reactivation: 
 

Importantly, latent infection and reactivation demonstrate substantial 

heterogeneity, reflected by the fact that only a proportion of a population of latently 

infected neurons will reactivate at any one time (109, 117, 233, 234). Within individual 

latently infected neurons, there is heterogeneous expression of lytic and latent 

transcripts and copy numbers of viral DNA (194, 195, 235). This heterogeneity is further 

maintained at a higher biological resolution, as individual viral genomes exhibit 

differential subnuclear positioning and association with host factors such as 

promyelocytic leukemia (PML) bodies and peri-centromeric regions (93). While factors 

such as the immune response or infectious viral dose may alter reactivation capacity, 

this heterogeneity is likely in part also owed to the intrinsic heterogeneity of the latent 

host cell, the neuron. Individual peripheral (sensory, sympathetic) neurons that 

compose mature ganglia differ in terms of mRNA expression profiles and protein 

synthesis of epigenetic remodeler complexes, stress hormone receptors, neurotrophic 

receptors, and ion channels (236-238), and these factors have all been demonstrated to 

mediate HSV-1 latency establishment and reactivation. Importantly, many of the 

experimental techniques used to investigate HSV-1 latent infection and reactivation are 

population-level, including but not limited to reverse transcriptase quantitative 

Polymerase Chain Reaction (RT-qPCR) and chromatin immunoprecipitation (ChIP). Our 

laboratory continues to employ these techniques but additionally places special 

emphasis on investigating these processes at the single-neuron and single-genome 

resolution.  
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Statement of Purpose: 
 

In summary, HSV-1 can establish a latent infection within neurons, during which 

the viral genome is targeted by repressive chromatin. Periodically in response to stress, 

the HSV-1 genome may re-initiate lytic viral gene expression and progress into full 

reactivation, where repressive chromatin is removed from the viral genome and new 

infectious virus is made. Although HSV-1 reactivation causes ubiquitous and serious 

disease and facilitates the transmission of infectious virus to new hosts, there are 

currently no antivirals that target HSV-1 reactivation through its prevention. 

 

With this dissertation, we aim to elucidate the molecular mechanisms behind how 

chromatin and neuronal stress signaling pathways (which can converge) silence the 

HSV-1 genome during a latent infection and are modified during reactivation, with the 

goal of manipulating this information into therapeutics that prevent HSV-1 reactivation 

and associated clinical consequences. In doing so, we also introduce new technology to 

study HSV-1 latency and reactivation at a single-cell and single-genome resolution and 

the intrinsic epigenetic signature of the specialized cell type of a neuron. The scientific 

questions addressed in this dissertation are summarized in Figure 1.5.  



 45 

 

Using a recombinant HSV-1 virus, we inquire whether we can construct a new 

primary neuron model of HSV-1 latency and reactivation in which the heterogeneity of 

these processes can be accurately recapitulated (Fig 1.5A) and initial transcription 

events during reactivation can be differentiated from downstream cell-to-cell spread (Fig 

1.5B). As using such a model enables latency to be established without antivirals, we 

also ask whether Phase I exists independently of antiviral use (Fig 1.5C).  

Figure 1.5 Scientific Questions Addressed in this Dissertation. HSV-1 can establish a 
latent infection within neurons, during which the viral genome is targeted by repressive 
chromatin. In response to stress, the viral genome may reactivate in a biphasic manner, 
during which chromatin is modified and eventually removed. We aim to create a primary 
model of HSV-1 latency and reactivation where A) the heterogeneity of these processes 
can be maintained and B) de novo reactivation can be differentiated from downstream cell-
to-cell spread. C) As using such a model enables latency to be established without 
antivirals, we explore whether Phase I occurs in this system. D) We also inquire about 
which neuronal host cell signaling factors mediate Phase I and Phase II reactivation. We 
explore the functional role of PRC1 and PRC2-assocated modifications to HSV-1 latency 
establishment (E) and maintenance (F), and the viral genome’s ability to reactivate (G). H) 
The mechanisms of potential Polycomb recruitment through LAT are also preliminarily 
explored.  
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While histone phosphorylation may create a transcriptionally permissive 

environment on the HSV-1 genome during Phase I gene expression, the repertoire of 

neuronal stress signaling transcription and pioneer factors that drive viral gene 

transcription remains unknown. We investigate such factors led by the hypothesis that 

neuronal c-Jun pioneers through viral heterochromatin and acts as the most 

downstream transcriptional regulator of the JNK/DLK stress signaling pathway during 

Phase I (Fig 1.5D).  

 

During a latent infection, HSV-1 lytic gene promoters associate with reversible 

Polycomb silencing. H3K27me3 and PRC2 are enriched on the latent HSV-1 genome in 

vivo, but the presence of H2AK119ub and the contribution of both PRC2 and PRC1 to 

viral gene repression during latency establishment (Fig 1.5E), maintenance (Fig 1.5F), 

and reactivation (Fig 1.5G) remains unknown. Using a combination of in vivo and in vitro 

techniques and our new recombinant virus, we explore the hypothesis that vPRC1 is 

recruited to the HSV-1 genome to deposit H2AK119ub on the viral genome and repress 

lytic viral genes in a manner that is amenable to later reactivation. The mechanism(s) of 

Polycomb recruitment to the HSV-1 genome, and whether these involve latent viral 

lncRNA LAT, are also unresolved. We therefore also begin to explore the hypothesis 

that vPRC1 is recruited to the HSV-1 genome by host factor hnRNPK in tandem with 

viral lncRNA LAT (Fig 1.5H). 
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~End of Chapter 1~ 
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Chapter 2: DLK-Dependent Biphasic Reactivation of Herpes Simplex Virus 
Latency Established in the Absence of Antivirals 

 
Parts of this chapter have been adapted from:  

 
Dochnal, SA, Merchant, HY, Schinlever, AR, Babnis, A, Depledge, DP, Wilson, AC, & 

Cliffe, AR. DLK-Dependent Biphasic Reactivation of Herpes Simplex Virus Latency 
Established in the Absence of Antivirals. Journal of virology, 96(12). 

doi:10.1128/jvi00508-22 (2022) 
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Abstract 
 

Understanding the molecular mechanisms of herpes simplex virus type 1 (HSV-

1) latent infection and reactivation in neurons requires the use of in vitro model systems. 

Establishing a quiescent infection in cultured neurons is problematic as any infectious 

virus released can superinfect the cultures. Previous studies have used the viral DNA 

replication inhibitor acyclovir to prevent superinfection and promote latency 

establishment. Here, we describe a new model system using HSV-1 Stayput-GFP, a 

reporter virus that is defective for cell-to-cell spread. This enables the study of latency 

establishment and reactivation at the single-neuron level, and importantly establishes 

latent infections without the need for acyclovir. The establishment of a latent state 

requires a longer time frame than previous models using DNA replication inhibitors. This 

results in a decreased ability of the virus to reactivate using established inducers, and 

as such, a combination of reactivation triggers is required. Using this system, we 

demonstrate that biphasic reactivation occurs even when latency is established in the 

absence of acyclovir. Importantly, Phase I lytic gene expression still occurs in a histone 

demethylase and viral DNA replication independent manner, and requires DLK activity. 

These data demonstrate that the two waves of viral gene expression following HSV-1 

reactivation are independent of secondary infection and not unique to systems that 

require acyclovir to promote latency establishment.  
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Introduction 
 

Herpes simplex virus 1 (HSV-1) is a globally prevalent pathogen with the 

capacity to infect both sensory and autonomic neurons (14-17). Following neuronal 

infection, HSV-1 can enter a lytic replication cycle, establish a lifelong latent infection, or 

potentially undergo a limited amount of lytic gene expression even prior to latency 

establishment (10, 194, 208, 239-244). While latency is largely asymptomatic, periodic 

reactivation of the virus can result in cutaneous lesions, keratitis, and encephalitis. 

Epidemiological studies have also linked HSV infection with an increased risk of 

developing late onset Alzheimer’s disease (48, 245-252).  

 

The regulated expression of viral lytic transcripts has been well characterized 

following lytic infection (223, 253, 254). The HSV-1 genome enters the host cell 

epigenetically naked (75-77) but becomes chromatinized by histones bearing 

transcriptionally permissive histone modifications (81-85, 255-259). Viral gene 

expression is initiated from the genome in response to viral trans-activator and 

tegument protein VP16, which forms a complex with cellular factors involved in 

transcriptional activation, including general transcription factors, ATP-dependent 

chromatin remodelers, and histone modifying enzymes to promote expression of 

immediate-early (IE) genes (84, 87, 260-263). Synthesis of the IE proteins is required 

for early (E) mRNA transcription. Products of the early viral genes enable viral DNA 

replication. Viral genome synthesis is a pre-requisite for true-late (TL) mRNA 

transcription, likely due to a shift in genome accessibility and increased binding of host 

transcriptional machinery (264). In contrast to productive infection, during HSV-1 
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latency, viral lytic mRNAs are largely transcriptionally repressed and promoters 

assemble into silent heterochromatin marked by the tri-methylation of histone H3 lysine 

27 (H3K27me3) and di/tri-methylation of histone H3 on lysine 9 (H3K9me2/3) (119-123, 

193). The initiation of viral gene expression during reactivation is induced from a 

heterochromatin-associated viral genome and occurs in the absence of viral activators 

like VP16. Latent HSV-1 therefore relies on host factors to act on the epigenetically 

silent viral genome and induce lytic gene expression.  

 

The mechanisms that regulate entry into lytic gene expression to permit 

reactivation remain elusive. Using primary neuronal models of HSV-1 latent infection, 

reactivation has been found to progress in a two-step or bi-phasic manner. Phase I is 

characterized as a synchronous wave of lytic viral transcripts, occurring approximately 

20 hours post-stimulus (99, 109, 223, 224, 265). There is evidence that this initial 

induction of lytic gene expression is not dependent on the lytic trans-activator VP16, or 

viral protein synthesis (223, 266). Instead, cellular factors, including the stress kinases 

dual leucine zipper kinase (DLK) and c-Jun N terminal kinase (JNK), are required for 

Phase I entry (99, 109). Importantly, viral gene expression occurs despite the 

persistence of heterochromatin on viral promoters. Instead, JNK-dependent histone 

phosphorylation of histone H3S10 results in a methyl/phospho switch, which can permit 

gene expression even while the repressive H3K9me3 histone modification is maintained 

(99). The second wave of viral lytic gene expression, Phase II, occurs approximately 48 

hours post-stimulus. Phase II reactivation is characterized by the full transcriptional viral 

cascade, including viral DNA replication, and ultimately infectious virus production 
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(223). In contrast to Phase I, viral protein synthesis, heterochromatin removal, VP16-

mediated transactivation, and viral DNA replication are required for Phase II (99, 109, 

223). 

 

In vitro systems of HSV-1 latency are required to study the mechanisms of 

latency establishment and reactivation that cannot be easily studied in vivo (8, 114, 267, 

268). In vitro models more readily enable functional studies, and immune system 

components can be included to understand how the host immune response impacts 

latency and reactivation (93, 108). However, there are complications involved in 

establishing latency in vitro. As also observed in animal models, only a sub-population 

of infected neurons enter a latent state whereas other neurons become lytically infected 

(118, 194, 269, 270). This leads to a superinfection of the cultures and an inability to 

establish a latent infection. Therefore, many existing in vitro models have used viral 

DNA replication inhibitors, predominantly acyclovir (ACV), to establish latency in vitro 

(99, 103, 105, 106, 115, 116, 234). ACV is proposed to inhibit viral DNA replication by 

incorporating into actively replicating viral genomes in lytic cells, although there is also 

evidence from ACV-resistant strains that ACV can also inhibit the viral DNA polymerase 

(62, 271, 272). There are some caveats associated with ACV use as the process of 

DNA replication and subsequent late gene expression cannot be studied in lytic neurons 

during latency establishment. Moreover, the fate of any genomes that incorporate ACV 

is unknown. Therefore, new model systems are required in which latency establishment 

can be tracked without the need for viral DNA replication inhibitors. Such a system can 

also be used to determine whether the use of ACV in the cultures alters mechanisms of 
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lytic gene expression during reactivation. Here we describe the use of a novel HSV-1 

reporter virus Stayput-GFP, which provides a powerful new methodology to investigate 

the establishment and reactivation from latent infection at the single neuron level 

without the need for DNA replication inhibitors.  
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Results  

Construction of a gH-null US11-GFP HSV-1. 
 

To construct a recombinant HSV-1 that is deficient in cell-to-cell spread and can 

also be used to visualize cells containing detectable viral late protein, Us11 tagged with 

GFP (273) was inserted into an existing glycoprotein H (gH)-null virus, SCgHZ (274) 

(Fig. 2.1A). gH is essential for HSV-1 cell entry as it mediates fusion between the virus 

envelope and host cell membrane (275, 276). The GFP-tagged true-late protein is a 

useful indicator of both lytic infection and reactivation, and Us11-GFP wild-type virus 

has been used as such in several HSV-1 latency systems (103, 107, 109, 112, 114, 

224). The tagged virus has previously been reported to express the full complement of 

HSV-1 genes, as wild-type Patton strain (273). 

 

We first verified that the resulting virus (named Stayput-GFP) was deficient in 

cell-to-cell spread in non-neuronal and neuronal cells but otherwise undergoes gene 

expression and replication as a wild-type virus. The genome sequence and 

transcriptome of Stayput-GFP was validated by nanopore gDNA and direct RNA 

sequencing, respectively (Fig. 2.1B-C). As determined through plaque assay, the ability 

to produce infectious virus was perturbed in the gH-deletion strain (Fig. 2.1D) but was 

rescued using previously constructed gH-complementing cell line, Vero-F6 (Fig. 2.1E). 

Importantly, replication in this cell line was indistinguishable from the parent SCgHZ and 

Us11-GFP Patton strain, which we chose for comparison as this virus has previously 

been used for latent infection studies in primary neurons.  
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To demonstrate cell-to-cell spread deficiency in neurons, we quantified GFP-

positive neurons over time. Infection of murine sympathetic neurons at an MOI of 0.5 

PFU/cell resulted in detectable GFP-positive neurons, which remained constant after 24 

hours post-infection (Fig. 2.1F), while the surrounding GFP-negative neurons remained 

GFP-negative (Fig. 2.1G). This contrasts with the wild-type US11-GFP condition where 

the number of lytic-infected neurons increased substantially over time. Therefore, 

Stayput-GFP infection was equivalent to Us11-GFP upon initial infection but failed to 

spread within the neuronal culture.   
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Reactivation of Stayput-GFP in a primary neuronal model. 

  
To confirm that Stayput-GFP undergoes reactivation in a manner comparable to 

the backbone SCgHZ, we infected mouse primary sympathetic neurons in the presence 

of viral DNA replication inhibitor ACV (99, 103, 105, 106, 234). ACV prevents the 

production of infectious virus, and thus superinfection of the cultures. Following 

infection, ACV was removed, and reactivation was triggered adding a PI3-kinase 

inhibitor LY294002 (Fig. 2.2A), which mimics loss of a branch of the NGF-signaling 

pathway in neurons (277) and has previously been found to induce reactivation (99, 

103, 107, 108). Following the addition of the reactivation stimulus, viral gene expression 

increased uniformly between Stayput-GFP, SCgHZ, and wild-type Us11-GFP at 20 

hours post-stimulus (Fig. 2.2C). Viral gene expression continued to increase from 20 to 

48 hours for all three viruses, and GFP-positive neurons were visible for both GFP-

Figure 2.1 Stayput-GFP replicates as wild-type but is unable to spread. (A) 
Schematic overview of HSV-1 strain SC16, the gH-deletion mutant SCgHZ, and 
Stayput-GFP. The gH deletion / LacZ insertion and Us11-GFP insertion sites are 
shown by blue and green triangles, respectively. (B-C) Coverage plots derived from 
(B) nanopore gDNA sequencing and (C) nanopore direct RNA sequencing of SCgHZ 
and Stayput-GFP. Sequence read data were aligned against the SC16 reference 
genome and demonstrate a drop in coverage at the gH locus. (D) Plaque forming 
assay of Stayput-GFP on Vero (left) or gH-complementing Vero-F6 (right) cells 48 
hours post-infection at a 10-7 dilution. GFP-positive area in example image reported 
top left of each image. Titer of viral stock reported bottom left of each image. (E) 
Vero-F6 cells were infected with Stayput-GFP, SCgHZ, or Us11-GFP at an MOI of 5. 
Infectious virus was collected over time and titrated on Vero-F6 cells (n=3 biological 
replicates). (F-G) Neonatal sympathetic neurons were infected at an MOI of 0.5 
PFU/cell with Stayput-GFP or Us11-GFP in the absence of DNA replication inhibitors. 
Us11-GFP-positive neurons were counted over time (n=3 biological replicates). 
Shapiro-Wilk normality test. Unpaired student’s t test between Us11-GFP and 
Stayput-GFP. ****p<0.0001. The means and SEMs are shown. Stayput-GFP was 
constructed by Austin R. Schinlever and Aleksandra Babnis. Experiments from 
Panels A-C were performed by Husain Y. Merchant and Daniel P. Depledge. 
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tagged viruses by 48 hours (Fig. 2.2B, 2.2D). This indicates that even in the absence of 

cell-to-cell spread, reactivation progressed over a 48-hour period, initiating with viral 

mRNA production and later detection of viral late protein.  

 

By 72 hours-post stimulus, GFP and viral gene transcription were significantly 

up-regulated in wild-type Us11-GFP in comparison to Stayput-GFP or SCgHZ, 

suggesting that at this time-point, the readout of reactivation for wild-type Us11-GFP is 

confounded by cell-to-cell spread (Fig. 2.2B, 2.2E). We are therefore unable to 

differentiate between genuine reactivation and downstream cell-to-cell spread using a 

wild-type virus. Previous attempts to reduce cell-to-cell spread include using pooled 

human gamma globulin or the viral DNA packaging inhibitor WAY-150138 (103, 278-

280). However, using Stayput-GFP offers a built-in mechanism to prevent cell-to-cell 

spread during reactivation and permit quantification of the progression to reactivation at 

the single neuron level.  
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Figure 2.2 Stayput-GFP in a latency and reactivation model using ACV to 
promote latency establishment. (A) The latency and reactivation model scheme. 
Neonatal sympathetic neurons were infected with Stayput-GFP, parent virus SCgHZ, 
or wild-type Us11-GFP at an MOI of 7.5 PFU/cell in the presence of ACV (50 μM). 
Then, 6 days later, ACV was removed, and 2 days later, cultures were reactivated 
with LY294002 (20 μM). (B) The numbers of GFP-positive neurons in a single well 
(containing approximately 5,000 neurons) for Stayput-GFP and wild-type Us11-GFP 
were counted over time. (C to E) Viral gene expression also was quantified by RT-
qPCR for immediate early (ICP27), early (ICP8), and late (gC) genes at 20 h (C), 48 h 
(D), and 72 h (E) poststimulus. Relative expression to unreactivated samples and 
cellular control (mGAPDH). n = 6 biological replicates from 3 litters. Normality was 
determined by Kolmogorov-Smirnov test in panels B to E. Mann-Whitney (B) or 
Kruskal-Wallis with comparison of means (C to E); *, P < 0.05; **, P < 0.01; 
***, P < 0.001. The means and SEMs are represented. Individual biological replicates 
are indicated in panels C to E. 
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Stayput-GFP can be used to create a quiescence model of neuronal infection in 
the absence of viral DNA replication inhibitors. 
 

When wild-type virus is used for neuronal infection, superinfection of the cultures 

occurs (Fig. 2.1F), and a latent infection cannot be established. By infecting with 

Stayput-GFP, we posited that we could create a model of latency establishment without 

the use of DNA replication inhibitors. Following the infection of neonatal sympathetic 

neurons at an MOI of 7.5 PFU/cell, the number of GFP-positive neurons emerged by 1-

day post-infection, increased until 3 days post-infection, and then decreased until 

reaching zero by 30 days post-infection (Fig. 2.3A). The peak number of GFP-positive 

neurons was approximately 1,000. Given that 5,000 neurons were plated per well, this 

equates to approximately 20% of the population of neurons that progress to become 

Us11-GFP positive. The length of time required for Us11-GFP to be lost from the 

cultures was surprising and may result from the previously characterized restricted cell 

death in neurons (281), or a gradual shut-off in protein synthesis in a sub-population of 

neurons that survive even Late gene expression. Single-cell tracking demonstrates that 

at least a proportion of neurons that become GFP-positive also end up staining positive 

for cell death marker SYTOXTM Orange (Fig. 2.3B-C). This data suggests that most 

neurons that undergo a lytic infection end up undergoing cell death. However, 

accurately tracking all neurons over time to determine whether all GFP positive neurons 

do die is problematic because individual neurons shift over time. Therefore, we cannot 

definitively conclude that all GFP positive neurons undergo cell death.  



 61 

 



 62 

 

All classes of lytic viral gene expression emerged by 1-day post-infection and 

then decreased over the span of 30-days post-infection (Fig. 2.3D-F). In contrast to the 

lytic transcripts, LAT expression was maintained over the infection scheme of 30-40 

days and was approximately 400-fold higher than lytic transcripts from 30 days onwards 

(Fig. 2.3G). This indicated that LAT-positive neurons persisted over this period, likely 

reflecting entry into quiescence. In agreement with this hypothesis, at 40 days post-

infection there are approximately 200 viral DNA copies per cell, demonstrating that viral 

genomes persist (Fig. 2.3H). Together, these data show that infection of sympathetic 

neurons with a cell-to-cell defective virus results in a remaining population of neurons 

containing viral genomes and the LAT transcript. Notably, this mimics events following 

in vivo infection of mice.  

 

The ability of HSV-1 to undergo reactivation decreases with length of time 
infected. 
 

The presence of viral genomes and LAT transcripts suggested that HSV-1 had 

established a quiescent infection 30 days post-infection. Therefore, we hypothesized 

that some genomes enter latency, which is defined by an ability to reactivate in 

Figure 2.3 Stayput-GFP can be used to create a quiescence model in the 
absence of viral DNA replication inhibitors in neonatal sympathetic neurons. 
Neonatal sympathetic neurons were infected with Stayput-GFP at an MOI of 7.5 
PFU/cell, and the numbers of Us11-GFP-positive neurons were quantified. (A) n = 9 
biological replicates from 3 litters. (B) SYTOX Orange-positive neurons were also 
quantified over time (n = 3). (C) Following infection, the same field of view was 
imaged to track GFP and SYTOX Orange (250 μm scale bar for field of view [FOV], 
25 μm scale bar for zoom) over time. (D to G) Lytic (D to F) and latent (G) viral 
transcripts (n = 6) were quantified up to 40 days postinfection. (H) Viral DNA load 
(n = 6) was also quantified up to 40 days postinfection. Individual biological replicates 
along with the means and SEMs are shown. 
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response to a stimulus. We thus attempted to reactivate cultures with LY294002 (20 

M). However, we were unable to detect an increase in GFP-positive neurons after the 

addition of the trigger (Fig. 2.4A). We were also unable to detect a change in immediate 

early, early, or late transcripts (data not shown). This was unexpected as LY294002 has 

repeatedly been shown to elicit robust reactivation in vitro and was able to induce 

Stayput-GFP in a model using ACV to promote latency establishment (Fig. 2.2). 

Therefore, we sought to determine whether the inability to induce reactivation was due 

to the lack of ACV or the more prolonged time between initial infection and the addition 

of the reactivation stimulus. We infected neonatal cultures in the presence of ACV and 

reactivated over increasing lengths of time. ACV was removed from all cultures 6 days 

post-infection. We found that the number of GFP-positive neurons following addition of 

LY294002 decreased as the length of time infected increased (Fig. 2.4B). This was not 

likely due to a loss of viral genomes, as viral genome copy number and LAT expression 

remained constant over this period (Fig. 2.3G-H) and therefore instead reflected a more 

repressed viral genome unable to undergo reactivation upon PI3-kinase inhibition.   

 

Neurons are known to undergo intrinsic maturation, even in culture (282, 283). 

Therefore, the increased age of the neuron could have also impacted the ability of HSV-

1 to undergo reactivation. Hence, we investigated how reactivation changed with 

increased neuronal maturation (Fig. 2.4C). We infected cultured neurons with Stayput-

GFP at an MOI of 7.5 at the postnatal (P) ages of P8, P16, and P24 and then 

reactivated 8 days later. These postnatal ages of infection were chosen to reactivate at  
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the same ages of reactivation in Fig 2.4B. Importantly, we did not detect a decrease in 

reactivation output as the age of the neuron increased. Together, these data indicate 

that the decreased ability of Stayput-GFP to reactivate in a model that did not require 

ACV to establish quiescence was due to the longer time frame of infection and not 

associated with a lack of ACV in the cultures or increased age of the neuron.   

 

 

 

 

Figure 2.4 Reactivation decreases with length of time infected. Sympathetic 
neurons were infected with Stayput-GFP at an MOI of 7.5 PFU/cell and were treated 
with LY294002 when GFP-positive neurons were no longer detected (approximately 
30 days postinfection). GFP-positive neurons were quantified over time; (A) peak 
GFP (48 h poststimulus) is represented. Neonatal SCGs were infected at age 
postnatal day 8 (P8) with Stayput-GFP in the presence of ACV. (B) ACV was 
removed 6 days postinfection, and reactivation was triggered at the indicated times 
postinfection. (C) Neonatal SCGs were infected as described above after different 
lengths of time in vitro, representing indicated postnatal ages, and reactivated 8 days 
postinfection with LY294002. n = 12 biological replicates from 3 litters. Normality was 
determined by the Kolmogorov-Smirnov test. Unpaired Student’s t test (B) or the 
Mann-Whitney test (A and C) was used based on normality of data. **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001. Individual biological replicates along with the means 
and SEMs are shown. 
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Viral gene expression can be induced following long-term quiescent infection 
when multiple triggers are combined. 
 

We next sought to determine whether other known stimuli of HSV-1 reactivation 

could induce Us11-GFP expression, indicative of entry into reactivation. We attempted a 

number of triggers including forskolin (110, 111, 284, 285) and heat-shock/hyperthermia 

(96, 113, 286-291), which are both known inducers of HSV-1 reactivation. Alone these 

stimuli did not induce Us11-GFP expression or viral lytic mRNA induction (data not 

shown). However, when heat-shock (43C for 3h), in addition to forskolin (30 M) and 

LY294002 (both pulsed for 20 hours) were combined, Us11-GFP positive neurons were 

detected at 48 hours post-stimulus, indicating progression to reactivation (Fig. 2.5A). 

Superinfection was also used as this can induce rapid and robust reactivation, likely 

resulting in delivery of viral tegument proteins. In comparison to superinfection, the 

combined heat-shock/forskolin/LY294002 trigger resulted in reduced entry into 

reactivation/Us11-GFP expression, indicating that only a sub-population of neurons 

undergo reactivation with this combined trigger, which is consistent with previous 

studies investigating the mechanism of HSV-1 reactivation both in vivo and in vitro (223, 

233, 234, 292). Importantly, GFP-positive neurons at 48 hours post-stimulus co-stained 

with viral immediate early protein ICP4, early protein ICP8, as well as late capsid protein 

ICP5 (Fig. 2.5B). ICP8 staining appeared to form replication compartments, suggesting 

viral DNA replication occurs at this time. ICP5 capsid staining was also detectable in 

GFP-positive axons (Fig. 2.5C). 
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We went on to investigate whether viral mRNA expression was induced prior to 

the detection of Us11-GFP positive neurons. Using the triple stimulus, we detected an 

increase in viral lytic transcripts as early as 10 hours post-stimulus, which continued to 

increase, peaking at 48 hours post-stimulus (Fig. 2.6). Detection of immediate-early 

(Fig. 2.6A) and early transcripts (Fig. 2.6B) was slightly more robust than late transcripts 

(Fig. 2.6C-F). Because of the less robust increase in late gene expression, multiple late 

genes were analyzed, including the leaky late transcript VP16 and true-late transcripts 

encoding gC, UL10, and UL36. All late transcripts analyzed were not significantly 

increased beyond the latent samples until 20 hours post-stimulus (Fig. 2.6C-F). 

 

Figure 2.5 Viral protein synthesis can be induced from neurons quiescently 
infected with Stayput-GFP using a combination of stimuli. Neonatal sympathetic 
neurons or adult sensory neurons were infected at an MOI of 7.5 PFU/cell with 
Stayput-GFP in the absence of viral DNA replication inhibitors. Following the loss of 
GFP, signaling quiescence of the culture, wells were reactivated with a variety of 
triggers, including combinations of LY294002 (20 μM), forskolin (60 μM), and heat 
shock (43°C for 3 h), as well as a superinfection with untagged F strain at an MOI of 
10 PFU/cell. (A) GFP was quantified over time, and the peak GFP, at 48 h 
poststimulus, is depicted. n = 12 biological replicates. (B to C) Neurons were fixed at 
48 h poststimulus and stained with viral immediate early (ICP4), early (ICP8) (B), or 
late (ICP5) (C) protein (red), GFP (green), Hoescht (blue), and β II tubulin (magenta). 
25-μm scale bar. 
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We were also interested to determine whether a similar quiescent infection could 

be established in adult sensory neurons and whether the kinetics of viral lytic gene 

expression were similar between sensory and sympathetic cultures. Following infection 

with Stayput-GFP in primary trigeminal ganglia (TG) neurons, GFP also increased by 1-

day post-infection and then was lost over time (Fig. 2.7A). Assuming 5,000 neurons per 

well, Us11-GFP-positive neurons account for approximately 12% of the culture. GFP 

Figure 2.6 Viral gene expression can be restarted following latency 
establishment. Neonatal sympathetic neurons or adult sensory neurons were 
infected at an MOI of 7.5 PFU/cell with Stayput-GFP in the absence of viral DNA 
replication inhibitors. Following the loss of GFP, signaling quiescence of the culture, 
wells were reactivated with a variety of triggers, including combinations of LY294002 
(20 μM), forskolin (60 μM), and heat shock (43°C for 3 h). (A to F) Immediate early 
(A), early (B), and late (C to F) viral transcripts were investigated over time following 
the stimulus. Reactivated samples were compared to latent samples described as 0 h 
poststimulus. n = 9 biological replicates from 3 litters. Mann-Whitney against 0 h (A to 
D). Normality was determined by the Kolmogorov-Smirnov test; *, P < 0.05; 
**,P < 0.01; ***, P < 0.001; ****, P < 0.0001. Individual biological replicates along with 
the means and SEMs are shown. 
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was repeatedly lost within 15 days, a shorter period than that which is observed in 

neonatal sympathetic neurons. We also confirmed that the triple combinatorial stimulus 

elicits robust GFP re-emergence in adult TGs (Fig. 2.7B). Similar to what we observed 

in the sympathetic neurons, Us11-GFP positive neurons were detected by 48 hours 

post-stimulus. Intriguingly, superinfection only induced GFP expression to equivalent 

levels as the triple stimuli, which may be reflective of the repressive nature of sub-

population of mature sensory neurons to lytic replication and reactivation (118, 269). 

The kinetics of viral lytic gene expression in sensory neurons following the reactivation 

stimulus mirrored those in sympathetic neurons, with an IE and E gene expression 

robustly induced by 15 hours post stimuli (Fig. 2.7C-D) and late gene expression by 20 

hours (Fig 2.7E-F). Together, these data indicate that in vitro models of latency and 

reactivation can be established in sympathetic and sensory neurons in the absence of 

ACV and reactivation can be induced using a combination of triggers. In both models, a 

wave of lytic mRNA expression was detected at 15-20 hours post-stimulus, which was 

approximately 24 hours prior to the detection of Us11-GFP positive neurons.  
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Figure 2.7 Reactivation from quiescently infected adult sensory trigeminal 
ganglia neurons. Neurons isolated from the trigeminal ganglia (TG) of female mice 
were infected with Stayput-GFP at an MOI of 7.5 PFU/cell. (A) The resolution of lytic 
infection was monitored over time by imaging and counting GFP-positive 
neurons. n = 12 biological replicates from 3 dissections. The mean and SEM are 
shown. Following the loss of GFP, signaling quiescence of the culture, wells were 
reactivated with a combination of LY294002 (20 μM), forskolin (60 μM), and heat 
shock (43°C for 3 h), as well as a superinfection with untagged F strain at an MOI of 
10 PFU/cell. (B) GFP was quantified over time, and the peak GFP, at 48 h 
poststimulus, is depicted. n = 9 biological replicates. (C to F) Immediate early (C), 
early (D), and late (E and F) viral transcripts were investigated over time following the 
stimulus. n = 6 replicates. Mann-Whitney test against 0 h; *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001. Individual biological replicates along with the means 
and SEMs are shown. 



 71 

Neurons infected with Stayput-GFP undergo a DLK-dependent Phase I of 
reactivation. 
 

Phase I reactivation has largely been investigated using in vitro models in which 

ACV has been used to promote latency establishment. In addition, Phase I has been 

found to occur with the single triggers of forskolin or LY294002 (99, 109, 223). The 

requirement of multiple triggers for reactivation suggested that multiple cell-signaling 

pathways converged to have a synergistic effect and induce reactivation in this more 

repressive model. Therefore, we were interested to determine whether the 

characteristics of Phase I reactivation occurred in the model of quiescent infection 

established in the absence of ACV and using the more robust trigger to induce 

reactivation. Potential Phase I viral transcription was investigated at 12.5 hours post-

stimulus by RT-qPCR and Phase II was investigated when Us11-GFP positive neurons 

could be detected (48 hours post-stimulus). A characteristic of Phase I expression is the 

requirement of the stress kinase dual leucine zipper kinase (DLK) (99, 109). Therefore, 

using the DLK-specific inhibitor GNE3511 4 µM (293), we investigated the effect of DLK 

on reactivation in our system. We found up-regulation of immediate early/early 

transcripts 12.5 hours post-stimulus was eliminated with the addition of the DLK inhibitor 

(Fig. 2.8A-C). Further, full reactivation, demonstrated by peak GFP expression at 48 

hours, was also reduced to baseline levels upon the addition of the DLK inhibitor (Fig. 

2.8D). Therefore, using our new model of HSV-1 latency our data demonstrate that the 

initiation of viral lytic gene expression is dependent on DLK activity. 
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In addition to the dependence on DLK activity, a further characteristic of Phase I 

gene expression is the induction of viral mRNA transcripts independently of the activity 

of histone de-methylase enzymes required for full reactivation. Therefore, we also 

triggered reactivation in the presence of de-methylase inhibitors. GSK-J4 is known to 

specifically inhibit the H3K27 histone demethylases UTX and JMJD3 (294) and has 

previously been found to inhibit HSV-1 reactivation but not Phase I gene expression 

(99, 109). OG-L002 is an LSD1 specific inhibitor. LSD1 has previously been shown to 

be involved in removal of H3K9me2 from HSV-1 genomes and its activity is required for 

full reactivation but not Phase I gene expression (99, 109, 261). , The initial expression 

of lytic transcripts at 12.5 hours post-stimulation was not inhibited by either OG-L002 or 

GSK-J4 (Fig. 2.9A-B). Full reactivation was reduced in the presence of OG-L002 or 

GSK-J4 as demonstrated by GFP-positive neurons at 48 hours (Fig. 2.9C). For OG-

Figure 2.8 Reactivation is dependent on DLK. Cultures were infected with Stayput-
GFP at an MOI of 7.5 PFU/cell in the absence of ACV. Following loss of GFP, 
cultures were reactivated with a combination of LY294002, forskolin, and heat shock 
in the presence of DLK inhibitor GNE-3511 (4 μM). (A to D) Immediate early (ICP27) 
and early (ICP8/UL30) viral genes (A to C) were investigated at 12.5 h poststimulus, 
and GFP was counted over time (D). Peak GFP, consistently around 48 h 
poststimulus, is presented. n = 9 biological replicates from 3 litters. Normality was 
determined by the Kolmogorov-Smirnov test. Mann-Whitney test; *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. The mean and SEM are shown. 
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L002, the reduction in the numbers of GFP-positive neurons was not significant, 

indicating that removal of H3K9me2 may not be as important as removal of H3K27me3 

in this model system. Importantly, the initiation of gene expression in a manner that is 

independent of histone demethylase activity occurs when reactivation is induced by a 

triple stimulus and in a primary neuronal model in which latency was established without 

ACV.  

 

 

During Phase I, there is no detectable replication of viral genomes even though 

true late gene expression occurs (99, 109). In addition, using ACV models to establish 

latency, late gene expression has previously been found to occur to equivalent levels 

when viral DNA replication is inhibited during reactivation. Although we did observe late 

Figure 2.9 The early phase of lytic gene expression following a reactivation 
stimulus is independent of demethylase activity. Cultures were infected with 
Stayput-GFP at an MOI of 7.5 PFU/cell. Following loss of GFP, cultures were 
reactivated with a combination of LY294002, forskolin, and heat shock in the 
presence of H3K27 demethylase inhibitor GSK-J4 (2 μM) or H3K9 demethylase 
inhibitor OG-L002 (20 μM). Immediate early (ICP27) and early (ICP8/UL30) viral 
genes (A to C) were investigated at 12.5 h poststimulus, and GFP was counted over 
time. Peak GFP is presented. n = 3 biological replicates from 3 litters. Normality was 
determined by the Kolmogorov-Smirnov test. Mann-Whitney; *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001. The mean and SEM are shown. 
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gene expression during the initial period of lytic gene induction (12.5-20 hours), the 

increase was less robust than IE and E genes and appeared slightly delayed, not 

reaching significance for all analyzed late transcripts until 24 hours post-stimulus. 

Therefore, we investigated whether this late gene induction was dependent on viral 

DNA replication by reactivating in the presence of ACV. The addition of ACV did not 

inhibit the induction of lytic transcripts at 22 hours post-stimulus. Importantly, we 

included multiple true Late genes in this analysis, and all were induced to equivalent 

levels in the presence and absence of ACV (Fig. 2.10A-C). Therefore, the initial 

expression of late genes following a reactivation stimulus is independent of viral DNA 

replication. However, the addition of ACV did inhibit entry in full reactivation, 

demonstrated by Us11-GFP positive neurons at 48 hours post-stimulus, indicating that 

ACV was capable of blocking robust late gene expression at this late time-point (Fig. 

2.10D). In summary, using a model system in which a quiescent infection is established 

without the need for ACV, all the previous characteristics of Phase I gene expression 

(dependence on DLK and independence of histone demethylase activity and viral DNA 

replication) were still observed.  

 



 75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Differential dependence on viral DNA replication between phase I 
and II reactivation. Cultures were infected with Stayput-GFP at an MOI of 7.5 
PFU/cell in the absence of ACV. Following loss of GFP, cultures were reactivated 
with a combination of LY294002, forskolin, and heat shock in the presence of ACV 
(50 μM). (A to D) Late (VP16, gC, UL10) genes (A to C) were investigated at 22 h 
poststimuli. GFP was counted over time, and peak GFP is presented (D). n = 12 
biological replicates. Normality was determined by the Kolmogorov-Smirnov test. 
Mann-Whitney; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. The mean 
and SEM are shown. 
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Discussion 
 

We envision multiple uses for the Stayput-GFP virus model developed here for 

investigating HSV-1 neuronal infection in vitro. The Stayput-GFP virus is advantageous 

in models that otherwise use DNA replication inhibitors to promote latency 

establishment because it allows for the separation of initial viral gene expression/protein 

synthesis events and readouts from events that result from cell-to-cell spread. In 

addition, even in systems where ACV is used, there can be low levels of lytic replication 

or spontaneous reactivation after removal of ACV from cultures. The use of Stayput-

GFP helps limit the confounding effects of spontaneous reactivation events by inhibiting 

subsequent cell-to-cell spread, while at the same time identifying neurons that escape 

quiescence. Further, the GFP tag serves as an imaging indicator in real time of when de 

novo lytic infection is resolved and latency is considered established. We are also able 

to track viral DNA replication and downstream late viral transcription and protein 

synthesis during the latency establishment process in vitro. The fate of lytic neurons, 

whether they undergo cell death or turn off gene expression programs and enter the 

latency pool, can also be investigated by tracking GFP and cell death at a single-cell 

level. 

 

There are also some limitations to our system. Although there is some 

discrepancy in what defines reactivation (295), it is ultimately defined by the production 

of infectious virus. Due to the nature of the gH-deletion virus, de novo virus is by design 

non-infectious and we are unable to demonstrate reactivation in its strictest definition. 
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That said, we can readily demonstrate the re-emergence of all classes of viral gene 

transcripts, synthesis of viral capsid protein and replication compartment formation.  

 

An intriguing finding in our study is that reactivation output decreases as length of 

infection increases. A potential explanation is that the viral genome becomes 

increasingly chromatinized over time, leading to a more repressive phenotype. In 

support of this hypothesis, the association of the facultative heterochromatin mark 

H3K27me3 with the HSV-1 genome increases dramatically between 10- and 15-days 

post-infection in vivo (122). The kinetics of H3K27me3 deposition remain to be 

investigated in vitro, but if they mirror in vivo observations, this could suggest that active 

chromatinization and reinforcement of silencing continues even after initial shut-down of 

viral gene expression. In the cellular context, H3K27me3 is linked with the recruitment 

of canonical Polycomb repressor complex 1 (cPRC1), which may reinforce silencing 

through long-range chromosomal interactions or 3D compaction (119, 296, 297). It is 

therefore possible that even following H3K27me3 formation on the genome, there are 

additional layers of protein recruitment that build up over time. In addition, it is also 

possible that the accumulation of viral non-coding RNAs expressed in latency could 

impact cellular pathways resulting in decreased signaling to the viral genome for 

reactivation. The use of the Stayput-GFP model system will permit these different 

avenues to be explored.   

 

Our model system recapitulates the hallmarks of reactivation Phase I, which has 

previously been explored in in vitro systems using a DNA replication inhibitor. These 
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data are interesting considering the discrepancies in conclusions drawn about 

reactivation between in vitro and in vivo modeling. There is evidence ex vivo for a 

Phase I as all classes of viral gene are expressed in a disordered, non-cascade fashion 

when a combination of explant and nerve-growth factor deprivation are used (101). 

However, in other models of reactivation ex vivo, there is evidence that Phase-I-like 

gene expression may not occur, especially from studies investigating the requirement 

for histone demethylase inhibitors. These latter experiments used explant (axotomy) to 

induce reactivation and found that the earliest induction of lytic gene expression is 

dependent on H3K9 demethylase activity (260, 261). In a recent study from our lab, we 

have found that Phase I reactivation can occur ex vivo when axotomy is combined with 

PI3-kinase inhibition, although with more rapid kinetics than those observed here (98). 

These discrepancies between may result from the different trigger used to induce 

reactivation or currently unknown effects of latency established in vivo. Importantly, here 

we have demonstrated that any potential differences between in vivo and in vitro 

observations on the mechanisms of reactivation do not result from the use of ACV to 

establish a quiescent infection. It is worth noting that despite decreases in GFP-positive 

neurons following reactivation in the presence of either H3K9 or H3K27 demethylase 

inhibitor, some neurons still become GFP-positive especially in the OG-L002 (H3K9 

demethylase inhibitor) treated neurons. Although viral genomes have previously been 

shown to be enriched for both H3K9me2/3 and H3K27me3 in latency (99, 120, 121, 

123) the relationship between the different modifications and whether they exist on the 

same or different genomes is not known. In addition, whether reactivation occurs from 

genomes differentially enriched for H3K9me2/3 or H3K27me3 when different triggers of 
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reactivation are used has not been investigated.  One possible explanation is that the 

triple stimuli used here may be a more effective reactivation trigger for H3K27me3 

enriched genomes. Further work using the Stayput-GFP model system will help 

determine whether there is heterogeneity in the heterochromatin on viral genomes and 

the role of removal of specific types of heterochromatin for reactivation in response to 

different stimuli. 

 

Phase I, in addition to occurring synchronously and independently of histone 

demethylases, also occurs in the absence of viral protein synthesis. In an in vitro model 

employing ACV during latency establishment and stimulus LY294002 during 

reactivation, it is demonstrated that initial viral transcription occurs before the 

appearance of viral late protein synthesis and, specifically, independently of viral 

transactivator VP16 (223, 224). Therefore, cellular host factors must be responsible for 

instigating the initial reactivation process. Evidence from an in vitro model system has 

demonstrated these events are in fact navigated by cellular proteins JNK and DLK (99). 

Interestingly, host cell proteins may also be implicated in restricting the full reactivation 

process, including Gadd45b which appears to antagonize the HSV-1 late expression 

program to prevent full reactivation (224). Interestingly, Gadd45b mRNA is increased in 

response to LY294002 only in infected neurons, suggesting perhaps that a viral factor 

may be mediating the gatekeeping from Phase I to Phase II reactivation. 

 

In our system, Phase I gene expression was dependent on the neuronal 

regulator of JNK activity, DLK, highlighting the central role of DLK in HSV-1 reactivation. 
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DLK is a cell protein implicated in neuronal stress signaling upstream of cellular protein 

JNK (298). It has previously been found to be essential for HSV-1 reactivation following 

PI3-kinase inhibition (99), as well as neuronal hyper-excitability through forskolin (109). 

However, it has not, until now, been shown to be central to reactivation mediated by 

heat shock. Although heat shock has been used as a trigger for HSV-1 reactivation (96, 

113, 286-291), the downstream molecular events following this stimulus are not well 

elucidated. Multiple studies have demonstrated that heat shock during reactivation 

leads to the up-regulation of heat shock proteins, although none of them knowingly 

relate to DLK. Following hyperthermia-induced reactivation in vivo, heat shock protein 

HSP60 and HSP40 have been demonstrated to be up-regulated (291). Components of 

the heat shock response pathway have also been demonstrated to be up-regulated by 

LY294002 treatment in an in vitro system (224), including HSP70. In fact, in this same 

system, treatment with cultures of heat shock factor 1 (HSF-1) activator compound 

causes robust reactivation. Outside of the virological context, heat shock protein 

chaperone HSP90 has been shown to bind and maintain DLK stability in vivo and it is 

specifically required for DLK function following axon injury signaling (299). It is a 

possibility that heat shock in our system is enhancing the function of DLK. Therefore, 

multiple signals may converge on DLK, which is then able to activate JNK and histone 

phosphorylation and to promote lytic gene expression from the heterochromatin-

associated viral genome for reactivation to occur. Indeed, synergy has been 

demonstrated to enhance DLK activity in neurons (300). This central role for DLK is 

especially important as it is largely a neuron-specific protein that regulates the response 
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to multiple forms of stress (301) and is therefore a potential target for novel therapeutics 

that would prevent HSV-1 gene expression and ultimately reactivation.  

 
 
 
 
 
 

Figure 2.11 Summary. (A) Following infection with HSV-1 Stayput-GFP in the 
absence of antivirals, a population of neurons become lytically infected (green) or 
latently infected (red). Lytically infected neurons enter the latent population or die and 
are washed away from the cultures-and these events can be tracked at a single 
neuron resolution. (B) Over 30 days post-infection, lytic infection is resolved and 
latency is established. (C) Following treatment with a triple combination trigger, latent 
viral genomes undergo reactivation in a biphasic manner. Phase I is a DLK-
dependent, synchronous burst of viral gene expression that does not require histone 
H3K9 or H3K27 demethylase (HDM) activity. IE mRNA and protein are shown in 
magenta, E mRNA and protein in orange, and L mRNA and protein in blue. (D) 
Individual neurons in which full reactivation occurs can be identified and quantified 
through the expression of GFP fluorescence. 
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~End of Chapter 2~ 
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Chapter 3: c-Jun Signaling During Initial HSV-1 Infection Modulates Latency to 
Enhance Later Reactivation in addition to Directly Promoting the Progression to 

Full Reactivation 

 
Parts of this chapter have been adapted from: 

 
Dochnal, SA, Whitford AL, Francois AK, Krakowiak PA, Cuddy SR, & Cliffe, AR. c-Jun 

Signaling During Initial HSV-1 Infection Modulates Latency to Enhance Later 
Reactivation in addition to Directly Promoting the Progression to Full Reactivation In 

review. (2023) 
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Abstract 
 

Herpes simplex virus-1 (HSV-1) establishes a latent infection in peripheral 

neurons and can periodically reactivate to permit transmission and clinical 

manifestations. Viral transactivators required for lytic infection are largely absent during 

latent infection and therefore HSV-1 relies on the co-option of neuronal host signaling 

pathways to initiate its gene expression. Activation of the neuronal c-Jun N-terminal 

kinase (JNK) cell stress pathway is central to initiating biphasic reactivation in response 

to multiple stimuli. However, how host factors work with JNK to stimulate the initial wave 

of gene expression (known as Phase I) or the progression to full, Phase II reactivation 

remains unclear. Here, we found that c-Jun, the primary target downstream of neuronal 

JNK cell stress signaling, functions during reactivation but not during the JNK-mediated 

initiation of Phase I gene expression. Instead, c-Jun was required for the transition from 

Phase I to full HSV-1 reactivation and was detected in viral replication compartments of 

reactivating neurons. Interestingly, we also identified a role for both c-Jun and enhanced 

neuronal stress during initial neuronal infection in promoting a more reactivation-

competent form of HSV-1 latency. Therefore, c-Jun functions at multiple stages during 

HSV latent infection of neurons to promote reactivation. Importantly, by demonstrating 

that initial infection conditions can contribute to later reactivation abilities, this study 

highlights the potential for latently infected neurons to maintain a molecular scar of 

previous exposure to neuronal stressors. 
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Introduction 
 

Long-term viral infection can be regulated at multiple steps by the activation of 

host-cell signaling pathways. The Herpesviruses establish lifelong latent infections 

within specific host cells and periodically reactivate to permit transmission. During latent 

infection, the double-stranded DNA herpesvirus genomes reside in an epigenetically 

silent state, coated with host histone proteins within host nuclei (173, 193, 302-305). 

The transcription of viral lytic mRNAs is largely repressed and therefore viral proteins 

that mediate lytic gene transactivation during productive infection are largely absent. To 

reactivate, repressed herpesviruses rely on host signaling pathways that appear to play 

important physiological roles in their respective latent cell type. For example, the 

Gammaherpesvirus Epstein-Barr virus (EBV) establishes latency in memory B cells, 

and reactivation can be initiated following B cell receptor ligation and activation (306). 

Likewise, the Betaherpesvirus human cytomegalovirus (HCMV) establishes a latent 

infection in hematopoietic progenitor cells and reactivation can be initiated through 

cytokine signaling, including TNFɑ, which mediates differentiation (307-310). Following 

activation of these signaling pathways, host transcriptional factors activated 

downstream of signaling pathways can bind viral genomes to initiate lytic expression 

(311). Understanding the contribution of host cell proteins to the initiation of reactivation 

can help uncover the mechanisms of viral expression and ultimately identify targets for 

therapeutics that can prevent the occurrence of reactivation.  

 

The Alphaherpesvirus, Herpes Simplex Virus-1 (HSV-1), establishes a latent 

infection in post-mitotic neurons, during which lytic promoters are assembled into 
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heterochromatin, as defined by the enrichment of trimethylated histone H3 lysine 27 

(H3K27me3) and di- and tri-methylated lysine 9 (H3K9me2/3) (119, 121, 123, 124, 201). 

Periodically, following common physiological stressors like fever, UV exposure, and 

psychological stress, full reactivation, as characterized by new infectious virus 

production, can occur. At the neuronal level, the activation of certain signaling pathways 

have been found to induce reactivation (reviewed in (8)). These include the loss of 

neurotrophic factor support (99, 103, 105, 107, 108, 117, 312, 313), enhanced neuronal 

hyperexcitability (109, 117), and perturbation of the DNA damage response and axonal 

damage (233, 314). However, unlike the studies of EBV and HCMV, the host 

transcription factors that act downstream of a reactivation stimulus are largely unknown.  

 

Transcriptionally, full reactivation of HSV-1 mirrors de novo acute replication, 

which takes place in neuronal and non-neuronal cells; viral immediate early (IE) gene 

transcription precedes and is essential to early (E) gene expression, which is required 

for viral DNA (vDNA) replication, and subsequent late (L) gene transcription. Efficient IE 

gene expression and therefore the entire downstream lytic transcriptional cascade 

during acute infection or full reactivation, requires viral trans-activator VP16. VP16 

complexes with cellular factors involved in transcriptional activation, including general 

transcription factors, ATP-dependent chromatin remodelers, RNA polymerase, and 

histone-modifying enzymes that may remove repressive H3K9me2/3 and add 

euchromatin-associated modifications (84, 87, 260-262, 315). In the context of acute 

infection, VP16 is delivered to the host cell nuclei with the incoming virus’ tegument. 

However, during a latent infection, transcription of the gene encoding VP16 (UL48) is 
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restricted and therefore viral gene expression must initiate in the absence of VP16 

protein by alternative host or viral factors.  

 

There is accumulating evidence that reactivation is a biphasic process. Phase I 

gene expression precedes “full reactivation” (also referred to as “Phase II”) as a 

transcriptional burst of all classes of lytic viral genes, with late gene expression being 

uncoupled from viral DNA replication. This Phase I gene expression phenomenon has 

been observed in both in vitro and ex vivo models of HSV reactivation (98, 99, 109, 117, 

223, 265). The use of in vitro model systems has enabled the molecular mechanisms of 

Phase I and Phase II reactivation to be further teased apart. In these models, Phase I 

reactivation does not require VP16 nor activation of the host histone demethylase 

enzymes that remove H3K27me3 and H3K9me2 (99, 109, 117, 223, 265). However, 

Phase I reactivation, and as well as the progression to full Phase II, requires the 

activation of cellular c-Jun N-terminal kinase (JNK), which is specifically redirected to a 

physiologic neuronal stress signaling through mixed lineage kinase protein dual leucine 

kinase (DLK) and the JNK scaffold protein, JNK-interacting protein-3 (JIP3). The 

contribution of this neuronal stress signaling pathway was first demonstrated during 

reactivation using small molecule inhibitor LY294002, which inhibits the activation of the 

PI3-kinase and AKT-pathways that occur downstream of NGF-signaling (99). Since this 

discovery, the requirement of DLK/JNK for viral reactivation has been demonstrated 

using multiple systems and triggers converging upon diverse cellular pathways. HSV-1 

can co-opt an innate immune signaling pathway mediated by IL-1, which induces 

neuronal hyperexcitation and subsequent reactivation (109). HSV-1 reactivation is also 
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elicited via disruption of neuronal DNA damage or repair pathways, for example through 

the addition of DNA damaging agents or the inhibition of the ATM-dependent repair 

pathway by AKT inhibition (112, 228). In response to a combinatorial stimulus of an 

NGF-deprivation mimic (LY294002), neuronal hyperexcitability (forskolin), and heat 

shock, reactivation can be induced from a very silent form of latency established in vitro 

(117). DLK is integral to reactivation using all these stimuli and, JNK has also 

demonstrated to be required when tested in these systems.  

 

JNK activation during Phase I of HSV-1 reactivation results in the 

phosphorylation of serine (S10) neighboring repressive mark H3K9me3, and possibly 

H3K27me3, on the viral genome during Phase I (99). This phospho/methyl switch is 

known to result in the eviction of repressive reader proteins and therefore likely permits 

a chromatin environment that is conducive to transcription (316-318). However, 

additional host proteins, including transcription and pioneer factors, that directly promote 

viral gene expression would also be required for Phase I reactivation. Moreover, JNK 

lacks DNA binding capabilities, which suggests that an additional DNA-binding protein 

mediates JNK recruitment to viral chromatin. 

 

DLK-mediated activation of JNK both up-regulates and phosphorylates its 

primary transcriptional factor target c-Jun, which can mediate neuronal cell death and 

axon pruning following the loss of nerve-growth factor signaling (298, 319-321). We 

previously observed c-Jun activation in neuronal models used for HSV-1 latency 

following PI3-kianse inhibition (99) and forskolin treatment (109). Unlike traditional 
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transcription factors, c-Jun can maneuver or pioneer through heterochromatin to 

modulate genome accessibility in a broad range of host cells, including neurons (231, 

232). c-Jun is a basic leucine zipper domain (bZIP) protein that therefore must dimerize 

to bind DNA, and c-Jun binds most potently to Fos proteins as the “AP-1” complex to 

AP-1/TRE elements on the cellular genome (322-324). In the case of human gamma 

herpesvirus EBV, viral factor BZLF1, which shares substantial homology with AP-1, 

pioneers through heterochromatin on the latent genome and acts as a switch between 

latency and lytic replication, recruiting remodeling complexes that can remove 

H3K27me3 (325). Interestingly, c-Jun and c-Fos up-regulation in neurons has been 

recorded upon HSV-1 infection and reactivation in vivo (326, 327), and c-Fos is the 

primary readout for neuronal hyper-excitability, which has been demonstrated to initiate 

reactivation in vitro (109). However, c-Jun can also homodimerize or heterodimerize 

with other transcriptional activator proteins including ATF family members, other Jun 

family proteins, and PU.1. We therefore set out to investigate whether AP-1, and 

specifically c-Jun, are critical to HSV-1 reactivation, with the hypothesis that c-Jun up-

regulation and phosphorylation by JNK acts to induce Phase I gene expression. 

Interestingly, we found that c-Jun protein was required for reactivation during Phase II, 

but does not function directly during Phase I. In carrying out this study we also found 

that activation of c-Jun via neuronal stress during de novo infection resulted in 

enhanced reactivation. Therefore, we show that cell stress, and potentially other signals 

that could activate c-Jun during initial neuronal infection, can have a long-term impact 

on either the neuron or viral chromatin to regulate the propensity of HSV-1 to reactivate.  
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Results 

AP-1 is not required for HSV-1 reactivation ex vivo or in vitro. 
 

On the cellular genome, c-Jun is best characterized as heterodimerizing with the 

transcriptional factor c-Fos in the AP-1 complex, which subsequently undergoes a 

conformational change to bind DNA. c-Jun and c-Fos are respectively implicated in the 

NGF-deprivation and neuronal hyperexcitability pathways, both of which are co-opted 

by HSV-1 to reactivate. Therefore, we proposed that c-Jun mediates HSV-1 reactivation 

through the AP-1 complex. We began in an ex vivo model, where latently infected 

ganglia were reactivated with PI3-kinase inhibition using LY294002 in the presence or 

absence of AP-1 inhibitor T-5224. We considered T-5224 to be a good candidate to 

examine in the context of HSV reactivation in a mouse model as it is a well-

characterized, selective inhibitor of AP-1 DNA-binding (328). T-5224 was synthesized 

based upon a three-dimensional (3D) pharmacophore model and in silico modeling 

derived from the X-ray crystal structure of the basic region-leucine zipper (bZIP) 

domains of c-Fos and c-Jun bound to a DNA fragment containing the AP-1 consensus 

site. T5224 is therefore specifically synthesized to target the DNA-binding pocket 

domain formed by the unique combination of c-Jun and c-Fos. Moreover, T-5224 is also 

capable of inhibiting HMCV re-entry into robust lytic replication in CD34+ hematopoietic 

progenitor cells (329). PI3-kinase signaling is lost following the deprivation of NGF (277) 

and this is commonly used to trigger reactivation in vitro (93, 99, 103, 107, 108) and in 

combination with axotomy ex vivo (98). In addition, PI3-kinase inhibition in sympathetic 

neuronal-like PC12 cells has previously been shown to result in increased levels of Fos 

and c-Jun (330). We have previously identified a Phase I wave of gene expression ex 

vivo proceeds quickly, as early as 5 hours post-stimulus (98). We therefore decided to 
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investigate a later time-point when full reactivation in the ex vivo model can be detected 

(20 hours post-stimulus) to initially determine whether T-5224 can inhibit any stage of 

reactivation. 

 

Unexpectedly, the addition of T-5224 did not decrease LY294002-mediated 

reactivation ex vivo (Fig 3.1A-C) as indicated by IE (ICP27), E (ICP8) and L (gC) gene 

expression, indicating that the c-Fos-AP1 transcription factor was not required for lytic 

gene expression ex vivo in response to PI3-kinase inhibition with axotomy. However, 

one caveat to these ex vivo conditions is that it is difficult to ensure full penetrance of 

the drug, although we have previously shown that DLK-inhibitors, JNK-inhibitors, and 

acyclovir can inhibit explant induced reactivation (98).  

 

As a complementary approach and to test reactivation in intact neurons, we also 

examined the ability of T-5224 to inhibit reactivation in an in vitro model of HSV latent 

infection. Latent infection was established in primary sympathetic neurons isolated from 

the superior cervical ganglia (SCG) of newborn mice as described previously (93, 99, 

109, 117). Neurons were infected with a gH-null virus containing Us11-GFP (Stayput-

GFP), which permits the quantification of individual reactivating neurons during full, 

Phase II reactivation. The addition of T-5224 did not prevent reactivation as quantified 

by the numbers of GFP-positive following LY294002-mediated reactivation and instead 

showed a slight increase in reactivation (although this increase was slightly below the 

level of significance; p = 0.0671 Mann-Whitney test, Fig 3.1D). The addition of T-5224 

slightly enhanced LY294002-mediated Phase I gene expression as determined by the 
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levels of representative viral lytic viral transcripts ICP27 and ICP8 at 18 hours post-

stimulus (Fig 3.1E-F); for ICP27 but not ICP8 this enhancement was statistically 

significant. Therefore, inhibition of the AP-1 complex via T-5224 did not prevent, and 

even slightly enhanced, PI3-kinase induced reactivation.  

 

HSV-1 reactivation via PI3-kinase inhibition shares features with neuronal 

apoptosis in immature neurons following NGF deprivation. Loss of NGF-signaling 

results in loss of PI3-kinase inhibition and DLK/JNK activation, and cell death depends 

on DLK, JNK, and c-Jun, which promote the induction of pro-apoptotic BH3-only 

proteins. Therefore, we investigated whether T-5224 could prevent apoptosis mediated 

by loss of NGF-signaling. Interestingly, T-5224 did not prevent NGF-deprivation induced 

cell death in cultured sympathetic neurons (Fig 3.1G), suggesting NGF-deprivation 

signaling in this neuronal subtype may not be mediated through c-Jun and c-Fos, but by 

c-Jun and an alternative binding partner. This is a conceivable possibility as a similar 

phenotype has been previously demonstrated; in rat cerebellar granule neurons, c-Jun 

mediates apoptosis through dimerization with ATF2 rather than c-Fos (331). 

 

Complementary to the ex vivo experiments, we also investigated whether AP-1 

inhibition disrupted reactivation elicited by the commonly used alternative trigger 

forskolin. We recently demonstrated that forskolin drives HSV-1 reactivation through 

neuronal excitation rather than the interruption of the nerve growth deprivation pathway 

by LY294002, although both triggers are dependent on neuronal stress signaling kinase 

DLK (109). The readouts of GFP-positive neurons representative of Phase II (Fig 3.1H) 
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and viral gene transcription during Phase I (Fig 3.1I-J) were not depleted with T-5224 in 

combination with forskolin, but instead enhanced. Therefore, c-Jun as a part of the AP-1 

complex is not required for HSV-1 reactivation. This data rather suggests that the 

specific combination of c-Jun and c-Fos could be repressive to HSV-1 biphasic 

reactivation. 
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c-Jun depletion prior to latency establishment perturbs both Phase I gene 
expression and full reactivation. 
 

To Investigate the contribution of c-Jun to HSV-1 latency and reactivation, we 

used an in vitro primary neuronal model because this permits the easy manipulation of 

c-Jun at different times during the latency/reactivation cycle. In addition, robust 

reactivation can be achieved in intact neurons using this system. Latent infection was 

established in sympathetic neurons isolated from the superior cervical ganglia (SCG) of 

newborn mice as described previously (93, 99, 109, 117). Neurons were infected with a 

gH-null virus containing Us11-GFP (Stayput-GFP), which permits the quantification of 

Figure 3.1 AP-1 is not required for HSV-1 reactivation ex vivo or in vitro. (A-C) 
Mice were infected with WT HSV-1 by corneal scarification, and trigeminal ganglia 
(TG) were dissected 28 days following infection. Ganglia were reactivated for 20 
hours in neuronal media alone, or with the addition of LY294002 (40 μM) or 
LY294002 and AP-1 inhibitor T-5224 (20 μM). Viral mRNA quantification is shown for 
the immediate early ICP27 (A), early ICP8 (B), and late gC (C) transcripts normalized 
to cellular the control mRNA, GAPDH. At least 4 biological replicates; Mann-Whitney 
test. (D-F) Latently infected primary sympathetic SCG neurons were reactivated with 
LY294002 (20 μM), in the presence or absence of the AP-1 inhibitor T-5224 (20 μM). 
The number of GFP-positive neurons at 48 hours post-stimulus is shown (D). 11 
biological replicates from 4 separate dissections; Mann-Whitney test. Viral gene 
expression at 18 hours post-stimulus relative to latent samples quantified by RT-
qPCR for ICP27 (E) or ICP8 (F) normalized to the cellular control mGAPDH.15 
biological replicates from 4 independent dissections; Mann-Whitney test. (G) Neurons 
were treated with media containing NGF or NGF-deprived with or without T-5224 20 
μM. Cell death per field of view was quantified over time based on numbers of 
surviving neurons. 2 biological replicates. (H-J) Latently infected neurons were 
reactivated with forskolin (60 μM) in the presence or absence of T-5224 and the 
number of GFP-positive neurons at 48 hours post-stimulus (H) and relative 
expression of lytic transcripts ICP27 (I) and ICP8 (J) at 18 hours post-stimulus are 
presented. 10 biological replicates from 3 independent dissections; Mann-Whitney 
test. Normality determined by Kolmogorov-Smirnov test. Individual biological 
replicates along with the means and SEMs are represented. *, P < 0.05; **, P < 0.01. 
ns, not significant. One replicate from experiments in Panels D & H was performed by 
Sean R. Cuddy. 
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individual reactivating neurons neuronal model (117). Depletion of c-Jun protein was 

validated in SCG neurons using three independent shRNA lentiviruses (Fig 3.2A). c-Jun 

was depleted from primary neurons using the two most effective lentiviruses (sh-cJun2 

and sh-cJun3) and subsequently infected with HSV-1 Stayput-GFP at an MOI of 7.5 

PFU/cell in the presence of acyclovir (ACV; 50M) for six days. Two days post removal 

of the acyclovir, the infected neurons were reactivated with the PI3-kinase inhibitor, 

LY294002 (20 M), and the number of Us11-GFP-positive neurons was quantified at 48 

hours post-treatment, which is indicative of Phase II reactivation, in addition to Phase I 

lytic gene expression analysis at 18 hours post-treatment. Despite similar viral DNA 

loads during latency (Fig 3.2B), both full reactivation (Fig 3.2C, F) and Phase I gene 

expression (Fig 3.2D-E, G-H) were significantly reduced in c-Jun depleted cultures. 

Therefore, the presence of c-Jun protein during HSV latent infection was required for 

the initial exit from latency and Phase I gene expression.  
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c-Jun depletion following latency establishment does not prevent entry into 
Phase I. 
 

The data shown in Figure 1 support our hypothesis that c-Jun mediates Phase I 

gene expression and ultimately full reactivation downstream of the DLK/JNK signaling 

cascade. However, these experiments come with the caveat that c-Jun was depleted 

prior to HSV-1 infection and therefore we cannot rule out an indirect role of c-Jun in 

latency establishment that ultimately perturbs reactivation. To test the role of c-Jun 

solely in Phase I reactivation, the time point where both DLK and JNK act to promote 

exit from latency, and therefore reactivation, we depleted c-Jun following HSV-1 

infection and latency establishment and analyzed Phase I gene expression. In contrast 

to what we observed following depletion of c-Jun prior to infection, Phase I gene 

expression was not perturbed following c-Jun depletion after latency establishment (Fig 

Figure 3.2 c-Jun depletion prior to latency establishment limits both Phase I 
gene expression and full reactivation. A) Neurons were transduced with a non-
targeting shRNA control lentivirus or one of three independent lentiviruses expressing 
shRNAs that target Jun (sh-cJun1, sh-cJun2, sh-cJun3). 5 days post transduction, 
LY294002 was added to neurons for 18 hours and western blotting for c-Jun or a-
tubulin was performed. The percentage knockdown of c-Jun normalized to a-tubulin 
is shown. B-H) Following c-Jun depletion with sh-cJun3 (B-E) or sh-cJun2 (F-H), 
primary neurons were infected with Stayput-GFP at an MOI of 7.5 PFU/cell in the 

presence of acyclovir (ACV; 50 M) for six days and then reactivated two days after 

the removal of acyclovir with LY294002 (20 M). B) Quantification of relative latent 
viral DNA load at 8 days post-infection. Biological replicates from 3 separate 
dissections C & F) Quantification of the number of GFP-positive neurons at 48 hours 
post-stimulus. Individual biological replicates from at least 3 individual dissections. D-
E, G-H) Relative viral gene expression at 18 hours post-stimulus compared to latent 
samples quantified by RT-qPCR for ICP27 (D,G), ICP8 (E,H) normalized to cellular 
control mGAPDH. Statistical comparisons were made using normal or non-normal 
(Wilcoxon, B, C, F) Paired t-Test. Biological replicates from at least 3 individual 
dissections. Individual biological replicates along with the means and SEMs are 
represented. * P < 0.05; ** P < 0.01. 2 replicates of the experiment in Panel D-E were 
performed by Abigail Whitford.  
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3.3A-C). Importantly, we verified knockdown at the RNA level for each replicate (Fig 

3.3D). This phenotype was not limited to a single shRNA clone as Phase I gene 

expression remained unchanged with the additional two independent c-Jun lentiviruses 

(Fig 3.3E-G) that were previously validated (Fig. 3.2A). In addition, this phenotype was 

not limited to one trigger as c-Jun was also not required for Phase I gene expression 

triggered by forskolin (Fig 3.3H-K). In contrast, c-Jun depleted cultures displayed 

unexpectedly enhanced Phase I gene expression following treatment with forskolin. 

Therefore, our data indicate that c-Jun does not play a direct role alongside DLK and 

JNK in supporting Phase I gene expression during reactivation. In addition, these data 

contrasted what was observed for the impact of c-Jun depletion pre-infection on entry 

into Phase I gene expression.   
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c-Jun is Required for the Expression of Late Genes during Full (Phase II) 
Reactivation. 
 

Although we did not detect a role for c-Jun in entry into Phase I gene expression, 

we went on to examine whether it played any role during HSV-1 reactivation. We 

therefore again depleted c-Jun prior to reactivation and quantified entry into full, Phase 

II reactivation. We now did detect a role for c-Jun during Phase II/full reactivation, as the 

numbers of Us11-GFP positive neurons were significantly decreased following c-Jun 

depletion (Fig 3.4A). This was verified using a second c-Jun shRNA lentiviral clone (Fig 

3.4G).  This indicated that c-Jun was required for Us11 expression. Because Us11 is a 

true late gene, we additionally quantified immediate early (Fig 3.4B), early (Fig 3.4C), 

and late viral transcripts (Fig 3.4D-E) during Phase II. Importantly, c-Jun was specifically 

required for expression of the late genes tested and not the immediate early gene 

ICP27 nor the early gene ICP8. The impact of c-Jun depletion on late gene expression 

was validated using a second c-Jun shRNA clone (Fig 3.4H &I). We also quantified the 

impact of c-Jun depletion on the progression to full reactivation induced by forskolin. 

Consistent with the data for PI3-kinase induced reactivation, the numbers of Us11-GFP 

positive neurons were decreased in the c-Jun depleted neurons, and this was verified 

using two independent shRNA clones (Fig 3.4F & J). Therefore, these data indicate that 

Figure 3.3 c-Jun is not necessary for Phase I gene expression. (A-K) Latently 
infected neurons were transduced with a non-targeting shRNA lentivirus or sh-cJun3, 
sh-cJun2, or sh-cJun1 at 6 days post-infection and reactivated 5 days later. In (A-G) 
neurons were reactivated with LY294002 and in (H-K) with forskolin. RT-qPCR was 
carried out at 18 hours post-reactivation for; ICP27 (A, E, & H), ICP8 (B, F, & I), gC 
(C, G, & J) and cellular Jun (D&K) at 18 hours post-stimulus is represented. N=6 
biological replicates from at least 3 independent dissections. Statistical comparisons 
were made using non-normal (Mann-Whitney) t-Test. Individual biological replicates 
along with the means and SEMs are represented. * P < 0.05; ** P < 0.01. 
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c-Jun is directly required for full, Phase II HSV reactivation and acts specifically on late 

viral transcripts. 

 

 

 

 

Figure 3.4 c-Jun is necessary for full HSV-1 reactivation. (A-F) Neurons were 
infected with HSV-1 and transduced at 6 days post-infection with a non-targeting 
shRNA lentivirus or sh-cJun3 (A-F) or sh-cJun2 (G-J) and reactivated 5 days later. 
Acyclovir was added for the first six days post-infection. (A,G) Quantification of Us11-
GFP-positive neurons following reactivation with LY294002. (B-E, H-I) RT-qPCR for 
viral mRNA transcripts ICP27 (B), ICP8 (C), VP16 (D,H) gC (E,I), at 48 hours post-
reactivation with LY294002. (F,J) Quantification of Us11-GFP-positive neurons 
following reactivation with forskolin. Individual replicates from at least 4 separate 
dissections are shown. Statistics determined by normal or non-normal (Wilcoxon-test, 
A, F-J) paired T-test. Individual biological replicates along with the means and SEMs 
are represented. * P < 0.05; ** P < 0.01. ns, not significant. 
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c-Jun is required for full lytic replication in neurons. 
 

Phase II reactivation has previously been demonstrated to transcriptionally mirror 

HSV-1 de novo lytic infection in non-neuronal and neuronal cells, which contrasts with 

Phase I. Therefore, we investigated the contribution of c-Jun to de novo lytic infection in 

sympathetic neurons. Following c-Jun depletion and infection with HSV-1 Stayput-GFP, 

we quantified the numbers of Us11-GFP-positive neurons at 48 hours post-infection. 

This timepoint was chosen as it is when we previously detected the maximum number 

of GFP-positive neurons following de novo infection with Stayput-GFP (117). Consistent 

with our observation that c-Jun is required for full HSV-1 reactivation, the number of 

GFP-positive neurons indicative of de novo lytic infection events in this model system 

was robustly reduced following infection in c-Jun-depleted cultures (Fig 3.5A). In 

addition, viral DNA replication (Fig 3.5B) and transcription of all three classes of lytic 

genes, IE ICP27, E ICP8, L VP16, and TL gC and gM were robustly decreased in c-Jun 

depleted cells (Fig 3.5C), demonstrating that c-Jun is required for de novo lytic infection 

in neurons. These data suggest that c-Jun is a critical mediator of HSV-1 reactivation 

and lytic infection in neurons. However, these data also indicate that the mechanism of 

action may differ in reactivation versus de novo infection as c-Jun was required for 

expression of all three classes of viral genes during de novo infection but not during 

reactivation.  
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c-Jun is present in HSV-1 replication compartments during full reactivation. 
 

As a DNA-binding protein, we proposed that c-Jun could modify viral gene 

expression during reactivation either directly on the viral genome or indirectly by altering 

a host cell factor. We therefore employed a single-cell imaging approach where the co-

localization of c-Jun with individual reactivating neurons could be analyzed. As 

anticipated, c-Jun was not co-localized with latent viral genomes prior to the addition of 

the reactivation stimulus LY294002 (data not shown). To quantify c-Jun co-localization 

with viral genomes during Phase II reactivation, neurons were pulsed with 5-Ethynyl-2'-

deoxycytidine (EdC; 10 M) for 1 hour prior to carrying out Click-Chemistry to visualize 

Figure 3.5: c-Jun is necessary for maximum de novo lytic infection in neurons. 
(A-H) Neurons were transduced with a non-targeting shRNA lentivirus or sh-cJun3 
and infected with HSV-1 Stayput-GFP in the absence of viral DNA replication 
inhibitors 5 days post-transduction at an MOI of 5 PFU/cell for 48 hours. (A) 
Quantification of the numbers of GFP-positive neurons. Replicates from 3 separate 
dissections are shown; Unpaired t-test. (B) qPCR for viral DNA copy number. (C) RT-
qPCR for viral mRNAs ICP27, ICP8, VP16, and gC. (D) RT-qPCR for Jun. Replicates 
from 3 separate dissections are shown; Paired t-test. Individual biological replicates 
along with the means and SEMs are represented. * P < 0.05; ** P < 0.01. One 
replicate from experiments in Panels A-C was performed by Patryk Krakowiak. 
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viral genomes, along with immunofluorescence for c-Jun. We observed a robust up-

regulation of c-Jun only in reactivating neurons (Fig 3.6A). Importantly, c-Jun robustly 

co-localized with replicating viral genomes during Phase II of reactivation (Fig 3.6A). 

This co-localization was quantified using a Pearson’s coefficient between c-Jun and 

EdC-Pulse (Fig 3.6B). Therefore, c-Jun is both up-regulated specifically in reactivating 

neurons and is recruited into viral replication compartments. 

 

 

 

 

Figure 3.6 c-Jun colocalizes with replicating viral DNA during HSV-1 
reactivation. (A-B) Latently infected neurons were reactivated with LY294002 and 
pulsed with 10 μM EdC for 1 hour to label viral DNA replication compartments. 
Nuclear stain Hoechst is shown in blue, and immunofluorescence was performed to 
visualize c-Jun in green. EdC-Pulse was visualized using click chemistry (shown in 
red). (A) Representative images of reactivating neurons. Scale bar = 10 μm. 
Pearson’s coefficient between c-Jun and EdC-Pulse featured in bottom left corner of 
merge. (B) Compiled Pearson’s coefficients. 35 individual neurons; 2 biological 
replicates. Experiments from Panels A-B were performed by Abigail Whitford. 
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Activation of neuronal stress signaling during latency establishment enhances 
future reactivation. 
 

So far, our data point to a role for c-Jun specifically in stimulating late gene 

expression during Phase II reactivation. However, an additional observation was the 

differential phenotypes when c-Jun was depleted before infection versus before 

reactivation. This differential impact suggested that c-Jun signaling during initial 

infection promoted a form of viral latency that was more amenable to reactivation. As c-

Jun is activated in response to neuronal stress signaling, we investigated how the active 

manipulation cell stress pathways and therefore enhanced c-Jun activation during initial 

infection impacted the later ability of the virus to reactivate. Inoculum with or without 

HSV-1 Stayput-Us11-GFP was added to neonatal sympathetic neurons in the presence 

or absence of nerve growth factor (NGF) for 3.5 hours. Immediately following the 

removal of this inoculum, the neurons were fixed and assayed for the presence of 

nuclear-localized and phosphorylated c-Jun (ser63), as an indication of c-Jun activation. 

The percentage of neurons under each condition demonstrating nuclear localized 

phosphorylated c-Jun was quantified from multiple fields of view, along with the mean 

intensity of the nuclear staining of each neuron. Using this approach, we were able to 

verify that NGF deprivation during the inoculation period is sufficient to elicit c-Jun 

activation, as anticipated (Fig. 3.7A-B). Interestingly, the neurons in the cultures infected 

with HSV-1 had enhanced c-Jun phosphorylation in both NGF-positive and -negative 

conditions as measured by the percentage of p-c-Jun-positive (Fig 3.7C). Therefore, 

HSV-1 de novo infection can also promote neuronal stress signaling indicated by c-Jun 

phosphorylation, which was also consistent with c-Jun activation during Phase II 

reactivation.  
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Following our validation that c-Jun phosphorylation could be enhanced during 

initial infection by omitting NGF from the inoculum, we investigated the impact on HSV-1 

reactivation. In agreement with the pre-latency establishment c-Jun depletion 

experiments (Fig 3.2), the perturbation of the NGF signaling pathway during initial 

infection did not alter latent viral DNA load (Fig 3.7D). However, in cultures where NGF 

had been deprived during the inoculation period and where c-Jun activation was 

enhanced, we observed enhanced reactivation stimulated with LY294002 based on the 

quantification of Us11-GFP-positive neurons at 48 hours post-treatment (Fig 3.7E). 

Importantly, Phase I gene expression, as analyzed through ICP27 and ICP8 expression 

18 hours post-stimulus, was also enhanced in the cultures infected under NGF-

deprivation conditions (Fig 3.7F-G). Therefore, these data indicate that enhanced 

neuronal stress mediated by reduced NGF-signaling and enhanced c-Jun 

phosphorylation, results in an enhanced ability of HSV-1 to ultimately undergo 

reactivation without impacting the latent viral load.  
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Figure 3.7: Stress Signaling Events during De Novo HSV-1 Infection (A-C) 
Neonatal sympathetic cultures were infected with Stayput-GFP in inoculation media 
with or without nerve growth factor (NGF) for 3.5 hours and subsequently fixed and 
stained for neuronal marker B III tubulin (magenta) or phosphorylated c-Jun (orange). 
Representative image of nuclear phosphorylated c-Jun is demonstrated Scale bar = 
10 μm. (B) Mean signal intensity for phosphorylated c-Jun in the nucleus following 
infection. N=100 from 1 biological replicate. (C) Quantification of proportion of 
neurons with pc-Jun-positive nuclei pooled from several fields of view. (D-G) 
Neuronal cultures were latently infected. NGF was either included or omitted during 
the 3.5 hours inoculation period. Cultures were later reactivated with LY294002 20 
μM. (D) Latent viral DNA load. Replicates from 3 dissections shown. The peak 
number of GFP-positive neurons 48 hours post-stimulus (E) and relative expression 
of ICP27 (F) or ICP8 (G) transcripts 18 hours post-stimulus were quantified to 
analyze full reactivation and Phase I gene expression, respectively. Replicates from 3 
dissections shown. Statistical comparisons were made using normal or non-normal 
(Mann-Whitney, E) t-Test. Individual biological replicates along with the means and 
SEMs are represented. * P < 0.05; ** P < 0.01. 
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Discussion 
 

c-Jun is both a transcription and pioneer factor that is known to regulate host 

gene expression in neurons following cell stress. The up-regulation and phosphorylation 

of c-Jun following DLK-mediated activation of JNK is a key step in both neuronal 

apoptosis and axon pruning following the interruption of nerve growth factor signaling 

(281, 298, 332). The up-regulation of c-Jun-dependent genes is consistent with the 

kinetics of HSV-1 Phase I gene expression (333), hence our initial hypothesis that c-Jun 

plays a direct role in HSV-1 Phase I gene expression. However, our data indicate that c-

Jun functions to promote reactivation but not during the JNK-dependent Phase I wave 

of lytic gene expression. In carrying out this study, we also observed that cell stress 

conditions during de novo infection have a long-term impact on either neurons 

themselves or the viral genome resulting in an enhanced ability of the virus to 

reactivate. This has important implications for how neurons have a memory of previous 

cellular stresses and for interpretations of HSV reactivation studies.  

  

Although not required for Phase I gene expression, we did identify a role for c-

Jun in promoting late gene expression during full, Phase II reactivation. Notably, this 

finding was also distinct from the role of c-Jun in promoting the expression of all three 

classes of viral genes during de novo infection. The exact mechanism of action and 

explanation for this difference between de novo infection and reactivation are unclear. 

One possible difference is the nature of the viral chromatin during reactivation versus de 

novo infection. The starting point for reactivation is a genome with a regularly spaced 

nucleosomal structure (334) and associated with heterochromatin (120, 121), whereas 
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the viral genome during de novo infection is highly accessible and lacks a regular 

nucleosomal structure (81, 84, 193, 257, 259, 335). Although the nature of the 

nucleosomal structure and overall accessibility of the viral genome during Phase II is 

currently unknown, it is possible that prior to viral DNA replication potential c-Jun 

binding sites are inaccessible. Additional proteins may also be activated in response to 

reactivation triggers that act during Phase I and on IE and E genes during Phase II as 

discussed below.  

 

Because we were unable to detect a role for c-Jun during Phase I gene 

expression and IE/E gene expression during Phase II, this suggests additional 

undetermined host factors instead play a role. Additional candidates known to be 

activated or induced in response to reactivation triggers include other bZIP proteins 

such as Fos, JunD, ATF3 and Ddit3 (CHOP), along with other transcription factors; NF-

Y, Gadd45, Gadd45, and FOXO (333). As AP-1 inhibition enhances viral gene 

expression (Fig 3.1), c-Fos may play a repressive role in Phase I gene expression. 

Indeed, our preliminary data support this hypothesis (Fig 3.8), although whether c-Fos 

binds directly to the viral genome remains to be tested. In a previous study, depletion of 

Gadd45 had no impact on HSV-1 reactivation (224). An intriguing candidate for 

promoting Phase I gene expression is NF-Y complex because it has been implicated in 

the recruitment of JNK to chromatin during neuronal differentiation (336), and NF-Y has 

been identified as potentially stimulating transcription of the IE gene ICP0 in response to 

heat-stress (288), making NF-Y a viable candidate for driving initial reactivation events. 

Additional pioneer factors that may have a role in stimulating viral gene expression 
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during reactivation are the Krüppel-like transcription factors (KLF) proteins, particularly 

KLF15 and KLF4 (337). KLF family members are up-regulated in corticosteroid-

mediated reactivation of the related Bovine Herpesvirus-1 and may transactive viral 

immediate-early promoters (338-340). KLF4 is a well-known pioneer factor that 

activates previously silenced genes, a role that has been well characterized during 

cellular reprogramming (341, 342). The potential role of these proteins in regulating the 

transcription of HSV-1 genes from silenced heterochromatin during the different stages 

of HSV-1 reactivation therefore warrants further investigation.  

 

 

 
c-Jun functions through either homo- or heterodimerization. Whether c-Jun binds 

to an additional bZIP protein to promote late gene expression is unknown. c-Jun can 

Figure 3.8 c-Fos may enhance Phase I gene expression. (A-C) Latently infected 
neurons were transduced with a non-targeting shRNA lentivirus or lentivirus-
expressing an shRNA targeting c-Fos at 6 days post-infection and reactivated 5 days 
later with LY294002. RT-qPCR was carried out at 18 hours post-reactivation for viral 
immediate early transcript ICP27 (A), viral early transcript ICP8 (B), and cellular 
control c-Fos (C). 1 biological replicate. 
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dimerize with Fos, Jun, CREB, or ATF family members. Recently, we found that 

JNK/DLK-dependent reactivation mediated by forskolin required CREB, as the addition 

of CREB inhibitor 666-15 restricted full reactivation as quantified by the number of GFP-

positive neurons (109), although these data come with the caveat that a role for CREB 

has not been validated using genetic approaches. As observed here for c-Jun, CREB 

activity was not required for Phase I gene expression. Further, mapping the exact 

binding sites on the viral genome will help identify underlying sequence motifs bound by 

c-Jun, which can vary depending on the interacting protein (343). We did attempt to 

perform Cleavage Under Target & Release Under Nuclease (CUT&RUN) for c-Jun 

during Phase II reactivation. However, we found that the background signal for viral 

genomes from the non-specific control antibody was much higher on Phase II 

reactivating neurons than during latent infection (data not shown, computational 

analysis was performed with Alison Francois). For reasons that are not clear, ongoing 

viral DNA replication may result in substantial background in the CUT&RUN reaction, 

and therefore resolving c-Jun interacting sites on replicating viral genomes is currently 

problematic.  

 

We also report a role for c-Jun for maximal de novo lytic infection in neurons as 

indicated by decreased of all classes of viral lytic genes, viral DNA replication, and late 

viral protein synthesis. Consistent with previous reports investigating lytic replication in 

non-neuronal cells, we found that HSV-1 infection and reactivation induced c-Jun 

activation (344, 345). However, a direct role for c-Jun during lytic replication has not 

previously been reported. Interestingly, a previous study from our lab found that JNK 
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inhibition during de novo infection in neurons did not impact immediate early viral gene 

expression, although viral replication and the expression of other later classes of viral 

genes were not explored in this study (99). There, it remains possible that during de 

novo infection, c-Jun may be activated through an alternative pathway.   

 

Environmental stressors have long been reported to correlate with HSV-1 

reactivation and clinical disease. Fewer studies have explored the impact on HSV-1 and 

clinical outcomes when stress occurs during initial inoculation. Evidence from mouse 

models suggest that psychological stress during inoculation with HSV-1 enhances acute 

infection, as measured by infectious titer and pathology (346, 347). Complementary 

evidence from primary autonomic neurons similarly demonstrates elevated acute viral 

DNA replication and infectious virus production following HSV-1 infection in combination 

with stress hormone epinephrine (104). However, the impacts of stress during initial 

infection on later reactivation until now have not yet been investigated. Our findings 

suggest that additional stress that enhances c-Jun signaling during initial infection could 

exacerbate future reactivation. This has important implications for understanding the 

contributions to clinical HSV disease and why certain individuals may be more prone to 

reactivation than others. In addition, this observation has important experimental 

implications because it means that any manipulations performed on the virus or host 

during latency establishment could have an indirect effect on reactivation, and ideally 

the contribution of viral and host factors should be studied solely during reactivation to 

draw meaningful conclusions on their direct effects.  
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How the viral genome or neuron itself retains a memory of the initial infection 

conditions remains unclear. We previously found that viral genomes could retain a 

memory of interferon signaling during initial infection to result in restricted reactivation, 

which was mediated by association with repressive Promyelocytic Leukemia Nuclear 

Bodies (PML-NBs) (93). We now extend this study and show that cell stress has a 

converse effect and can prime future reactivation events. Given c-Jun’s ability to bind 

DNA and navigate chromatinized environments, it is tempting to speculate that stress 

signaling through c-Jun modifies the epigenetic nature of viral and/or host genomes to 

potentially induce a form of silencing that is more primed for transcriptional activation.   

Outside of the context of viral infection, early life stress has been implicated in leaving 

such a “chromatin scar” in the central nervous system, with changes in epigenetic 

signatures particularly for H3K27 and H3K79 methylation (348, 349) and a dysregulated 

priming of genes. Further studies on the mechanism of HSV latent infection and 

changes in the host and viral epigenetics will be important to understand how both the 

virus, and potentially neurons themselves, have a memory of previous cell stress or 

immune events and the impact on future responses.  
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Figure 3.9 Working Model. (A) Neuronal stress signaling and c-Jun activation during 
initial infection promotes the establishment of more reactivation-competent viral 
genomes. (B-C) Direct Role of c-Jun in Reactivation. (B) c-Jun does not enhance 
Phase I gene expression. (C) However, c-Jun acts on the viral genome to promote 
full, Phase II reactivation. 
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Chapter 4: Histone H2A Ubiquitination Mediates the Establishment of 
Reactivation-Competent HSV-1 Latent Infection 

 
Parts of this chapter have been adapted from: 

 
Dochnal, SA, Francois, AK, & Cliffe, AR. Histone H2A ubiquitination mediates the 

establishment of reactivation competent HSV-1 latent infection. In prep. (2023) 
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Abstract 
 

During a latent infection of peripheral neurons, HSV-1 genes associate with 

reversible Polycomb silencing. H3K27me3 and PRC2 are enriched on the latent HSV-1 

genome in vivo, but the presence of H2AK119ub and the contribution of both PRC2 and 

PRC1 to viral gene repression during latency establishment, maintenance, and 

reactivation remains unknown. The mechanism(s) of Polycomb recruitment to the HSV-

1 genome are also unresolved. Here, we identify populations of latent viral genomes 

that associate with H2AK119ub, PRC1 component Ring1B, or H3K27me3. Our data 

further indicate a predominate role for PRC1-mediated H2AK119ub in viral gene 

silencing during HSV-1 latency establishment. On the cellular genome, hnRNPK can 

recruit PRC1 in tandem with lncRNAs. We confirm the viral latent lncRNA, the LAT, and 

hnRNPK interact in neurons and demonstrate that hnRNPK represses viral gene 

expression during latency establishment. We also find that PRC1 activity during latency 

establishment promotes the formation of more reactivation-competent latent viral 

genomes. Our data supports a model of latency establishment wherein viral lncRNA 

LAT recruits PRC1 to deposit H2AK119ub on the viral genome, promoting viral gene 

repression in a manner that is amenable to reactivation through pro-transcriptional 

reader ZRF1. Our findings also support the notion of heterogeneity in HSV-1 latency 

and reactivation, enhance the resolution at which these processes can be studied, and 

contribute to the general biological understanding of the epigenetic signature of the 

specialized cell type of a neuron. 
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Introduction 
 

Human Herpesviruses are characterized by their ability to establish a lifelong latent 

infection in select host cells. Latency has been associated with malignancy in some 

human herpesviruses (350-352), and clinical significance arises for all when the virus 

periodically reactivates through the lifetime of the host. Latent viral genomes of all 

families of human herpesviruses associate with repressive heterochromatin, which is 

then modified upon reactivation (119). Therefore, studying the epigenetic regulation of 

herpesviruses has been a subject of interest, with the goal of manipulating this 

information to create therapies in the form of 1) “shock and kill”, where the viral 

epigenome is manipulated to reactivate to be cleared by the immune response or 2) 

“lock and block”, where the viral epigenome is manipulated into a permanent state of 

silencing.  

 

Alpha herpesvirus Herpes Simplex Virus-1 (HSV-1) establishes a latent infection 

within post-mitotic peripheral neurons, and reactivation can cause recurrent pain, 

blindness, and encephalitis. There is also accumulating evidence linking HSV-1 

infection and neurodegenerative disease such as late-onset dementia and Alzheimer’s 

disease (AD) (248). The latent HSV-1 viral genome associates with heterochromatin, 

including Polycomb silencing (121-124, 201). Polycomb silencing is characterized by 

the tri-methylation of lysine 27 on histone H3 (H3K27me3) a histone modification written 

by Polycomb repressor complex 2 (PRC2). Over a decade ago, multiple laboratories 

demonstrated both H3K27me3 and PRC2 core component Suz12 to be enriched on the 

latent HSV-1 genome in vivo (121, 123, 124, 353). Since, studies in several model 
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systems have demonstrated that H3K27 demethylation, and therefore heterochromatin 

removal, is required for full HSV-1 reactivation (98-100, 109, 117). However, PRC2 and 

H3K27me3 are not significantly enriched on lytic viral gene promoters until 

approximately 14 days post-infection, when viral genes have already been silenced for 

quite some time (122). These data suggest that PRC2 may support the maintenance of 

a latent infection rather than its active promotion through driving initial viral gene 

repression events. However, the functional role of PRC2 in HSV-1 latency 

establishment and reactivation using PRC2 inhibition or depletion has never been 

reported. Moreover, whether the HSV-1 genome is enriched in H3K27me2 has not been 

investigated. H3K27me2 is also deposited by PRC2 prior to H3K27me3 and can initiate 

cellular gene repression independently of H3K27me3 (137, 354). 

 

On the cellular genome, H3K27me3 may be accompanied by Polycomb repressor 

complex 1 (PRC1), which can deposit the mono-ubiquitination of H2AK119 

(H2AK119ub). PRC1 can be broadly divided into one of two forms: canonical (cPRC1) 

and non-canonical/variant (vPRC1) (129, 130). These forms vary in their composition 

and therefore their mechanisms of recruitment and silencing. All forms of PRC1 are 

comprised of the enzymatic Ring1A/Ring1B core and at least one PCGF protein. 

cPRC1 contains either PCGF2 or PCGF4, and one of five chromobox domain (CBX) 

proteins (119, 154). As CBX proteins bind H3K27me3, cPRC1 recruitment can therefore 

be PRC2-dependent (119, 156, 157). On the other hand, vPRC1 lacks CBX proteins 

and is therefore recruited to DNA independently of PRC2. vPRC1 instead associates 
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with proteins RYBP and YAF2, which drive vPRC1 to deposit H2AK119ub more 

efficiently than cPRC1 (128, 157, 159, 162).  

 

The presence of PCGF4 (also known as BMI1), which can be associated with 

cPRC1, was investigated on the latent HSV-1 genome but was not found to be 

significantly enriched on lytic gene promoters through chromatin immunoprecipitation 

(ChIP) (123). Whether core components of PRC1 (Ring1A/B) and the H2AK119ub mark 

are enriched on the latent HSV-1 viral genome, and whether these have any functional 

impact on HSV-1 latency establishment, latency maintenance, or reactivation remains 

unknown. In fact, whether PRC1 targeting and gene silencing are active processes in a 

differentiated peripheral neuron remains widely unexplored, even in a context 

independent of infection. The study of Polycomb composition, and mechanisms of 

recruitment and silencing has thus far been largely limited to cells of a more embryonic 

nature (reviewed in (119)) and where there is a pre-existing epigenetic template that 

complicates these studies. When a herpesvirus genome enters a host cell nucleus, it 

does so as epigenetically naïve, meaning it does not contain a pre-existing chromatin 

template (75-80). Therefore, HSV-1 also serves as a tool to study the basic 

mechanisms of Polycomb recruitment and silencing in a neuron.  

 

Here, we demonstrate that H2AK119ub is enriched on lytic viral genes during latent 

infection established both in vivo and in vitro, and we confirm the genome-wide 

enrichment of H3K27me3 with the latent HSV-1 genome in vitro. We find that 

H2AK119ub, PRC1 core component Ring1B, and H3K27me3 each associate with a 
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proportion of latent viral genomes, and that H2AK119ub and Ring1B associate with a 

proportion of repressed HSV-1 viral genomes during active latency establishment and 

viral gene silencing. Consistently, the perturbation of PRC1 but not PRC2 enhances 

viral gene expression, and nuclei of lytic infected neurons are devoid of PRC1 core 

component Ring1B.  

 

Host cell protein hnRNPK can bind and recruit vPRC1 (and therefore H2AK119ub) 

to the cellular genome in tandem with lncRNAs. The latency-associated transcript (LAT) 

is a lncRNA only expressed in a proportion of latently infected neurons. The 8.3 kb 

primary transcript is spliced into two stable introns and various microRNAs (199, 200). 

While the function of the LAT has remained enigmatic for decades, there is evidence 

that the LAT modulates the nature of H3K27me3 enrichment of the HSV-1 genome from 

several groups (122-124). Our collaborator Igor Jurak found that the LAT interacts with 

cellular protein hnRNPK in an unbiased, but artificial system (unpublished). Therefore, 

we speculate that the LAT recruits vPRC1 to the viral genome, a hypothesis that is 

supported by data in this chapter. We first confirm the interaction of the LAT and 

hnRNPK in neurons. We also find that hnRNPK depletion enhances viral gene 

expression, suggesting that hnRNPK, like vPRC1-mediated H2AK119ub, represses the 

HSV-1 viral genome during active stages of latency establishment. 

 

Interestingly, PRC1 inhibition during latency establishment dramatically reduces the 

ability of latent viral genomes to reactivate. We also find that a pro-transcriptional reader 

of H2AK119ub, ZRF1, relocates to the nuclei of neurons that have reactivated from 
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latency. These data altogether support a model in which vPRC1 mediates lytic viral 

gene silencing in a manner that is amenable to reactivation events, allowing the virus to 

both evade the immune system and routinely transmit to new hosts. 
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Results 

HSV-1 is enriched in PRC1-mediated H2AK119ub during latent infection 
established in vivo. 
 

The PRC2 component Suz12 and H3K27me3 have previously been 

demonstrated on the latent HSV-1 genome using an in vivo mouse model (122, 123, 

193). However, whether the Polycomb silencing mark H2AK119ub associates with the 

viral genome has not previously been investigated. Following in vivo infection and 

latency establishment 30 days post-infection, latently infected trigeminal ganglia were 

harvested and subject to chromatin immunoprecipitation (ChIP) for H2AK119ub, as well 

as negative control IgG and positive control H2A as previously described (99, 122). We 

observed a significant enrichment of H2AK119ub on repressed lytic viral gene 

promoters, including immediate early gene ICP27 and early gene ICP8, during latent 

infection (Fig 4.1A). H3K27me3 has also previously been shown to be enriched on 

these lytic viral gene promoters in a mouse model (121, 123, 124). 
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H2AK119ub and H3K27me3 associate with a population of latent HSV-1 genomes 
in vitro. 
 

We also investigated the enrichment of H2AK119ub and H3K27me3 on the viral 

genome during a latent infection established in primary neuron cultures. These 

experiments are informative as this reductionist approach informs whether Polycomb 

silencing is targeted to the HSV-1 genome independently of the immune system, and 

whether the neuronal host cell and/or the genomic sequence of HSV-1 are sufficient for 

Polycomb recruitment to the epigenetically naïve HSV-1 genome. Moreover, we sought 

to confirm the presence of Polycomb silencing on the HSV-1 genome in vitro, as this 

would validate the use of this system to explore the impact Polycomb on HSV-1 latency 

and reactivation. The use of an in vitro system in this scenario is highly advantageous, 

Figure 4.1 Association of histone H2AK119ub with wild-type (WT) herpes 
simplex virus 1 (HSV-1) genome during latent infection established in vivo. (A) 
Mice were infected with WT HSV-1, and latent trigeminal ganglia (TG) were collected 
30 days post-infection. Chromatin immunoprecipitation (ChIP) was performed using 
an IgG control (orange), H2AK119ub (green), or H2A (red) antibody to analyze 
binding to promoters of immediate early viral gene ICP27 and early viral gene ICP8. 
Enrichment over Input determined. 3 biological replicates; Welch’s t-test. Normality 
determined by Shapiro-Wilk test. Means and SEMs are represented. *, P < 0.05; **, 
P < 0.01. ns, not significant. Experiments in Panel A were performed by Alison 
Francois and Anna Cliffe. 
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as within it we can readily inhibit or deplete Polycomb repressor complex components. 

Using our in vitro system, we can also apply a single-cell approach to investigate 

potential heterogenous Polycomb recruitment to individual viral genomes.  

 

Primary neonatal sympathetic neurons were infected with HSV-1 Stayput-GFP 

(previously characterized in (117)) at an MOI of 10 in the presence of viral DNA 

replication inhibitor acyclovir (ACV) to promote latency establishment. Neurons were 

collected 30 days post-infection, a time point at which latency has been fully established 

in vitro (117) and mirrors what is documented in vivo (121-123). CUT&RUN was 

subsequently performed using control IgG, along with antibodies against H2AK119ub 

and H3K27me3. The CUT&RUN enriched DNA was then subject to next generation 

paired-end sequencing and analysis through a computational published on IO protocols 

(Zheng Y et al (2020) Protocol.io). The recent advent of CUT&RUN enabled us to 

assess the chromatin landscape of the viral genome in primary neurons as it requires 

very few cells (a limiting factor in our cultures) and informs on the regions of binding at a 

high, single-nucleotide resolution (355). An additional advantage to using our primary 

neuron system of HSV-1 latency is that a robust pool of latently infected neurons can be 

achieved (99, 107, 117, 267). Therefore, the use of probes to enrich HSV-1 genome 

reads was unnecessary during CUT&RUN library preparation. 

 

As observed in vivo, both H2AK119ub and H3K27me3 were broadly and robustly 

enriched over IgG controls across the latent HSV-1 genome (Fig 4.2A). Notably, both 

H2AK119ub and H3K27me3 decorated repressed lytic genes, including ICP27 and 
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ICP0 (Fig 4.2B). Interestingly, there were several regions on the transcriptionally active 

latency-associated transcript (LAT) of the viral genome notably devoid of H2AK119ub or 

H3K27me3 signal. CCCTC binding factor (CTCF)-bound insulator sites scattered along 

the LAT have long been proposed to halt the propagation of repressive heterochromatin 

from the surrounding viral genome (202, 353, 356). In support of this theory, we find that 

the regions devoid of H2AK119ub and H3K27me3 signal on the LAT align to the single-

base pair resolution of where these CTCF sites are located (Fig 4.2B).  

 

 

 

Figure 4.2 H2AK119ub and H3K27me3 association with the HSV-1 genome 
during latent infection established in vitro. (A-B) Primary neurons were infected 
with HSV-1 Stayput-GFP in the presence of viral DNA replication inhibitor acyclovir 
(ACV). 30 days post-infection, neurons were collected, permeabilized, and 
CUT&RUN was performed for IgG control (blue), H2AK119ub (orange), or 
H3K27me3 (green). (A) CUT&RUN -signals of merged experimental replicates along 
the 152 kB HSV-1 genome. (B) Zoom view of merged replicates of H2AK119ub 
(orange) and H3K27me3 (green) from kilobase 113 to kilobase 130 of the viral 
genome including the latency-associated transcript, LAT, as well as lytic transcripts 
ICP27 and ICP0. CTCF sites on the LAT are demarcated. Equivalent scale between 
conditions, 0-100. Computational analysis performed with Alison Francois. 



 127 

These data are the first to demonstrate genome-wide PRC1-mediated H2AK119ub 

recruitment to the repressed HSV-1 genome during latent infection. However, only a 

proportion of neurons containing latent viral genomes will reactivate at any one time (93, 

109, 117, 223, 224, 292). While bulk-sequencing provides a comprehensive genome-

wide view of the viral chromatin landscape, it cannot account for possible 

heterogeneous silencing mechanisms between individual viral genomes or within 

cultured neurons. Therefore, we next employed an additional in vitro approach to 

investigate PRC1 and PRC2 association with the latent viral genome at the single-cell 

and individual viral genome level.  

 

Primary neurons were infected with an EdC-labelled HSV-1 virus at an MOI of 5 and 

fixed at 30 days post-infection. Using a combination of click chemistry and 

immunofluorescence, we analyzed the 3-dimensional co-localization of the latent HSV-1 

genome with PRC1 and PRC2-mediated histone modifications. When the HSV-1 

genome (visualized in red) co-localizes with the histone modification or PRC1/2 

component investigated (visualized in green) in a Z-stack, a punctum of yellow signals a 

co-localization event. In agreement with the CUT&RUN and ChIP-qPCR data, we 

observed the viral genome colocalizing with clusters of H3K27me3 (Fig 4.3A). and 

H2AK119ub (Fig 4.3C) using this methodology. Ring1B, a core component of PRC1, 

stains as punctate and therefore the appearance of co-localization with the also 

punctate HSV-1 viral genome is striking (Fig 4.3D). 
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However, histone modification stains are broadly nuclear, suggesting incidences of 

overlap in green and red signal can be random coincidence versus genuine co-

localization. Therefore, to measure co-localization in a high-throughput and unbiased 

fashion, we used our recently developed program NucSpotA (Francois et al, manuscript 

in preparation). NucSpotA measures the enrichment of the modification (based on the 

intensity of the immunofluorescence signal) at the viral genome, in comparison to the 

entire nucleus. By also measuring the enrichment values of the same stain on a set of 

control images where the viral genome is rotated 90 degrees, we could determine 

whether co-localization with the HSV-1 genome in original images is higher than that 

obtained for random placement of the viral genome. We further assigned a threshold for 

the enrichment values by eye and calculate the proportion of viral genomes that meet 

Figure 4.3 Single viral genome analysis demonstrates a population of latent 
HSV-1 genomes associated with H3K27me3, H2AK119ub, and Ring1. (A-D) 
Primary sympathetic neurons were infected with EdC-labeled HSV-1 in the presence 

of acyclovir/ACV (10 M during inoculation period and 50 M following removal of 
inoculum). 30 days post-infection, latently infected neurons were fixed and stained for 
histone modifications H3K27me3 (A), H3K27me2 (B), or H2AK119ub (C), or PRC1 
core component Ring1B (D), and the HSV-1 genome was visualized through click 
chemistry. Nuclear Hoechst stain shown in blue where nucleus is not prominently 
outlined by histone modification. Enrichment values of chromatin mark/reader/writer 
with each individual HSV-1 genome analyzed were calculated in a high-throughput 
and unbiased manner using computational program NucSpotA. Representative 
images of HSV-1 genome (red) and the chromatin modification or reader/writer 

(green); 10 m scale, 1 m scale for zoom. Enrichment value for representative 
image demonstrated in top right corner of zoom panel. Statistical significance of co-
localization was determined through paired comparison of enrichment values from 
original images and control images where the viral genome was rotated 90 degrees 
to achieve random placement. Threshold enrichment values for co-localization for 
each stain, and the proportion of neurons which are greater than or equal to this 
threshold, are respectively demarcated by a dashed line and percentage. Minimum 
50 images from 2 biological replicates; Wilcoxon test. Normality determined by 
Kolmogorov-Smirnov test. *, P < 0.05; **, P < 0.01. ns, not significant. 
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this threshold to estimate what proportion of latent viral genomes are co-localized with 

these Polycomb modifications and components during latent infection.  

 

In agreement with our population-level findings, the HSV-1 genome significantly co-

localized with H3K27 tri-methylation at 30 days post-infection (Fig 4.3A). Specifically, 

we found that H3K27me3 co-localized with a subset of latent viral genomes, 

approximately one-third. We also investigated the colocalization of the trimethylation’s 

predecessor mark, H3K27me2, which is understudied despite its ability to be deposited 

by PRC2 and being capable of initiating silencing on the cellular genome (137, 354). 

Intriguingly, H3K27me2 is the more abundant modification on the host genome, 

although its direct role in gene silencing compared to trimethylation is not understood 

(137). A recent study did identify a novel histone reader specifically for H3K27me2 as 

the tudor domain-containing protein PHD finger protein 20 (PHD20) (354). Binding of 

PHD20 to H3K27me2 results in recruitment of the repressive Mi-2/nucleosome 

remodeling and deacetylase complex, at least in cancer cells, providing a direct 

mechanistic link between H3K27me2 and transcriptional repression. However, 

H3K27me2 was not significantly enriched at this time point (Fig 4.3B). Importantly, the 

latent HSV-1 genome also significantly co-localizes with H2AK119ub in approximately 

one-third of the infected neurons (Fig 4.3C) and colocalizes with core PRC1 component 

Ring1B at in a smaller proportion of latent viral genomes analyzed (10%) (Fig 4.3D). We 

have yet to measure Ring1A co-localization with the HSV-1 genome. Therefore, using 

multiple methods, our data demonstrate enrichment for H2AK119ub and H3K27me3 but 

not H3K27me2 on at least a sub-population of viral genomes.  
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PRC1 associates with the viral genome during active stages of viral gene 
silencing.  
 

As previously determined by performing ChIP on ganglia in a mouse model, 

PRC2 (specifically Suz12) and associated H3K27me3 are not enriched on the viral 

genome until lytic viral genes have already been silenced (122). These observed 

kinetics suggest that PRC2 plays a role in the maintenance of viral gene repression, 

rather than its initiation. Given the known function of vPRC1-medited H2AK119ub in 

driving gene silencing before H3K27me3 deposition (163-167), at least in embryonic 

stem cells, we posited that H2AK119ub may be deposited prior to H3K27me3. In 

addition, the dimethyl form of H3K27me2 can occur rapidly and precede H3K27me3 

and can silence cellular genes independently of H3K27me3 (354) (136, 138).  

 

Therefore, we investigated the kinetics of H3K27me2, H3K27me3, and H2AK119ub 

following the infection of primary neurons. Several time points were preliminarily 

surveyed, but here we present the acute time point of 3 days post-infection; a time point 

at which we have previously observed a steep reduction in lytic viral gene expression 

during latency establishment (117). In agreement with previous in vivo findings, 

H3K27me3 was not found to be significantly co-localized with latent viral genomes at 

this 3-day post-infection time point (Fig 4.4A). In addition, we did not observe co-

localization of H3K27me2 with the viral genome (Fig 4.4B). In contrast, we found that 

the viral genome was significantly enriched above rotational controls for both 

H2AK119ub and Ring1B at this time point, respectively in 30% and 10% of latent viral 

genomes analyzed (Fig 4.4C-D). Notably, these proportions are equivalent to those 

calculated for each respective analysis at the 30-day time point (Fig. 4.3), suggesting 
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that viral genomes acquire H2AK119ub or Ring1B quickly post-infection and maintain 

them as latency is established over time. The obvious caveat to these findings is that, 

while we have employed a rigorous, high-throughput system to analyze co-localization, 

co-localization does not translate to direct binding. Therefore, these PRC1/2 recruitment 

kinetics must also be validated using techniques such as ChIP-sequencing in vivo and 

CUT&RUN-sequencing in vitro in future studies. 
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During active latency establishment, we can differentiate between transcriptionally 

active and repressed viral genomes by staining for lytic viral Infected Cell Protein 4 

(ICP4; fuchsia). Interestingly, only in ICP4-negative nuclei did we see co-localization 

between HSV-1 and Ring1B (Fig 4.5A-B). These data suggest that PRC1 not only 

associates with HSV-1 genomes during initial silencing, but that these associated 

genomes are repressed, presumably from their association with PRC1.  

Figure 4.4 Single viral genome analysis demonstrates a population of HSV-1 
genomes associated with H2AK119ub and Ring1 during times of active viral 
gene silencing. Primary sympathetic neurons were infected with EdC-labeled HSV-1 
in the presence of ACV. 3 days post-infection, infected neurons were fixed and 
stained for histone modifications H3K27me3, H3K27me2, or H2AK119ub, or PRC1 
core component Ring1B, and the HSV-1 genome was visualized through click 
chemistry. Nuclear Hoechst stain featured in blue where nucleus is not prominently 
outlined by histone modification. Enrichment values of chromatin mark/modifier with 
each individual HSV-1 genome analyzed were calculated in a high-throughput and 
unbiased manner using computational program NucSpotA. (A) Representative 
images of HSV-1 genome (red) and the chromatin modification or reader/writer 

(green); 10 m scale, 1 m scale for zoom. Co-localization value for representative 
image demonstrated in top right corner of zoom panel. (B-E) Statistical significance of 
co-localization was determined through paired comparison of enrichment values from 
original images and control images where the viral genome was rotated 90 degrees 
to achieve random placement. Threshold enrichment values for co-localization for 
each stain, and the proportion of neurons which are greater than or equal to this 
threshold, are respectively demarcated by a dashed line and percentage. Minimum 
50 biological replicates; Wilcoxon test. Normality determined by Kolmogorov-Smirnov 
test. *, P < 0.05; **, P < 0.01. ns, not significant. 
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PRC1 represses viral gene expression in neurons during the early stages of 
infection. 
 

PRC1 association with repressed HSV-1 genomes, and the kinetics of this 

association, suggests PRC1 and H2AK119ub actively silence these genomes. 

However, our data on binding, co-localization, and viral gene repression are thus far 

correlative. We therefore took a functional approach to investigate the contribution of 

Figure 4.5 Ring1B co-localizes with repressed HSV-1 genomes during times of 
active viral gene silencing. (A-B) Primary sympathetic neurons were infected with 
EdC-labeled HSV-1 in the presence of ACV. 3 days post-infection, infected neurons 
were fixed and stained for PRC1 core component Ring1B (green) and viral protein 
ICP4 (fuschia), and the HSV-1 genome (red) was visualized through click chemistry. 
Nuclear Hoescht stain shown in blue. Enrichment values of Ring1B with each 
individual HSV-1 genome analyzed were calculated for transcriptionally repressed 
(ICP4-) and transcriptionally active (ICP4+) viral genomes in a high-throughput and 
unbiased manner using computational program NucSpotA. (A) Merged 
representative images of Ring1B with repressed (ICP4-, lefthand image) versus 

transcriptionally active (ICP4+, righthand image) viral genomes; 10 m scale, 1 m 
scale for zoom. Enrichment value for representative images demonstrated in top left 
corner, zoom of merged HSV-1 genome and Ring1B staining in bottom right corner of 
respective images. (B) Images were binned into ICP4+ and ICP4- nuclei, and Ring1B 
enrichment values at the HSV-1 genome were calculated using NucSpotA and 
compared between conditions. 10 cells from 1 biological replicate; Mann-Whitney 
test. Normality determined by Kolmogorov-Smirnov test. *, P < 0.05; **, P < 0.01. ns, 
not significant. 
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vPRC1 and PRC2 to the repression of viral lytic gene expression. Neonatal sympathetic 

neurons were infected with HSV-1 Stayput-GFP in the presence of PRC1 inhibitor PTC-

209 (357), and viral gene expression was analyzed for all three classes of viral genes 

over time. Here, we present data from 3 days post-infection, the time point at which we 

have previously demonstrated H2AK119ub and Ring1B colocalization (Fig 4.4C-D). We 

observed a subtle but statistically significant increase in all classes at viral transcripts 

upon PRC1 inhibition with PTC-209 (Fig 4.6A-C). This phenotypic increase was also 

trending when this experiment was carried out in cultured sensory neurons from adult 

murine trigeminal ganglia, although additional repeats are required (Fig 4.6D-F), and a 

greater fold change in viral gene expression was observed upon inhibition in the 

sensory versus sympathetic cultures. The role of PRC1 in viral gene silencing could be 

more impactful in the sensory neuronal cultures, which differ from the sympathetic 

cultures in terms of both age and neuronal subtype which may imply changes in 

epigenetic mechanisms of silencing.  We have previously observed differences in 

reactivation capacity between these two types of cultures, suggesting relevance of 

silencing mechanisms may also differ (93, 117). 
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Figure 4.6 Inhibition or depletion of PRC1 enhances HSV-1 lytic gene 
expression represses HSV-1 during times of active viral gene silencing. (A-F) 
Neonatal sympathetic neurons (A-C) or adult sensory neurons (D-F) were treated 

with PRC1 inhibitors 2 M PTC-209, 25 M RB-3, or 40 M PRT4165 pre-infection 
for 1 hour, during inoculation with HSV-1 Stayput-GFP in the absence of ACV and 
following the removal of inoculum for 3 days post-infection. Expression of lytic viral 
immediate early gene ICP27 (A,D), early gene ICP8 (B,E), or late gene gC (C,F) 
were analyzed normalized to cellular control 18s. Expression relative to vehicle 
conditions depicted. Sympathetic neurons; 3 biological replicates with Mann-Whitney 
against Vehicle control. Sensory neurons; 1 biological replicate. (G-K) Neonatal 
sympathetic neurons were transduced with a non-targeting shRNA control lentivirus 
or one of two independent lentiviruses expressing shRNAs that target Ring1A (sh-
Ring1A1, sh-Ring1A2) or Ring1B (sh-Ring1B1, sh-Ring1B2), or both Ring1A and 
Ring1B (sh-Ring1A1 and sh-Ring1B2). 5 days post transduction, neurons were 
infected with HSV-1 Stayput-GFP in the absence of ACV. Expression of immediate 
early ICP27 (G), early ICP8 (H), and late gC (I) viral genes and cellular Ring1A (J) 
and Ring1B (K) 3 days post-infection were analyzed and normalized to cellular 
control 18s. Expression relative to shRNA control demonstrated. 2 biological 
replicates; Mann-Whitney against sh-CNTRL. (L) Neonatal sympathetic neurons were 

treated with PRC1 inhibitor 2 M PTC-209 or 25 M RB-3 pre-infection for 1 hour, 
during inoculation with HSV-1 Stayput-GFP in the presence of ACV and following the 
removal of inoculum for 3 days post-infection. ACV was kept in the media for 3 days 
post-infection. Expression of lytic viral immediate early gene ICP27 was analyzed 
normalized to cellular control 18s. Expression relative to vehicle conditions 
demonstrated. 1 biological replicate. Normality determined by Kolmogorov-Smirnov 
test. *, P < 0.05; **, P < 0.01. ns, not significant. 
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Although PTC-209 has been demonstrated to reduce H2AK119ub on cellular DNA in 

neurons, the exact mechanism of PTC-209 is unclear. PTC-209 could also involve the 

degradation of BMI-1 at the transcriptional or translational level, which may confer some 

off-target effects in our cultures. BMI1 traditionally associates with one form of PRC1 

(cPRC1) that does not efficiently carry out H2AK119ub (128, 157, 159, 162). Moreover, 

BMI-1 depletion in neuroblastoma cells has been demonstrated to induce DNA damage 

and apoptosis seemingly independently of its Polycomb PRC1/2 interacting partners 

(358). We therefore recently had PRC1 inhibitor RB-3 synthesized, which directly binds 

to Ring1A/B and blocks its association with chromatin and ability to deposit H2AK119ub 

(359). Our preliminary studies demonstrate that treatment with RB-3 in neonatal 

sympathetic neurons during infection enhances lytic viral gene expression at 3 days 

post-infection (Fig 4.6A-C). This increase is statistically significant for immediate early 

gene ICP27, and trending for early gene ICP8, and late gene gC.  

 

We also produced lentiviruses expressing shRNAs targeting the core components of 

PRC1, Ring1A and Ring1B. Neonatal sympathetic neurons were transduced 5 days 

prior to infection with HSV-1 Stayput-GFP, and viral gene expression was analyzed at 3 

days post-infection. Ring1 knockdown was verified during each individual replicate at 

the level of RNA (Fig 4.6J-K). The co-depletion of both Ring1A and Ring1B was carried 

out because previous studies have shown redundancy between the two proteins in 

vPRC1 activity (360). For each class of viral lytic genes, viral gene expression was 

enhanced with the single knockdown of Ring1A or Ring1B and dual Ring1A/B 

knockdown (Fig 4.6G-I). These changes in gene expression were notably greater than 
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those observed with PRC1 inhibitor treatment, as Ring1 depletion reached up to an 

approximately 15-fold increase in viral gene expression. These functional data in 

combination with our kinetic data suggest that PRC1 and H2AK119ub are deposited 

onto the HSV-1 genome early during latency establishment to silence viral lytic genes.  

 

While both PRC1 inhibitors enhanced viral gene expression, the fold changes were 

lower than anticipated, exhibiting 2-fold changes on average. We reasoned that this 

subtle phenotype may be attributed to increased neuronal death due to enhanced lytic 

infection upon PRC1 inhibition. Neuronal death from pervasive lytic infection at three 

days post-infection would clear lytic transcripts from cultures and under-estimate the 

effect of these inhibitors. Therefore, we inhibited PRC1 in neonatal sympathetic neurons 

with RB-3 in the presence of antiviral acyclovir (ACV) (Fig 4.6L). ACV inhibits viral DNA 

replication, and we have also found that it limits lytic gene expression, and may 

therefore result in less neuronal cell death even with enhanced lytic gene expression 

resulting from vPRC1 inhibition (117). Upon analysis of viral gene expression 3 days 

post-infection in the presence of ACV, we observed a dramatically enhanced and 

statistically significant increase in immediate early viral transcript ICP27 under RB-3 

treatment conditions, averaging a 6-fold enhancement of viral gene expression in +ACV 

conditions versus the < 2-fold enhancement without the use of ACV. We therefore also 

anticipate a more robust increase with Ring1 depletion with the addition of antiviral 

ACV. We have not directly demonstrated enhanced neuronal death upon PRC1 

inhibition, but these data suggest that this may have at least partially obscured a PRC1 

inhibitor phenotype.  
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PRC2 does not repress viral gene expression in neurons during the early stages 
of infection. 
 

We performed similar experiments using PRC2 inhibition or depletion in neonatal 

sympathetic neurons and adult sensory neurons. We hypothesized that PRC2 would not 

disrupt viral gene expression at early time points post-infection due to its later 

deposition kinetics. Neonatal sympathetic neurons (Fig 4.7A-C) or adult sensory 

neurons (Fig 4.7D-F) were infected with HSV-1 Stayput in the presence of PRC2 

inhibitors and viral gene transcription of all classes of lytic genes were analyzed relative 

to vehicle control. PRC2 inhibitor treated samples did not display enhanced lytic gene 

expression in either neuronal subtype. Later time-points post-infection were also 

surveyed and did not demonstrate increases in viral gene expression (data not shown). 

We also depleted the core component of PRC2, Suz12, using one of three independent 

shRNA-targeting lentiviruses and subsequently infected cultures. It has previously been 

demonstrated that Suz12 is required for PRC2 activity and that its elimination prevents 

its function (134, 361). Upon Suz12 depletion, as validated at the level of RNA during 

each individual replicate in Fig 4.7J, the expression of all three classes of viral genes 

analyzed did not demonstrate an enhancement at 3 days post-infection (Fig 4.7G-I). 
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As an additional readout of lytic infection, the number GFP-positive neurons 

indicative of individual lytic infection events was tracked over time following HSV-1 

Stayput-GFP infection of Suz12-depleted cultures. In agreement with our viral gene 

expression data, there was no increase in the numbers of GFP-positive neurons 

following Suz12 depletion at any of the time points analyzed post-infection, including 

time points after the establishment of latency (Fig 4.7K). Therefore, our data suggest 

that, in contrast to PRC1, PRC2 does not promote HSV-1 lytic gene silencing during the 

establishment of a latent infection.  

 

We also directly investigated whether continuous PRC1 and PRC2 activity was 

required for the maintenance of HSV-1 latent infection. Following the establishment of 

latency, cultures were treated with PRC1 or PRC2 inhibitors and the number of GFP-

Figure 4.7 Inhibition or depletion of PRC2 does not enhance HSV-1 lytic gene 
expression during times of active viral gene silencing. (A-F) Neonatal 
sympathetic neurons (A-C) or adult sensory neurons (D-F) were treated with PRC2 

inhibitors (green; 1 M UNC-1999, 10 M CPI-1205, 25 M EED226, or 0.5 M 
EPZ005687) pre-infection for 1 hour, during inoculation with HSV-1 Stayput-GFP, 
and following the removal of inoculum for 3 days post-infection. Expression of lytic 
viral immediate early (A,D), early (B,E), or late genes (C,F) were analyzed 
normalized to cellular control 18s. Expression relative to vehicle conditions shown. 
Sympathetic neurons; 4 biological replicates with Mann-Whitney against Vehicle 
control. Sensory neurons; 1 biological replicate with Mann-Whitney against Vehicle 
control. Normality determined by Kolmogorov-Smirnov test. (G-K) Neonatal 
sympathetic neurons were transduced with a non-targeting shRNA control lentivirus 
or one of three independent lentiviruses expressing shRNAs that target Suz12 (sh-
Suz12-1, sh-Suz12-2, shSuz12-3). 5 days post transduction, neurons were infected 
with HSV-1 Stayput-GFP. Expression of immediate early ICP27 (G), early ICP8 (H), 
and late gC (I) viral genes and cellular Suz12 gene (J) 3 days post-infection were 
analyzed and normalized to cellular control 18s. Expression relative to shRNA control 
demonstrated. (K) The number of GFP-positive neurons, indicative of lytic infection 
events, was quantified over time as latency was established. 
1 biological replicate; Mann-Whitney against sh-CNTRL. Normality determined by 
Shapiro-Wilk test. *, P < 0.05; **, P < 0.01. ns, not significant. 
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positive neurons was quantified over time. Us11-GFP in this experiment serves as an 

indicator of single neurons which escape from quiescence. Inhibition of either PRC1 or 

PRC2 did not result in an increase of GFP-positive neurons compared to the control 

group. The positive control, LY294002, was also included which resulted in a robust 

increase in GFP-positive neurons (Fig 4.8). LY294002 is a PI3-kinase inhibitor and well-

characterized HSV-1 reactivation stimulus in multiple in vitro and ex vivo models (8, 98, 

99, 107, 224, 267). These experiments may require repetition with PRC1/2 depletion 

versus inhibition or using a longer incubation period to track spontaneous reactivation 

events. However, our current data suggest that once PRC1-mediated silencing initiates 

viral gene repression at early times post-infection, the enzymatic activities of Ring1 or 

EZH1/2 are not continuously required for the maintenance of repression. 
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Ring1 is excluded from the nucleus upon lytic infection of neurons. 
 
 Upon HSV-1 infection in the primary neuronal Stayput-GFP model system 

culture, only a subset of neurons in culture establish latency, whereas other neurons 

become lytic infected (117). This is consistent with what has been previously observed 

following infection in vivo (13, 194). However, Ring1B is detectable in the nucleus in 

each neuronal cell in uninfected cultures, as determined by immunofluorescence (Fig 

4.9A). In effort to determine how lytically infected neurons might deal with repressive, 

nuclear PRC1, we imaged Ring1B localization following HSV-1 infection in a model 

without ACV (Fig 4.9B). As anticipated, two population of neurons were observed at 3 

days post-infection, ICP4/Us11-GFP-positive neurons, which are lytically infected, and 

ICP4/Us11-GFP-negative neurons, which are either quiescently infected or uninfected. 

Importantly, we observed differential Ring1B staining patterns between these two 

populations of neurons. In ICP4/Us11-GFP-negative neurons, Ring1B staining was 

broadly nuclear and exhibited occasional puncta, as previously observed (Fig 4.4). 

Figure 4.8 Inhibition of PRC1 or PRC2 is not sufficient to elicit reactivation from 
latently infected neurons. (A) Primary sympathetic neurons latently infected with 
HSV-1 Stayput-GFP in the presence of ACV. 6 days following infection, ACV was 
removed from cultures, and spontaneous reactivation, as indicated by GFP-positive 
neurons, was monitored for two additional days. 8 days post-infection, latently 
infected cultures were treated with vehicle control (light blue), positive control 

stimulus LY-294002 (dark blue; 20 M), PRC1 inhibitors (orange; PTC-209 2 M, 

PRT4165 40 M), or PRC2 inhibitors (green; UNC1999 1 M, CPI-1205 10 M). 
GFP-positive neurons indicative of full reactivation events were monitored over time. 
The peak number of GFP-positive neurons at 48 hours post-stimulus was quantified. 
5 biological replicates Ordinary One-Way ANOVA; Normality determined by 
Kolmogorov-Smirnov test. *, P < 0.05; **, P < 0.01. ns, not significant. 



 145 

However, Ring1B staining was notably absent from the nucleus of ICP4/Us11-GFP-

positive neurons. Nuclear localization of core PRC1 component Ring1 therefore 

appears incompatible with transcriptionally active lytic viral infection. Given the nuclear 

localization of Ring1B in all neurons prior to infection, these data suggest that either the 

virus or host likely initiates the re-localization or degradation of repressive Ring1 to 

promote viral transcriptional activation and lytic infection. This data also suggests that 

the enhancement of viral gene expression observed in the presence of PRC1 inhibition 

or depletion is an underestimation of PRC1’s ability to silence HSV-1 genomes, as there 

is likely an additional mechanism at play to overcome PRC1-mediated silencing in the 

cultures.
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Potential LAT/hnRNPK-mediated PRC1 recruitment to the HSV-1 genome 
 
 We next turned our attention to the mechanisms of vPRC1 recruitment to the 

HSV-1 genome. One potential mechanism of recruitment and/or activation of PRC1 and 

PRC2 to mediate deposition of histone post-translational modifications is via binding to 

long noncoding RNAs (lncRNAs). Notably, during the establishment and maintenance of 

HSV-1 latent infection, the virus expresses a lncRNA “LAT” at least in a proportion of 

neurons. The exact molecular functions of the LAT are unknown, and while it is not 

essential for the establishment of a latent infection, it may modulate lytic gene 

expression and promote increased association with H3K27me3 (121, 124).  

 

During our investigation on the impact of PRC1 to HSV-1 latency and 

reactivation, our collaborator Igor Jurak shared data with us that the LAT interacts with 

cellular heterogenous nuclear ribonucleoprotein K (hnRNPK) in HEK 293T cells 

(unpublished). This interaction was discovered following immunoprecipitation with a LAT 

probe followed by mass-spectrometry and was recapitulated using three independent 

methods of binding analysis. There is thus the prospect that hnRNPK and the LAT may 

in tandem recruit PRC1 to HSV-1 genomes during latency establishment. We have yet 

Figure 4.9 PRC1 localization following de novo lytic HSV-1 infection in neurons. (A-B) 
Primary sympathetic neurons were mock infected (A) or infected with HSV-1 Stayput-GFP (B) 
in the absence of antivirals. Neurons were fixed 3 days post-infection and stained for nuclear 
stain Hoechst (blue), viral proteins ICP4 (fuchsia) and Us11 fused to GFP (green), and core 

PRC1 component Ring1B (orange). Lytic infected nuclei encircled in white. Scale bar 10 M. 
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to test this hypothesis directly but have acquired several pieces of supporting 

experimental data discussed below. 

 

 One caveat to LAT-hnRNPK interaction finding is that the experiments were 

performed in HEK 293T’s, cells that would not otherwise physiologically express the 

LAT or be capable of sustaining a latent infection with HSV-1. We therefore aimed to 

investigate whether this interaction occurred in a more physiologically relevant neuronal 

model. To investigate LAT/hnRNPK binding, we used Lund Human Mesencephalic 

(LUHMES) neuronal cells, which have previously been demonstrated to support HSV-1 

quiescent infection and express the LAT (116), and are easily scalable to generate large 

amounts of material. Three days following infection with HSV-1 Stayput-GFP, we 

performed RNA-immunoprecipitation (RNA-IP) for hnRNPK. Importantly, the binding of 

the LAT to hnRNPK was substantially and statistically enhanced over control cellular 

RNAs (Fig 4.10A). Therefore, hnRNPK does bind the LAT during early times post-

infection in neurons, when H2AK119ub targeting to viral genomes is also occurring. 

 

There are caveats with the use of LUHMES in this experiment. LUHMES are 

derived from neuronal cells of the mesencephalon and therefore the central nervous 

system (362, 363), not the peripheral nervous system where HSV-1 establishes a latent 

infection. Moreover, LUHMES are differentiated from embryonic cells, but HSV-1 does 

not infect fetal neurons and is acquired during young adulthood for most. Also, the 

epigenetic signature of embryonic neurons has been demonstrated to differ from that of 

mature neurons (364). Lastly, our laboratory and others have also been unable to 
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achieve reactivation in these cultures (Fig 4.11). Ideally, primary PNS neurons would be 

used for the RNA-IP. However, we could not accumulate the substantial cellular 

material that was required to perform an RNA-Immunoprecipitation from our cultures. 

However, we have verified that hnRNPK in our primary neurons is robustly transcribed 

(RNA-seq, data not shown) and translated (western blotting, Fig 4.10B). Further, 

hnRNPK appears to co-localize with the HSV-1 genome in these neurons during early 

time-points post-infection (Fig 4.10C).  
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We also investigated if hnRNPK had any functional impact on viral gene silencing 

during latency establishment. Two independent shRNA-mediated lentiviruses targeting 

hnRNPK were created and validated in neurons (Fig 4.12A). Following transduction with 

Figure 4.10 hnRNPK in neurons. (A) LUHMES were infected with HSV-1 Stayput-GFP and 
collected 3 days post-infection. RNA-immunoprecipitation was performed using negative 
control IgG antibody or hnRNPK antibody, and the copy numbers of viral latent transcript 
LAT (blue) and cellular controls (orange) were determined by RT-qPCR through standard 
curves. Fold enrichment represents hnRNPK IP copy number divided by IgG control IP copy 
number for each transcript. 2 biological replicates; Mann-Whitney. Normality determined by 
Kolmogorov-Smirnov test. *, P < 0.05; **, P < 0.01. ns, not significant. (B) Western blotting 

for hnRNPK and histone H3 was performed using equal amounts (15 g) of protein lysed and 
isolated cell types including human foreskin fibroblasts (HFF), ARPE-19s, murine dermal 
fibroblasts, and murine neonatal sympathetic neurons (neonatal SCG). (C) Primary neurons 
were infected with EdC-labeled HSV-1 in the presence of ACV). 3 days post-infection, 
infected neurons were fixed and stained for hnRNPK (green), and the HSV-1 genome (red) 
was visualized through click chemistry. (Left) Merged representative image demonstrated 

co-localization of hnRNPK with HSV-1 viral genome. Scale bar 5 m. 10x zoom in bottom left 
corner of image. (Right) Intensity profile and overlap of hnRNPK and HSV-1 genome through 
arrow demarcated in lefthand image.  

Figure 4.11 Reactivation cannot be achieved in LUHMES 
with LY294002. (A) Neurons were infected with HSV-1 
Stayput-GFP in the absence of antiviral ACV. Following 
the loss of GFP in cultures, latently infected LUHMES 
were triggered to reactivate with LY294002. (A) Following 
the addition of LY294002, the number of Us11-GFP-
positive neurons, indicative of reactivating neurons, was 
monitored and quantified up to 5 days post-stimulus. 5 
biological replicates; Paired t-test. Normality determined 
by Shapiro-Wilk test. *, P < 0.05; **, P < 0.01. ns, not 
significant. 
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the lentivirus expressing the shRNA that gave the greatest reduction in hnRNPK protein 

levels, sympathetic neurons were infected with HSV-1 Stayput-GFP, and viral mRNA 

expression, viral DNA replication, and cell death were monitored over the course of 

latency establishment. At 3 days post-infection, cultures depleted of hnRNPK 

demonstrated enhanced expression of viral lytic genes ICP27, ICP8, and gC (Fig 

4.12B). In contrast, the LAT remained unchanged with hnRNPK depletion. The LAT 

serves as a control as it remains transcribed pervasively during latency, unlike viral lytic 

genes. Moreover, hnRNPK has been demonstrated to degrade RNA and therefore 

analyzing LAT expression also served to investigate whether hnRNPK was degrading 

the RNA with which it associates. In line with the lytic viral mRNA data, we also 

observed enhanced viral DNA replication over the course of latency establishment and 

increased cell death at later timepoints, likely due to enhanced lytic infection (Fig 4.12C-

D). Together, these data suggest that hnRNPK is repressive to HSV-1 lytic infection.  
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Figure 4.12 hnRNPK depletion enhances viral gene expression during latency 
establishment in neurons. (A-D) Neonatal sympathetic neurons were transduced with a 
non-targeting shRNA control lentivirus or one of two independent lentiviruses expressing 
shRNAs that target hnRNPK (sh-hnRNPK-1, sh-hnRNPK-2). (A) Western blot validation of 
knockdown in neurons 5 days post-transduction. (B-D) 5 days post-transduction with sh-
hnRNPK-1, neurons were infected with HSV-1 Stayput-GFP in the absence of antivirals. (B) 
Expression of lytic viral immediate early gene ICP27, early gene ICP8, and late gene gC, as 
well as latent viral gene LAT, relative to sh-CTRL and cellular control 18s three days post-
infection. (C-D) Viral DNA replication and cell death relative to sh-CTRL over the course of 
latency establishment.  
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PRC1 inhibition reduces future reactivation in vitro. 
 

Only a proportion of HSV-1 genomes associated with H2AK119ub, Ring1B, and 

H3K27me3 during established latency (Fig 4.3, Fig 4.4). It was therefore likely that other 

repressed latent viral genomes associate with alternative forms of repressive chromatin. 

The constitutive chromatin histone post-translational modifications H3K9me2 and 

H3K9me3, which are considered to be more permanent than Polycomb silencing, are 

enriched on latent HSV-1 genomes (120, 193), although whether constitutive chromatin 

binds the same viral genomes undergoing Polycomb silencing is unknown. We and 

others have also demonstrated that only a proportion of individual latent genomes 

initiate reactivation in response to different stimuli (8, 93, 109, 117, 224, 292). 

Therefore, it is likely that individual latent HSV-1 genomes associate with various forms 

of chromatin that may be more or less primed for reactivation.  

 

We therefore investigated the ability of viral genomes that undergo Polycomb 

silencing to reactivate. We did this by inhibiting PRC1 or PRC2 during latency 

establishment in the presence of viral DNA replication inhibitor acyclovir (ACV). The use 

of ACV here permits the equal establishment of latent infection despite PRC1/2 inhibitor 

treatment because viral DNA copy number remains stable (Fig 4.13A). Also, ACV 

reduces lytic gene expression and therefore somehow promotes quiescence (Fig 

4.14A). Following latency establishment in the presence of PRC1/2 inhibitors, cultures 

were stimulated with LY294002, and the number of GFP-positive neurons at 48 hours 

post-stimulus was quantified as a readout of neurons that have undergone the full HSV-

1 reactivation. 
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Interestingly, when PRC1 activity was inhibited during the establishment of latency, 

and therefore presumably the deposition of the H2AK119ub mark onto HSV-1 genomes 

was prevented, future reactivation was decreased (Fig 4.13B). This phenotype was 

recapitulated using three independent PRC1 inhibitors. This reduction in reactivation 

occurred despite equivalent latent viral DNA copy numbers (Fig 4.13A), and therefore 

the reduced capacity to reactivate under PRC1 inhibition was not due to fewer viral 

genomes that established a latent infection. Notably, this reactivation defect was not 

observed when PRC2 was inhibited during this timeframe using two independent 

Figure 4.13 Inhibition of PRC1 but not PRC2 during latency establishment disrupts future 
reactivation. (A-B) Primary sympathetic neurons were treated with a vehicle control, or with 

PRC1 (orange; PRT4165 40 M, PTC-209 2 M, RB-3 25 M), or PRC2 inhibitors (green; 

UNC1999 1 M, CPI-1205 10 M) pre-infection for 1 hour, during inoculation with HSV-1 
Stayput-GFP in the presence of ACV and following the removal of inoculum. 6 days following 
infection, ACV and respective inhibitors were removed from cultures, and spontaneous 
reactivation, as indicated by GFP-positive neurons, was monitored for two additional days. 
Latently infected cultures were reactivated with LY294002 and GFP-positive neurons 
indicative of full reactivation events were monitored over time. (A) Latent viral DNA copy 
number normalized to vehicle controls. (B) The peak number of GFP-positive neurons at 48 
hours post-stimulus presented as a fraction of vehicle control reactivation output. 3 
biological replicates; Mann-Whitney against Vehicle control. Normality determined by 
Kolmogorov-Smirnov test. *, P < 0.05; **, P < 0.01. ns, not significant. 
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inhibitors. These data demonstrate that Polycomb silencing, specifically H2AK119ub 

deposition, during the early phase of latency establishment promotes latter reactivation, 

possibly via the formation of more reactivation-competent latent HSV-1 genomes.  

 

 

 

 

 

 

 

 

 

 

 

 

H2AK119ub reader ZRF1 localizes to the nucleus during reactivation of neurons. 
 

Given the repressive nature of H2AK119ub, this modification must be modified or 

removed from the HSV-1 genome during reactivation. Outside of the context of viral 

infection, one publication has implicated a novel protein Zuotin-related factor 1 (ZRF1) 

in the reading of the H2AK119ub mark to enable gene expression on cellular genomes 

Figure 4.14 ACV represses HSV-1 lytic gene expression during latency establishment (A) 
Primary sympathetic neurons were infected with HSV-1 Stayput-GFP in the absence (orange) 
or presence (blue) of ACV. Immediate early lytic viral gene copy number was quantified at 
early time-points post-infection and normalized to cellular control 18s.3 biological replicates; 
Unpaired t-test. Normality determined by Kolmogorov-Smirnov test. *, P < 0.05; **, P < 0.01. 
ns, not significant. 
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(365). As a preliminary approach, we investigated the localization of ZRF1 in latently 

infected neurons and neurons that were reactivated with LY294002 48 hours post-

stimulus.  

 

Neurons in which full reactivation occurred were identified through the expression 

of viral proteins ICP8 (fuchsia) and Us11 (fused to GFP, green). ICP8 and Us11-GFP 

were not detected in unreactivated cultures, as anticipated. In this culture, comprised of 

latently infected and uninfected neurons, there was a faint, homogenous ZRF1 staining 

through the cytoplasm and nucleus (Fig 4.15A). Following the addition of stimulus 

LY294002, a striking nuclear localization of ZRF1 was exhibited solely in ICP8 or Us11-

GFP-positive neurons (Fig 4.15B). This is not direct evidence for ZRF1-mediated 

reactivation, which would require functional depletion studies, but these data do 

demonstrate that nuclear ZRF1 localization and reactivation are linked processes.  
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Interestingly, the addition of reactivation stimuli to uninfected neurons is not 

sufficient to trigger ZRF1 localization to the nucleus (Fig 4.16). LY294002 addition to 

uninfected neurons did not result in ZRF1 nuclear localization, and this was assessed 

during a variety of time points (Fig 4.16B). We tested a panel of additional triggers that 

we have found previously to induce reactivation, including the neuronal hyperexcitability 

trigger forskolin (Fig 4.16C), a triple combinatorial trigger of LY294002, forskolin, and 

heat shock (Fig 4.16D), the BET domain inhibitor JQ1 (Fig 4.16E), and the STING 

agonist DMXAA (Fig 4.16F, unpublished). However, mean intensity analysis of ZRF1 

signal using NIS elements did not reveal any significant differences between mock and 

Figure 4.15 ZRF1 localizes to neuronal nuclei during HSV-1 reactivation. (A-B) Primary 
sympathetic neurons were infected with HSV-1 Stayput-GFP in the presence of ACV. 6 days 
following infection, ACV was removed from cultures. 8 days post-infection, latently infected 
cultures were triggered with LY-294002. Latently infected (A) and reactivated neurons 48 
hours post-stimulus (B) were fixed and stained for Hoescht (blue), viral proteins ICP8 
(fuchsia) and Us11 fused to GFP (green), and ZRF1 (orange). Reactivated nuclei encircled in 
white. 
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stimulus-treated neurons. Therefore, ZRF1 localization to the nucleus is coincident with 

reactivating HSV-1. 
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PRC1 inhibition reduces viral gene expression in lytically infected non-neuronal 
cells. 
 As these studies on the roles of PRC1 and PRC2 during HSV-1 latency 

establishment and reactivation in a neuron were unfolding, we also investigated if PRC1 

had any impact on viral gene expression during the lytic infection of non-neuronal cells. 

As non-neuronal cells do not establish a latent infection, a role for repressive PRC1 was 

not expected; we hypothesized these cells may escape viral gene silencing due to low 

endogenous protein levels of PRC1/2 components or perhaps PRC1/2 degradation. 

However, a fellow lab member observed that Ring1B and H2AK119ub both co-localized 

with transcriptionally active HSV-1 genomes in lytically infected non-neuronal cells 

(Alison Francois, data not shown), suggesting PRC1 may be relevant in this system. We 

therefore tested the impact of PRC1 on lytic viral gene expression. Interestingly, upon 

HSV-1 infection in the presence of PRC1 inhibition, the transcription of lytic viral genes 

from each gene class was significantly reduced (Fig 4.17), suggesting PRC1 promotes 

this process in non-neuronal cells. We have since observed that ZRF1 co-localizes with 

lytic viral genomes upon infection of this system (data not shown). Therefore, we 

speculate that a similar mechanism of lytic viral gene expression occurs in the de novo 

lytic infection of non-neuronal cells and the reactivation of neuronal cells, where ZRF1 is 

co-opted to (re)-initiate viral gene expression using the otherwise repressive 

H2AK119ub modification on the HSV-1 genome. 

Figure 4.16 ZRF1 neuronal localization requires HSV-1 infection. (A-F) Uninfected primary 

sympathetic neurons were treated with reactivation stimuli, including Mock (A), 20 M 

LY294002 (B), 60 M forskolin (C), 20-hour pulse of LY294002 and forskolin, alongside a 3-

hour heat shock incubation at 43C (D), 20-hour pulse of 1 M JQ1 (E), 20-hour pulse of 50 

g/mL DMXAA (F) and stained for ZRF1 (green) at 7-, 12.5-, 20-, and 48-hours post-stimulus.  
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Figure 4.17 PRC1 inhibition during de novo HSV-1 infection of non-neuronal cells dampens 
viral gene expression. (A-F) ARPE-19s were treated with vehicle control DMSO, PRC1 

inhibitors 40 M PRT4165 (A-C) or 2 M PTC-209 (D-F) pre-infection for 1 hour, during 
inoculation with HSV-1 Syn17+, and following the removal of inoculum. RNA was collected 
for each condition at 2- or 5- hours post-infection, and the expression of lytic viral immediate 
early gene ICP27 (A,D), early gene ICP8 (B,E), or late gene (C,F) was analyzed and normalized 
to cellular control 18s. Expression relative to vehicle conditions at 2 hours post-infection 
shown. 2 biological replicates; 2way ANOVA. Normality determined by Kolmogorov-Smirnov 
test. *, P < 0.05; **, P < 0.01. ns, not significant. 
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Discussion  
 

Here we demonstrate that PRC1-mediated H2AK119ub is enriched on the HSV-1 

genome during latency established in vivo and in vitro. Interestingly, the enrichment of 

PRC1 component BMI1 was previously explored on the latent HSV-1 genome in a 

mouse model, but not found to be significant (122, 123). However, it has become clear 

over time from studies on the cellular genome that Polycomb repressor complexes can 

be found in a multitude of forms (129, 130, 154). BMI1 traditionally associates with one 

form of PRC1 (cPRC1) that does not efficiently carry out H2AK119ub (128, 157, 159, 

162). Therefore, the enrichment of H2AK119ub but not BMI1 on the HSV-1 genome is 

not confounding. What is unexpected is that H2AK119ub is actively targeted to the 

HSV-1 genome in the specialized cell type of a post-mitotic peripheral neuron. Studies 

on the cellular genome have thus far suggested that vPRC1-mediated H2AK119ub 

deposition and silencing is abundant in embryonic cells, like neuronal progenitor 

cells/NPCs, but decreases in relevance to cellular genome silencing and maintenance 

as cells differentiate (172). Our work now demonstrates that in response to 

environmental stimuli, such as a viral infection, H2AK119ub deposition is very much still 

a relevant process in post-mitotic neurons. We also confirm the kinetics of H3K27me3 

enrichment previously observed in vivo, where the HSV-1 genome becomes enriched in 

H3K27me3 at later time points post-infection after lytic genes have been repressed 

(122, 123).  

 

It remains unclear if H2AK119ub and H3K27me3 bind the same latent viral 

genomes, and whether PRC2’s recruitment depends on PRC1. On the cellular genome, 
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it is increasingly appreciated that PRC2 can be recruited in a manner that is dependent 

on prior H2AK119ub deposition or independently of H2AK119ub (139, 144, 147). By 

directly comparing the CUT&RUN-sequencing reads (Fig 4.2) of H2AK119ub and 

H3K27me3 we can potentially infer co-enrichment at the same regions of the viral 

genome. There are regions on the viral genome where H2AK119ub and H3K27me3 

demonstrate overlap as well as regions where these modifications exist independently 

suggesting both independent and interdependent PRC1/PRC2 recruitment mechanisms 

to the HSV-1 genome may be at play. However, these regions require a more formal, 

ordered, and comprehensive future analysis. Consistent with the CUT&RUN-

sequencing data, the shared proportion between H2AK119ub and H3K27me3 (one-

third) raises the possibility that these modifications bind to the same individual viral 

genomes. However, we cannot currently rule out the possibility that these modifications 

are on different individual viral genomes, a finding which would be obscured by this 

population-level analysis The binding of both H2AK119ub and H3K27me3 to the same 

regions of the HSV-1 genome could only be confirmed by performing re-ChIP, which is 

a method to perform sequential ChIP assays for different modifications, or high-

resolution single-cell analyses with dual immunofluorescence. Importantly, the role of 

H2AK119ub in promoting H3K27me3 has predominately been studied in embryonic 

stem cells and during the early stages of differentiation (144-147, 152). The protein that 

promotes PRC2 recruitment to H2AK119ub to mediate H3K27me3 addition (JARID2) is 

altered in differentiated cells in that a truncated version predominates that lacks both the 

H3AK119ub reader domain and PRC2 binding domain (152, 366). We were also only 

able to detect this truncated version of JARID2 in our primary neuronal cultures (data 
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not shown). Therefore, is remains unresolved whether H2AK119ub1 can directly 

promote H3K27me3 in neurons and on the HSV genome, and the contribution of 

JARID2. 

 

These are also the first functional studies that directly probe the contributions of 

PRC1/2 to HSV-1 lytic viral gene silencing during latency establishment. Importantly, we 

find that H2AK119ub represses lytic genes during the early stages of latency 

establishment. Consistent with its kinetics, PRC2 does not actively repress viral gene 

expression, at least not during the time points tested here. These data altogether 

suggest a model where PRC1 is targeted to the viral genome to initiate viral gene 

repression and H3K27me3 is subsequently recruited to reinforce and maintain viral 

gene repression. PRC2-mediated H3K27me3 is still relevant to viral repression despite 

not initiating viral gene silencing as H3K27 de-methylation is required for full 

reactivation, for at least a proportion of latent HSV-1 genomes in vitro and ex vivo (98-

100, 109, 117). The mechanism of PRC2-mediated silencing however remains 

unknown. cPRC1 has been traditionally viewed as the “reader” of the H3K27me3 that 

initiates silencing. Alternatively, BAHCC1 has recently been proposed as a reader of 

H3K27me3 and associates with transcriptional corepressors, including SAP30BP and 

HDAC, to induce silencing (367). Our RNA-sequencing data acquired from uninfected 

neonatal sympathetic neurons include low BAHCC1 reads, but this may change in 

response to infection, and these data cannot inform on how abundant BAHCC1 is at the 

protein level.  
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While our data suggests PRC1 represses HSV-1 lytic genes during latency 

establishment, its mechanism of silencing remains unknown. The H2AK119ub 

modification itself may repress viral gene expression by inhibiting RNA polymerase 

elongation or possibly preventing the eviction of H2A/H2B dimers (165-167). The 

mechanisms of silencing via cPRC1 appear to be more repressive (169). Silencing via 

cPRC1 is mediated by chromobox (CBX) proteins through chromatin compaction, phase 

body formation, and long-range chromosomal interactions (130, 169-171). The 

differential co-localization of HSV-1 genomes with H2AK119ub and Ring1B may speak 

to two independent PRC1 mechanisms of silencing. One advantage to our single-

genome resolution system is that we were able to discern that approximately 30% of 

latent genomes analyzed co-localized with H2AK119ub and only approximately 10% co-

localized with core PRC1 component Ring1B. One possibility is that Ring1 associates 

with the viral genome transiently and the incidences of perfect Ring1B colocalization are 

the exact moments as the PRC1 complex deposits H2AK119ub onto viral genomes. It is 

unknown, even in the cellular context independent of infection, if Ring1 stably 

associates with DNA following the deposition of its respective modification. An 

alternative explanation is that Ring1B does not exhibit colocalization as a writer of 

H2AK119ub in the vPRC1 complex, but instead as a component of the cPRC1 complex. 

Co-localization events with the H2AK119ub mark could be indicative of vPRC1 

recruitment, H2AK119ub deposition, and silencing while Ring1B co-localization may 

instead be indicative of a less pervasive, more repressive cPRC1-mediated silencing on 

a subset of genomes. cPRC1 has been demonstrated to be recruited independently of 

vPRC1/H3K27me3 through sequence motifs (161, 368). It is possible that Ring1A, the 
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co-localization of which has not yet been investigated, may predominantly be 

responsible for the deposition of H2AK119ub via vPRC1, whereas Ring1B may mediate 

viral gene repression through the cPRC1 complex. Previous literature suggests Ring1A 

and Ring1B serve redundant functions in pluripotent stem cells (360), but the role of 

each Ring1 isoform has not been investigated in a neuron. Notably, we observe 

increased viral gene expression following the individual depletion of Ring1A or Ring1B 

(Fig 4.6), further suggesting that Ring1A/B do not serve redundant silencing functions in 

this system. Given the high degree of heterogeneity of Polycomb silencing, it is possible 

that herpesviruses actively manipulate the nature of fHC on the viral genome to a form 

most advantageous for viral persistence and/or reactivation.  

 

Despite its nuclear presence in 100% of uninfected neurons, the detection of 

Ring1B is lost in the nuclei of HSV-1 infected neurons that are undergoing lytic infection 

evidenced by the presence of viral protein. Interestingly, using a proteomic dataset from 

our collaborator, we have observed that protein abundance of Ring1 (RNF168) is 

decreased in human keratinocytes upon lytic infection with HSV-1 (369), but there is the 

potential for a neuronal-specific response. We can only speculate that a viral or host 

protein may exclude or degrade Ring1B and PRC1-mediated silencing in lytically 

infected neurons. There are multiple host proteins that repress HSV-1 infection, as well 

as viral proteins that in turn can target such host proteins (recently reviewed in (370)). 

For example, PML bodies appear to encapsulate and repress the HSV-1 genome upon 

lytic infection in non-neuronal cells, but viral protein ICP0 degrades these repressive 

bodies in return, allowing viral transcription to proceed (371-376). Host factor USP7 was 
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demonstrated to stabilize forms of vPRC1 at the post-transcriptional level and 

transcriptionally repress AUTS2, which otherwise inhibits H2AK119ub capabilities of the 

vPRC1 complex (377). Interestingly, in non-neuronal cells, ICP0 recruits USP7 from the 

nucleus to the cytoplasm (378, 379).  

 

In agreement with our collaborator Igor Jurak, our data indicate that hnRNPK and 

the LAT interact in neurons as determined by RNA-IP for hnRNPK and subsequent 

qPCR. The ideal next step is to resolve in primary neurons if the HSV-1 genome 

simultaneously co-localizes with hnRNPK protein and the LAT RNA through a 

combination of click chemistry, immunofluorescence, RNA FISH, and NucSpotA. The 

co-localization of hnRNPK and the H2AK119ub mark or Ring1B with the HSV-1 genome 

would also be compelling supporting evidence. Another approach would then be to 

analyze H2AK119ub co-localization with the viral genome using NucSpotA and 

CUT&RUN for H2AK119ub following hnRNPK depletion. Additional preliminary 

evidence also indirectly supports the hypothesis of hnRNPK/LAT mediated recruitment 

of PRC1 and H2AK119ub to the HSV-1 genome. We found that hnRNPK depletion 

enhanced lytic infection, as quantified by lytic viral mRNA and viral DNA replication 

during early stages of latency establishment. Peak changes in viral gene expression 

occurred concurrently with the time point we observed Ring1B and H2AK119ub co-

localization with HSV-1 genomes. This hnRNPK depletion phenotype would be the 

expected outcome if hnRNPK were responsible for recruiting repressive 

PRC1/H2AK119ub to the HSV-1 genome.  
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Our finding that only a population of HSV-1 genomes associate with Polycomb 

silencing is intriguing, but not unexpected. There is abundant evidence that the ability of 

each latent viral genome to reactivate is not equal (93, 109, 117, 224, 292). Synergizing 

these findings, we speculate that the ability of the HSV-1 genome to reactivate may 

depend on the form of chromatin it acquires. In the absence of PRC1, HSV-1 is still able 

to establish a latent infection, and in fact, establishes the same relative amount of latent 

DNA genomes in the presence of antiviral ACV. We speculate that following vPRC1 

inhibition, HSV-1 genomes acquire an alternative form of chromatin that is more difficult 

to remove or modify during reactivation. Specifically, we hypothesize that Polycomb 

silencing is eventually compensated by constitutive chromatin, or an alternative form of 

Polycomb silencing containing only H3K27me3. Modifications that constitute such 

constitutive chromatin include the di- and tri-methylation of histone H3 lysine 9, 

H3K9me2/3, which have previously been identified on the latent HSV-1 genome. 

Whether constitutive chromatin only binds to a subset of latent genomes, and whether 

constitutive chromatin and Polycomb bind to the same individual HSV-1 genomes has 

not yet been investigated.  

 

PRC1-mediated silencing may be more amenable to reactivation, but the 

question of how repressive H2AK119ub is modified or removed following a reactivation 

stimulus is still unresolved. Accumulating evidence increasingly suggests that HSV-1 

reactivation is a biphasic process. Initial viral gene expression events during Phase I are 

independent of the removal of repressive heterochromatin, which is instead modified to 

enable viral gene expression. Repressive H3K9me2, for example, undergoes a 
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phospho-methyl switch, where histone phosphorylation on a neighboring serine allows 

viral gene expression to occur despite the persistence of repressive H3K9me (99). 

During Phase II, repressive heterochromatin is fully removed.  

 

We hypothesize that H2AK119ub is read by ZRF1 during Phase I and therefore 

modified to enable viral gene expression. We analyzed ZRF1 localization during full, 

Phase II reactivation as this is the endpoint of reactivation and we sought to determine if 

ZRF1 was relevant at any time point during reactivation as a preliminary effort. One 

model is that during Phase II reactivation, H2AK119ub is fully removed from the viral 

genome by de-ubiquitinase (DUB) BRCA1-associated protein 1, BAP1. Interestingly, 

BAP1 has previously been demonstrated to associate with host cell factor 1 (HCF-1), 

which may also be required for the progression to the full, Phase II reactivation by 

interacting with viral protein VP16 (380-383). Future studies should investigate ZRF1’s 

impact on Phase I gene expression and full HSV-1 reactivation using shRNA-mediated 

lentiviruses targeting ZRF1, which we have created and validated at least at the level of 

RNA (Fig 4.18). 
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With these data synergized, we propose a model where HSV-1 may use its 

lncRNA LAT and host cell factor hnRNPK to modulate the nature of the viral chromatin 

and ultimately enable later reactivation through ZRF1 (Fig 4.19). 

 
 
 
 
 
 
 

Figure 4.18 ZRF1 depletion via shRNA-
mediated lentivirus. (A) Neonatal 
sympathetic neurons were transduced with 
a non-targeting shRNA control lentivirus or 
one of two independent lentiviruses 
expressing shRNAs that target ZRF1 (sh-
ZRF1-1, sh-ZRF1-2). 5 days post-
transduction, RNA was collected and ZRF1 
mRNA expression was analyzed via RT-
qPCR. 1 biological replicate. 
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Figure 4.19 Working Model. (A) The latent HSV-1 genome is enriched in both 
H2AK119ub and H3K27me3, although whether these mark the same individual viral 
genomes is unknown. (B) PRC1-mediated H2AK119ub is deposited onto the HSV-1 
genome during active stages of viral gene silencing and represses lytic viral genes. 
(C) Viral lncRNA, the latency-associated transcript/LAT, binds host hnRNPK to 
potentially recruit PRC1 to the HSV-1 genome. (D) The nuclear presence of 
repressive Ring1B is not compatible with lytic infection in neurons. (E) Alternative 
heterochromatin forms may be less amenable to reactivation than PRC1-mediated 
H2AK119ub and silencing. (F) Pro-transcriptional ZRF1 localizes to the nuclei of 
reactivating neurons and therefore may mediate lytic gene transcription through the 
reading of H2AK119ub. (G) Non-neuronal cells may co-opt both H2AK119ub and pro- 
ZRF1 to enable lytic viral gene expression during de novo infection. 
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~End of Chapter 4~ 
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Chapter 5: Lessons, Future Directions, and Impact 

 
Parts of this chapter have been adapted from: 

 
Dochnal, SA, Francois, AK, & Cliffe, AR. De Novo Polycomb Recruitment: Lessons from 

Latent Herpesviruses. Viruses, 27;13(8):1470 doi: 10.3390/v13081470. (2021) 
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Over the course of this dissertation, we developed a novel recombinant HSV-1 

virus and primary model system that were then used to explore the impact of facultative 

heterochromatin and neuronal stress signaling on HSV-1 latency establishment and 

reactivation. My direct conclusions and immediate implications and future directions are 

detailed in their respective chapter discussions. In the following pages, I will first 

synergize these findings and discuss their overall impact on HSV-1 biology. I will then 

detail larger unresolved questions and future directions. 

 

Lessons & Implications  

Modeling HSV-1 latent infection and reactivation.  
 
 This dissertation began with the creation and characterization of a new 

recombinant HSV-1 virus, Stayput-GFP (Chapter 2). The use of this virus is 

advantageous to studying HSV-1 latency and reactivation in models that do or do not 

also employ antivirals to promote latency. First, due to its cell-to-cell spread deficiency, 

Stayput-GFP protects against superinfection and the elimination of latency resulting 

from spontaneous reactivation events. Importantly, Stayput-GFP also enables the study 

of reactivation at the single-neuron level. Given the heterogeneity of HSV-1 latency and 

reactivation, this is a hugely advantageous addition to the field. An accurate 

representation of the proportion of latently infected neurons that respond to certain 

reactivation stimuli can be achieved. Moreover, the mechanisms behind reactivation 

triggered by various stimuli can be accurately investigated as initial viral transcription 

events can be discerned from downstream viral transcription and replication that results 

from cell-to-cell spread. An additional advantage to this model is the ability to track the 
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survival of individual neurons during reactivation, as well as conduct experiments using 

multiple rounds of reactivation-this could not be achieved previously due to 

superinfection issues. Using Stayput-GFP, latency can also be established in vitro 

without the requirement for viral DNA replication inhibitors, allowing for the study of viral 

DNA replication and downstream late viral transcription and protein synthesis during 

latency establishment. The Us11-GFP tag also enables the live single-neuron tracking 

and investigation of the fate of lytic infection events as latency is established in this 

model. Notably, Stayput-GFP is adapted to study both sympathetic neurons and 

sensory neurons. Both neuronal types are relevant to HSV-1 biology but feature intrinsic 

differences in their biology (104, 234). The ability to study latency and reactivation in 

both systems enables their mechanistic differences in these processes to be compared.  

 

Air matters: Normoxic incubation, neuronal stress, HSV-1 latency, and 
reactivation. 

 
During the development of this model, we began culturing primary neurons in 

oxygen conditions (5% oxygen, hereafter “normoxia”), which mirror the physiological 

conditions of the human nervous system (384) and have been demonstrated to support 

neuronal differentiation, survival, and resistance to inflammatory injury in cultured neural 

stem cells (385-388). Our neurons were previously cultured under atmospheric 

conditions (20% oxygen), which is routine across laboratories studying HSV-1 or 

general neuroscience. However, cultures incubated at atmospheric conditions exhibited 

poor health at any time point past 8 days post-infection in the absence of ACV although 

1) Us11-GFP signal persisted and 2) latency is established over the course of 30 days 
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in vivo. I therefore evaluated neuronal viability in atmospheric versus normoxia 

incubation conditions using a portable chamber and custom gaseous mix. The axons of 

neurons were far more degenerated in atmospheric cultures versus normoxia cultures 

(Fig 5.1A-B). These neurons were plated in microfluidic chambers to enable the easy 

visualization of the axonal components as they are separated from cell bodies in this 

system. There were also other additional indicators of improved neuronal health and 

viability in normoxia conditions, such as less pcJunSer63 staining (an indicator of 

neuronal stress) and increased soma size (Fig 5.1C-D). Importantly, using normoxia 

conditions, primary neurons were able to be cultured up to 70 days without infection 

with limited impact on viability, and neurons infected with HSV-1 Stayput-GFP could be 

cultured past 30 days post-infection, the timepoint at which US11-GFP disappeared and 

latency was established. In fact, more viral genomes persisted during latency 

established under normoxia conditions in a model devoid of ACV, likely an indirect 

result of neuronal viability (Fig 5.1E). These normoxia data were supplemental to the 

creation of our primary neuron model and therefore not incorporated (except for the 

Materials and Methods section) into Chapter 2 and its corresponding publication. 

However, this information deserves emphasis. HSV-1 is well-known to reactivate in 

response to neuronal stress in vitro and in vivo and has specifically been demonstrated 

to respond to axon damage (233, 314), reminiscent of the axonal degeneration we 

observe under atmospheric conditions in Fig 5.1A-B. We also show in this dissertation 

that neuronal stress signaling during latency establishment changes the nature of future 

reactivation events and that neuronal activated c-Jun (which is enhanced under 

conditions of neuronal stress and in atmospheric cultures) promotes HSV-1 full 
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reactivation (Chapter 3). Therefore, the study of latency and reactivation are likely to 

have significant effects on experimental outcomes. In fact, we have observed that full 

reactivation in atmospheric conditions is more robust than that achieved in normoxia 

(Fig 5.2). 
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Promise for human models. 

 
As relayed in the introductory chapter, murine neurons constitute a highly 

advantageous and relevant system in which to study HSV-1 latency and reactivation, as 

well as basic neuron biology. However, I foresee that the combination of the following 

advances will enable the use of more systems of human origin to comparatively 

Figure 5.1 Normoxia conditions improve neuronal health. (A-B) Neonatal 
sympathetic neurons were cultured in microfluidic chambers for 10 days in 
atmospheric versus normoxia conditions and a degeneration index was calculated via 
ImageJ (4 FOVs each condition). (A) Representative images of axons (top) and soma 
(bottom) under each condition. (B) Degeneration index calculated for axons of each 
condition. (C) Sympathetic neurons were cultured in wells for 10 days atmospheric 
versus normoxia conditions and immunofluorescence was performed for Hoescht 

(blue), neuronal marker  III tubulin (green), and neuronal stress marker, c-Jun 
phosphorylated at serine 63 (red). (D-E) Neurons cultured in atmospheric versus 
normoxic conditions were infected with HSV-1 Stayput-GFP in the presence (or 
absence) of antiviral ACV to promote latency establishment and cultured for several 
days post-infection. (D) Soma size during latency was calculated with NIS-Elements 
Image Analysis. (E) Viral DNA load during latency is shown. Minimum 50 images 
from 1 biological replicate. 

Figure 5.2 HSV-1 reactivation in 
neurons is decreased under normoxic 
conditions. (A) Neurons cultured in 
atmospheric (20% oxygen) or normoxia 
(5%) conditions were latently infected with 
HSV-1 Stayput-GFP in the presence of 
antiviral ACV. Two days following ACV 
removal, cultures were reactivated with 
LY294002. The number of Us11-GFP 
positive neurons, indicative of reactivation 
events, is shown here. 2 biological 
replicates; unpaired t-test. Individual 
biological replicates along with the means 
and SEMs are represented. *, P < 0.05; **, 
P < 0.01. ns, not significant. 
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investigate HSV-1 latency and reactivation: 1) normoxia culture conditions, which 

enable the culture of sensitive cells 2) Stayput-GFP HSV-1, which enables the live-

tracking of latency establishment and protects against superinfection events, and 3) the 

triple combination trigger, which elicits reactivation from very silent forms of latency. A 

fellow lab member has already co-opted all three of these conditions to achieve 

reactivation in HD10.6 cells, an immortalized human dorsal root ganglion (sensory) cell 

line (unpublished). Human models are not to be used as a replacement for murine 

models, but an adjuvant to their study. For example, latency is established more rapidly 

in human LUHMES (Fig 5.3) versus sympathetic or sensory primary neurons (Chapter 

2). LUHMES are much less amenable to reactivation as well (Chapter 4). Rather than 

viewing these data as inconsistencies, we can use human and murine models to 

elucidate if and why these differences exist past species, like neuronal origin or age.  
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Unconditional knockouts/deletions confound the study of HSV-1 latency and 
reactivation. 

 
When studying HSV-1 reactivation, greater care should be taken when depleting 

viral or host factors to discern whether these targets directly modify reactivation or 

indirectly modify reactivation by changing latency establishment. Our exploration of the 

role of transcriptional factor c-Jun emphasizes this point (Chapter 3). c-Jun depletion 

prior to HSV-1 infection reduced Phase I gene expression, which supported our original 

hypothesis that c-Jun directly modifies Phase I reactivation. Only after the depletion of 

c-Jun following latency establishment were we able to discern that c-Jun does not 

Figure 5.3 Latency Establishment with HSV-1 Stayput-GFP in LUHMES. (A) 
Neurons were infected with HSV-1 Stayput-GFP at several MOIs in the absence of 
antiviral ACV. The number of US11-GFP-positive neurons, indicative of lytic infection 
events, was quantified over the course of latency establishment. 1 biological 
replicate. 
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directly impact Phase I gene expression but modifies the “type” of latency established. 

This finding complicates the interpretation of studies that have used mutant HSV-1 to 

study reactivation in vitro and in vivo, such as HSV-1 with mutations in viral protein 

VP16-encoding gene UL48 (223, 266, 292), as the absence of this protein during 

latency establishment could change the nature of heterochromatin or cell signaling and 

therefore perturb reactivation. Our data therefore further support the use of in vitro HSV-

1 latency and reactivation systems where depletions in both viral or host mRNA or 

protein can easily be performed before or after the establishment of latency. Systems in 

which conditional depletions can be carried out in vitro or in vivo are ideal and should be 

employed when available and optimized (389, 390). 

 

Science is never simple: Themes of heterogeneity in HSV-1 latency and 
reactivation and intrinsic to neurons. 
 

Themes of heterogeneity in HSV-1 latency and reactivation are consistent 

throughout this dissertation. HSV-1 latency is increasingly regarded as a heterogenous 

process, as there is variability observed within latent ganglia in terms of viral DNA copy 

number, lytic gene transcription, latent gene transcription, the subnuclear positioning of 

latent viral genomes, and the association of latent viral genomes with host proteins (8, 

93, 194, 195, 235, 269). HSV-1 reactivation is increasingly regarded as a nonuniform 

process as only a population of latently infected neurons reactivate in response to a 

particular stimulus (93, 109, 117, 292, 391). This heterogeneity tremendously 

complicates the study of HSV-1 biology and requires the use of higher-resolution versus 

population-level experimental techniques. However, it also accurately recapitulates in 
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vivo physiology (292) and is crucial to understanding any unintended effects of 

therapies that disrupt these processes. 

 

Themes of heterogeneity first emerge in Chapter 2, during the creation of our 

new model system. First, heterogeneity is observed between individual neurons in 

response to infection. Upon infection with HSV-1 Stayput-GFP, a population of neurons 

produce a lytic infection and die. Following clearance of this lytic population, we know a 

separate latent population remains in culture as 1) there is detectable viral DNA 2) the 

viral lncRNA the LAT is pervasively transcribed and 3) we were able to elicit reactivation 

from these cultures using our combinatorial stimulus. We note that there are also 

differences between neuronal subtypes in terms of how quickly lytic infection is 

resolved, as measured through Us11-GFP in models using HSV-1 Stayput-GFP in the 

absence of ACV. Adult sensory neurons demonstrated less Us11-GFP-positive neurons 

and lost Us11-GFP signal quicker than sympathetic neurons. As the same number of 

neurons were plated and infected with equal amounts of virus for each neuronal 

subtype, these experiments support the previous finding that adult sensory neurons are 

more repressive for HSV-1 infection (104, 392). Differences between lytic and latently 

infected neurons also arise in Chapter 4 when exploring the relationship between 

Polycomb and HSV-1 latency. We demonstrate the differential staining of Ring1B in lytic 

infected versus latently infected neurons. Whether this differential is a result of 

something inherent in each individual neuron (can a host component make Ring1B 

susceptible to re-localization?) or if this is a downstream result of lytic infection is 

unclear. 
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Moreover, there is heterogeneity observed within the population that achieves 

latency. This is in part attributed to mechanisms of silencing by chromatin. Support for 

such a model comes from our work in Chapter 4. First, we demonstrate that only a 

proportion of latent viral genomes associate with PRC1 and PRC2-mediated 

modifications, and whether these populations are further separate is unknown. 

Moreover, Ring1B, the core component of PRC1, associates with only a subset of the 

H2AK119ub-associated viral genomes. The differences in Polycomb silencing in adult 

sensory and neonatal sympathetic neurons still require further exploration. However, we 

observe that PRC1 inhibition may enhance lytic gene expression in sensory neurons to 

greater levels than in sympathetic neurons. This may indicate that PRC1 silencing is 

more abundant in this neuronal subtype or this age of a neuron. My preliminary western 

blot analyses performed on neurons from several different neuron types, models, and 

sexes, do not conclude any obvious major differences in terms of PRC1/2 protein 

abundance (data not shown). However, relative expression of the LAT in adult sensory 

neurons versus neonatal sympathetic neurons is greater at the 3-day post-infection 

(data not shown), suggesting a greater abundance of LAT may account for more robust 

PRC1-mediating silencing in adult sensory neurons. 

 

These differences between latently infected neurons likely translate into 

differences observed in reactivation. As previously observed in other models of latency 

and reactivation, only a proportion of latently infected neurons that responded to our 

triple combinatorial stimulus in sympathetic neurons and sensory neurons (Chapter 2). 

Moreover, full reactivation is inhibited but not completely depleted upon the addition of 
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H3K27 or H3K9 demethylases (Chapter 2). This could mean that these inhibitors did not 

completely prevent demethylase activity. However, it could also indicate that a 

population of viral genomes reactivate despite demethylase inhibition. The implication is 

that a subset of latent viral genomes may be silenced through H3K27 methylation or 

H3K9 methylation, and therefore the removal of these repressive marks is only pertinent 

to a proportion of neurons reactivating from latency. Importantly, the inhibition of 

H2AK119ub deposition during latency establishment reduces reactivation (Chapter 4), 

suggesting that different forms of chromatin may be more or less amenable to 

reactivation. Not only is there heterogeneity between latent genomes, but this 

heterogeneity can be manipulated into a certain outcome for HSV-1 reactivation, a 

concept relevant for therapies. The promotion of one form of chromatin that is incapable 

of reversal over another more amenable to this process could reap clinical benefits. This 

concept of manipulating heterogeneity can also be used to explain and predict 

variations in clinical outcome. Our work on c-Jun demonstrates that neuronal stress 

signaling enhances future reactivation by promoting the formation of more reactivation-

component viral genomes (Chapter 3). Independently of whether this phenomenon is 

mediated through chromatin on the viral genomes or cell signaling events within latently 

infected neurons, neuronal stress during the acquisition of an HSV-1 infection may 

serve as an indicator of future reactivation potency and clinical distress. 

Good (and bad) things take time: a model of gradual HSV-1 chromatinization over 
the course of latency establishment.  
 

The work in this dissertation also supports a model of HSV-1 latency as 

something that develops and changes over time rather than an immediate process. 

While H2AK119ub is rapidly recruited to the viral genome, H3K27 methylation is only 
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acquired during later stages of silencing (Chapter 4). In Chapter 2, we find that the 

ability of HSV-1 to reactivate decreases with increasing lengths of time infected. We 

predicted this was likely due to gradual chromatinization of the HSV-1 viral genome over 

time, and our later findings in fact support this notion. Moreover, Polycomb has also 

been demonstrated to propagate on the cellular genome, where the deposition of one 

repressive modification also recruits additional readers and writers to deposit more of 

this same modification, supporting a positive feedback loop of chromatinization and 

increasingly silencing the target gene. While this is speculation, I draw attention to the 

slight differences in the staining patterns observed for H2AK119ub and Ring1B for 3 

days and 30 days post-infection (Chapter 4). Particularly in the case of Ring1B, there 

appear to be 1) less puncta per neuronal nuclei and 2) the puncta that do persist appear 

brighter by eye. In the case of H2AK119ub, the clusters of H2AK119ub around the 

HSV-1 genome also appear more intense in signal and almost circular at 30 days post-

infection. This slight change in staining pattern for both H2AK119ub and Ring1B could 

of course be attributed to the age of the neuron, which increases with length of time 

infected, but one might speculate that overtime PRC1 recruits more PRC1 and 

H2AK119ub to the HSV-1 viral genome which enhance silencing. 

 

This extended model of latency has two major implications for HSV-1. First, it 

impacts the modeling of HSV-1. Laboratories that study HSV-1 latency, particularly in 

relation to the epigenetics, should wait for longer periods of time post-infection for 

latency to be considered established. It also speaks to the physiological relevance of 

combination triggers required to elicit HSV-1 reactivation in such models. Second, this 
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model also has clinical implications. The requirement of combinatorial stimuli to elicit 

reactivation may imply that it takes a combination of stressors in a patient to elicit the 

reactivation response. This extended model also implies that PRC1 but not PRC2 is at 

the core of viral gene repression and that the virus is easier to reactivate at early times 

post-infection, considerations for therapies using either “shock and kill” or “lock and 

block” strategies.   

 

HSV-1 as a Model for Polycomb Silencing 
 

Despite its intricacy, the study of Polycomb targeting and silencing to the 

mammalian genome is still in its infancy largely due to limitations in modeling. Most 

Polycomb studies have been carried out in mESCs and IPSC’s, and de novo targeting 

to regions of the cellular genome is challenging as the full removal of the pre-existing 

epigenetic template is hard to achieve (136, 138). As herpesvirus genomes enter the 

host cell nucleus as epigenetically naïve, latent infection theoretically provides an 

excellent opportunity to study de novo Polycomb silencing in several specialized cell 

types. However, even the most comprehensive studies of Polycomb silencing on 

gamma herpesvirus (KSHV, EBV) genomes come with modeling caveats. The major 

cell type harboring latent gamma herpesvirus infection in vivo are B cells, which are 

largely refractory to de novo KSHV/EBV infection in vitro. Therefore, KSHV/EBV 

epigenetic studies rely on cell lines derived from naturally infected KSHV-induced 

lymphoproliferation (primary effusion lymphoma, PEL), or EBV-transformed 

lymphoblastoid cell lines (LCL’s). As constitutively-infected cells are not ideal to 

investigate the early events in latency establishment, attempts at studying Polycomb 
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recruitment and silencing to the viral genome during de novo infection have been made 

for KSHV using endothelial-like cell lines. However, the most commonly used cell line 

(SLK) was recently identified to as a mutated renal carcinoma cell line, of which the 

physiological relevance to KSHV or Polycomb silencing is debated (174, 176, 393). 

Therefore, the methods of studying de novo Polycomb recruitment and silencing in 

HSV-1 as introduced in this dissertation are unique as they allow us to study Polycomb 

silencing 1) in the specialized and relevant cell type of a neuron 2) using an 

epigenetically naïve template 3) in a system that can be manipulated and modified for 

the removal or over-expression of PRC1/2 in functional studies, and also 4) at the 

single-cell or single-genome resolution versus population-level techniques. For 

example, because of the central role JARID2 in vPRC1/PRC2.2-mediated PcG-

silencing, the observation of H2AK119ub1 on the HSV-1 genome, and the potential 

change in function following differentiation, examining the role of JARID2 in HSV-1 

latency will uncover how PRC2.2 contributes to gene silencing outside of the context of 

embryonic stem cells.  

Biphasic reactivation: obscure idea to valid model of viral transcription 
 

The theory of biphasic HSV-1 reactivation was first introduced in 2012 and has 

been met with some skepticism since. One concern was that the evidence for Phase I 

gene expression was largely derived from in vitro models that employ antivirals like 

acyclovir to promote latency establishment. Phase I gene expression was argued to be 

a sort of defunct burst of gene expression by to viral genomes which had incorporated 

or been damaged by ACV. In this dissertation, I constructed a new in vitro model 

system of HSV-1 latency and reactivation in primary neurons that does not require the 
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use of antivirals to promote latency establishment. Using this non-ACV model, I validate 

the Phase I phenomena and overall biphasic mechanism of reactivation (117). During 

the period of my dissertation, there have also been additional publications in alternative 

models that further support the concept of a HSV reactivation progressing through two 

waves. In an in vitro model that uses neuronal hyperexcitability trigger forskolin to elicit 

reactivation (109), “Phase I” was observed at approximately 20 hours post-stimulus. In 

an ex vivo model where LY294002 is used in combination with explant to elicit 

reactivation (98), Phase I occurs at approximately 5 hours post-stimulus. Therefore, 

Phase I gene expression can be detected in both in vitro and ex vivo models of HSV 

latency, in the presence or absence of acyclovir, and in response to different 

reactivation triggers.  

 

The implication of the existence of Phase I gene expression is that there are 

mechanistic differences between HSV-1 transcription during de novo lytic infection and 

reactivation, as previously noted (63, 99). This consideration is central for future 

modeling and for differentiating the impact of therapies prophylactically or following 

reactivation events. During de novo lytic infection, viral transcription occurs in cascade 

fashion wherein IE gene transcription and translation precedes E gene transcription and 

translation, which is necessary for viral DNA replication, which is subsequently required 

for L gene transcription. During Phase I gene expression, gene expression is uncoupled 

from viral DNA replication and the transcription of early and late genes can occur 

independently of viral protein synthesis. Moreover, Phase I occurs independently of viral 

transactivator protein VP16, which enters the host cell from the virion’s tegument upon 
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de novo infection and sets off the transcriptional cascade. In this dissertation, we 

introduce additional evidence which supports the notion that HSV-1 de novo lytic 

infection and reactivation are distinct processes in a neuron. We find that c-Jun 

promotes lytic gene expression in both scenarios, but with subtle differences in impact 

(Chapter 3). During de novo infection, c-Jun promotes the viral transcription of all 

classes of viral lytic genes, including immediate early genes and early genes. In 

contrast, c-Jun does not initiate the transcription of any of the classes of genes during 

Phase I gene expression. During full, Phase II reactivation, c-Jun does enhance lytic 

gene expression, but only that of late genes, the expression of which follows viral DNA 

replication. 

Unresolved Questions & Future Directions 

The interplay between Polycomb silencing and constitutive heterochromatin on 
the HSV-1 genome. 
 

Additional repressive chromatin modifications, H3K9me2 and H3K9me3, have 

also been observed on the latent HSV-1 genome. Whether these modifications and 

Polycomb silencing are coupled, mark the same viral genomes, or cooperatively work to 

silence the viral genome is unknown. There is accumulating evidence on the co-

existence of H3K9 methylation and PRC2-mediated H3K27 methylation. Euchromatic 

histone-lysine N-methyltransferase 2 (EHMT2/G9a) heterodimerizes with euchromatic 

histone-lysine N-methyltransferase 1 (EHMT1/GFLP) to establish H3K9 methylation, 

however EHMT2 has also been demonstrated to catalyze H3K27 mono- and di-

methylation in biochemical assays (394). Further, EHMT2 interacts with PALI1, allowing 

the assembly and activity of a EHMT2-PAL1-PRC2 super-complex (395). There is also 

potential interplay between PRC1-mediated silencing and H3K9 methylation, although 
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previous work in mouse embryonic stem cells suggested these two processes excluded 

one another (396-399). In human and murine somatic cells, BMI1 is required for H3K9 

methylation formation and silencing, and BMI-1 co-immunoprecipitated with HP1 and 

other H3K9me3 readers/writers (400). These studies also specifically demonstrated in 

murine neurons that BMI-1 and H3K9me3 enrichment co-localizes in pericentric 

heterochromatin (401). Also, H3K9me3 peptides were demonstrated to bind CBX 

proteins through surface plasmon resonance (SPR). Therefore, it is likely that at least 

one form of PRC1 (with this evidence pointing to canonical PRC1), can associate and 

co-regulate constitutive heterochromatin in a neuron in the context of HSV-1 infection. 

Interestingly, the binding of CBX proteins to the H3K9me3 peptide was significantly 

reduced upon the phosphorylation of the adjacent serine 10 (401). This 

“phospho/methyl switch” has been demonstrated to occur on the HSV-1 genome during 

the very initial transcriptional stages of reactivation but it has never been linked with 

Polycomb silencing (99). A simple but telling experiment would be to determine if 

constitutive heterochromatin and Polycomb silencing bind onto the same individual viral 

genomes by dual immunofluorescence staining of H3K9me3 and H3K27me3, 

H2AK119ub, or Ring1 and subsequent co-localization quantification using NucSpotA. 

Re-ChIP analyses can also be performed for these heterochromatin modifications in a 

mouse model. 

How is Polycomb recruited to HSV-1 genomes? 
 

Our preliminary data align with the hypothesis that hnRNPK and the LAT recruit 

PRC1 to viral genomes during latency establishment in neurons. Viral LAT expression 

may therefore actively promote a type of gene silencing that is capable of reactivating. 
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In fact, the LAT has been demonstrated to enhance reactivation in several models, 

further supporting this theory (390, 402). Back in 2009, the hypothesis that the LAT 

recruits PRC2 and therefore H3K27-methylation to the HSV-1 genome was conceived. 

Three studies were published that addressed this possibility without consensus. Our 

proposal that LAT recruits PRC1 is interesting as it could potentially shed light on these 

findings. If the LAT recruits PRC1, and PRC2 recruitment/activity is even partially 

dependent on the H2AK119ub, then there would be at least subtle changes in 

H3K27me3 upon LAT-deletion in a population-level study. The LAT could impact the 

nature of Polycomb silencing on the latent genome, but not be fully required for PRC2 

targeting. In support of this, SUZ12 appears to be recruited to similar levels to the lytic 

viral promoters tested even in the absence of the LAT during the establishment of 

latency (192).  

 

Now that we have optimized CUT&RUN-sequencing to work in primary neurons 

(Chapter 4), I hope to next directly explore H2AK119ub binding across the viral genome 

in the presence and absence of hnRNPK using my validated shRNA-mediated 

lentiviruses. We (Matt Loftus, unpublished) have also now generated Stayput-GFP LAT-

deletion mutants to determine the role the LAT might play in PRC1 recruitment and 

compare the phenotypes of these viruses to the hnRNPK depletion phenotype. In 

addition to CUT&RUN-sequencing for H2AK119ub, we will also analyze lytic viral gene 

expression and viral DNA replication over latency establishment using these LAT-

deletion mutants. The LAT has been demonstrated to repress lytic gene transcription 

during acute infection, but only in vivo thus far (209). We therefore can independently 
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investigate the requirement of hnRNPK and the LAT on PRC1 recruitment and have 

demonstrated LAT/hnRNPK binding. Additionally demonstrating the simultaneous co-

localization of LAT, hnRNPK, and the HSV-1 genome through a combination of single 

molecule fluorescence in situ hybridization (smFISH), click chemistry, and 

immunofluorescence would provide compelling evidence that hnRNPK and the LAT act 

in concert with one-another.  

 

There are of course alternative mechanisms independent of the LAT and 

hnRNPK that may mediate Polycomb recruitment to the HSV-1 genome. In fact, one 

must exist as PRC1 is recruited to the HSV-1 genome in non-neuronal cells (data not 

shown, Alison Francois) where the LAT is not actively transcribed. An attractive 

possibility is host protein KDM2B, which recruits vPRC1 to cellular genomes by binding 

unmethylated GC-rich sequences (128, 160). This is a viable possibility as HSV-1, like 

the other human herpesviruses, is extremely GC-rich (403). In fact it is theorized 

(although not directly demonstrated) that KSHV uses its intrinsic GC-richness and 

KDM2B to recruit Polycomb (180) (404). Our RNA-sequencing data demonstrates 

KDM2B expression in our uninfected sympathetic cultures (data not shown), and I have 

performed immunofluorescence experiments for KDM2B these cultures. Interestingly, 

KDM2B stains as cytoplasmic puncta (data not shown). However, this is not grounds to 

exclude the potential of KDM2B to recruit PRC1 as we 1) have not validated the 

specificity of this antibody and 2) KDM2B could localize to the neuronal nucleus upon 

HSV-1 infection, a possibility we have not explored. Interestingly, my 
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immunofluorescence experiments in uninfected dermal fibroblasts demonstrate KDM2B 

staining that is both perinuclear and punctate nuclear (data not shown).  

 

Alternatively, PRC1 could be recruited to the HSV-1 genome using host 

transcription factor RUNX1, which recruits Ring1B and subsequent H2AK119ub 

deposition in primary thymocytes (368). RUNX1 binding sites are pervasive in the HSV-

1 genome, and the overexpression of RUNX1 has been shown to repress HSV lytic 

gene expression in neuroblastoma cells (405). RUNX1 is also pervasively transcribed in 

sensory neurons and sympathetic neurons, where HSV-1 readily establishes latency. 

Future experiments could deplete KDM2B or RUNX1 and analyze PRC1-recruitment to 

the viral genome through CUT&RUN. More preliminary analyses can be performed by 

analyzing colocalization of H2AK119ub in the presence or absence of KDM2B or 

RUNX1. 

 

The mechanism of recruitment for PRC2 and H3K27 methylation to the viral 

genome is also unresolved. One hypothesis is that PRC1/H2AK119ub recruits PRC2 to 

the genome. Our CUT&RUN-sequencing data demonstrate peaks where H2AK119ub 

and H3K27me3 exist both dependently and independently of each other on viral 

genomes (Chapter 4). Therefore, mutual recruitment is possible although we cannot 

discern from this population-based technique whether H2AK119ub and H3K27me3 

decorate the same individual viral genomes. Further, PRC1-mediated recruitment of 

PRC2 has previously been demonstrated to occur on cellular genomes through 

recognition of H2AK119ub1 by PRC2.2 in ESCs is via JARID2. However, JARID2 is 
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found in one of two isoforms, and the longer isoform is the one capable of H2AK119ub1 

and PRC2 binding. In many lineage committed cells, including primary lymphocytes and 

keratinocytes, the predominant isoform of JARID2 is ΔN‐JARID2 (152). In line with this 

finding, I was unable to detect the long isoform of JARID2 via western blot in our 

primary neurons, although it was detectable in other non-neuronal cell types (data not 

shown). This is not confirmation that the proper JARID2 isoform used for recruitment is 

not translated and utilized in primary neurons, there may be issues with its detection. 

However, this blot suggests an alternative mechanism of PRC2 recruitment 1) using 

PRC1 but independent of JARID2, or 2) independent of PRC1 altogether. KSHV 

expresses mi-RNAs that downregulate JARID2 despite the viral genome becoming 

enriched in both H2AK119ub and H3K27me3, thus supporting the existence of an 

alternative mechanism of recruitment in differentiated cells (406, 407).  

 

An alternative hypothesis involves nucleosomal density. PRC2 activity may also 

be enhanced by a dense, polysomal structure with an optimal DNA linker length of 40 

bp (408). CryoEM of AEBP2-containing PRC2 demonstrates positioning of the EZH2 

SET domain in close proximity to the neighboring unmodified histone (147). Therefore, 

a dense nucleosomal structure (at least one containing H3K27me3) likely facilitates 

spread of K27 methylation from an initiating site, although how nucleosomal density 

may co-ordinate de novo lysine methylation is currently unknown. In the case of HSV-1 

and KSHV, H3 nucleosome occupancy accumulates prior to H3K27me3 (176, 192). For 

HCMV, H3 deposition occurs rapidly on the HCMV genome during latent infection, 

suggesting it may be deposited prior to H3K27me3 (409). 



 195 

 

Further, PRC2 interacts with the highest affinity to G-quadruplexes, which are 

demonstrated on the immediate early promoters/regulatory regions of HSV-1, HSV-2, 

VZV, HMCV, EBV, and KSHV (410-412). A second transcriptional repressor, RE1-

silencing transcription factor (REST, also known as neuron-restrictive silencing factor 

(NRSF)) can interact with PRC1 and PRC2 and maintains PRC1/2 binding to neuronal 

genes in the human teratocarcinoma NT2-D1 cells and mESCs (413). However, REST 

can also limit PRC2 binding around CpG-rich regions in murine embryonic cells (413). 

The HSV-1 genome carries numerous predicted REST binding sites and may repress 

the ability of HSV-1 to transcribe lytic viral genes and reactivate (414) (415). Any of the 

models of PRC1 and PRC2 recruitment remain to be tested. 

hnRNPK and the LAT: one step closer to solving the enigma?  
 

One of the most enticing findings presented in this dissertation is that the LAT 

and hnRNPK interact in neurons. The LAT was identified decades ago (416), but its 

function still remains mysterious. In this dissertation, I propose that hnRNPK and the 

LAT in tandem target PRC1 to HSV-1 genomes in neurons. However, the original 

finding of Igor Jurak that the hnRNPK and LAT interact has major implications even if 

the function of this interaction is outside of the realm of Polycomb silencing. On the 

cellular genome, hnRNPK can work with RNAs (as well as proteins) to both enhance or 

repress gene expression (417). In the case of gene expression, hnRNPK often prevents 

the binding of miRNAs to mRNAs and subsequent degradation. There are also several 

mechanisms of repression that hnRNPK can carry out with lncRNAs. First, lncRNA 

association with hnRNPK can lead to the formation of repressive bodies known as 
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paraspeckles. However, given the broad, homogenous nuclear staining of hnRNPK in 

HSV-infected neurons (Chapter 4), I find this alternative unlikely. hnRNPK has also 

been implicated in repression using lncRNAs through heterochromatin recruitment.  As 

described earlier, the lncRNA Xist can recruit PRC1 and H2AK119ub during X 

chromosome inactivation (222). However, there are additional examples of lncRNA-

mediated recruitment in tandem with hnRNPK. LncRNA LBCS has been demonstrated 

to recruit PRC2 component EZH2 to DNA, and lncRNAp21 has been shown to recruit 

H3K9 methyltransferases to DNA (418). The LAT has been shown to promote H3K9 

methylation on the viral genome, and therefore a model where hnRNPK and the LAT 

recruit H3K9 methylases or a complex containing a combination of chromatin 

remodelers is feasible. There are in fact differing reports on if and how the LAT 

modulates reactivation (124, 208, 402). If the LAT promotes different forms of 

heterochromatin that are more or less amenable to reactivation in different models, this 

could explain the discrepancies between these studies. There is also the potential that 

hnRNPK and the LAT recruit complexes to the host cell genome rather than the viral 

genome. There are broader studies that can be performed to identify the function and 

importance of the LAT/hnRNPK interaction, such as PAR-CLIP-sequencing to discern 

where the precise region on the LAT where hnRNPK binds (and to make mutations in 

this region) or a more global RNA-IP-sequencing which will illuminate whether the LAT 

modulates the binding of hnRNPK to host RNAs.  
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~End of Chapter 5~ 
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Chapter 6: Materials and Methods 
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Reagents 

Compounds used in the study are described in Table 1. Compound concentrations were 

used based on previously published IC50s and assessed for neuronal toxicity using the 

cell body and axon health and degeneration index as previously published (109). All 

compounds had an average score less than or equal to 1. 

Table 1. Compounds used and concentrations 

Compound Supplier Identifier Concentration 

NGF 2.5S Alomone Labs N-100 50 ng/mL 

GDNF Peprotrech 450-44 50 ng/mL 

Aphidicolin (APH) AG Scientific A-1026  3.3 µg/ml 

L-glutamic acid Millipore Sigma G5638 3.7 µg/ml 

Acycloguanosine Millipore Sigma A4669 10 μM, 50 μM 

Primocin Invivogen ant-pm-1 100 µg/ml 

PRIME-XV IS21 

Neuronal Supplement 
Irvine Scientific 91142 1:50 

Neurobasal 

Medium™, minus 

phenol red  

Gibco 12348017  

BrainPhys 
STEMCELL 

Technologies 
05791  

Molecular Probes 

SYTOX Orange 

Nucleic Acid Stain 

Thermo Fisher 

Scientific 
S11368 1:5000  
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G418/Geneticin Gibco 10131-035 250 µg/ml 

GNE-3511 Millipore Sigma 5.33168.0001 4 μM 

GSK-J4 Sigma Aldrich SML0701 2 μM 

OG-L002 Selleck Chemicals S7237 20 μM 

LY294002 Tocris 1130 20-40 µM 

Forskolin Tocris 1099 60 µM 

T-5224 
Cayman Chemical 

Company 
22904 20 µM 

DMXAA Invivogen tlrl-isdc 5 µg/mL 

JQ1 
Cayman Chemical 

Company 
11187 1 µM 

AFDye 555 Azide 

Plus 

Click Chemistry 

Tools 
1479-1 10 µM 

EdC Sigma-Aldrich T511307 10 µM 

PTC-209 Tocris 5191 2 µM 

RB-3   25 µM 

PRT4165 Sigma-Aldrich SML1013-5MG 40 µM 

UNC1999 
Cayman Chemical 

Company 
14621 1 µM 

CPI-1205 Selleck Chemicals S8353 10 µM 

EED226 
Cayman Chemical 

Company 
22031 25 µM 
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EPZ005687 
Cayman Chemical 

Company 
13966 0.5 µM 

 

Construction of Stayput-GFP 

Stayput-GFP was created by inserting an eUs11-GFP tag into the previously created 

gH-deficient HSV-1 SCgHZ virus (strain SC16) through co-transfection of SCgHZ viral 

DNA and pSXZY-eGFP-Us11 plasmid (273) in Vero F6 cells, Transfections were carried 

on in 6 well plates using 2 g of viral DNA and 2 g of pSXZY-eGFP-Us11 and 8ul of 

jetPRIME (Polyplus). GFP-positive plaques were subjected to 4 rounds of plaque 

purification.  

 

Preparation of HSV-1 virus stocks 

Stayput-GFP, as well as SCgHZ, is propagated and titrated on previously constructed 

gH-complementing F6 cells, which contain copies of the gH gene under the control of 

an HSV-1 gD promoter, as described in (274). Vero F6 cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (Gibco) supplemented with 10% FetaPlex (Gemini 

BioProducts) and 250 g/mL of G418/Geneticin (Gibco).  

 

HSV-1 stocks of eGFP-Us11 Patton, Syn17+, and KOS (for in vivo experiments) were 

grown and titrated on Vero cells obtained from the American Type Culture Collection 

(Manassas, VA). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (Gibco) 

supplemented with 10% FetalPlex (Gemini Bio-Products) and 2 mM L-Glutamine. 
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eGFP-Us11 Patton (HSV-1 Patton strain with eGFP reporter protein fused to true late 

protein Us11 (273) was kindly provided by Dr. Ian Mohr at New York University. 

 

Single-step growth curve 

1 x 105  Vero F6 cells were seeded per well in a 24-well plate. 24 hours later, when the 

cells had reached approximately 90% confluency, cells were infected with Stayput-GFP, 

SCgHZ, or wild-type Patton Us11-GFP at an MOI of 5 PFU/cell for 1 hour at 37C with 

gentle rocking (60 rpm). Inoculum was then removed and replaced with 400 L of 

media. At the specified time-points, 400 L of 9% sterile milk was added to the well and 

the plates were frozen in the -80C. Following three freeze thaw cycles, titrations were 

carried out on Vero F6 cells.  

 

Viral genomic DNA sequencing 

Genomic DNA was isolated from stocks of SCgHZ and Stayput-GFP using the Qiagen 

DNeasy Blood and Tissue kit. 250 ng of gDNA was used as input for the SQK-LSK109 

genomic DNA by ligation protocol (Oxford Nanopore Technologies Ltd.) and resulting 

libraries were loaded onto individual R9.4.1 flongles for 20 hours of sequencing. 

Resulting raw fast5 datasets were basecalled using Guppy v4.2.2 (-f FLO-MIN106 -k 

SQK-RNA002) with only reads passing filter used for subsequent analyses. De novo 

assembly was performed as follows. First, HSV-1 reads were extracted from the total 

pool by aligning against the HSV-1 strain SC16 reference genome (MN159383.1) using 

MiniMap2. HSV-1 reads shorter than 1,000 nt were subsequently filtered out prior to 

performing de novo assembly with Canu (419). Canu yielded a single circular contig for 
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both SCgHZ and Stayput-GFP which was manually linearized at the canonical HSV-1 

start site. Four rounds of genome polishing was performed using racon (420) before a 

final round of SNP calling was achieved using medaka 

(https://github.com/nanoporetech/medaka). Results are available in European 

Nucleotide Archive under the accession PRJEB51869. 

 

Direct RNA sequencing 

For both SCgHZ and Stayput-GFP, NHDFs (passage 13) were infected at an MOI of 10. 

At 6 hours post infection, the supernatant was removed and cells washed once with 

PBS prior to lysing with 8 ml Trizol. Total RNA was extracted according to Trizol 

manufacturer’s instructions and eluted in nuclease-free water. Nanopore direct RNA-

Seq libraries were prepared for each sample using between ~500 ng of poly(A) RNA 

that was previously isolated from 30 µg of total RNA using the Dynabeads™ mRNA 

Purification Kit (Invitrogen, 61006). The poly(A) RNA was spiked with 0.5 µL of a 

synthetic Enolase 2 (ENO2) calibration RNA (Oxford Nanopore Technologies Ltd.) and 

direct RNA-Seq libraries prepared according to the standard SQK-RNA002 protocol 

(Oxford Nanopore Technologies Ltd.). Raw fast5 datasets were then basecalled using 

Guppy v4.2.2 (-f FLO-MIN106 -k SQK-RNA002) with only reads passing filter used for 

subsequent analyses. Sequence reads were aligned against the Stayput-GFP genome 

using MiniMap2 (Li, 2018) (-ax splice -k14 -uf --secondary=no), with subsequent parsing 

through SAMtools and BEDtools (421, 422). Here sequence reads were filtered to retain 

only primary alignments (Alignment flag 0 (top strand) or 16 (bottom strand)). Figures 

https://github.com/nanoporetech/medaka
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associated with this study were generated using the R packages Gviz (423) and 

GenomicRanges (424). 

 

Primary neuronal cultures 

Sympathetic neurons from the superior cervical ganglia (SCG) of post-natal day 0–2 

(P0-P2) CD1 Mice (Charles River Laboratories) were dissected as previously described 

(99). Sensory neurons from the trigeminal ganglia (TG) or adult (P21-24) CD1 Mice 

(Charles River Laboratories) were dissected as previously described (425). Rodent 

handling and husbandry were carried out under animal protocols approved by the 

Animal Care and Use Committee of the University of Virginia (UVA). Ganglia were 

briefly kept in Leibovitz’s L-15 media with 2.05 mM L-Glutamine before dissociation in 

Collagenase Type IV (1 mg/mL) followed by Trypsin (2.5 mg/mL) for 20 min each at 

37 ̊C. Dissociated ganglia were triturated, and approximately 5-10,000 neurons per well 

were plated onto rat tail collagen in a 24-well plate. Sympathetic neurons were 

maintained in CM1 (Neurobasal Medium supplemented with PRIME-XV IS21 Neuronal 

Supplement (Irvine Scientific), 50 ng/mL Mouse NGF 2.5S, 2 mM L-Glutamine, and 

Primocin). Aphidicolin (3.3 μg/mL) was added to the CM1 for the first 5 days post-

dissection to select against proliferating cells. Sensory neurons were maintained in the 

same media supplemented with GDNF (50 ng/ml; Peprotech 450-44), and more 

Aphidicolin (6.6 μg/mL) was used for the first 5 days as more non-neuronal cells tend to 

be dissected with this neuron type. 
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Lytic HSV-1 Infection  

Non-neuronal ARPE-19s (DMEM 10% FP) or dermal fibroblasts (DMEM 10% FBS) 

were infected with HSV-1 Syn17+ at MOI 3 PFU/cell (following quantification of cells per 

well) in Dulbecco’s Phosphate Buffered Saline (DPBS) + CaCl2 + MgCl2 supplemented 

with 1% fetal bovine serum and 4.5 g/L glucose for 1 h at 37°C. Post infection, inoculum 

was replaced with feeding media.  

 

P6-8 SCG neurons were infected with Stayput Us11-GFP at MOI 7.5 PFU/cell, 

assuming 10,000 cells per well in Dulbecco’s Phosphate Buffered Saline (DPBS) + 

CaCl2 + MgCl2 supplemented with 1% fetal bovine serum and 4.5 g/L glucose for 3.5 h 

at 37°C. Post infection, inoculum was replaced with feeding media (as described 

above). Acyclovir (ACV) was not utilized in these infections. Lytic infection was 

quantified by counting number of GFP-positive neurons or performing reverse 

transcription–quantitative PCR (RT–qPCR) of HSV-1 lytic mRNAs isolated from the 

cells in culture.  

 

Establishment and reactivation of latent HSV-1 infection in primary neurons  

Neonatal SCGs were infected at postnatal days 6-8 with either Us11-GFP, SCgHZ, or 

Stayput-GFP at an MOI of 7.5 PFU/cell assuming 10,000 cells/well in DPBS +CaCl2 

+MgCl2 supplemented with 1% Fetal Bovine Serum, 4.5 g/L glucose, and either with or 

without 10 μM Acyclovir (ACV) for 3 hr at 37 C̊. Post infection, inoculum was replaced 

with feeding media with or without 50 μM ACV. Reactivation was carried out in 

BrainPhys (Stem Cell Technologies) supplemented with 2 mM L-Glutamine, 10% Fetal 
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Bovine Serum, Mouse NGF 2.5S (50 ng/mL) and Primocin. Reactivation was quantified 

by counting number of GFP-positive neurons or performing Reverse Transcription 

Quantitative PCR (RT-qPCR) for HSV-1 lytic transcripts.  

 

Mouse Infections 

Five-week-old male and female CD-1 mice (Charles River Laboratories) were 

anesthetized by intraperitoneal injection of ketamine hydrochloride (80 mg/kg of body 

weight) and xylazine hydrochloride (10 mg/kg) and inoculated with 1 × 106 PFU/eye of 

virus (in a 5 μL volume) onto scarified corneas, as described previously (122). Mice 

were housed in accordance with institutional and National Institutes of Health guidelines 

on the care and use of animals in research, and all procedures were approved by the 

Institutional Animal Care and Use Committee of the University of Virginia. Criteria used 

for clinical scoring based on the formation of lesions and neurological and eye 

symptoms are shown in Table 2 and were based on a previously established scoring 

scale (426). Mice were randomly assigned to groups, and all experiments included 

biological replicates from independent litters. 

 

Table 2. Clinical scoring scale for HSV-infected mice.  

Score 
Description of score by type 

Lesion Eye Neurological 

0 None No symptoms No symptoms 

1 
Small area of broken skin 

(<0.5cm) 
Pus around edges 

Hunched, normal 

movement 
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2 Area of broken skin 0.5-1cm Pus and squint 
Hunched, slow 

movement 

3 Bleeding, scabbing, or pustules Closed  

Hunched, labored 

breathing and/or 

hind-leg paralysis 

4 
Broken skin >1cm with multiple 

pustules or scabbing 
Scab formation 

Hunched, ruffled 

fur, little/no 

movement 

5 
Severe scabbing or bleeding 

with pustules 
Severe scabbing Moribund or dead 

 

RNA-IP 

Three days following infection with Stayput-GFP at an MOI of 10, LUHMEs were fixed in 

0.1% formaldehyde 10 minutes at RT, followed by quenching with 0.125 M glycine for 5 

minutes at RT. RNA-IP was carried out using Magna RIP RNA-Binding Protein 

Immunoprecipitation (Millipore, 17-701), per attached protocol with several adjustments 

made based on Hendrickson et al, 2016 (427): Samples were sonicated following 

fixation through incubation in lysis buffer for 10 minutes of ice, followed by sonication on 

10% amplitude for 0.7 seconds on and 1.3 seconds off at 30 seconds for 90 seconds 

total. Pause between 30 second intervals and place sample on ice. Following 

immunoprecipitation and during RNA purification, the following incubation was 

performed: 55˚C for 30 minutes for proteinase K and an additional 65˚C for 1 hour to 

reverse crosslinking. Following RNA purification, residual DNA was eliminated through 
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TURBO DNA-free Kit TURBO DNase Treatment and Removal Reagents (ambion, 

AM1907). 

 

Western Blotting 

Neurons were lysed in RIPA Buffer with cOmplete, Mini, EDTA-Free Protease Inhibitor 

Cocktail (Roche) and PhosSTOP Phosphatase Inhibitor Cocktail (Roche) on ice for 2 

hours with regular vortexing to aid lysis. Insoluble proteins were removed via 

centrifugation, and lysate protein concentration was determined using the Pierce 

Bicinchoninic Acid Protein Assay Kit (Invitrogen) using a standard curve created with 

BSA standards of known concentration. Equal quantities of protein (15–50 μg) were 

resolved on 4–20% gradient SDS-Polyacrylamide gels (Bio-Rad) and then transferred 

onto Polyvinylidene difluoride membranes (Millipore Sigma). Membranes were blocked 

in PVDF Blocking Reagent for Can Get Signal (Toyobo) for 1 hr. Primary antibodies 

were diluted in Can Get Signal Immunoreaction Enhancer Solution 1 (Toyobo) and 

membranes were incubated overnight at 4˚C. HRP-labeled secondary antibodies were 

diluted in Can Get Signal Immunoreaction Enhancer Solution 2 (Toyobo) and 

membranes were incubated for 1 hr at room temperature. Antibody usage is recorded in 

Table 4. Blots were developed using Western Lightning Plus-ECL Enhanced 

Chemiluminescence Substrate (PerkinElmer) and ProSignal ECL Blotting Film 

(Prometheus Protein Biology Products) according to manufacturer’s instructions. Blots 

were stripped for reblotting using NewBlot PVDF Stripping Buffer (Licor). Band density 

was quantified in ImageJ. 
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Preparation of lentiviral vectors 

Lentiviruses expressing shRNA against C-JUN (Jun-1 = TRCN0000360511, cJun-2 = 

TRCN0000055205, Jun-3 = TRCN0000042696), c-FOS (Fos1= TRCN0000231167), 

hnRNPK (hnRNPK-1 = TRCN0000295993 hnRNK-2 = TRCN0000295994), Ring1A 

(Ring1A-1 = TRCN0000040561 Ring1A-2 = TRCN0000040562), Ring1B (Ring1B-1 = 

TRCN0000226018, Ring1B-2= TRCN0000226019), SUZ12 (Suz12-1 = 

TRCN0000234040, Suz12-2 = TRCN0000218848, Suz12-3 =TRCN0000123893) or a 

control lentivirus shRNA (empty pLKO.1 or pLKO.5 vector) were prepared by co-

transfection with psPAX2 and pCMV-VSV-G (428) using the 293LTV packaging cell line 

(Cell Biolabs). Supernatant was harvested at 40- and 64-h post-transfection and filtered 

using a 45 μM PES filter. Sympathetic neurons were transduced overnight in neuronal 

media containing 8 μg/ml protamine sulfate and 50 μM ACV. 

 

CUT&RUN Sequencing 

 A minimum of approximately 120,000 neurons were plated for each CUT&RUN 

reaction. Neurons were collected following 10-minute incubation with trypsin at 37 ̊C 

without fixation. Neurons were permeabilized with 0.01% digitonin (concentration 

optimized for neurons) and CUT&RUN was performed using reagents included in the 

CUT&RUN Kit (EpiCypher) according to attached protocol. Periodic quality checks as 

recommended and detailed by protocol Appendix were performed and passed for 

neurons. CUT&RUN libraries were prepared using CUT&RUN Library Prep Kit 

(EpiCypher) and subject to pair-ended partial-lane sequencing and de-multiplexing 

using NovaSeq (Novogene). Data analysis was performed using command line and R 
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code, and workflow, adapted from tutorial on IO protocols (Zheng Y et al (2020) 

Protocol.io). The Rivanna high-performance computing environment (UVA Research 

Computing) was used for command line data processing. The HSV-1 SC16 genome 

sequence (NCBI NC_KX946970.1) was used in combination with the mm39 mouse 

genome assembly (RefSeq NC_000071.7) to make a joint Bowtie2 index genome. 

Sequence alignment was performed with bowtie2 with the following settings: --end-to-

end --very-sensitive --no-mixed --no-discordant --phred33 -I 10 -X 700. Separate 

alignments was performed to spike-in E. Coli DNA (MG1655, Genbank U00096.3), from 

which sequencing depth was calculated and reads normalized accordingly before 

filtering into separate human and viral bedgaph files. Data quality control and 

visualization were performed using R. Two experimental replicates were performed. 

 

EdC Pulse 

To visualize replicating viral DNA, reactivating cultures were pulsed with 10 μM EdC in 

reactivation media for 1 hour prior to fixation and processing through click chemistry. 

 

Click Chemistry 

For EdC-labeled HSV virus infections, an MOI of 7.5 was used. EdC labelled virus was 

prepared using a previously described method (429). Click chemistry was carried out a 

described previously (430) with some modifications. Neurons were washed with CSK 

buffer (10 mM HEPES, 100 mM NaCl, 300 mM Sucrose, 3 mM MgCl2, 5 mM EGTA) 

and simultaneously fixed and permeabilized for 10 minutes in 1.8% methonal-free 

formaldehyde (0.5% Triton X-100, 1% phenylmethylsulfonyl fluoride (PMSF)) in CSK 
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buffer, then washed twice with PBS before continuing to the click chemistry reaction and 

immunostaining. Samples were blocked with 3% BSA for 30 minutes, followed by click 

chemistry using EdC-labelled HSV DNA and the Click-iT EdU Alexa Flour 555 Imaging 

Kit (ThermoFisher Scientific, C10638) according to the manufacturer’s instructions. For 

immunostaining, samples were incubated overnight with primary antibodies in 3% BSA. 

Following primary antibody treatment, neurons were incubated for one hour in Alexa 

Fluor® 488-, 555-, and 647-conjugated secondary antibodies for multi-color imaging 

(Invitrogen). Nuclei were stained with Hoechst 33258 (Life Technologies). Images were 

acquired at 60x using an sCMOS charge-coupled device camera (pco.edge) mounted 

on a Nikon Eclipse Ti Inverted Epifluorescent microscope using NIS-Elements software 

(Nikon). Images were analyzed and intensity quantified using ImageJ. 

 

Immunofluorescence 

Neurons were fixed for 15 min in 4% Formaldehyde and blocked in 5% Bovine Serum 

Albumin and 0.3% Triton X-100 and incubated overnight in primary antibody. Following 

primary antibody treatment, neurons were incubated for 1 hr in Alexa Fluor 488-, 555-, 

and 647-conjugated secondary antibodies for multi-color imaging (Invitrogen). Nuclei 

were stained with Hoechst 33258 (Life Technologies). Images were acquired using an 

sCMOS charge-coupled device camera (pco.edge) mounted on a Nikon Eclipse Ti 

Inverted Epifluorescent microscope using NIS-Elements software (Nikon). Images were 

analyzed using ImageJ. 
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Table 3. Antibodies 

Designation 
Source or 

reference 

Identifiers Additional Information 

Anti-cJun (Mouse 
monoclonal) 

BD Biosciences 
Cat #610326 WB (1:1,000) 

 

Anti-a-tubulin 
(Mouse 
monoclonal) 

Millipore sigma 
Cat #T9026 WB (1:2500) 

Anti-Rabbit IgG 
Antibody (H+L), 
Peroxidase (Goat 
polyclonal) 

Vector Labs 

Cat #PI-1000 WB (1:10,000) 

Anti-mouse IgG 
Antibody (H+L), 
Peroxidase (Horse 
polyclonal 

Vector Labs 

Cat #PI-2000 WB (1:10,000) 

Phospho-c-Jun 
(Ser63) II  

Cell Signaling 
Technology 

Cat #9261 IF (1: 400) 

 Beta III Tubulin  EMD Millipore Cat #9354 IF (1:500) 

IgG EMD Millipore 
12-370 CUT&RUN 

ChIP-qPCR 

c-Jun EpiCypher 
13-2019 CUT&RUN 0.5 µg per 

reaction 

c-Jun   IF 

H2A 
Cell Signaling 
Technology 

12349S ChIP-qPCR 

H2AK119ub 
Cell Signaling 
Technology 

8240S ChIP-qPCR (1:100) 
CUT&RUN 
IF (1:1600) 

H3K27me3 
Cell Signaling 
Technology 

 CUT&RUN 
IF 

H3K27me2 
Cell Signaling 
Technology 

 IF 

Ring1B 
Cell Signaling 
Technology 

5694S IF, WB 

ICP4 Abcam ab6514 IF (1:850) 

ICP5 Abcam ab6508 IF 

ICP8 Abcam ab20194 IF 

GFP Abcam ab13970 IF 

ZRF1 Novus Biologicals NBP1-82627 IF 
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hnRNPK Proteintech 11426-1-AP RNA-IP 

hnRNPK 
Cell Signaling 
Technology 

4675S IF 1:100 
WB 1:800 

H3  
Cell Signaling 
Technology 

 WB 

Alpha-tubulin 
Cell Signaling 
Technology 

 WB 

 

Analysis of mRNA expression and viral genome copy number 

To assess expression of HSV-1 lytic mRNA, total RNA was extracted from 

approximately 5,000 neurons using the Quick-RNA Miniprep Kit (Zymo Research) with 

an on-column DNase I digestion. mRNA was converted to cDNA using the Maxima 

cDNA synthesis kit (Thermo Fisher) using random hexamers for first-strand synthesis 

and equal amounts of RNA (20–30 ng/ reaction). To assess viral DNA load, total DNA 

was extracted from approximately 5,000 neurons using the Quick-DNA Miniprep Plus 

Kit (Zymo Research). qPCR was carried out using PowerUpTM SYBR Green Master Mix 

(Thermoscientific). Relative mRNA/DNA copy numbers were determined using the 

Comparative CT (CT) method normalized to mRNA levels in latently infected 

samples. Viral RNAs were normalized to mouse reference gene 18s ribosomal RNA. All 

samples were run in duplicate on an Applied Biosystems QuantStudio 6 Flex Real-Time 

PCR System and the mean fold change compared to the reference gene calculated. 

Exact copy numbers were determined by comparison to standard curves of known DNA 

copy number of viral genomes or plasmid containing 18S rRNA (p18S.1 tag was a gift 

from Vincent Mauro; Addgene plasmid # 51729 ; http://n2t.net/addgene:51729 ; 

RRID:Addgene_51729, (431). 
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Table 4. Sequences of Primers Used 

Primer Sequence 5’ to 3’ 

mGAPDH 1SF CAT GGC CTT CCG TGT GTT CCT A 

mGAPDH 1SR GCG GCA CGT CAG ATC CA 

hGAPDH F CAC CGC CGC ATC CTC CTC TTC 

hGAPDH R TGT GTG CCG CCC GAC AGC 

ICP27 F GCA TCC TTC GTG TTT GTC ATT CTG 

ICP27 R GCA TCT TCT CTC CGA CCC CG 

ICP8 1SF GGA GGT GCA CCG CAT ACC 

ICP8 1SR GGC TAA AAT CCG GCA TGA AC 

gC F GAG TTT GTC TGG TTC GAG GAC 

gC R ACG GTA GAG ACT GTG GTG AA 

VP16 F GGA CCG GAC GGA CCT TAT 

VP16 R GGT TGC TTA AAT GCG TGG TG 

LAT F TGT GTG GTG CCC GTG TCT T 

LAT R CCA GCC AAT CCG TGT CGG 

UL30 F CGC GCT TGG CGG GTA TTA ACA T 

UL30 R TGG GTG TCC GGC AGA ATA AAG 

 

Statistical Analysis 

All statistical analyses were performed using Prism V10. The normality test and 

statistical test used for each figure are denoted in the figure legends. Individual 
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biological replicates are plotted, each corresponding to a single well of cells/neurons. All 

neuronal experiments were repeated from pooled neurons from at least 3 litters.  
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