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The human herpesviruses are large, double-stranded DNA viruses known for their persistent latent 

phase. Within the herpesvirus family there are 3 subfamilies; alphaherpesviruses, classified as such 

because of their more rapid replication and latency in neurons; betaherpesviruses, known for slow 

replication cycles and latency in myeloid cells; and gammaherpesviruses, oncogenic viruses with a 

more variable replication cycle and latency in lymphocytes. Many of these human herpesviruses cause 

human disease ranging from sores and mild “cold-like” symptoms to encephalitis, congenital defects, 

and cancers. All herpesviruses replicate in the host nucleus, assemble capsids then egress out of the 

nucleus, mature through acquisition of tegument proteins and secondary envelopment, and finally bud 

out of the host  

cell.   

The virus must contend with components of the host nucleus to replicate, including the host chromatin. 

Chromatin consists of DNA, RNA, and proteins that maintain the DNA structure. Host chromatin is 

organized into units called nucleosomes that consist of approximately 147bp of DNA wrapped around 

an octamer of histone proteins. The structural and transcriptional control of the chromatin is tightly 



 

regulated and closely linked. Transcriptionally active, open chromatin is referred to as euchromatin, 

while tightly packed, transcriptionally repressed chromatin is referred to as heterochromatin. Chromatin 

state is controlled by incorporation of histone variants and post-translational modification of histone 

tails, also called histone marks. Trimethylation of histone 3 at the 9th and 27th lysine residue (H3K9me3 

and H3K27me3 respectively) and histone variant macroH2A are common markers of heterochromatin.  

Over the course of lytic herpesvirus infection, host chromatin undergoes extensive gross remodeling as 

chromatin is marginalized to the nuclear periphery to accommodate viral replication and later to provide 

structural support during nuclear egress. However, the specific role of heterochromatin in these lytic 

infections remain unknown. In this thesis, I will show that host heterochromatin markers have unique 

roles in lytic herpesvirus infection. To this end, I will first show the heterochromatin marker macroH2A1 

supports the formation of heterochromatin channels required for the alphaherpesvirus, Herpes Simplex 

Virus-1 (HSV-1), to efficiently reach the nuclear membrane and egress. Next, I will show that histone 

post-translational modification , H3K27me3, directs capsid docking on the nuclear membrane and 

subsequent Us3 phosphorylation for efficient nuclear budding of HSV-1 virions. Finally, I will show that 

macroH2A1 plays a dramatically different role in HCMV lytic replication, by regulating expression of 

dormant host genes required for maturation, while H3K27me3 reduction had minimal effect on HCMV 

progeny production. This thesis work expands our understanding of chromatin control of cellular 

processes, especially during cellular stress, and the biology of lytic replication of two important human 

pathogens.   
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Chapter 1: Introduction     

* This chapter is adapted and expanded from my review article "Controlling Much? Viral Control of Host 

Chromatin Dynamics. Annual Review of Virology. Sep;11(1):171-191; Kelnhofer-Millevolte LE, Arnold 

EA, Nguyen DH, Avgousti DC (2024)". This chapter is reproduced here as it is licensed under a 

Creative Commons Attribution 4.0 International License, allowing for unrestricted use provided the 

original source is cited. "We" is used throughout the publication. I wrote the sections on chromatin, 

Herpes simplex virus, cytomegalovirus, and conclusion of the original manuscript and collected 

immunofluorescence images in Figure 1.1. Edward Arnold originally drafted the adenovirus section, 

which I have edited and condensed to fit the scope desired for this thesis. He also collected the 

immunofluorescence images in Figure 1.2. Figure 1.3 was created in close collaboration with Daniel 

Nguyen. The work here was supervised and edited by Daphne Avgousti. 

Abstract:  

Viruses are exemplary molecular biologists and have been integral to scientific discovery for 

generations. It is therefore no surprise that nuclear replicating viruses have evolved to systematically 

take over host cell function through astoundingly specific nuclear and chromatin hijacking. In this 

chapter, we focus on nuclear replicating DNA viruses — herpesviruses and adenoviruses — as key 

examples of viral invasion in the nucleus. We concentrate on critical components of nuclear 

architecture, such as chromatin and the nucleolus, to illustrate the complexity of the virus-host battle for 

resources in the nucleus. We conclude with a discussion of the technological advances that have 

enabled the discoveries we describe and upcoming steps in this burgeoning field.   

1.1 Chromatin organization in the nucleus.  

Chromatin, which is a combination of DNA, RNA, and proteins, specifically refers to the state of host 

DNA prior to condensing during prophase into the more widely recognized chromosome. Host 

chromatin is organized into units called nucleosomes that consist of approximately 147bp of DNA 

wrapped around an octamer of histone proteins (1). Post-translational modifications on these histone 
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proteins, including methylation and acetylation, are integral to regulation of gene expression and have 

been extensively reviewed (2). Regions of chromatin that are transcriptionally active are broadly 

classified as euchromatin, while regions that are transcriptionally repressed are called heterochromatin 

(2, 3). Some regions of heterochromatin, such as telomeres and centromeres, are maintained in a 

permanently inactive state and referred to as constitutive heterochromatin (4). Conversely, other 

regions of heterochromatin, termed facultative heterochromatin, are dynamically expressed at different 

times and are associated with histone modifications such as trimethylation on the lysine 27 residue of 

histone H3 (H3K27me3), H3K9me3, and the histone variant macroH2A (5, 6). These histone 

modifications (or ‘marks’) are critical for defining the local conformation of chromatin, thereby dictating 

access to genes for expression or repression as needed by the cell. For example, once a cell has 

differentiated and expression of developmental genes is no longer needed, these genes must be 

repressed to support cell identity. Conversely, immune signaling genes are expressed in response to 

stimulus and must be poised for rapid induction to defend the cell when needed. The combination of 

histone marks on a gene locus can also have important outcomes on how that gene may be expressed, 

often referred to as a histone code or crosstalk language (7, 8). As chromatin marks come together and 

influence local and global compaction, the three-dimensional nuclear landscape takes shape.    

The histone mark H3K27me3, is a marker of facultative chromatin. As such it is a dynamic mark 

associated with transcriptional repression (9). The H3K27me3 mark is deposited by the enhancer of 

Zeste 2 (EZH2) methyltransferase component (10) of the Polycomb Repressive Complex 2 (PRC2) (11) 

Additional components of the PRC2 complex include Embryonic Ectoderm Development (EED) and 

Suppressor of Zeste 12 (SUZ12) (12). In addition to transcriptional control, PCR2 deposition of 

H3K27me3 supports formation of large chromatin loops (13) Loss of H3K27me3 around the nuclear 

periphery is associated with abnormal nuclear morphology (14). EZH2 mutations and H3K27me3 

dysregulation are associated with many cancers (15, 16).   
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MacroH2A is a histone variant that substitutes for the canonical H2A histone within the nucleosome that 

frequently colocalizes with H3K27me3. MacroH2A broadly refers to three forms: two splice variants 

macroH2A1.1 and macroH2A1.2 and a separate gene macroH2A2 (17, 18). MacroH2A1 was initially 

discovered on the inactivated X chromosome together with H3K27me3, suggesting it is primarily 

involved in transcriptional silencing (18, 19). Additionally, macroH2A1 was found to co-localize with 

other markers of heterochromatin such as H3K9me3(20). MacroH2A1 contains 3 protein domains: the 

histone fold region, which has a high degree of homology with H2A; a linker region; and a C-terminal 

macrodomain (21). The linker region is important for oligomerization of the protein, suggesting this 

region is responsible for heterochromatin formation in cells (22). The macrodomain of macroH2A1.1 

binds NAD+ derivatives suggesting it acts as a metabolic sensor (23). Importantly, loss of macroH2A1 

and macroH2A2 results in significantly less heterochromatin in the nuclear periphery of cells (24), 

suggesting that macroH2A-dependent heterochromatin is critical for nuclear integrity. It has also been 

suggested that this maintenance of nuclear architecture is a result of macroH2A1 interacting with lamin 

B1 (25). In fact, the dysregulation of macroH2A transcripts has been associated with multiple types of 

cancer (26–28). Therefore, macroH2A1-dependent structural support of the nucleus is important for cell 

health, and dysregulation of macroH2A1-dependent heterochromatin can lead to disease.  

Advances in sequencing and chromatin capture technologies have brought the importance of global 

chromatin architecture to the forefront of molecular biology (Table 1). These techniques have aided the 

discovery of complex folding of the chromatin in a highly specific and well-regulated manner. Chromatin 

folding is often reported as “looping” (29, 30) and enables regions of DNA that are several kilobases 

away in primary sequence to interact in three dimensions. Uncovering this layer of complexity has 

revealed that enhancers, promoters, and other regulatory elements may have overlapping function 

(31). Further, studying 3D interactions within the genome showed that transcriptional activation may not 

occur as isolated events but rather in ‘hubs’ or frequently interacting regions (FIREs) that consolidate 

resources to specific physical locations for greater efficiency (32).  Larger regions of interaction are 
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referred to as topologically associating domains (TADs) (33), spanning over 800 kilobases on average 

with around 2200 TADs per genome, and multiple combinations of histone marks per TAD (34). TADs 

are further organized into active A compartments or more silent B compartments, which in turn make up 

chromosome territories (35). In addition to compartmentalizing gene regulation, these larger areas also 

physically support the structure of the nucleus (36).   

Viral infection requires host cell resources. The requirement of host resources  necessitates control of 

the host genome and the host chromatin. As such, viral infection leads to disruption of normal 

chromatin function at many levels, from hijacking histone modifying enzymes to exploiting global 

changes in nuclear morphology.  One key protein involved in the organization of chromatin that will be 

discussed in this chapter as it pertains to viral infection is the CCCTC-binding factor, CTCF. CTCF is a 

best known as a transcription factor but has multiple roles as a repressor and insulator and defines the 

boundaries between chromatin domains or TADs (37). The structural role of CTCF is largely due to its 

interaction with the cohesin protein complex (35), a ring complex that recognizes CTCF and helps 

stabilize loops and TADs (38). CTCF action brings enhancer regions into close physical proximity with 

promotors to drive transcription, though it can also insulate genes from enhancers to repress 

transcription. Because of this critical role in TAD maintenance and gene expression, many viruses 

exploit CTCF and chromatin looping to regulate their own gene expression.   

1.2 Other components of nuclear integrity.  

Surrounding the chromatin and supporting the nuclear membrane is a meshwork of proteins collectively 

called the lamina. The lamina is composed of two types of lamin: splice isoforms Lamin A or C, and 

Lamin B encoded by a separate gene. Lamin A/C with Lamin B supports the nuclear membrane and 

interacts with additional proteins such as Emerin, SUN1, and BAF (39). These components are part of 

the linker of nucleoskeleton and cytoskeleton (LINC) complex that anchors the chromatin to the nuclear 

envelope and reinforces the structure (40). When the nucleus undergoes mitosis, the lamina is 

phosphorylated and rearranged to facilitate division (41). Mutation of these key proteins can cause 
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disruption to the lamina structure and lead to diseases known as laminopathies (42). Enveloped 

nuclear replicating viruses like herpesviruses are too large to enter or exit through the nuclear pores. 

Thus, the nuclear lamina presents a barrier to nuclear virus infection. To overcome this block, viruses 

have evolved mechanisms to disrupt the lamina to facilitate infection, recently reviewed in depth (43).   

Within the nucleus also resides the well-defined nucleolus where ribosomal RNA (rRNA) is transcribed 

and ribosomes are assembled. It is currently thought that the nucleolus exists as a phase-separated 

sub-compartment of the nucleus that houses RNA and proteins mainly associated with ribosomal 

biogenesis (44). Nucleolar morphology reflects cellular health as increased nucleolar volume is 

associated with cancers (45) whereas decreased nucleolar volume was observed in neurons with 

neurodegenerative disease (46). Studies focused on nucleolar function have defined nucleolar 

involvement in spindle formation, nuclear structure, cell cycle control and stress sensing (47–49), 

underscoring the importance of this compartment in nuclear integrity. As viral infection takes over the 

nucleus, the nucleolus becomes a critical player both in sequestering proteins and as a powerhouse for 

the assembly of viral progeny.   

1.3 Herpes Simplex Virus reorganization of the nucleus.  

The herpesvirus family consists of alpha-, beta-, and gamma- subfamilies, includes 8 known human 

viruses and infect invertebrates, birds, and mammals. The known human herpesviruses include Herpes 

Simplex Virus-1 and –2 (HSV-1, HSV-2), Varicella-zoster virus (VZV)- the causative agent of chicken 

pox and shingles, Cytomegalovirus (CMV), human herpes virus 6 and 7 (HHV-6 and HHV-7), and two 

oncologic viruses Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV)(50) . 

The herpesviruses are ancient and believed to have infected a common ancestor of all animals and 

evolved with their hosts. This has led to viruses that are highly specific for their hosts and commonly 

causing only minor symptoms in their host species (51) .   

Herpes Simplex Virus-1 (HSV-1) and Herpes Simplex Virus-2 (HSV-2) are closely related 

alphaherpesviruses that are estimated to infect up to 2/3rd of the world’s population (52). Like all 
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herpesviruses, HSV has lytic and latent phases, allowing the virus to persist through the lifetime of the 

host (53). Once infection is established, HSV-1 and 2 maintain latency in the trigeminal and sacral 

ganglia, respectively, reactivating occasionally when stress triggers activation of lytic gene promoters 

(53, 54). Initial infection and reactivation in HSV-1 usually present as oral sores whereas HSV-2 is more 

frequently associated with genital sores in healthy individuals. As population demographics shift, HSV-1 

is becoming more represented as a sexually transmitted disease (55). Typically, infection and 

reactivation of HSV are painful for individuals though mortality is limited. In contrast, severe 

complications can occur in immunocompromised individuals and neonates (56). Acyclovir or acyclovir-

derived drugs that inhibit viral replication as a nucleoside analog are the primary treatment used for 

HSV infection (57). Acyclovir can reduce viral symptoms, but there is still no curative therapy for HSV. 

HSV-1 is more commonly used as a model system for herpesviruses. Due to its close homology, HSV-2 

is likely to share similar biology. In this chapter, I will refer to HSV-1 and HSV-2 collectively as HSV.   

For over a half-century, biologists have used HSV-1 as a model system for herpesviruses and for 

nuclear disruption. Early electron microscopy (EM) work described the most notable features of 

infection as the disruption of the nucleolus and “a progressive reduction of chromatin” (58) and these 

large-scale disruptions were consistent across cell types (59–61). Because DNA was not actually lost, it 

was concluded that chromatin was redistributed rather than reduced. In addition to nucleolus loss and 

chromatin marginalization, the host nucleus dramatically increases in size over the course of infection 

(62–64) (Figure 1.1). In 2000, Monier et al.  

generated 3D imaging by combining EM and confocal microscopy to demonstrate this increase (62). 

Simpson-Holley et al. confirmed this finding and went further to identify host and viral factors involved, 

notably showing that the increase in nuclear volume is dependent on nuclear G-actin (64). Inhibiting G-

actin prevented nuclear expansion, whereas inhibiting the cytosolic F-actin did not affect nuclear 

expansion during infection. These early observations built a solid foundation for more recent 
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technological advances in biophysical techniques like atomic force microscopy and 3D imaging to be 

applied to investigating changes in the nucleus induced by HSV.  

 

Figure 1.1. Herpesvirus infection leads to host chromatin disruption.  

Immunofluorescence images demonstrating lytic infections of HSV-1 (syn17+, 10 hours post 

infection) and CMV (Towne, 3 days post infection) in primary HFF cells. DAPI is shown in cyan, 

viral proteins (ICP8 for HSV-1 and pp28 for CMV) are shown in magenta. Scale bar represents 

10 µm.  

1.4. Chromatin as a barrier to HSV infection.  

As soon as the HSV-1 genome enters the nucleus, the host chromatin begins to respond. In fact, 

injection of the bare HSV-1 genome into an isolated nucleus causes the immediate stiffening of 

chromatin around the nuclear periphery, measured by atomic force microscopy (65). As infection 

progresses and replication begins, host chromatin becomes marginalized to the nuclear periphery (62, 

64). While visualization implies the physical movement of chromatin, recent work suggests that new 

heterochromatin is formed in the nuclear periphery by the repression hundreds of housekeeping genes 

(see section 2.1.1) (66). Because viral replication centers (VRCs) continue to expand, it is thought that 

nuclear expansion is likely due to a need to accommodate these VRCs. Counterintuitively, small 

spaces on the order of a few hundred nanometers between chromosome territories, termed ‘corrals’, 

increase in size during infection (67). Progeny capsids diffuse through these corrals to reach the inner 
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nuclear membrane and begin egress (68). The movement of capsids through regions co-staining with 

chromatin is significantly slower than movement through regions without chromatin, indicating that host 

chromatin is a potential barrier to nuclear egress.   

Egress from the nuclear compartment is facilitated by the nuclear egress complex (NEC), comprised of 

viral UL31 and UL34, and supported by viral kinase Us3 (69–71). Once phosphorylation of lamin B1 by 

viral Us3 and host PKC causes depolymerization of the lamina, capsids dock at the inner nuclear 

membrane (INM) and bud into the perinuclear space (72, 73). Just before reaching the INM, progeny 

HSV-1 capsids in the nuclear periphery associate with regions of less dense chromatin, or channels 

(74). Densely stained chromatin surrounds these channels, suggesting that host heterochromatin is 

important for their formation. In uninfected cells, heterochromatin markers macroH2A1 and H3K27me3 

at the nuclear periphery support nuclear integrity (75, 76). Depletion of these markers causes progeny 

capsids to diffuse more slowly and accumulate in the host nucleus, resulting in lower viral titers (66). 

Thus, host chromatin acts as a physical barrier to HSV-1 egress in multiple ways.   

1.5 Host chromatin response to lytic HSV infection.  

Chromatin dynamics on the host genome regulate the transcription of genes for essential host 

processes and antiviral responses. During viral infection, the host cell responds by halting nonessential 

transcription while upregulating defense genes. For example, upon detection of an invading virus 

through pathogen associated molecular patterns (PAMPs), the host cell drives interferon transcription 

which in turn initiates a cascade of interferon stimulated gene (ISG) expression to defend the infected 

organism (77, 78). The DNA sensing ISG known as IFI16 causes H3K9me3 to increase specifically on 

the viral genome at lytic gene promoters in an ICP0 dependent manner (79, 80). This interesting finding 

indicates that IFI16 promotes deposition of silencing marks on the incoming viral genome to prevent 

transcription of viral genes. While interferon responses are silenced, lytic HSV-1 DNA is marked with 

H3K4me3 and H3K9Ac, consistent with active viral transcription (81, 82). This highlights the complexity 

of the post-translation histone modifications in pro-viral and anti-viral transcription.  
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During lytic infection, CTCF is recruited to viral replication compartments and is required for HSV-1 

transcription (83). It is thought that CTCF arranges chromatin in a manner that brings enhancers 

physically nearer to lytic viral genes, thus driving transcription of essential viral genes. Indeed, 

knockdown of cohesin complex components causes reduced lytic gene transcription and lower 

recruitment of RNA Polymerase II (RNA Pol II) to viral lytic genes (84). Thus, reduced RNA Pol II 

recruitment could be a result of more physical distance between enhancers and viral transcription start 

sites. These findings support a model in which CTCF and cohesin mediated chromatin folding activate 

viral lytic genes.   

1.6 Chromatin dynamics during HSV latency and reactivation.  

During latency, heterochromatin marks associate with HSV-1 genomes (85, 86). The polycomb 

repressive complex 2 (PRC2) and H3K27me3 begin associating with the HSV-1 genome in vivo several 

days after latency is established (87). In fact, inhibition of the H3K9me3 demethylase or H3K27me3 

demethylase reduces reactivation in mouse models because reducing the removal of the 

corresponding silencing mark promotes the repressive state of the latent HSV-1 genome (88, 89). 

EZH2 or Enhancer of zeste homolog 2 is the PRC2 subunit that deposits the  

H3K27me3 mark (90). Arbuckle et al. found that EZH2 inhibition induces expression of a set of ISGs 

that in turn reduce HSV-1 transcription while also promoting host defenses (91). Thus, small molecule 

inhibitors to epigenetic modifications offer a promising avenue for treatment to prevent HSV 

reactivation.  

Latent HSV also takes advantage of CTCF function. During latent infection, CTCF associates with the 

latency associated transcript (LAT), whose tightly controlled transcription regulates reactivation. 

Remarkably, there are seven CCCTC sites on the LAT gene. Upon deletion of one CCCTC site, LAT 

becomes increasingly associated with repressive histone marks (92). While a more repressive 

chromatin state would be predicted to produce lower LAT levels and promote reactivation, mutation of 

this specific CTCF binding site on the LAT gene resulted in less reactivation. Conversely, depletion of 
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other sites often resulted in more reactivation (93–95). Thus, the outcome of loss of CTCF binding is 

likely dependent on which of specific site is affected. These findings indicate that the interaction of viral 

genomes with host factors like CTCF during latency and reactivation has many facets that are yet to be 

deciphered.      

1.7 Nucleolar disruption during HSV infection.  

Early in HSV-1 infection the nucleolus becomes more electron dense, appearing compact before 

fragmenting later during viral replication (58). Nucleolar proteins including nucleolin, fibrillarin, B23, and 

upstream binding factor (UBF) become diffuse throughout the nucleus during infection (96–98). The 

redistribution of nucleolar proteins B23 and nucleolin is dependent on the HSV protein UL24 (97, 98). 

Loss of UL24 or knockdown of nucleolin results in reduced titers and increased nuclear capsids, 

suggesting the inability to disrupt the nucleolus may be detrimental to egress. Viral proteins VP22 and 

Us11 also interact with nucleolin (99, 100), but their role in nucleolar rearrangement is less clear. As 

study of the nucleolus progresses, it will be interesting to follow how virus infection affects nucleolar 

biology and how nucleolar discoveries may indicate areas of viral vulnerabilities.   

1.8 Cytomegalovirus rearrangement of the nuclear compartment.   

Cytomegalovirus (CMV) is a betaherpesvirus defined by a slow lytic replication cycle. CMV infects a 

majority of the world’s population with seropositivity reaching greater than 90% depending on the 

country of study (101). Many CMV infections are asymptomatic or result only in minor cold-like 

symptoms (102). Perhaps due to this low severity of illness, CMV is less well-known than other 

herpesviruses in the general population. Nevertheless, CMV is one of the leading infectious causes of 

birth defects with congenital CMV occurring in an estimated 1 in 200 births. As many as 20% of these 

congenital infections result in disabilities, most commonly deafness (103). The latent phase of CMV is 

established in monocyte precursors and CMV reactivation can cause severe disease in 

immunocompromised individuals. CMV infection is a major source of complications following bone 
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marrow or solid organ transplant (104) and a common culprit of morbidity in AIDS patients (105). In 

these cases of severe disease, treatment options are limited (106).   

CMV infection causes large-scale cellular rearrangement during lytic infection. This rearrangement 

includes reorganization of the host Golgi and endosomes to form a cytoplasmic viral-induced assembly 

compartment (vIAC) where virions undergo maturation (107). At the same time the vIAC is formed, the 

host nucleus acquires a distinct kidney-bean shape that wraps around the vIAC, with host chromatin 

polarized towards the vIAC (108) (Figure 1.1). These cellular changes are critical for progeny 

production because high levels of infectious CMV progeny cannot be produced without nuclear 

remodeling and the formation of a compact, spherical vIAC (109, 110). Interestingly, expression of CMV 

nuclear egress complex (NEC) proteins UL50 and UL53 are sufficient to initiate remodeling of host 

nuclei (111). Thus, nuclear structure is intimately tied to viral productivity and research in this area is 

likely to uncover important results relevant for multiple viruses.   

1.9 Reorganization of host chromatin during CMV infection.  

One of the first proteins expressed by CMV is immediate early protein 1 (IE1), a transcriptional activator 

that promotes viral gene expression and replication (112, 113). IE1 directly interacts with host core 

histones through preferential binding of the acidic patch on-H2B region (113). This interaction causes 

disruption of host chromatin architecture and was suggested to impair higher order compaction of the 

host genome (114). Furthermore, this interaction may serve to promote inheritance of latent CMV 

genomes through tethering (115). These results suggest that IE1 evolved to harness host chromatin 

structure to promote infection, though the direct benefit to viral progeny production remains unclear.  

On a global scale, it is becoming increasingly clear that CMV infection causes specific reorganization of 

host chromatin. Proctor et al. and others showed that chromatin associated with heterochromatin 

markers H3K9me2 and me3 polarized towards the vIAC and was excluded from the viral replication 

compartment (108, 116). In contrast, chromatin associated with active marker H3K4me3 and 

heterochromatin marker H3K27me3 are not polarized and remain diffuse in the nucleus (108). In 
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addition to affecting histone mark arrangement within the nucleus, CMV infection causes reduction in 

transcription and mRNA processing of core histones (117). Together these studies suggest that control 

of histone levels and their modifications may be a critical aspect of CMV infection that have yet to be 

fully revealed.  

1.10 Chromatin factors on the CMV genome during lytic and latent infection.  

During lytic replication, CMV genomes are marked with both active and repressive histone 

modifications at different stages of infection (116, 118–120). These stages are sequentially 

separated into expression of immediate-early (IE), early (E), and late (L) gene transcripts.  

During the first phase of infection and transcription of IE genes, repressive marks are associated with 

genes that are expressed later, namely E and L gene promoters (121, 122). Thus, premature 

expression of E and L genes is avoided by utilizing the host repressive machinery associated with 

marks like H3K27me3 (119, 120). As IE gene transcription begins, active marks H3K9Ac and H3K14Ac 

are deposited on the Major Immediate Early Promoter (MIEP). Further, IE1 prolongs viral transcription 

by inhibiting cellular deacetylase activity at active viral promotors (123). Following viral replication, 

additional active marks are deposited on CMV E and L gene promoters while repressive marks at these 

promoters are reduced (118), promoting a shift in transcription towards a later stage of infection. 

Interestingly, the MIEP includes a CTCF binding site that upon deletion enhances IE transcript levels, 

indicating that CTCF acts as an insulator in this setting (124). Further, depletion of CTCF results in a 

50-fold increase in progeny production during lytic infection (124), highlighting the importance of this 

factor during CMV infection.   

The CTCF binding site in the MIEP of CMV is also important during latency as CTCF binds in the MIEP 

to repress IE1 and IE2. Furthermore, a viral encoded protein Us28 induces increased expression of 

CTCF during latent infection, likely to help maintain latency (125). EZH2 inhibition results in strong 

reactivation of CMV, indicating that H3K27me3 on the viral genome also supports latency (126). These 
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findings underscore that CMV latency is dependent on host factors actively maintaining 

heterochromatin.   

1.11 Nucleolar dynamics during CMV infection.   

In CMV infected cells, dense fibrous structures that resemble the nucleolus persist through viral 

replication and can outline the regions producing viral capsids (127, 128). Despite the apparent 

maintenance of nucleolar structure during CMV infection, core nucleolar proteins become diffuse 

throughout the nucleus beginning early in infection. Late gene expression results in mislocalization of 

nucleolin, which is required for targeting viral UL44 to sites of viral replication to promote DNA synthesis 

(129). Loss of nucleolin results in reduced viral titers, suggesting that either nucleolin or the nucleolus is 

important for CMV replication. The viral protein UL31 (not homologous with HSV UL31 discussed 

earlier) may play a key role in this nucleolar reorganization by promoting mislocalization of nucleolin 

and UBF (130). Thus, it is clear that several nucleolar proteins are important for viral replication even 

though further study is needed to fully understand the role of nucleolar structure during CMV infection.   

1.12 DNA-virus infection in the nucleus.  

Herpesviruses are not the only viruses that hijack host chromatin and nuclear structure to reproduce. 

Another DNA-virus with well-studied in chromatin manipulation is adenovirus. Adenoviruses are small 

double-stranded DNA viruses that cause multiple diseases, including gastroenteritis, conjunctivitis, and 

respiratory infections (53). While generally viewed to cause a self-limiting infection, adenoviruses are 

particularly harmful for immunocompromised individuals, especially those undergoing stem cell-therapy 

and organ transplants (131, 132). Worryingly, in the past few years, there have been several reported 

cases of acute hepatitis in children, most of whom tested positive for adenovirus infection (133, 134). 

While the exact cause of hepatitis cannot be definitively attributed to adenovirus, this trend shows that 

there is much we have yet to understand about how adenovirus causes disease. Though there is an 

adenovirus vaccine to a few adenovirus subtypes, it is not commonly distributed outside the US military 

(135) and adenovirus treatments are limited (136).     
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At the structural level of the nucleus, adenovirus infection induces several changes. Adenovirus 

infection causes a general enlargement of the nucleus, which has been reported in many cases and is 

easily visualized by DAPI staining in immunofluorescence microscopy (137, 138) (Figure 1.2). 

Adenovirus infection takes over the nucleus and forms replication centers that are sites of genome 

accumulation, transcription, and RNA splicing and are near sites of newly formed virions (139). 

Replication centers begin as several small foci throughout the nucleus, visualized by staining of the 

viral ssDNA binding protein, DBP (139). As infection progresses, these replication centers grow and 

form larger ring-like centers. At late stages of infection, a large late viral accumulation center (LVAC) 

marked by protein V forms and occupies most of the center of nucleus (140). Recently, Pfitzner et al. 

showed using TEM and FRAP that the LVAC is full of a para-crystalline array of virions in a rigid, 

immobile structure (140). These replication compartments together with the LVAC occupy most of the 

nucleus, likely providing sufficient space for the production of thousands of progeny virions.  At the 

chromatin level, adenoviruses express multiple proteins that change the chromatin landscape of the 

host cell. Most notable of these proteins are E1A and protein VII.  

 

Figure 1.2. Adenovirus infection causes host chromatin reorganization during 
infection. Immunofluorescence images showing adenovirus type 5 infection in A549 lung 
epithelial cells with changes to DAPI appearance (cyan) over the course of infection. Time 
points in hours post infection as indicated. Scale bar represents 10 µm.  

 

1.13 Summary 

Nuclear replicating viruses perturb both genomic and nuclear architecture to generate viral progeny 

(Figure 1.3). Advances in techniques for sequencing and imaging have significantly advanced our 
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understanding of virus infection in the nucleus (summarized in Table 1). The literature discussed here 

highlights the complex dual role of chromatin as the transcriptional source of the resident genome and 

a physical structure in the nucleus during viral infection. The next steps in the field utilizing recent gene-

editing advances together with increasingly sophisticated bioinformatics pipelines will allow for tracking 

viral-induced changes to chromatin structure and transcription throughout infection. Particularly, it is the 

combination of multiple techniques that will allow for a wholistic understanding of the impact viral 

infection has on the nucleus, and conversely, how chromatin mechanisms have evolved to combat 

virus infection.   

Although we have focused on herpesviruses and adenoviruses in this chapter, similar techniques have 

revealed how viruses generally manipulate host chromatin and biology. For example, studies using Hi-

C and super-resolution microscopy identified that hepatitis B virus closely associates with H3K4me3-

rich regions of the host genome (168, 169). Further, mass spectrometry of papillomaviruses revealed 

that histones packaged inside virions with the viral genome are predominantly associated with 

activating histone marks, suggesting that incoming viral genomes are poised for gene expression (170). 

Given the importance of chromatin in all aspects of cellular function, it is unsurprising that cytoplasmic 

RNA viruses like SARS-CoV-2 also disrupt host chromatin architecture to evade immune responses 

(171). Thus, the discoveries laid out here, and those that will undoubtedly surface as technology 

advances, have enormous potential to pinpoint host vulnerabilities and viral immune evasion strategies.   
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Figure 1.3. Schematic of the large-scale disruptions discussed in this thesis that occur 
during HSV, adenovirus, and CMV infections. In uninfected cells, heterochromatin 
predominantly resides along the nuclear periphery and nucleolus. The nucleolus is a phase-
separated compartment where ribosomes are assembled. Nuclear lamina and peripheral 
heterochromatin support the nuclear envelope. In these virus infections, the nuclear volume 
expands and host chromatin structure is reorganized as large viral replication centers become the 
dominant nuclear feature. In herpes simplex virus infection, chromatin is redistributed and 
condensed at the periphery as new regions of heterochromatin are formed. Viral capsids pass 
through chromatin channels to the nuclear membrane for egress. During adenovirus infection, viral 
proteins E1A and protein VII remodel host chromatin and the replication center takes over the 
nuclear compartment to generate viral progeny, which are released in cellular lysis. In 
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cytomegalovirus infection, the nucleus forms a distinct kidney bean shape and 
H3K9me3associated heterochromatin is polarized toward the cytoplasmic viral-induced assembly 
compartment, where egressing virions mature. Structures depicted are described in the key. 
Abbreviations: Ad, adenovirus; CMV, cytomegalovirus; HSV, herpes simplex virus; vIAC, viral-
induced assembly compartment; VRC, viral replication center.  

  

Chapter 1 Table 1. Description of current technologies used to study how viruses manipulate host 

chromatin and nuclear architecture.   



 

 Technique    Purpose  Comments 
 Examples   

Genomic Techniques             

Chromatin Immuno- 

 precipitation (ChIP) 
   

-  

To investigate localization of proteins 
on the genome.  

Primarily used to map transcription factors and histone 
modifications.   

- Requires a specific antibody and is challenging to  (87, 172) 
normalize replicating viral genomes.   

- High numbers of cells are required.     

Cleavage Under Targets 
and Tagmentation  

(CUT&Tag)/ CUT&Run    

To investigate localization of 
 proteins on the genome with 
higher resolution and lower  - 
background compared to ChIP.  

  Uses intact nuclei to reflect the native 
chromatin state more accurately.  

(66, 173) 
Requires fewer cells than ChIP, but still relies on antibody specificity.  

Chromosome  
Confirmation Capture 

(3C)/4C    

-  
To examine the 3D structure of 
chromatin at a specific region.  -  

Can be used to identify physical interactions between viral  

 and host chromatin.   (174, 175) 
   
Requires advanced bioinformatics, and large amounts of 

cells.  

HiC  
To investigate all the chromatin 

- 

interactions in a cell in an - 
unbiased manner.  

Similar to 3C/4C in that it requires advanced bioinformatics  

 and large numbers of cells.  (169)  
Can be costly to sequence at the depth required to make 

biological conclusions.   

Imaging Techniques             

Confocal Microscopy / 
Live imaging   

To investigate subnuclear  
localization of host and viral  

- 
proteins and visualize how they 
change during infection.   

-  Z stacks can be acquired for 3-D rendering. 
  

(62, 67, 68, 
Relies on specific antibodies that can have cross reactivity  

 with viral proteins.   
137) 
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Super Resolution To visualize intermolecular 

microscopy interactions with resolution   beyond 

the diffraction barrier.    

-  Requires specialized equipment and extensive protocols. (168)  

To visualize cellular organelles 
Electron Microscopy and structures using an electron 
beam.   

-  Micrographs of densities have high resolution and can  

detect individual capsids and heterochromatin. 
  

(66, 176) - 
 Requires specialized equipment and 3D rendering is 
challenging.  

Combination/Other Techniques           

Mass Spectrometry  

-  
To identify proteins and their post-

translational modifications using the 
mass to charge ratio.   

Datasets obtained from isolated proteomes or proteomic analysis 
can be very powerful to define changes to host  

 cells during infection.   (177, 178) 
   

 -  Requires specialized equipment and analysis.   

Isolation of proteins on 
nascent DNA (iPOND)  

To determine the proteins  
- 

associated with replicating   -  
DNA genomes via EdU  

 incorporation.  -  

Can be used to identify proteins interacting with viral genomes 
during replication.   
Requires in depth follow up via western blotting or mass  (160, 179) 
spectrometry.   
Requires large numbers of cells.   

Atomic Force 
Microscopy  

 To determine physical  -  
properties of a sample using a probe 

to apply force.  

Can be used to determine changes to nuclei upon infection or 
virion stability. Requires specialized equipment and  (65) 
analysis.  
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Chapter 2: HSV-1 exploits host heterochromatin for nuclear egress   

* This chapter is adapted from Lewis HC,* Kelnhofer-Millevolte LE,* Brinkley MR, Arbach HE, Arnold 

EA, Ramachandran S, Avgousti DC. (2023) HSV-1 exploits host heterochromatin for egress. Journal of 

Cell Biology. 22 (9): e202304106. This chapter is reproduced here as it is licensed under a Creative 

Commons Attribution 4.0 International License, allowing for unrestricted use provided the original 

source is cited. "We" is used throughout the publication. In close collaboration with Hannah Lewis, I 

designed and performed experiments, wrote, and created figures for the original manuscript. Mia 

Brinkley assisted with experiments and figure editing. Edward Arnold and Han Arbach assisted with 

experiments. Sequencing analysis and text describing analysis was kindly performed by Srinivas 

Ramachandran. The work here was supervised and edited by Daphne Avgousti. 

 

Abstract 

Herpes simplex virus (HSV-1) progeny form in the nucleus and exit to successfully infect other 

cells. Newly formed capsids navigate complex chromatin architecture to reach the inner nuclear 

membrane (INM) and egress. Here, we demonstrate by transmission electron microscopy (TEM) that 

HSV-1 capsids traverse heterochromatin associated with trimethylation on histone H3 lysine 27 

(H3K27me3) and histone variant macroH2A1. Through chromatin profiling during infection, we revealed 

global redistribution of these marks whereby massive host genomic regions bound by macroH2A1 and 

H3K27me3 correlate with decreased host transcription in active compartments. We found that loss of 

these markers resulted in significantly lower viral titers but did not impact viral genome or protein 

accumulation. Strikingly, we discovered that loss of macroH2A1 or H3K27me3 resulted in nuclear 

trapping of capsids. Finally, by live-capsid tracking, we quantified this decreased capsid movement. 

Thus, our work demonstrates that HSV-1 takes advantage of the dynamic nature of host 

heterochromatin formation during infection for efficient nuclear egress.  
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2.1 Introduction 

Nuclear-replicating viruses must contend with host chromatin to establish a successful infection. Like 

most DNA viruses, herpes simplex virus (HSV-1) takes advantage of host chromatin factors both by 

incorporating histones onto its genome to promote gene expression (1) and by reorganizing host 

chromatin during infection (2,3,4). In response to infection, changes to histone modifications on 

interferon response genes can also hinder HSV-1 gene expression (5). HSV-1 progeny capsids egress 

from the nucleus by a unique mechanism of budding into the inner nuclear membrane and then fusing 

with the outer nuclear membrane for further maturation in the cytosol (6,7). Thus, host chromatin that 

accumulates in the nuclear periphery during HSV-1 infection creates a potential barrier for capsids to 

egress from the nucleus. The redistribution of host chromatin during infection allows for capsids to 

traverse the nucleus such that the transport of HSV-1 capsids through chromatin is the rate-limiting 

step of nuclear egress (8). The progress of HSV-1 infection is also associated with areas of less dense 

chromatin in the nuclear periphery, also termed channels (9). However, it is not known if these 

channels are necessary for viral egress and the mechanisms by which they form are unclear.   

Heterochromatin density and subnuclear localization are affected by the presence and ratio of specific 

histone modifications. In uninfected cells, histone modifications such as trimethylation of histone H3 

lysine 27 (H3K27me3) and the histone variant macroH2A1, among others, delineate heterochromatin 

regions that are largely localized to the nuclear periphery. H3K27me3 is deposited by the EZH2 

enzyme (10), a member of the polycomb repressive complex (PRC2) (11). This modification is bound 

by PRC2, leading to modification of adjacent nucleosomes, which results in formation of 

heterochromatin domains that repress transcription. MacroH2A, the largest of the histone variants, 

consists of a canonical histone fold domain, a small linker region and a C-terminal 25 kDa macro 

domain that is thought to protrude from the nucleosome (12). There are three isoforms referred to 

collectively as macroH2A: macroH2A1.1, macroH2A1.2 and macroH2A2. MacroH2A1.1 and 

macroH2A1.2 are splice variants of the same gene that differ by one exon resulting in a 28-amino acid 

difference in the macro domain. MacroH2A1 was found to be downregulated in melanoma (13), 
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suggesting a key role in the maintenance of genome integrity. Importantly, loss of macroH2A1 and 

macroH2A2 results in a significant decrease in heterochromatin in the nuclear periphery observed by 

electron microscopy (14). Furthermore, macroH2A1 also demarcates regions of host chromatin that 

associate with the nuclear lamina (15), termed lamina-associated domains (LADs), highlighting its 

importance in linking chromatin with the nuclear envelope to support nuclear integrity.  

In this study, we visualized HSV-1 nuclear egress by transmission electron microscopy (TEM) and 

found that capsids reach the inner nuclear membrane in regions of less densely stained chromatin. 

Therefore, we hypothesized that HSV-1 exploits host heterochromatin dynamics to successfully egress 

from the nuclear compartment. We examined chromatin structure by TEM in the absence of 

heterochromatin markers macroH2A1 and H3K27me3 and discovered that peripheral heterochromatin 

is largely dependent on these marks. We used chromatin profiling of macroH2A1 and H3K27me3 

during HSV-1 infection to define the specific host genomic regions bound by these markers and found 

that they demarcate broad regions of heterochromatin that form in transcriptionally active 

compartments. Importantly, we found that the loss of macroH2A1 results in significantly lower viral titers 

but does not impair viral transcription, protein production, or replication in both lab adapted and clinical 

isolates of HSV-1. Furthermore, by inhibiting EZH2 deposition of H3K27me3, we found that reduction of 

H3K27me3 also leads to a significant decrease in viral titers but did not affect viral protein or genome 

accumulation. Finally, we determined by TEM that loss of macroH2A1 or H3K27me3 results in 

significantly more viral capsids trapped in the nuclear compartment, pinpointing the importance of 

heterochromatin dynamics in viral nuclear egress. Our study is the first to demonstrate that HSV-1 

infection takes advantage of heterochromatin changes to successfully egress from the nuclear 

compartment.   
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Results 

2.2 HSV-1 capsids associate with regions of less dense chromatin   

To investigate the journey of HSV-1 capsids to the inner nuclear membrane, we used transmission 

electron microscopy (TEM) to image nuclei and examined heterochromatin formation in primary and 

diploid human foreskin fibroblast (HFF) cells. In uninfected cells, we observed dark staining, 

characteristic of dense heterochromatin, in the nuclear periphery (Figure 2.1a, arrowhead). Upon 

infection with HSV-1, we observed capsids interacting with the inner nuclear membrane primarily in 

regions of low-density chromatin indicated by lighter staining (Figure 2.1b, arrows). These results are 

consistent with a previous report in African green monkey kidney cells (Vero) showing that viral capsids 

can reach the inner nuclear membrane via channels in the marginalized chromatin. Because 

heterochromatin in the nuclear periphery was dependent on macroH2A presence in hepatoma cells 

(16,17), and macroH2A1 commonly overlaps with H3K27me3, we chose to examine heterochromatin 

formation in the absence of these markers in HFFs.  
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Figure 2.1. HSV-1 capsids navigate through regions of less dense chromatin to reach 

the inner nuclear membrane in HFF cells.  A) Transmission electron microscopy (TEM) 

images of representative uninfected nuclei in WT HFF-Ts. Regions outside of the nucleus are 

colorized yellow. Dark regions represent high density chromatin (arrowhead). Scale bars as 

indicated. B) TEM images of representative WT nuclei at 18 hours post-infection (hpi) with 

HSV-1. Inset shows enlarged view of respective boxed area. Arrowhead indicates high density 

chromatin, arrows indicate HSV-1 capsids.  C)Representative western blots with proteins as 

Figure 2.0.1 
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indicated showing macroH2A1 knock-out (mH2A1 KO) and H3K27me3 depletion (Dep.). D) 

TEM images of representative uninfected nuclei in macroH2A1 knockout HFF-T cells. Regions 

outside of the nucleus are colorized green. E) TEM images of representative uninfected nuclei 

in H3K27me3 depleted conditions. Regions outside of the nucleus are colorized blue. F) 

Quantification of peripheral heterochromatin width in nuclei from A and D. Width was 

measured in nm from the nuclear periphery via binary thresholding from intensity profiles 

sampled every 10 pixels. Mean width was plotted for each nucleus. p= 0.0275 (n=16 WT, n=22 

macroH2A1 KO) by unpaired t-test. For the box plot, the box marks upper and lower quartiles, 

center line marks median, and error bars denote minimum and maximum values for the 

population.  G) Quantification as in (f) in nuclei from A and E. p= 0.0144 (n= 22 WT, n=20 

H3K27me3 depleted) by unpaired t-test. For the box plot, the box marks upper and lower 

quartiles, center line marks median, and error bars denote minimum and maximum values for 

the population. 

 

2.3 Heterochromatin markers macroH2A1 and H3K27me3 support densely stained regions in the 

nuclear periphery  

We used CRISPR-Cas9 to knock-out (KO) expression of the macroH2A1 gene in hTERT-immortalized 

HFF cells (HFF-T) cells, which resulted in the loss of total macroH2A1 (Figure 2.1 c), termed 

macroH2A1 KO cells. To reduce H3K27me3 levels, we targeted the EZH2 enzyme that deposits this 

mark (18) using a well-characterized inhibitor called tazemetostat (EPZ-6438) (19). We treated cells 

with 10 µM of tazemetostat or DMSO control for 3 days to allow for steady-state reduction of 

H3K27me3 (Figure 2.1c). We found by TEM that macroH2A1 KO cells and H3K27me3 depleted cells 

had strikingly less heterochromatin in the nuclear periphery than WT cells (Figure 2.1d and e). We 

quantified the width of heterochromatin at the nuclear periphery in each cell type through binary 

thresholding of the intensity of electron-dense regions and found that loss of macroH2A1 results in a 

significant reduction in peripheral heterochromatin (Figure 2.1 f and g). It is important to note that in 

cells with observed decreased heterochromatin that there is not a decrease in total chromatin. These 

cells are simply not able to condense their chromatin to a degree that it would be visible by TEM. 

Importantly, the genomic regions bound by macroH2A1 and H3K27me3 are sufficiently massive that 

changes are visible by TEM. Therefore, we next examined the genomic distribution of these markers by 

chromatin profiling.   
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2.4 MacroH2A1 and H3K27me3 bind broad regions of the host genome that are redistributed 

during infection  

We hypothesized that macroH2A1 and H3K27me3 are deposited at specific genomic loci on the host 

genome during infection to promote the formation of heterochromatin. To test this hypothesis, we used 

CUT&Tag (20) to profile the genomic localization of macroH2A1 at 4, 8 and 12 hours post infection 

(hpi) in wild-type (WT) and macroH2A1 KO HFF-T cells. MacroH2A1 KO cells showed no expression of 

total macroH2A1, macroH2A1.1 or macroH2A1.2; however, macroH2A2 levels were unchanged 

(Figure 2.2 b-c). We also examined the chromatin profile of H3K27me3 under these conditions. On the 

human genome, we observed clear enrichment of macroH2A1 and H3K27me3 compared to IgG in WT 

cells (Figure 2.2 d-f). The enrichment of macroH2A1 and H3K27me3 was observed as large domains, 

many of which were gained upon viral infection (Figure 2.3 a), suggesting that the host landscape is 

altered upon infection. These gains were reflected in an increase in total protein levels measured by 

mass-spectrometry (Figure 2.2 a). Since large regions are not amenable to traditional peak-based 

analysis, we instead used domain-based analysis. With the minimum domain size of 1 kb, we observed 

~50,000 H3K27me3 domains and ~70,000 macroH2A1 domains genome wide across the conditions 

we profiled (Figure 2.2 f). We observed less than 10 macroH2A1 domains in the datasets generated 

from macroH2A1 KO cells, indicating that our algorithm was identifying robust domains (Figure 2.2 f). 

Furthermore, there is high correlation in macroH2A1 domain enrichments between macroH2A1 

CUT&Tag in WT cells, and between H3K27me3 datasets themselves in both WT and macroH2A1 KO. 

MacroH2A1 CUT&Tag from macroH2A1 KO cells has lowest correlation coefficients in comparisons 

across the board (Figure 2.2 g). This implies a clear loss of signal in macroH2A1 CUT&Tag from 

macroH2A1 KO cells, but concordant signals from macroH2A1 CUT&Tag in WT, and H3K27me3 from 

WT and macroH2A1 KO cells at domains defined just using WT macroH2A1 time series. To identify 

regions in the genome where macroH2A1 was changing with infection, we first defined non-overlapping 

sections of the genome where macroH2A1 domains were observed in at least one of the datasets. We 

then calculated the change in enrichment of macroH2A1 in these sections across the infection time 
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course. We used k-means clustering during the time course of infection compared to mock to identify 

patterns of macroH2A1 gain or loss during infection (Figure 2.3 b). With k=6, we observed two clusters 

to substantially gain macroH2A1 over the course of infection (Clusters 5 and 6, Figure 2.3 b left and c). 

Clusters 1-3 had significant decreases in macroH2A1, whereas cluster 4 had a minor increase (Figure 

2.3 b left and 2.2 c). We then asked how these macroH2A1-defined clusters behaved with respect to 

H3K27me3 and found that the overall trends across clusters were preserved in H3K27me3 (Figure 2.3 

b right, and 2.3 d), suggesting that H3K27me3 is largely enriched in the same broad regions. Thus, our 

clustering analysis demonstrates significant redistribution of H3K27me3 and macroH2A1 on the host 

genome during HSV-1 infection.  
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Figure 2.2 Quantification of macroH2A1 and H3K27me3 enrichment on host genomes 

during HSV-1 infection. A) Relative peptide abundance of macroH2A1, H3K27me3, and 

H3K9me3 over the course of HSV-1 infection in primary HFFs from three biological replicates 

normalized to mock peptide counts (original data from (3)). B) Representative western blots of 

total viral and host proteins as indicated at mock(M) 4, 8, and 12 hpi with HSV-1 in WT and 

macroH2A1 KO HFF-T cells. H3 and actin are shown as loading controls. C) Mean relative 

intensity of total macroH2A1, H3K27me3, ICP0, and VP16 as indicated. Error bars show + SD 

of three replicates of western blots as in (b). D) Spike-in normalized CUT&Tag read density of 

macroH2A1 on WT and macroH2A1 KO HFF-T host genomes during HSV-1 infection. M 

indicates mock infected cells; 4,8,12 indicate 4,8,12 hpi. For box plots the lower and upper 

hinges correspond to the first and third quartiles (the 25th and 75th percentiles). The upper 

whisker extends from the hinge to the largest value no further than 1.5 * IQR from the hinge 

(where IQR is the inter-quartile range, or distance between the first and third quartiles). The 

lower whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge. Data 

beyond the end of the whiskers are called “outlying” points and are plotted individually. E) 

Spike-in normalized CUT&Tag read density of H3K27me3 on WT and macroH2A1 KO host 

genomes during HSV-1 infection presented as in (d). F) Total number of macroH2A1 and 

H3K27me3 domains over 1 kb as measured by CUT&Tag of WT and macroH2A1 KO host 

genomes during HSV-1 infection. G) Correlation matrix of host genome enrichment from all 

datasets at domains as defined in Fig 2. Pearson correlation coefficient is plotted both as a 

heatmap and the values are printed inside each cell. If the p-value of a correlation coefficient is 

not significant, there is an asterisk over the number in that cell.  

 

To determine whether H3K27me3 deposition was dependent on macroH2A1, we also examined 

H3K27me3 enrichment in domains in the absence of macroH2A1. We plotted the H3K27me3 changes 

at the WT clusters for macroH2A1 KO cells and found that the trends of H3K27me3 were similar 

between WT and macroH2A1 KO cells (Figure 2.3 e and f). This result suggests that H3K27me3 

deposition is independent of macroH2A1. In summary, HSV-1 infection results in formation of new 

heterochromatin domains that span ~10-100s of kilobases. Importantly, our results demonstrate that 

heterochromatin accumulating in the nuclear periphery during HSV-1 infection represents new regions 

of heterochromatin that are macroH2A1 and H3K27me3 dependent.  
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Figure 2.3. MacroH2A1 and H3K27me3 bind broad chromatin regions on the host 

genome that are redistributed over the course of HSV-1 infection. A) 

Representative genome browser snapshots of spike-in normalized CUT&Tag 

enrichment of macroH2A1 and H3K27me3 showing increases at 8 hpi of HSV-1 

infection as measured by CUT&Tag in WT, or macroH2A1 KO HFF-T cells as indicated. 

The region shown is found on chromosome 1. B) Changes in log2 enrichment of spike-

in normalized CUT&Tag of macroH2A1 and H3K27me3 over IgG compared to mock 

treatment are shown as a heatmap. Each line in the heatmap represents a domain of 

macroH2A1.  C) Quantification of heat maps from (b) showing macroH2A1 enrichment 

in WT HFF-T cells across each cluster.  D) Quantification of heat maps from (b) 

showing H3K27me3 enrichment in clusters defined by macroH2A1 in HFF-T cells. E) 

Changes in log2 enrichment as in (b) of H3K27me3 over IgG in macroH2A1 KO HFF-T 

cells. F) Quantification as in (c) in macroH2A1 KO HFF-T cells.   

 

In contrast, the macroH2A1 CUT&Tag on the viral genome showed similar enrichments in both WT and 

macroH2A1 KO cells. Further, the H3K27me3 signal on the viral genomes also mirrored the IgG 

control. These results indicated that there was a significant background signal from the viral genome 

that could not be accounted for (Figure 2.4 a-d). Furthermore, there is high correlation between all 

datasets regardless of the antibody or genetic background (Figure 2.4 e) implying that there is the 

same signal from the viral genome regardless of experimental condition, and most probably represents 

non-specific tagmentation. We performed immunofluorescence on macroH2A1 KO, H3K27me3-

depleted and respective control cells (Figure 2.4 f-g). We observed no cross reactivity of antibodies in 

macroH2A1 KO and H3K27me3depleted cells and minimal colocalization of these heterochromatin 

marks with ICP8 (HSV-1 DNA binding protein (21)). Therefore, we disregarded viral genome reads in 

our dataset and focused instead on the host genome. Taken together, these results indicate that 

multiple forms of heterochromatin were gained at specific host genomic loci during HSV-1 infection. 
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Figure 2.4. Quantification of macroH2A1 and H3K27me3 enrichment on viral genomes 

during HSV1 infection. A) Spike-in normalized CUT&Tag read density of macroH2A1 on HSV-

1 genomes during infection of WT and macroH2A1 KO HFF-T cells. The lower and upper 

hinges correspond to the first and third quartiles (the 25th and 75th percentiles). The upper 

whisker extends from the hinge to the largest value no further than 1.5 * IQR from the hinge 

(where IQR is the inter-quartile range, or distance between the first and third quartiles). The 

lower whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge. Data 

beyond the end of the whiskers are called “outlying” points and are plotted individually. B) 

Spike-in normalized CUT&Tag read density of H3K27me3 on HSV-1 genomes during infection 

of WT and macroH2A1 KO HFF-T cells. Data graphed as in (a). C) Genome browser snapshots 

of spike-in normalized CUT&Tag enrichment of macroH2A1 on viral genomes in WT or 

macroH2A1 KO HFF-T cells as indicated. The full viral genome is shown. D) Genome browser 

snapshots of spike-in normalized CUT&Tag enrichment of H3K27me3 on viral genomes in WT 

or macroH2A1 KO HFF-T cells as indicated. The full viral genome is shown. The same IgG 

control was used to generate IgG WT and KO control graphs for S2c-d.  E) Correlation matrix of 

CUT&Tag signals aligned to the viral genome from all datasets. Pearson correlation coefficient 

is plotted both as a heatmap and printed inside each cell. If the p-value of a correlation 

coefficient is not significant, there is an asterisk over the number in that cell.  F) (Top) 

Representative Immunofluorescence of total macroH2A1 (yellow), viral DNA binding protein 

ICP8 (red), and DAPI (blue) at 10 hpi in WT and macroH2A1 KO HFF-T cells infected with HSV-

1. Scale bar is 10 µm. (Bottom) Histogram of macroH2A1 (green) and ICP8 (red) intensity at 

dotted transect line.  G) (Top) Representative Immunofluorescence of H3K27me3 (yellow), ICP8 

(red), and DAPI (blue) at 10 hpi in HSV-1 infected WT and H3K27me3 depleted HFF-T cells. 

(Bottom) Histogram of H3K27me3 (green) and ICP8 (red) intensity at dotted transect line.  

 

2.5 MacroH2A1 and H3K27me3 deposition correlates with decreased transcription in active 

compartments  

 

To investigate the transcriptional output of newly formed macroH2A1 and H3K27me3-bound regions, 

we performed RNA-seq on WT and macroH2A1 KO cells over the course of HSV-1 infection and 

calculated fold changes in RNA levels at each time point over the mock control. We identified genes 

that are contained within domains in each cluster defined in Figure 2.3 and plotted the distribution of 

RNA fold changes of the genes grouped by the clusters to which they belonged (Figure 2.5 a and c). 

We found that total RNA levels anti-correlate with macroH2A1 presence: clusters 1-3 had an increase 

in RNA levels, whereas clusters 4-6 had a decrease in RNA levels over the course of infection (Figure 

2.5 a and c). Strikingly, the gene expression changes in macroH2A1 KO cells mirror that of WT cells, 

leading us to conclude that macroH2A1 deposition is not driving changes in total RNA (Figure 2.5 b-c). 
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Because macroH2A1 and H3K27me3-bound regions span a large portion of the host genome, we 

asked whether any specific gene ontology (GO) categories were over-represented for the genes in 

each macroH2A1-defined cluster (Figure 2.5 d). Genes in clusters 1 and 2 (with decreased macroH2A1 

and increased expression) were associated with response to dsRNA and inflammatory responses, as 

expected during viral infection. Surprisingly, clusters 4-6, with increasing macroH2A1, consisted mostly 

of housekeeping genes. Taken together, these results indicate that macroH2A1 deposition is 

downstream of transcription changes. Thus, the deposition of macroH2A1 is not directly affecting the 

expression of specific genes that would be pro- or antiviral, but rather it is likely that these changes in 

transcription are a result of the stress response to infection.   
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Figure 2.5. MacroH2A1 and H3K27me3 presence on host genomes correlates with 

decreased transcription. A) Box plots of total host RNA from RNA-seq in HFF-T WT for genes 

overlapping clusters from Figure 2. Kolmogrov-Smirnov test (in R) was performed comparing 

logCPM values of genes at each time point with logCPM values of genes from mock dataset for 

each cluster. The p-values were corrected for multiple testing, and the time points and clusters 

with corrected p-value less than 0.05 are shaded.  B) Same as (a) for macroH2A1 KO HFF-T 

cells. C) Host differential RNA levels between WT and macroH2A1 KO HFF-T cells from RNA-

seq at 4-,8-, and 12 hpi by cluster as indicated. N = 3 biological replicates. Volcano plot for host 

genes in each cluster is plotted as in Fig 3a with log(Fold Change) on x-axis and -1xlog(False 

Discovery Rate) plotted on the y-axis. Points without significant change in expression are 

plotted in black, significant reduction in expression are plotted in blue, and significant increase 

in expression are plotted in red. D) Enrichment gene sets from gene ontology (GO) analysis of 

genes belonging to each cluster as indicated. P-value <0.001 and FDR was <0.05 for all shown 

GO clusters.  

 

To determine whether these changes in RNA reflected changes in transcription, we analyzed published 

4sU-RNA-labeling data during HSV-1 infection (22). The time course comparison revealed that in 

clusters 5 and 6, where we found an increase in macroH2A1 and H3K27me3 presence during infection, 

the 4sU-labeled RNA decreased at 8hpi compared to mock, indicating that the gain in heterochromatin 

correlates with a reduction in active transcription (Figure 2.6 a). Anticorrelation between transcription 

and heterochromatin gain is also seen in clusters 1, 2, and 3, which feature a loss of macroH2A1 and 

H3K27me3, and show a significant increase in active transcription. Interestingly, cluster 4 diverged 

between total RNA and 4sU-RNA data: 4sU-RNA increased whereas total RNA decreased. This 

indication of active transcription explains why cluster 4 features a weak macroH2A1 gain. Taken 

together, these results indicate that macroH2A1 and H3K27me3 presence correlates with a decrease in 

transcription in active regions. Interestingly, this 4sU-RNA labeling dataset also included cells treated 

with heat shock and salt stress. We analyzed these conditions and found that under these treatments, 

once again clusters 5-6 had reduced transcript levels (Figure 2.6 b-c). These results strongly indicate 

that the global changes in transcription, which we defined by redistribution of macroH2A1, are a 

universal stress response.   
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Finally, we asked if the gain or loss of macroH2A1 happened across previously defined genome 

compartments (23). We determined the distribution of the eigenvector corresponding to A/B 

compartments for IMR90 Hi-C data from the 4DN project (24). Here, positive values correspond to the 

A compartment, which features higher gene density and accessible or active chromatin, whereas 

negative values correspond to the B compartment, which features inactive chromatin. All clusters 

except cluster 2 are significantly biased towards one of the compartments: clusters 1 and 3 are 

significantly biased towards compartment B, whereas clusters 4-6 are significantly biased towards 

compartment A (Figure 2.6 d). Strikingly, the median of the clusters increases moving from Cluster 1 to 

Cluster 6, correlating with macroH2A1 gain. Thus, macroH2A1 gains and losses happen in distinct 

genomic compartments upon HSV-1 infection. In summary, macroH2A1 and H3K27me3 gain correlates 

with decreased transcription over the course of HSV-1 infection or stress response in transcriptionally 

active compartments.    
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Figure 2.6. Clusters with more macroH2A1 and decreasing transcription during HSV-1 

infection also show less transcription after salt stress or heat shock and correlate with 

active compartments. A) 4sU-RNA counts for genes from(22) overlapping with clusters from 

Figure 2 shown as box plots. Kolmogrov-Smirnov test (in R) was performed comparing logCPM 

values of genes at each time point with logCPM values of genes from mock dataset for each 

cluster. The p-values were corrected for multiple testing, and the time points and clusters with 

corrected p-value less than 0.05 are shaded. For all box plots in this figure, lower and upper 

hinges correspond to the first and third quartiles (the 25th and 75th percentiles). The upper 

whisker extends from the hinge to the largest value no further than 1.5 * IQR from the hinge 

(where IQR is the inter-quartile range, or distance between the first and third quartiles). The 

lower whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge. Data 

beyond the end of the whiskers are called “outlying” points and are plotted individually. B) 

Replicate RPKM values from published 4sU-RNA-seq data(22) (GSE100469) from HFF treated 

with 80mM KCl (increase in final concentration) for 1 and 2 hours were converted to TPM, 

averaged, and intersected with gene lists for each of the six clusters. The distribution of the 

log2(TPM+1) for genes in each cluster is shown as boxplots. C) Same as (b) for heat stress 

(44oC) also from GSE100469. D) Box plots of Hi-C eigenvector scores of regions overlapping 

with clusters from Figure 2. The Hi-C compartment eigen vector scores were obtained from 4DN 

project website. Wilcoxon signed rank test with alternate hypothesis that the true location is not 

equal to 0 was performed on the distribution of eigen vector scores for each cluster. The p-

values were corrected for multiple testing, and the clusters with corrected p-value less than 0.05 

are shaded. Bonferroni correction was used for p-value adjustments. E) Cell counts for 

experiments as described in Figure 3b-h. N = 3 biological replicates. No significance by paired t-

test. Error bars represent the SEM of three biological replicates. F) Cell viability of HFF-T in 

DMSO or 10 µM Tazemetostat for 4 days post treatment. N = 3 biological replicates. No 

significance by paired t-test. Error bars represent the SEM of three biological replicates. G) 

Representative western blots of HSV-1 protein UL34 in WT and macroH2A1 KO HFF-T cells 

during HSV-1 infection at mock infected (M) or 4-, 8-, and 12 hpi. Actin is shown as loading 

control. H) Representative western blots of HSV-1 protein UL34 in WT and H3K27me3 depleted 

cells during HSV-1 infection at mock infected (M) or 4-, 8-, and 12 hpi. Ponceau stain is shown 

as loading control.  

 

2.6 Loss of macroH2A1 or H3K27me3 results in reduced viral progeny but does not affect viral 

genome or protein accumulation   

 

To determine the impact of macroH2A1 in HSV-1 infection, we infected WT and macroH2A1 KO HFF-T 

cells with HSV-1. First, we used RNA-seq to compare viral transcripts in WT and macroH2A1 KO cells. 

We found no significant change in viral transcripts at 4-, 8-, or 12 hpi between the two cell types (Figure 

2.7 a). Next, we examined viral protein accumulation and observed similar levels of ICP0 (immediate 

early (25)), VP16 (early (26)) and glycoprotein H (gH, late (27)) in both wild type (WT) and macroH2A1 
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KO cells (Figure 2.7 b). We also examined the impact of H3K27me3 on HSV-1 infection by treatment 

with tazemetostat to inhibit EZH2 and deplete H3K27me3 levels (as in Figure 2.1). Tazemetostat 

treatment at 10 µM for multiple days did not impact cell counts or cell viability (Figure 2.6 e-f). To 

examine any synergistic effects of both heterochromatin markers, we treated both WT and macroH2A1 

KO cells with tazemetostat. We found that accumulation of viral proteins ICP0, VP16, and gH were not 

affected by the reduction of H3K27me3, with or without macroH2A1 (Figure 2.7 b-d and Figure 2.6 g-

h). Consistent with our findings, a previous report also showed no change in viral transcripts when 

THP-1 cells were treated with 10 µM tazemetostat prior to infection(28). These data indicate that 

despite changes to heterochromatin dynamics, viral RNA and protein production is not affected by the 

loss of macroH2A1. Additionally, depletion of H3K27me3 does not impact viral protein production.  

We next examined HSV-1 replication under the same conditions and measured viral genome 

accumulation by droplet digital PCR (ddPCR). We observed no significant difference in viral genome 

accumulation between WT and macroH2A1 KO cells (Figure 2.7 e, black and green bars), indicating 

that neither HSV-1 replication nor protein production is affected by macroH2A1 loss. We found that 

reduction of H3K27me3 did not significantly affect viral genome accumulation compared to control 

(Figure 2.7 e, black and blue bars). We observed no additional decrease in viral genomes in 

macroH2A1 KO cells treated with the inhibitor, suggesting that regardless of H3K27me3 levels, loss of 

macroH2A1 does not impact viral replication as we observed above (Figure 2.7 e, striped bars).   
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Figure 2.7. HSV-1 requires heterochromatin marks macroH2A1 and H3K27me3 for 

progeny production but not replication or protein production. A) Volcano plots comparing 

differential viral RNA levels between WT and macroH2A1 KO HFF-T cells from RNA-seq at 4-,8-

, and 12 hpi. N = 3 biological replicates. Genes are plotted with log(Fold Change) on x-axis and 

-1xlog(False Discovery Rate) plotted on the y-axis. Points without significant change in 

expression are plotted in black. There are no significantly changing genes. B) Representative 

western blots of proteins shown as indicated upon H3K27me3 depletion or DMSO control 

treated HFF-T cells during HSV-1 infection at mock infected (M) or 4-, 8-, and 12 hpi. Actin and 

H3 are shown as loading controls. C) Representative western blots as in (b) for macroH2A1 KO 

HFF-T cells. D) Mean relative intensity of H3K27me3, ICP0, VP16, and gH normalized to H3 

0.7 
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quantified from western blots as in (b) and (c) as indicated from WT or macroH2A1 KO. Error 

bars represent + SD of three biological replicates.  E) Droplet digital (ddPCR) quantification of 

HSV-1 genomes extracted from infected cells as indicated for each time point. Error bars 

represent the SEM of three biological replicates. No significance by Dunnett's multiple 

comparisons test. F) ddPCR quantification of HSV-1 genomes released from cells treated as 

indicated and isolated from supernatants (sups). Error bars represent the SEM of three 

biological replicates, ** p < 0.01, *** p < 0.001 by Dunnett's multiple comparisons test. G) 

Infectious progeny produced from HSV-1 infected cells treated as indicated and quantified by 

plaque assay. Viral yield is indicated as the percent yield compared to WT at each indicated 

time point. Error bars represent the SEM of three biological replicates, ** p < 0.01, *** p < 0.001 

by Dunnett's multiple comparisons test. H) Genome to PFU ratio 8 and 12 hpi in indicated 

conditions as measured by paired plaque assays and ddPCR of genomes isolated from 

supernatants as in (f). Error bars represent the SEM of three biological replicates, no 

significance by Dunnett's multiple comparison test.  

 

To determine the impact of macroH2A1 or H3K27me3 loss on viral progeny production, we measured 

viral genome accumulation in the supernatant. We discovered a 9-fold decrease in the levels of HSV-1 

genomes produced in the supernatant of macroH2A1 KO cells compared to those produced from WT 

cells at 12 hpi (Figure 2.7 f, green and black bars). We found a significant 4-fold decrease at 12 hpi 

from tazemetostat-treated cells compared to DMSO-treated (Figure 2.7 f, blue bars). Because viral 

genomes measured in the supernatant could also capture defective particles, we also measured 

infectious progeny by plaque assay. We further discovered that infectious progeny produced from 

macroH2A1 KO cells were dramatically decreased compared to those produced from WT cells at 8 and 

12 hpi (Figure 2.7 g, green and black bars). Infectious progeny production was also significantly 

decreased at 12 hpi in cells with depleted H3K27me3 (Figure 2.7 g black and blue bars). Interestingly, 

H3K27me3 reduction in macroH2A1 KO cells did not result in any additional defects, suggesting the 

two markers function in the same genetic pathway (Figure 2.7 e-g, striped bars). Furthermore, we did 

not observe any significant differences in the ratio of genomes to plaque forming units (pfu) upon loss 

of macroH2A1, H3K27me3, or both, compared to control conditions (Figure 2.7 h), indicating that loss 

of these markers does not result in significantly more defective particles. This effect was consistent 

across cell types with similar results observed in macroH2A1 KO RPE cells (Figure 2.8 a-g). These 
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data indicate that loss of macroH2A1 leads to a significant defect in infectious viral progeny but not viral 

protein, RNA, or genome accumulation. Similarly, depletion of H3K27me3 results in a significant 

reduction in infectious progeny but no significant changes in viral protein or genome accumulation. 

Therefore, we conclude that macroH2A1 and H3K27me3 are important either for proper capsid 

assembly or efficient viral egress.   

 

 

Figure 2.8. MacroH2A1 is also required for efficient viral egress, but not protein 

production, in RPE cells. A) Western blot of proteins as indicated in mock(M) or 4-, 8-, and 12 

hpi in WT and macroH2A1 KO RPE cells. H3 is shown as a loading control.  B) Mean relative 

0.8 
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intensity of ICP0 over H3 at indicated timepoints during HSV-1 infection in WT or macroH2A1 

KO RPEs as in (a). Error bars represent + SD from three biological replicates.  C) Same as (b) 

for VP16. D) Same as (b) for gH. E) Same as (b) for H3K27me3. F) Same as (b) for 

macroH2A1. G) Infectious progeny produced by WT or macroH2A1 knockout RPE cells 

quantified by plaque assay on cell-free supernatant. Viral yield calculated as in Fig 3g for 

conditions as indicated, ** p. < 0.01 by unpaired t-test. Error bars represent the SEM of three 

biological replicates. H) Average mean squared displacement (MSD) plots +/- SEM of nuclear 

capsid tracks in HSV-1 mCherry-VP26 infected WT or macroH2A1 KO RPE cells at 8 hpi. Non-

linear fits of mean MSD plots and exponential plateau as dotted lines (YM) are indicated. I) 

Representative live-cell images of HSV-1 mCherry-VP26 infected WT or macroH2A1 KO RPE 

nuclei at 6 hpi and corresponding tracks from singleparticle tracking used for MSD analysis in 

(h). Scale bar is 5 µm. 

 

2.7 Clinical HSV-1 isolates also require macroH2A1 for progeny production, but not replication or 

protein production.   

 

To determine how robust the requirement for macroH2A1-dependent chromatin is for HSV-1 egress, we 

used clinical HSV-1 viruses isolated from “low-shedding” or “high-shedding” patients. We measured 

protein accumulation at 4, 8, and 12 hpi and viral genome accumulation in cells and supernatant by 

ddPCR. We found that there was no significant change in viral protein or viral genome accumulation for 

either clinical isolate in macroH2A1 KO cells (Figure 2.9 a-d). We measured viral genomes in the 

supernatant and found that there was a modest reduction in HSV-1 genomes in the supernatant of 

macroH2A1 KO cells compared to control cells (Figure 2.9 e, green bars). For both clinical isolates, we 

found that macroH2A1 KO cells produced significantly fewer progeny than WT cells at 12 hpi (Figure 

2.9 f). Taken together, these results indicate that egress of clinically isolated HSV-1 is also dependent 

on macroH2A1.   

It is important to note that while we measured significantly lower infectious progeny produced from the 

infected macroH2A1 KO cells, we do not detect a corresponding increase in intracellular genomes. 

This is likely because we reached the maximum detection limit of our system at 8hpi such that there is 

no significant difference in the genomes detected between 8 and 12hpi (Figure 2.7 e and Figure 2.9 d), 

consistent with the notion that chromatin is the  



45 
 

bottleneck for HSV-1 egress.  

Figure 2.9. Clinical HSV-1 isolates also require heterochromatin mark macroH2A1 for 

progeny production but not replication or protein production. A) Western blots of proteins 

as indicated for mock (M) 4-, 8-, and 12-hpi in WT and macroH2A1 KO cells infected with a low-

shedding HSV-1 clinical isolate.  B) Western blot as in (a) for a high-shedding HSV-1 clinical 

isolate.  C) Mean relative intensity of ICP0, VP16, and gH from low-shed (top) or high-shed 

(bottom) clinical isolate western blots. Error bars represent + SD of three biological replicates, 

no significance by unpaired t-test. D) ddPCR quantification of HSV-1 genomes extracted from 

infected cells as indicated for each time point in WT and macroH2A1 KO cells infected with 

HSV-1 low- and high-shedding clinical isolates. Error bars represent the SEM of three biological 

replicates. No significance by Tukey’s multiple comparisons test. E) ddPCR quantification of 

HSV-1 genomes released from cells infected with clinical isolates of HSV-1 as indicated and 

isolated from supernatants (sups). Error bars represent the SEM of three biological replicates. 

No significance by Tukey’s multiple comparisons test. F) Infectious progeny of cells as indicated 

infected with clinical HSV-1 isolates quantified by plaque assay. Viral yield is indicated as the 

percent yield compared to WT, error bars represent the SEM of three biological replicates, * p. < 

0.05, ** p < 0.01 by Tukey’s multiple comparisons test.   

 

0.9 



46 
 

2.8 MacroH2A1 or H3K27me3-dependent heterochromatin is critical for efficient HSV-1 nuclear 

egress.  

 

Our results indicate that HSV-1 capsids in the nucleus access the nuclear membrane through channels 

bracketed by highly dense chromatin at the nuclear periphery (Figure 2.1), consistent with previous 

reports in other cell types (9, 16). We found that loss of macroH2A1 or depletion of H3K27me3 resulted 

in decreased heterochromatin in the nuclear periphery (Figure 2.1) and caused a decrease in infectious 

virus progeny released from infected cells (Figure 2.7 and 2.9). Therefore, we hypothesized that 

efficient HSV-1 egress out of the nuclear compartment requires macroH2A1- or H3K27me3-dependent 

heterochromatin in the nuclear periphery. To test this, we infected macroH2A1 KO cells, visualized 

nuclei by TEM and quantified capsids in the nucleus (Figure 2.10 a). We found that infected 

macroH2A1 KO nuclei have significantly more HSV-1 capsids than those of WT cells (Figure 2.10 b, 

WT control cells seen in Figure 2.1 b), indicating that loss of macroH2A1-dependent heterochromatin is 

detrimental for efficient nuclear egress. Similarly, we used tazemetostat treatment to deplete 

H3K27me3 levels to a steady state, infected cells with HSV-1, and visualized capsids in the nuclei of 

infected cells by TEM. Strikingly, we found that significantly more capsids accumulated at the nuclear 

membrane compared to control cells (Figure 2.10 c, WT control cells seen in Figure 2.1 b). We 

quantified this difference by counting the number of capsids that accumulated at the inner nuclear 

membrane (INM) at any one location and found that significantly more capsids lined up at the INM 

upon H3K27me3 depletion (Figure 2.10 d).   

To determine whether capsid assembly was impacted by heterochromatin disruption, we quantified 

capsid type as a proportion of the total capsids from our TEM. Herpesvirus infection produces three 

subtypes of capsids: A capsids that are empty, B capsids which contain scaffolding proteins, and C 

capsids that contain viral DNA and are considered the precursor to infectious virions (29, 30) (Figure 

2.10 e). We quantified the proportion of each capsid type in WT and macroH2A1 KO cells and found no 

difference in the proportion of each capsid type (Figure 2.10 f). We carried out the same analysis upon 
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infection in H3K27me3-depleted cells and similarly found no difference in the proportion of capsid type 

(Figure 2.10 g). Furthermore, we examined the levels of viral nuclear egress complex (NEC) 

component UL34 to investigate whether loss of this important factor may explain the decreased titers. 

We did not observe any change in UL34 levels by western blot upon loss of macroH2A1 nor depletion 

of H3K27me3 (Figure 2.6 g-h), indicating that this is unlikely to account for the phenotype. Together, 

these results indicate that neither capsid formation nor NEC component levels are impacted by 

disruption of host heterochromatin. Rather, we conclude that it is the ability of the capsids to egress 

from the nuclear compartment that is dependent on heterochromatin. Taken together, these data 

demonstrate that macroH2A1 and H3K27me3-dependent heterochromatin is critical for efficient nuclear 

egress.  
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Figure 2.10. HSV-1 requires macroH2A1- and H3K27me3-dependent heterochromatin for 

movement through host chromatin to access the inner nuclear membrane (INM). A) TEM 

images of representative macroH2A1 KO HFF-T nuclei infected with HSV-1 at 18 hpi. Insets 

show enlarged views of respective box. Arrows indicate HSV-1 capsids. Scale bars as indicated. 

B) Quantification of capsids within nuclei compared to Figure 1b. Number of capsids was 

normalized according to nucleus area in µm2, p=0.0036 (n=40 WT, n=55 mH2A1 KO) by 

unpaired t-test. For the box plot, the box marks upper and lower quartiles, center line marks 

median, and error bars denote minimum and maximum values for the population. C) TEM 

images of representative H3K27me3 depleted nuclei infected with HSV-1 presented as in (a). D) 

Quantification of capsids accumulating at the INM. The number of capsids within 200 nm of the 

membrane scored per chain as capsids within 300 nm of another capsid, p=0.0008 by Mann-

Whitney test (n= 61 for DMSO, n= 51 for H3K27me3 depleted). Error bars represent + SEM of 

the population. E) TEM images of representative A (empty), B (intermediate; scaffolding 

proteins, but no genome), and C (full) HSV-1 capsids. Scale bars as noted.  F) Quantification of 

capsid type within nuclei from (a) in WT and macroH2A1 KO cells. Values for each capsid type 

are shown as a proportion of total capsids. No significance by Chi-square test, n= 120 capsids 

per condition. G) Quantification of capsid type as in (f) in nuclei from (c) in WT and H3K27me3 

depleted cells. No significance by Chi-square test, n= 120 capsids per condition. H) Average 

mean squared displacement (MSD) plots +/- SEM of nuclear capsid tracks in HSV-1 mCherry-

VP26 infected WT or macroH2A1 KO HFF-T cells at 6 hpi. Non-linear fits of MSD plots and 

exponential plateau as dotted lines (YM) are indicated. MSD plots represent 1148 tracks in 6 

nuclei for WT and 993 tracks in 6 nuclei for macroH2A1. Plateaus are at YMWT=0.66µm² and 

YMKO=0.44µm². I) Representative live-cell images of HSV-1 mCherry-VP26 infected WT or 

macroH2A1 KO HFF-T nuclei at 6 hpi and corresponding tracks from single particle tracking 

used for MSD analysis in (h). Scale bar is 5 µm.  

  

We and others (8, 31) have previously shown that infection-induced chromatin modifications promote 

capsid translocation to the INM. Specifically: i) HSV-1 infection alters host heterochromatin such that 

open space is induced at heterochromatin boundaries, termed "corrals," in which viral capsids diffuse, 

and ii) the movement of viral capsids through the host heterochromatin is the rate-limiting step in HSV-1 

nuclear egress. We therefore hypothesized that macroH2A1 was critical for the infection-induced 

formation of open space at heterochromatin boundaries. To test whether the egress defect was a result 

of restricted capsid movement, we employed live-cell imaging and single particle tracking to directly 

measure the effect of macroH2A1-dependent heterochromatin changes on chromatin corral size and 

viral capsid motility. Using an HSV-1 mutant expressing mCherry-VP26, we found that the mean 

squared displacement (MSD) of diffusing capsids in macroH2A1 KO cells plateaued at lower levels 
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than in WT cells indicating a smaller corral size (Figure 2.10 h-i). To determine the approximate 

reduction on corral diameter, we fitted the MSD curves using a non-linear fit with an exponential plateau 

in the statistical software GraphPad Prism to determine the exact values (see Materials and Methods). 

The plateau height YM was 0.44 µm2 for macroH2A1 KO cells and 0.66 µm2 for  

WT cells. We calculated the corral diameter by the following equation (modified from (31))  

  

   

  

where dcorral is the corral diameter, dparticle is the estimated HSV-1 capsid size of 125 nm(32), and YM is 

the plateau of the respective MSD curve. This resulted in 1.75µm mean corral diameter for WT and 

1.45µm for macroH2A1 KO cells, indicating that corrals in knockout cells were about 300 nm smaller 

than in WT cells, restricting capsid diffusion in cellular chromatin. We observed similar limitations in 

capsid movement in macroH2A1 KO RPE cells with a decrease in corral size of about 165 nm 

compared to WT cells (Figure 2.9 h-i). These results are consistent with the finding that macroH2A1 

limits chromatin plasticity both in vitro (33) and in cells (34) and support our hypothesis that 

macroH2A1-dependent heterochromatin is critical for the translocation of HSV-1 capsids through the 

host chromatin to reach the INM. Furthermore, these data support a model in which macroH2A1 

supports chromatin rearrangement induced during infection (Figure 2.11).   
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Figure 2.11. Model for heterochromatin support of HSV-1 nuclear egress. Left: Model of 

previously described chromatin movement during HSV-1 infection. Right: Proposed model of 

effects of heterochromatin disruption in HSV-1 infection. 

 

2.9 Discussion: 

Host chromatin is emerging as a newly appreciated critical barrier to viral success. Elegant studies 

showed that HSV-1 infection induces host chromatin redistribution to the nuclear periphery (2, 9). Here, 

we showed that viral capsids subsequently egress through low-density regions of chromatin indicated 

through less staining (Figure 2.1), consistent with reports in different cell types (16). We investigated 

the impact of heterochromatin markers histone variant macroH2A1 and H3K27me3 on chromatin 

architecture and HSV-1 infection. We found that loss of macroH2A1 resulted in significantly less 

heterochromatin visible in the nuclear periphery by TEM in HFF cells (Figure 2.1), similar to what was 

observed in hepatoma cells (14). To our knowledge, this is the first instance of TEM imaging of 

heterochromatin upon depletion of H3K27me3, which produced a similar phenotype to macroH2A1 KO 

0.10 
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with significantly less heterochromatin in the nuclear periphery (Figure 2.1). Visualization of chromatin 

by TEM is inherently challenging, which is why we carefully compared our chromatin-disrupted 

conditions only to their respective controls that were processed on the same day and the same time. 

Our findings are consistent with those reported from other groups including the importance of 

macroH2A for nuclear integrity (14, 15), therefore, we are confident in our conclusion that 

heterochromatin is disrupted in the macroH2A1 KO and H3K27me3-depleted conditions.   

We then demonstrated that macroH2A1 and H3K27me3 bind broad regions of the host genome that 

are redistributed during HSV-1 infection (Figure 2.3). Our chromatin profiling analysis required a 

custom algorithm to accommodate the massive domains created by macroH2A1 and H3K27me3, 

consistent with regions large enough to be visible by TEM. We demonstrated that the regions that gain 

macroH2A1 and H3K27me3 are primarily found in transcriptionally active compartments defined by Hi-

C in uninfected cells, supporting the idea that newly formed heterochromatin is globally redistributed 

during HSV-1 infection. Unfortunately, as our controls strongly indicated a lack of specific signal from 

our viral genome reads, at this time we are unable to make conclusions about the presence or absence 

of these marks from the viral genome (Figure 2.4). Future technical advances will allow for chromatin 

profiling of viral genomes from single cells to more accurately interpret chromatin marks during 

infection on the lytic viral genome.   

Arbuckle et al. showed that high dose inhibition of EZH2, the enzyme that deposits heterochromatin 

mark H3K27me3, caused upregulation of interferon stimulated genes (ISGs) creating an antiviral state 

in the cell in the absence of infection (35). This antiviral state was then shown to prevent infection of 

several viruses, including HSV-1, adenovirus, HCMV and ZIKA (35). This broad response suggests that 

it was not specific to HSV-1 but rather a blunt disruption of host heterochromatin to which the cell 

reacted by initiating defense mechanisms. In contrast, H3K27me3 levels can be decreased to stable 

levels, or a steady-state, using a low dose of inhibition over several days. Low dose inhibition of EZH2 

is being developed to target cancer types with EZH2 mutations as these cancers are sensitive to 
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inhibition while WT cells are unaffected (36, 37). This is important because we can differentiate 

between blunt force inhibition of EZH2 (i.e. high dose) causing an immune response and may have off 

target effects on other methyltransferases, and low dose inhibition (i.e. steady-state) that decreases 

total heterochromatin but has little effect on other targets or global cellular processes. Further, low dose 

inhibition, as we used, was reported to have no impact on accumulation of HSV-1 transcripts (28). 

Finally, our analysis of 4sU-RNA generated from heat shock and salt stress demonstrates that there is 

a decrease in transcription in genes found in macroH2A1-defined clusters upon either stressor (Figure 

2.6). Thus, our finding that depletion of H3K27me3 does not impact viral protein or genome 

accumulation is a distinct scenario from what has been previously reported. In addition, the striking 

phenotype of capsids lined up at the INM suggest a different mechanism of involvement of H3K27me3 

compared to macroH2A1 in which capsids are trapped throughout the nucleus. It will be interesting to 

determine in future work how these two marks work together or in concert to promote nuclear egress. 

Together, these results support a model in which host heterochromatin formation creates a structural 

highway for HSV1 capsids to successfully access the INM and egress (Figure 2.11).   

Mining of proteomics on histone marks indicates that several heterochromatin marks including 

H3K9me3 are also changing during HSV-1 infection (3). This suggests that there may be other 

mechanisms of heterochromatin dynamics at play. It will be fascinating to consider the diverse 

implications of heterochromatin domains not only as a means of transcriptional regulation but also as a 

structural component that impacts many facets of viral infection. Our finding that macroH2A1-defined 

clusters exhibit decreases in transcription upon heat shock and salt stress suggests that global 

changes to heterochromatin are likely a consequence of the cell’s stress response to infection that 

HSV-1 exploits to access the INM. Our results strongly indicate that it is the structural aspect of 

heterochromatin that is important for nuclear HSV-1 egress rather than transcription of any single gene 

or group of genes. Therefore, we propose that deposition of macroH2A1 and H3K27me3 in specific 

genomic regions during HSV-1 infection supports the formation of heterochromatin through which HSV-
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1 capsids travel to reach the inner nuclear membrane. Our study also provides a functional mechanism 

of how viral capsids can access the INM by diffusion, in the absence of an active transport mechanism 

(8,31, 38). It is important to note that capsids may move more freely in the replication compartments 

than at the periphery and our live-tracing measurements were taken in the whole nucleus, including 

replication compartments and periphery. Because we assessed the average MSD for all particles 

detected within the confocal volume, we can conclude that macroH2A1 knockout has a significant 

impact on the MSD, which is likely due to a portion of capsids located in the nuclear periphery. When 

averaged together, the movement of capsids is significantly slower in the absence of macroH2A1-

dependent heterochromatin, consistent with our model. At the inner nuclear membrane, capsids are 

aided by the nuclear egress complex, comprised of viral proteins UL34 and UL31, to bud into the inner 

nuclear membrane and fuse with the outer nuclear membrane for further maturation in the cytoplasm 

(7). Budding into the nuclear membrane also requires nuclear lamina disruption. Multiple reports 

describe that not only does lamina disruption occur independently of capsid formation, but that 

chromatin is likely the limiting factor in viral egress (39-45).  

Together with our results, this suggests that there are multiple steps in the capsid’s journey to the inner 

nuclear membrane preceding nuclear budding. In summary, our study demonstrates that the 

contribution of heterochromatin to the successful egress of HSV-1 capsids is a critical aspect of viral 

infection.   

  

DATA AVAILIBILITY  

The data generated are available in the published article and its online supplemental material.  

The CUT&Tag and RNA-seq data can be found here: Series GSE209820.   

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209820
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209820
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Chapter 3: Viral Kinase manipulation of host heterochromatin promotes efficient docking  

of the HSV-1 nuclear egress complex  

 

*The work in this chapter represents my contributions to a manuscript in collaboration with 

the laboratories of Matthew Weitzman (University of Pennsylvania) and Katarzyna Kulej 

(Memorial Sloan Kettering Cancer Center) to be submitted in Spring 2025.  "We" is used 

throughout the chapter as the text will contribute to a large portion of the manuscript. I 

designed and performed the experiments presented here with input from Daphne Avgousti, 

Katarzyna Kulej, Srinivas Ramachandran, and Matthew Weitzman. Mass-spectrometry data 

in Figure 3.7 E-F and additional data discussed in text kindly provided by Katarzyna Kulej. 

The work here was supervised and edited by Daphne Avgousti. 

Abstract:   

Herpes simplex virus (HSV-1) progeny form in the nucleus and exit to successfully infect 

other cells. Newly formed capsids navigate complex chromatin architecture to reach the inner 

nuclear membrane (INM) and egress. Here, we demonstrate by a combination of proteomics 

and transmission electron microscopy (TEM) that HSV-1 capsids depend on heterochromatin 

associated with trimethylation on histone H3 lysine 27 (H3K27me3) and phosphorylation on 

serine 28 (H3S28Ph) to efficiently locate and dock at the viral nuclear egress complex (NEC) 

in the INM. We demonstrate that the NEC, consisting of UL31 and UL34, together with viral 

kinases Us3 and UL13, requires dually modified H3K27me3S28ph for capsids to localize to 

and efficiently dock at the NEC, without which nuclear budding of viral progeny does not 

occur. Our work demonstrates that HSV-1 both manipulates and takes advantage of the 

dynamic nature of host heterochromatin formation during infection for efficient nuclear 

egress.   
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3.1 Introduction:  

Chromatin, which is a combination of DNA, RNA, and proteins, specifically refers to the state 

of eukaryotic DNA prior to condensing during prophase into the more widely recognized 

chromosome. The structure of chromatin is tightly regulated as transcription of genes is linked 

to chromatin accessibility. Regulation of chromatin is highly dynamic, allowing the cell to 

respond to its environment, and controlled by high levels of redundancy, to protect the cell 

from aberrant gene expression. Chromatin is organized into units called nucleosomes that 

consist of approximately 147bp of DNA wrapped around an octamer of histone proteins (1). 

Posttranslational histone modifications (or ‘marks’) are critical for defining the local 

conformation of chromatin. Marks such as trimethylation on the lysine 27 residue of histone 

H3 (H3K27me3), H3K9me3 are commonly associated with transcriptional repression (2) while 

acetylation is associated with activation (3). Additional marks on the histone tail can alter the 

original mark, one example of these “dual marks” is the phosphorylation of H3S28 next to 

H3K27 di- or trimethylation leading to chromatin decompaction (4).   

Chromatin regulators include enzymes that post-translationally modify histones, enzymes that 

support the structure of the chromatin, and enzymes that directly modify the DNA or non-

histone proteins in the chromatin structure (5). Histone Acetyltransferases (HATs) and Histone 

Deacetylases (HDACs) add and remove acetyl groups, respectively, on histone tails (6). These 

HDACs are themselves controlled by post-translational modifications, such as phosphorylation 

inhibiting function (7). Other chromatin regulators are also controlled by phosphorylation. For 

example, heterochromatin protein 1 gamma (HP1γ), a non-histone protein that helps 

condense heterochromatin, is phosphorylated to disrupt its interaction with DNA (8). Another 

example, is tripartite motif protein 28 (TRIM28), also called KAP1/TIF1β, recruits HP1 γ to 

histone methylation to support heterochromatin (9), when phosphorylated though TRIM28 acts 
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to relax chromatin (10).   Nuclear lamin proteins, which support the nuclear structure, also play 

a role in maintaining chromatin structure (11–13).   

Nuclear-replicating viruses takeover host chromatin and its regulators to successfully produce 

progeny (14). Herpes Simplex Virus-1 (HSV-1), a nuclear-replicating double stranded DNA 

virus, causes gross chromatin remodeling marginalizing chromatin to the nuclear periphery 

(15– 17). The virus then uses a unique mechanism of nuclear egress: progeny are first 

encapsulated by  the inner nuclear membrane forming a vesicle that then fuses with the outer 

nuclear membrane and is released into the cytosol for final maturation (18).  In HSV-1 lytic 

infection, newly formed capsids pass through gaps in the heterochromatin to reach the inner 

nuclear membrane and bud into single-virion vesicles (16, 19–22). This nuclear egress is 

facilitated by viral proteins UL31 (23), UL34(24, 25), and the viral kinase Us3 (17, 26–28). 

UL31 and UL34 are together referred to as the nuclear egress complex or NEC. HSV-1 also 

encodes a second serine/threonine kinase UL13 (29, 30), which directs the NEC and 

activates Us3 through phosphorylation (31). 

Here we sought to further investigate the mechanisms that drive the chromatin rearrangement 

during HSV-1 infection. Chromatin rearrangements during HSV-1 infection are important for 

nuclear egress (16, 19–22). To further investigate the chromatin rearrangement during HSV-1 

infection, we examined changes in levels and phosphorylation of proteins that participate in 

chromatin remodeling in a previously published mass spectrometry data set (33). Through 

personal communication with collaborators, we decided to further investigate the fact that 

lamin b, pre-lamin A/C, HP1γ/CBX3, HDAC2, and TRIM28 levels remain relatively stable over 

the course of HSV-1 infection by mass spectrometry. In contrast, phosphorylation of levels of 

lamin B, pre-lamin A/C, HP1γ/CBX3, HDAC2, and TRIM28 all increase significantly during 

HSV-1 infection. These phosphorylation changes were observed by mass spectrometry and 

validated by western blot (not permitted to be shown here).   
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In a similar manner, the dual histone mark H3K27me3S28ph increases over the course of 

infection. This increase differs from the above chromatin remodeling proteins in that the 

H3S28ph single mark does not change significantly over the course of infection, but the dual 

histone mark of H3K27me2/3S28ph does significantly increase, suggesting the H3K27 

methylation is important for the direction of the phosphorylation mark. This is in line with 

previously published reports that H3S28ph triggers the release of the PRC2 complex from 

chromatin, suggesting H3K27me2/3 is added prior to phosphorylation (4). Taken together, 

these data suggest that chromatin remodeling during HSV-1 infection is driven, at least in part, 

by phosphorylation events.    

HSV-1 encodes 2 known protein kinases Us3 and UL13. To investigate the nature of these 

chromatin remodeling phosphorylation events, our collaborators performed proteomics 

analysis by mass spectrometry on cells infected with Us3-null, UL13 kinase-dead, or 

Us3null/UL13 kinase-dead HSV-1. The phosphorylation of the above chromatin-associated 

proteins required viral kinase Us3, UL13, or both. Thus, we concluded that viral kinases 

directed a majority of these chromatin remodeling phosphorylation events. And I performed 

follow-up studies on these observations discussed below in the results section.  

In my follow-up studies I found that, the viral kinase Us3 is necessary and sufficient to cause 

large scale chromatin rearrangements, in heterochromatin dependent manner. I additionally, 

found infected H3K27me3-depleted cells phenocopy infected cells with no capsid docking(32). 

Taken together, we propose a model in which the dual histone mark H3K27me3S28ph directs 

the NEC and capsid docking for proper nuclear egress.   

Results: 

 3.2 Us3, but not Ul13, is sufficient to rearrange chromatin and H3K27me3   
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Based on the extensive role of these viral kinases in the phosphorylation of chromatin 

remodeling proteins, we hypothesized that these viral kinases may be sufficient for specific 

chromatin remodeling events during HSV-1 infection. To test this hypothesis, we transfected 

plasmids encoding either Us3, Us3 kinase dead (Us3K220A) (34, 35) or UL13 (36) into HeLa 

cells and examined the chromatin structure by immunofluorescence in the presence or 

absence of H3K27me3 depletion. I n control cells, transfection with a plasmid expressing GFP 

only, we found that chromatin remains evenly distributed throughout the nucleus (Figure 3.1 

A-B). Interestingly, we found that Us3 ectopic expression is sufficient to grossly rearrange host 

chromatin (Figure 3.1 A,D). In cells transfected to express functional Us3, chromatin becomes 

punctate, with an increase in intensity around the nuclear periphery (Figure 3.1 D). In 

contrast, cells transfected to express UL13 also retained even chromatin distribution, while the 

nuclei appeared larger than control nuclei (Figure 3.1 A,C), similar to what is observed during 

HSV-1 infection ((15, 17). This suggests that the phosphorylation events caused by UL13 are 

not sufficient to grossly rearrange chromatin but do impact nuclear size, while phosphorylation 

events caused by Us3 are sufficient to drive chromatin rearrangement.  

To confirm that the chromatin rearrangement in Us3 expressing cells was a result of Us3 

kinase activity, we next generated a Us3 kinase dead expression plasmid. The Us3K220A 

point mutation ablates kinase activity (36, 37). Cells expressing the Us3K220A mutant did not 

undergo chromatin rearrangement (Figure 3.1 A,E). Rather the chromatin remained uniformly 

distributed, though like UL13, the nuclei did enlarge. Thus, we found that without the kinase 

activity, the impact of Us3 on chromatin was lost, indicating that phosphorylation events are 

critical for to elicit chromatin changes.  

3.3 Us3 chromatin rearrangement is enhanced when heterochromatin markers are present  

As Us3 phosphorylates many proteins involved in maintaining heterochromatin structure, we 

next chose to investigate whether heterochromatin markers were required for Us3 
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rearrangement of chromatin. We have previously shown that heterochromatin markers 

H3K27me3 and macroH2A1 are important in HSV-1-induced chromatin rearrangement (22). 

H3K27me3 is deposited as the first mark in the H3K27me3S28ph dual mark increase we 

observed (Figure 3.1 D) and macroH2A1 is phosphorylated over the course of HSV-1 

infection. Therefore, we hypothesized that these heterochromatin markers may play a role in 

Us3-induced chromatin rearrangement. To investigate this, we used tazemetostat to deplete 

H3K27me3 by inhibiting EZH2 and knocked out macroH2A1 by CRISPR/Cas9 as previously 

described (22) . We then transfected to express GFP or UL13 as described above and 

discovered that chromatin appeared uniform as in normal untreated cells (Figure 3F-G) and 

upon loss of the heterochromatin markers H3K27me3 and macroH2A1. Us3 expression in 

cells depleted of H3K27me3 caused chromatin rearrangement as in DMSO treated cells, 

however, the effect appeared less intense in the absence of the heterochromatin mark. 

Similarly, loss of macroH2A1 also resulted in a less intense chromatin rearrangement (Figure 

3.1 F-I). Furthermore, Us3 expression also led to formation of large H3K27me3-stained 

regions predominantly around the nuclear periphery (Figure 3.2). These H3K27me3 regions 

were not present in H3K27me3-depleted cells. Together, these data suggest that Us3 is 

sufficient to rearrange host chromatin in a heterochromatin-supported manner.   
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Figure 3.1. HSV-1 kinase Us3, but not UL13, is sufficient to cause gross 

chromatin rearrangement. A) Representative immunofluorescence images of HeLa 

cells transfected with plasmid expressing GFP, UL13, Us3, or Us3K220A as indicated. 

Chromatin is marked with DAPI. Scale bar indicates 10 µM. Dashed lines though cells 

indicate region for histograms of DAPI intensity in B-E. B) Histogram of DAPI intensity 

in HeLa cell transfected with plasmid expressing GFP.  C) Histogram of DAPI intensity 

in HeLa cell transfected with plasmid expressing UL13. D) Histogram of DAPI intensity 

in HeLa cell transfected with plasmid expressing Us3. E) Histogram of DAPI intensity 

in HeLa cell transfected with plasmid expressing Us3K220A.  F) Representative 

immunofluorescence images of H3K27me3 depleted HeLa cells transfected with 

plasmid expressing GFP, UL13, Us3, or Us3K220A as indicated. Chromatin is marked 

with DAPI. Dashed lines though cells indicate region for histograms of DAPI intensity 

in H. G) Representative immunofluorescence images of macroH2A1 knockout HeLa 

cells transfected with plasmid expressing GFP, UL13, Us3, or Us3K220A as indicated. 

Chromatin is marked with DAPI. Dashed lines though cells indicate region for 

histograms of DAPI intensity in I. H) Histogram of DAPI intensity in H3K27me3 

depleted HeLa cell transfected with plasmid expressing Us3. I) Histogram of DAPI 

intensity in macroH2A1 KO HeLa cell transfected with plasmid expressing Us3.  
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Figure 3.2. H3K27me3 is redistributed by HSV-1 Us3 expression alone. A) 

Representative immunofluorescence images of HeLa cells and H3K27me3 depleted 

HeLa transfected with plasmid containing Us3 as indicated. Chromatin is marked with 

DAPI. H3K27me3 is shown in magenta.   
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3.4 HSV-1 Us3 is necessary to arrange host chromatin, this rearrangement is also enhanced by 

presence of heterochromatin mark H3K27me3 

Since Us3 was sufficient to rearrange the H3K27me3-associated host chromatin, we next hypothesized 

that Us3 is also necessary to rearrange host chromatin. To investigate this, we infected HFF-t cells with 

either a WT laboratory strain (syn17+) or a Us3-null strain of HSV-1 and performed 

immunofluorescence imaging at 18 hpi. Consistent with previously works, we saw that there were many 

large openings in the host chromatin in cells infected with WT HSV-1 (16). Interestingly, these 

chromatin openings we not present in cells infected with US3-null HSV-1 (Figure 3.3). Furthermore, we 

hypothesized that H3K27me3 may play a role in this rearrangement as well. We found that in 

H3K37me3-depleted cells these openings were not present when cells were infected with either WT or 

Us3-null HSV-1 (Figure 3.3).  
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Figure 3.3 Us3 and H3K27me3 are necessary for chromatin rearrangement during HSV-1 

infection. A) Representative immunofluorescence images of HFF-t cells and H3K27me3 

depleted HFF-t cells infected with WT or Us3-null HSV-1 at 18hpi as indicated. Chromatin is 

marked with DAPI. 

 

3.5 K27me3 depletion causes nuclear membrane folding in HSV-1 infected cells 

Thus far we have shown that Us3 is required to phosphorylate chromatin-associated 

proteins and is sufficient to rearrange the host chromatin. Because Us3 plays a key 

role in nuclear egress (27, 34, 37), we therefore hypothesized that Us3 may directly 

interact with H3K27me3 to support nuclear egress. We previously showed H3K27me3 

depletion inhibits efficient nuclear egress in HSV-1 and showed that HSV-1 capsids 
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appeared to “line up” along the edge of the nuclear membrane by TEM (22). 

Unexpectedly, we found that viral capsids were directly adjacent to membranes where 

four distinct membranes were visible (Figure 3.4 A). In many cases, a membrane 

looping was also visible directly adjacent to the capsid accumulations (Figure 3.4 A, 

arrowheads) but was not present in uninfected cells or H3K27me3-dpeleted 

uninfected cells (Figure 3.4 B-C). For clarity, we will refer to this characteristic 

phenotype of membrane looping as ‘infolding’, which was significantly increased in 

HSV-1 infected cells depleted of H3K27me3 compared to the DMSO-treated control 

(Figure 3.4 D). There were also no membrane infoldings observed in DMSO treated 

HSV-1 infected cells (Figure 3.4 C), suggesting that H3K27me3 is a critical part of 

viral egress at the nuclear membrane.   
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Figure 3.4. H3K27me3 depletion causes membrane infolding during HSV-1 

nuclear egress. A) Representative transmission electron microscopy image of HFF 

cell during HSV-1 infection. B) Representative transmission electron microscopy image 

of uninfected HFF cell with H3K27me3 depletion. C) Representative transmission 

electron microscopy image of HFF cell with H3K27me3 depletion during HSV-1 

infection. Arrowheads indicate membrane infoldings. D) Quantification of membranes 

present at each capsid interaction with the nuclear membrane. Data is shown as 

percentage of the capsid interactions n=48 in DMSO treated cells, n=89 in H3K27me3 

depleted cells, P < 0.0001 chi-square test.  

  

Because membrane infoldings were only present during infection, we next hypothesized that they are 

dependent on components of the nuclear egress complex (NEC). To investigate this hypothesis, we 

used immunofluorescence to visualize NEC component UL34, which inserts into the nuclear membrane 

and supports nuclear egress. We found significantly more concentrated regions of UL34 in H3K27me3-

depleted cells compared to DMSO-treated cells (Figure 3.5 A-B). Furthermore, when we infected 

H3K27me3-depleted cells with UL34-null or UL31-null viruses we observed no membrane infoldings 

(Figure 3.6 A-B). Taken together, these results suggest that the observed membrane infoldings may be 

accumulations of UL31 and UL34.    
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Figure 3.5. H3K27me3 depleted cells contain large concentrations of UL34. A)  

Representative immunofluorescence images of UL34 (green), H3K27me3 (magenta), ICP8  

(yellow), and DAPI (cyan) at 10 hpi in HSV-1 infected DMSO treated and H3K27me3 

depleted HFF-T cells. Scale bar indicates 10 µM. B) Scoring number of UL34 

concentrations per cell. N = 30 cells ***P < 0.001 by student t-test.    

   

 

  

Figure 3.6. Nuclear membrane infoldings are not present in H3K27me3 depleted 

cells infected with NEC mutants. TEM images of representative DMSO treated (left 

column) or H3K27me3 depleted (right column) nuclei infected with UL 34-null (A) or 

UL31-null (B) HSV-1 at 18 hpi. Scale bar as indicated.   
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To confirm that the specificity of H3K27me3 depletion was responsible for the reduction in 

progeny and not an effect of EZH2 inhibition, we first only pretreated cells for 1 hour rather than 

3 days prior to infection. We have found that pretreatment with Tazemetostat for less than 24 

hours does not noticeably deplete H3K27me3 levels in HFF-ts. We found 1 hour pretreatment 

with Tazemetostat was insufficient to significantly reduce progeny (Figure 3.7 A). This suggests 

that H3K27me3 depletion prior to infection drives the reduction in progeny rather than inhibition 

of EZH2 during infection. We further investigated this by infecting cells pretreated for 3 days 

with EED226, a small molecule inhibitor PRC2 complex member EED with a similar H3K27me3 

reduction profile to Tazemetostat (38). We found that EED226 and Tazemetostat reduced 

infectious HSV-1 progeny to the same degree. Thus, we also found that the protein in the PRC2 

complex targeted by small molecule inhibitor did not affect the reduction in progeny production 

(Figure 3.7 B). Furthermore, depletion of H3K27me3 reduced infectious progeny to similar 

proportion when normalized to DMSO control in WT, UL13 KD, Us3null, and Us3null/UL13KD 

viruses (Figure 3.8 A-D). 

Figure 3.7. Timing of low dose PRC2 inhibitor, but not component of PRC2 

complex targeted by inhibitor, impacts reduction in viral progeny production. A) 
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Infectious progeny produced from HSV-1 infected cells treated with Tazemetostat to 

inhibit PRC2 at either 3 days prior to infection or 1 hour prior to infection and quantified 

by plaque assay. Viral yield is indicated as the percent yield compared to WT at each 

indicated time point. Error bars represent the SEM of three biological replicates, *P < 

0.05 **P < 0.01 by Dunnett's multiple comparisons test.  B) Infectious progeny produced 

from HSV-1 infected cells treated for 3 days with EZH2 inhibitor Tazementostat, EED 

inhibitor EED-226, and DNA methylation inhibitor GSK-3484862 and quantified by 

plaque assay. Error bars represent the SEM of three biological replicates, **P < 0.01, 

***P < 0.001 by Dunnett's multiple comparisons test. 

 

Figure 3.8. H3K27me3 depletion reduces infectious progeny to a similar degree in 

HSV-1 kinase mutants. A) Infectious progeny produced from HSV-1 infected DMSO 

treated or H3K27me3 depleted cells at 18 hpi with strain as indicated and quantified by 

plaque assay. B) Infectious progeny produced from HSV-1 infected DMSO treated or 

H3K27me3 depleted cells at 24 hpi with strain as indicated and quantified by plaque 

assay. C) Infectious progeny normalized to DMSO treated progeny levels at 18 hpi with 

strain as indicated and quantified by plaque assay. D) Infectious progeny normalized to 
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DMSO treated progeny levels at 24 hpi with strain as indicated and quantified by plaque 

assay.  

 

3.6 H3K27me3 and Us3 are both required for efficient capsid docking and nuclear egress  

 

Because loss of H3K27me3 results in capsids not budding efficiently into the INM, we examined 

the dependence of this phenotype on UL31 and UL34. Our results using the UL31-null and UL34-

null viruses indicate that they are required for the membrane infolding phenotype we observe. 

Together, these results led us to hypothesize that HSV-1 capsids require both H3K27me3 and NEC 

components to efficiently dock and bud into the INM. To investigate this, we turned to Us3 as a key 

player in supporting HSV-1 capsid nuclear budding. We infected H3K27me3-depleted cells with a 

Us3-null viruses and examined the nuclear membrane by TEM. Surprisingly, infection of 

H3K27me3-depleted cells with Us3-null virus led to increased membrane infoldings compared to 

wild-type HSV-1 infection (Figure 3.9 A). Furthermore, there were many instances in which 

membrane infolding was observed with no visible capsids along the membrane. This was 

surprising because it is in contrast to the membrane infolding observed above which only occurred 

when WT HSV-1 capsids lined up at the INM in H3K27me3-depleted cells (Figure 3.4).  

Interestingly, this extensive membrane infolding strongly phenocopies what has been observed in 

cells infected with a virus lacking VP5, the major capsid protein, and expressing only kinase dead 

Us3K220A (32). The membrane infolding observed by others in VP5-null/Us3K220A infected cells 

was not seen in cells infected with either VP5 null or Us3-kinase dead virus (32). This observation 

suggests that membrane infolding only occurs when Us3 cannot trigger membrane budding 

through a combination of phosphorylation events and proper capsid docking. In our experiment 

infecting H3K27me3-depleted cells with Us3-null virus, we observed a further reduction in viral 

titers compared to Us3-null virus infection (Figure 3.9 B). Of note, in H3K27me3 depleted cells, 

both WT and Us3-null HSV-1 progeny were reduced by the same proportion (Figure 3.9 C), 

suggesting distinct functions. Based on the similarity in phenotype to VP5-null/Us3K220A HSV-1 
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infection and the further reduction of Us3-null virus titers when H3K27me3 was depleted, we 

conclude that H3K27me3 depletion impacts either HSV-1 capsid formation or docking of the 

capsids to the NEC.     
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Figure 3.9 H3K27me3 and Us3 are required for efficient capsid docking and nuclear 

egress. A) TEM images of representative DMSO treated (left column) or H3K27me3 

depleted (right column) nuclei infected with Us3-null 18 hpi. Scale bar as indicated. B) 

Infectious progeny produced from DMSO and H3K27me3 depleted cells during HSV-1 WT 

and Us-3 null virus infection. Error bars represent the SEM of three biological replicates, 

**P < 0.01, ***P < 0.001 by Dunnett's multiple comparisons test.  C) Infectious progeny data 

from B normalized to DMSO progeny production in indicated strain. Error bars represent 

the SEM of three biological replicates, ***P < 0.001, ****P < 0.0001 by Dunnett's multiple 

comparisons test. D) Representative western blot of lamin A/C ser-22-ph, lamin A/C ser-

404-ph, total Lamin-B1, viral proteins VP5, UL34, ICP0, and Us3, H3 and actin are shown 

as loading controls. E) Differential host protein level log fold-change from H3S28ph and H3 

control peptide pull-down and follow-up mass-spectrometry. n = biological replicates. F) 

Differential viral protein level log fold-change from H3S28ph and H3 control peptide pull-

down and follow-up mass-spectrometry. N= 3 biological replicates. 

 

To investigate whether viral capsid protein production was inhibited by H3K27me3 depletion, we 

examined protein levels of VP5 (also known as major capsid protein, MCP) in both DMSO treated 

and H3K27me3 depleted cells and found no change in protein levels by western blot. Because the 

phosphorylation of lamins is essential for HSV-1 capsids to reach the INM, we also examined 

these levels during infection in H3K27me3-depleted cells compared to control. We found that there 

were no detectable changes in lamin, phosphorylated lamins, or UL34 levels in H3K27me3-

depleted cells when infected with either WT or Us3-null HSV-1 (Figure 3.9 D), suggesting that our 

observed phenotype is not driven by defect in capsid production or lamin rearrangement. We also 

examined lamin distribution by immunofluorescence and found though there was no apparent 

difference in Lamin B1 or phosphor-LaminA/C distribution, we were able to detect large membrane 

bound vesicles seen by TEM (Figure 3.10) 
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Figure 3.10 Us3 and H3K27me3 affect Lamin A/C-S404ph distribution during HSV-1 

infection. Representative immunofluorescence images of HFF-t cells and H3K27me3 

depleted HFF-t cells infected with WT or Us3-null HSV-1 at 18hpi as indicated. Chromatin is 

marked with DAPI.HSV-1 UL34 is green, LaminB1 is magenta, and LaminA/C Ser404ph is 

yellow. 

 

To further confirm expression of capsid proteins is unaffected by H3K27me3 depletion, we are 

currently processing bulk RNA seq in DMSO and H3K27me3 depleted cells. However, it is unlikely 

K27me3 depletion impacts viral transcription as several other published findings with small 

molecule inhibitors of EZH2 that deplete H3K27me3 levels did not detect changes in viral transcript 

levels(39, 40). Based on these findings, we hypothesized that the phenotype we found in 

H3K27me3 depleted viruses infected with Us3-null virus was more likely to reflect a capsid docking 

defect.   

To determine whether the defect is a direct result of the loss of histone modification, we next 

investigated the interaction of a modified histone tail with viral proteins. To do this, we incubated 

cellular lysate from infected cells with immobilized H3S28ph peptide and performed mass 

spectrometry to identify proteins interacting with H3S28ph or H3 peptide alone. H3S28ph was 

selected based on increase in abundance, the role of viral kinase, Us3, in egress and chromatin 

rearrangement, and peptide availability. We found that the H3S28ph peptide pulldown of host 

proteins was enriched for lamins, and several vesicle trafficking proteins, including Arf6 (41), 

Septin11 (SEPT11)(42), and SRP54(43)  (Figure 3.9 E). Furthermore, the viral proteins most 

significantly enriched in the H3S28ph peptide pulldown include UL14, UL16, UL56, and Us3 

(Figure 3.9 F). UL14 and UL16 knockout results in viruses with reduced nuclear egress (44, 45), 

and UL56 knockout has a more generally defined egress defect, though if this egress was at the 

nuclear stage or secondary egress was not defined (46).    

Taken together, the results from this pulldown suggest that H3S28ph interacts with host and viral 

proteins not canonically included in the NEC designation but facilitate the docking and nuclear 

budding of capsids in nuclear egress.   
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Discussion   

Integrating the data presented here, we propose a model in which the viral kinase Us3 rearranges 

host chromatin to allow capsids to access the nuclear membrane.  The histone marks H3K27me3, 

and the dual mark H3K27me3S28p then help direct the capsids to dock at the nuclear membrane 

before the viral kinase Us3 phosphorylates additional viral and host proteins to trigger capsid 

egress (Figure 3.11). The other NEC components, UL31 and UL34, are also necessary for 

chromatin rearrangement during HSV-1 infection, especially near the nuclear periphery(16). Us3 

driven chromatin rearrangement can be seen in the Hoescht staining of other works studying the 

NEC that the components, their work also suggest that UL21 directs the Us3, UL31 and UL34 

HSV-1 proteins to the nuclear membrane (47).   

 
 

Figure 3.11 Model for H3K27me3 direction of HSV-1 nuclear egress. Left: Proposed 

model of phosphorylation events by Us3 and H3K27me3/H3K27me3S28ph chromatin 

support during HSV-1 nuclear egress. Right: Proposed model of effects of H3K27me3 

heterochromatin disruption in HSV-1 nuclear egress.  
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In Figure 3.9, we show that Us3-null HSV-1 infection in H3K27me3 depleted cells phenocopies 

VP5-null/Us3K220A HSV-1 infection. This mutant virus highlights the potential that some capsid 

docking event triggers the budding process in HSV-1 nuclear egress. In H3K27me3 depleted cells, 

the exacerbation of membrane infolding with Us3-null virus infection suggest this release event is 

dependent on Us3 kinase activity.  However, the presence of membrane infoldings in H3K27me3 

depleted cells infected with WT HSV-1, and proportional reduction of progeny production in 

H3K27me3 depleted cells regardless of infection with WT or Us3-null virus suggests the phenotype 

is driven by H3K27me3 depletion affecting capsid docking to the NEC.  In H3K27me3 depleted 

cells, VP5 levels are unaffected in WT and Us3-null HSV-1 infection. Virion capsid formation is not 

impacted by H3K27me3 depletion in WT HSV-1 infection (22). Highlighting that this phenotype is 

likely a capsid docking defect and not a capsid production defect. Follow-up studies should 

investigate how HSV-1 capsids dock to the NEC complex and the involvement of H3K27me3.   

The dual histone mark H3K27me3S28ph increases on latent HSV-1 genomes just prior to 

reactivation (48).  The H3K27me3S28ph mark is very dynamic in neuronal cells, frequently 

increasing in response to abnormal signaling conditions (49, 50).  H3K27me3S28ph increasing on 

viral genomes as latent virus is reactivated may indicate this mark is concurrently increasing on 

host chromatin and thus helping facilitate the nuclear egress of reactivated virus as well.   

Us3 and UL16, one of the top associations in H3S28ph pulldown, are key factors in neuroinvasion 

and neurovirulence of the alpha herpesvirus, PRV (51). The H3K27me3S28ph role in neuronal 

firing and role of US3 and UL16 in neurovirulence suggests that this nuclear egress phenotype 

may play an even more dramatic role in neuron cells compared to the HFFs used in this study. 

Indeed, treatment of mice with small molecules that deplete H3K27me3 significantly reduced 

neuroinvasion of HSV-1 infection in mice(52) . This highlights that an understanding of HSV-1 

nuclear egress can help lead to drug discoveries targeting the severe diseases associated with 

HSV-1 such as herpetic encephalitis. (47)   
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Chapter 4: Human cytomegalovirus induces neuronal gene expression through IE1 for viral 

maturation 

 

*The contents of this chapter are adapted from my manuscript Kelnhofer-Millevolte LE, Smith JR, 

Nguyen DH, Wilson LS, Lewis HC, Arnold EA, Brinkley MR, Geballe AP, Ramachandran S, Avgousti 

DC. Human cytomegalovirus induces neuronal gene expression for viral maturation. bioRxiv [Preprint]. 

2024 Jun 13:2024.06.13.598910. doi: 10.1101/2024.06.13.598910, and currently under revision at 

Nature Communications. "We" is used throughout the publication. I designed and performed 

experiments, wrote, and created figures for the original manuscript. Julian Smith assisted with 

experimental design, performed experiments, and assisted with figure creation, especially Figure 4.X. 

Daniel Nguyen performed experiments and assisted with figure creation, especially Figure 4.X. Mia 

Brinkley, Edward Arnold, Hannah Lewis, and Lea Wilson assisted with experiments. Sequencing 

analysis and text describing analysis was kindly performed by Srinivas Ramachandran. Adam Geballe 

provided reagents and consulted on experimental design. The work here was supervised and edited by 

Daphne Avgousti. 

Abstract  

Viral invasion of the host cell causes some of the most dramatic changes in biology. Human 

cytomegalovirus (HCMV) extensively remodels host cells, altering nuclear shape and generating a 

cytoplasmic viral-induced assembly compartment (vIAC). How these striking morphology changes occur 

in the context of host gene regulation is still emerging. Here, we discovered that histone variant 

macroH2A1 is necessary for formation of infectious progeny and HCMV-induced reorganization of the 

host cell. Using RNA-seq we found that while all viral genes were highly expressed in the absence of 

macroH2A1, many HCMV-induced host genes were not. Remarkably, hundreds of these HCMV-induced 

macroH2A1-dependent host genes are associated with neuronal synapse formation and vesicle 

trafficking. Further, we found that HCMV immediate early protein, IE1, is sufficient to induce these 

neuronal genes, providing a mechanism of activation. Together, our findings demonstrate that HCMV 
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hijacks a dormant neuronal secretory pathway through chromatin manipulation for efficient virion 

maturation.  

4.1 Introduction  

Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus with seropositivity ranging from 65 to 

100% (1, 2). In immunocompetent individuals, HCMV is typically asymptomatic or results in mild cold-

like symptoms (3). In contrast, congenital HCMV infection is one of the leading causes of infectious 

birth defects affecting about 1 in every 200 live births (4). Additionally, cytomegalovirus is a chief cause 

of morbidity and mortality in both solid organ and stem cell transplant recipients (5) and individuals with 

poorly controlled HIV (6).   

HCMV infection of the host cell induces large scale cellular remodeling (7). The host nucleus forms a 

characteristic kidney-bean shape while host chromatin becomes polarized to one side (8) and large-

scale cytoskeletal rearrangement causes the nucleus to spin (8, 9). Simultaneously, the Golgi, 

endosome, and other cellular membranes are reorganized during HCMV infection to form the viral-

induced assembly compartment (vIAC) (10). Viral replication occurs in the nucleus, after which progeny 

capsids exit from the nucleus and pass through the vIAC for tegumentation and final maturation (11–

13). Importantly, unlike other lytic herpesvirus infections, HCMV does not shut down host transcription 

(14), though how host gene expression is altered by HCMV remains actively under investigation.  

Cellular remodeling is closely controlled by host gene expression, which in turn is regulated by histone 

modifications and histone variants (15–17). MacroH2A1 is a histone variant that can replace the core 

histone H2A. MacroH2A1 was initially discovered on the inactive X chromosome associated with 

transcriptional repression (18, 19). In contrast, macroH2A1 is also required for gene activation in 

several contexts including serum starvation response (19), smooth muscle differentiation (20), and 

neuronal differentiation (21). We previously showed how macroH2A1-dependent heterochromatin is 

critical for herpes simplex (HSV-1) egress from the nuclear compartment (22). Therefore, we 

hypothesized that macroH2A1 may also function in cytomegalovirus infection. Here, we demonstrate 
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that HCMV predominantly upregulates hundreds of exclusively neuronal genes in a macroH2A1-

dependent manner, driven by viral immediate early IE1. This upregulation of neuronal genes is 

essential for efficient HCMV infectious progeny production and defines a new mechanism wherein 

HCMV has evolved to control host gene expression to promote progeny maturation and viral spread.  

Results  

4.2 MacroH2A1 is required for production of infectious HCMV progeny.  

 

Due to the importance of macroH2A1 in lytic HSV-1 infection (22) and the observation that macroH2A1 

mRNA levels increase during lytic HCMV infection (23), we hypothesized that macroH2A1 is also 

necessary for efficient HCMV lytic infection. To investigate this hypothesis, we infected wild-type human 

foreskin fibroblast cells (WT HFF-T) and our established macroH2A1 CRISPR knock-out cells 

(macroH2A1 KO HFF-T) (22) with HCMV (Towne) and measured infectious viral progeny. We found 

that HCMV grown in macroH2A1 KO cells produced approximately 30-fold fewer infectious progeny, 

than HCMV grown in control cells (Figure 4.1 A, Figure 4.2 A).  

We next asked whether macroH2A1 loss affected viral protein and RNA accumulation. We measured 

viral protein levels by western blot of representative immediate early (IE1/2), early (UL44), late 

tegument (pp28 and pp65), and late envelope (gB) proteins.  We found that all measured viral proteins 

were robustly expressed at earlier time points, and to a stronger degree in macroH2A1 KO cells 

(Figure 4.1 B).  

To determine whether other viral genes not measured by western blot might explain the decrease in 

infectious progeny produced, we next measured the viral transcriptome by RNA sequencing. We 

performed bulk RNA sequencing of HCMV-infected WT and macroH2A1 KO cells at 4, 16, 24, 48, and 

72 hours post infection (hpi). We found that in macroH2A1 KO cells, early gene expression was 

initiated by 4 hpi and that immediate early viral genes were expressed at a higher level compared to 

their levels in WT cells. By 16 hpi, many late viral transcripts were already expressed in macroH2A1 KO 

cells, while late transcripts were not expressed in WT control cells until 48 hpi (Figure 4.1 C, Figure 4.2 
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B-C). Thus, HCMV transcripts and proteins were expressed earlier and to a higher level in macroH2A1 

KO cells compared to WT cells.    

As increased protein and RNA expression in macroH2A1 KO cells did not explain the strong reduction 

in infectious progeny, we next investigated genome replication. We found that within cells, there was no 

significant change in viral genomes between WT and macroH2A1 KO cells measured by droplet digital 

PCR (ddPCR) (Figure 4.1 D). Similarly, we found no significant change in nuclease-resistant genomes 

released into the supernatant (Figure 4.1 E), indicating that the reduction in infectious progeny is not 

due to replication or egress defects but rather that viral progeny grown in macroH2A1 KO cells are 

defective.   
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Figure 4.1. HCMV requires macroH2A1 for efficient production of infectious progeny, but 

not protein, RNA, or genome accumulation. A) Infectious progeny produced from HCMV 

infected WT and macroH2A1 KO HFF-T cells quantified by plaque assay at 4- or 6-days post 

infection (dpi) as indicated. Viral yield is indicated as the percent yield compared to wild type, 

with errors bars representing SEM. **** P < 0.0001 at both time points by unpaired T-test. N=3 

biological replicates. B) Representative western blots of viral proteins in cells as in (A) during 

HCMV infection at 4, 16, 24, 48, 72, and 96 hours post infection (hpi) compared to mock (M). 

These time points correspond to immediate early gene expression (4 hpi), early gene 

expression (16 hpi), genome replication (24 hpi), and late gene expression (48 and 72 hpi). 

Vinculin is shown as loading control. C) Heat map of viral genes measured by RNA sequencing 

at 4, 16, 24, 48, and 72 hpi compared to mock (M). N=3 biological replicates. D) Droplet digital 

PCR (ddPCR) quantification of HCMV genomes extracted from infected WT and macroH2A1 

KO cells at 4 hours (input), 4, and 6 dpi. Bar graphs show the mean with error bars indicating 

SEM. No significance at any time point by paired T-test. E) ddPCR quantification of HCMV 

genomes released from cells as in (D) and isolated from supernatants (sups) at 4 and 6 dpi 

after nuclease treatment, indicating encapsidated genomes. Error bars represent the SEM of 

three biological replicates. No significance at any time point by paired T-test. F) Representative 

immunofluorescence images of WT and macroH2A1 KO cells during HCMV infection at mock 

and 72 hpi. DAPI is shown in cyan, and viral protein pp28 is shown in magenta. Scale bar 

represents 10 µm. G) Quantification of the volume of viral induced assembly compartments 

(vIACs) measured by pp28 fluorescence. Bar graphs show mean with error bars indicating 

SEM. P < 0.05 by unpaired T-test. N>40 vIACs. H) Quantification of nuclear volume of WT and 

macroH2A1 knockout HCMV-infected cells at 72 hpi. Bar graphs show mean with error bars 

indicating SEM. p < 0.001 by unpaired T-test. N>40 cells. 

 

4.3 MacroH2A1 is required for nuclear rearrangement and vIAC formation.  

 

Proper maturation of HCMV progeny occurs in the vIAC. Therefore, we hypothesized that the loss of 

macroH2A1 results in a viral maturation defect due to a defective vIAC. We used immunofluorescence 

to visualize infected cells. Strikingly, we found that the vIACs were significantly smaller in macroH2A1 

KO cells (Figure 4.1 F-G, Figure 4.2 D), the nuclei did not expand as expected, and the nuclei did not 

form the characteristic kidney-bean shape (Figure 4.1 F and H, Figure 4.2 E). Furthermore, we 

observed that infected macroH2A1 KO cells also retained the centrosomes and tubulin boundary 

between cells, suggesting that HCMV-induced syncytia are malformed in infected macroH2A1 KO cells 

compared to infected WT cells (Figure 4.2 F). Our findings demonstrate that macroH2A1 plays a key 

role in HCMV-induced cellular remodeling and formation of vIACs.  
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Figure 4.2. HCMV nuclear and cytoskeletal reorganization requires macroH2A1. A) 

Infectious progeny produced from TB40E-GFP HCMV infected WT and macroH2A1 KO HFF-T 

cells quantified by plaque assay at 4 or 6 days post infection (dpi) as indicated. Viral yield is 

indicated as the percent yield compared to wild type, with errors bars representing SEM. P < 

0.0001 at both time points by unpaired T-test. N=3 biological replicates. B) Volcano plots where 
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the Log2(Fold Change) for WT vs. macroH2A1 KO at 48 hpi is plotted against -log10(FDR) for 

genes in clusters as marked. Significantly upregulated genes (Genes with Log2(Fold Change) 

>1 and FDR£0.05) are marked in red, and significantly downregulated genes (Genes with 

Log2(Fold Change) <1 and FDR£0.05) are marked in blue. C) Volcano plots as in (B) for gene 

expression at 72 hpi. D) Sphericity of viral induced assembly compartment as measured by 

pp28 staining. Bar graphs show mean with error bars indicating SEM. No significance by 

unpaired T-test. N>40 vIACs. E) Nuclear sphericity of WT and macroH2A1 KO HCMV infected 

cells at 72 hpi. Violin plot depicts median and quartiles in dashed lines. Division of oval and 

bean shape as marked. p < 0.05 by unpaired T-test. N > 40 cells. F) Representative 

immunofluorescence images of WT and macroH2A1 KO cells during CMV infection at mock and 

72 hpi with tubulin staining in green. Arrows indicate centrosomes and dashed white lines 

outline nuclei. Scale bar represents 10 micrometers. 

 

4.4 HCMV rearranges host cytosolic structures in a macroH2A1-dependent manner.  

 

To determine if the structural rearrangements that are required for vIAC formation occur in the absence 

of macroH2A1, we investigated cellular organization using transmission electron microscopy (TEM). 

We found that while the overall cellular structure was comparable in mock-treated WT and macroH2A1 

KO cells (Figure 4.4 A), at 4 days post infection (dpi) HCMV infected cells exhibited dramatically 

different cytoplasmic structures. We observed that the measurable length of endoplasmic reticulum 

(ER) regions was significantly shorter in WT cells compared to macroH2A1 KO cells (Figure 4.4 B-D, 

Figure 4.3 A-B). Our findings suggest that without macroH2A1, HCMV is unable to disrupt the host ER.   
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Figure 4.3. Image analysis pipeline for electron microscopy data. A) Additional 

transmission electron microscopy image of WT and macroH2A1 KO cells at 4 dpi with 

HCMV.  Scale bar as indicated. B) Representative image highlighting the ER tracing in 

ImageJ for quantification in Figure 4.4D. Yellow lines represent traces made with 

“Freehand line tool”, length of line was measured with ImageJ “Measure” function. C) 

Additional transmission electron microscopy images of vIACs from WT and macroH2A1 

KO cells at 4 dpi.  D) Representative images indicating the ImageJ macro for 

quantification of vIACs shown in Figure 4.4F. 1) Original image, 2) invert and gaussian 

blur, 3) thresholding to define subcompartments, 4) convert to mask and fill holes, 5) 

size exclusion on dense bodies and virions. 

 

Moreover, by TEM we observed further differences in vIAC formation. In WT cells we observed the 

vIAC was made up of large subcompartments, consistent with previous findings (24). Each 

subcompartment was surrounded by a heterogeneous population of dense bodies, which are non-

infectious HCMV particles comprised of enveloped viral proteins (25, 26). In contrast, the  

HCMV-infected macroH2A1 KO cells rarely formed these distinct large subcompartments (Figure 4.4 

E-F, Figure 4.3 C-D). In the macroH2A1 KO cells, the largest observable subcompartments, whose 

area was significantly smaller than those formed in WT cells, were rarely surrounded by dense bodies 

(Figure 4.4 E). The dense bodies in the infected macroH2A1 KO cells were largely homogenous 

individual structures distributed throughout the cytosol, compared to the heterogenous and 

conglomerated dense bodies in infected WT cells. Furthermore, virus particles observed in macroH2A1 

KO cells frequently appeared malformed, consistent with the finding that macroH2A1 KO cells produce 

defective progeny (Figure  4.4 E, arrowhead). Taken together, these results support our hypothesis that 

macroH2A1 plays a major role in HCMV-induced cellular remodeling and viral maturation.   
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Figure 4.4. HCMV cellular remodeling and vIAC formation is dependent on macroH2A1. A) 

Representative transmission electron microscopy images of mock-treated WT and macroH2A1 

KO HFF-T cells showing the uninfected state of the endoplasmic reticulum (ER).  B) 

Representative transmission electron microscopy images of WT and macroH2A1 KO cells at 4 

days post infection with HCMV. C) Annotation of images from (B). Right: Key for annotation. 

Below: Zooms of boxed regions of interest with annotated images of zoomed panels to the right. 

D) Average endoplasmic reticulum trace per 2.5 µm by 2.5 µm grid of WT and macroH2A1 KO 

cells in mock and 4 dpi. Bar graph shows mean length of ER per field of view with error bars 

indicating SEM. ** denotes p < 0.01, **** denotes p < 0.0001 by one-way ANOVA with 

subsequent Dunnett’s tests of pairs of interest. N=40 grids for mock cells and 100 for infected 

cells.  E) Representative transmission electron microscopy images viral-induced assembly 

compartments (vIAC) at 4dpi in WT and macroH2A1 KO cells as indicated. Below: Zooms from 

image with annotated versions to the right as in (C). F) Quantification of vIAC subcompartment 

area. Violin plot depicts median, and upper, and lower quartiles as dotted lines. P < 0.001 by 

paired T-test. N>100 subcompartments. Scale bars as indicated.  

 

4.5 Loss of macroH2A1 prevents activation of neuronal genes during HCMV infection.   

 

To profile changes in host gene expression that might lead to the observed phenotypic effects on 

HCMV infection upon loss of macroH2A1, we analyzed the host transcriptomes of WT and macroH2A1 

KO cells during the course of HCMV infection. Principal component analysis of our RNA-seq data 

showed all replicates clustering close to each other, indicating reproducibility.  

PC1 captured the time course of infection whereas PC2 captured the genotype (Figure 4.5 A). We first 

identified a superset of genes that significantly changed in either one of the time points and/or one of 

the genotypes and then performed k-means (k=4) clustering of Z-scores of gene expression across 

time and genotype. This analysis captured both time-dependent and genotype-dependent changes in 

gene expression during HCMV infection (Figure 4.6 A). Cluster 1 contained genes that had mixed to 

low expression in mock-treated cells but steadily increased in expression over the course of infection, 

peaking at 72 hpi in WT but remained low in the macroH21 KO cells. Genes in this cluster were highly 

enriched for macroH2A1 and heterochromatin marker H3K27me3 in uninfected cells in our previously 

published CUT&Tag data set (22) (Figure 4.5 B-E). Clusters 2-4 captured time-dependent changes in 

expression that were mostly similar between WT and macroH2A1 KO conditions (Figure 4.5 F-H). 
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Cluster 2 contained genes that were activated at 48-72 hpi and expectedly includes genes that would 

assist in viral trafficking such as those associated with cellular reorganization and protein trafficking 

within the cell (Figure 4.5 J). Cluster 3 contained genes that were activated at 1624 hpi before 

returning to low expression. Also as expected, this cluster contains genes associated with immune 

response and transcription (Figure 4.5 K). Cluster 4 contained genes that were repressed throughout 

infection and contains genes associated with DNA repair, metabolic processes, and apoptosis (Figure 

4.5 L). In striking contrast to clusters 2-4, cluster 1 genes were highly enriched for neuronal genes 

belonging to several Gene Ontology categories that highlighted neuronal function (Figure 4.6 B, 

Figure 4.5 I). Notably, cluster 1 genes strikingly had significantly lower expression in macroH2A1 KO 

cells, with large fold changes, especially at 72 hpi (Figure 4.6 C). Cluster 1 genes, which are the most 

affected by the loss of macroH2A1, suggest that HCMV induces a neuronal-like transcriptional profile 

that increases over the course of infection.   
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Figure 4.5. Host gene expression and chromatin states. A) Loadings of first two principal 

components from principal component analysis of the matrix of quantification of all genes for all 

36 samples. PC1 captures the time course of infection, whereas PC2 captures the genotype. B) 

Log2 fold change of macroH2A CUT&Tag enrichment compared to IgG from uninfected cells at 

genes (from gene start to gene end) in each cluster plotted as boxplots. C) Same as (B) for 

macroH2A1 KO cells. D) Same as (B) for H3K27me3 CUT&Tag in WT cells. E) Same as (B) for 

H3K27me3 for macroH2A1 KO cells. Published macroH2A, H3K27me3, and IgG CUT&Tag data 

were used for (B-E). F-H) Volcano plots where the Log2(Fold Change) for WT vs. macroH2A.1 

KO at 72 hpi is plotted against -log10(FDR) for genes in clusters 2 (F), 3(G), and 4 (H) shown. 

Significantly upregulated genes (Genes with Log2(Fold Change) >1 and FDR£0.05) are marked 

in red, and significantly downregulated genes (Genes with Log2(Fold Change) <1 and 

FDR£0.05) are marked in blue. I-L) Enrichment of GO categories with FDR<0.05 plotted for 

Cluster 1 (I), 2 (J), 3(K), and 4 (L).  

 

To test the hypothesis that HCMV induces a neuronal-like phenotype that is blunted by the loss of 

macroH2A1, we compared our gene expression profiles to those of different cell types from ENCODE 

(27, 28). From ENCODE, we included expression profiles of IMR90 fibroblast cells, similar to our HFF 

cells, and cells differentiated from induced pluripotent stem cells to form cells in the neuronal, muscle, 

and liver lineages. We first generated a distance matrix and observed that IMR90 clustered with all 

macroH2A1 KO time points and WT mock and early time points. However, WT cells at 48 and 72 hpi 

cluster with the other lineages we included in the analysis (Figure 4.6 D). This suggests that later time 

points of HCMV infection cause a transition of HFF cells to a non-fibroblast identity, and this transition is 

suppressed in the absence of macroH2A1. To explore this further, we performed a principal component 

analysis of the expression matrix comprising genes from Cluster 1. PC1 captures the differences 

between fibroblast and non-fibroblast lineages, whereas PC3 captures the differences between 

neuronal and non-neuronal lineages (Figure 4.6 E). We found PC1 and PC3 to capture the infection 

time course. WT mock infected cells had similar values to IMR90 in PC1 and PC3. We observed an 

increase in PC1 and PC3 loadings with increasing time of infection in the direction toward neural cells. 

A similar trend is observed in macroH2A1 KO cells, but the starting time points (mock and 4 hpi) have 

much lower PC1 and PC3 loadings such that by the final time point, PC1 and PC3 values for 
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macroH2A1 KO cells are similar to that of mock-infected WT cells. Thus, an increase in both PC1 and 

PC3 observed over the course of infection captures the loss of fibroblast identity and a gain of neuronal 

identity in WT cells. Interestingly, in macroH2A1 KO cells, the starting point is much lower in PC1 and 

PC3, suggesting an inability of macroH2A1 KO cells to transition from fibroblast to neuronal identity 

over the course of infection. In summary, our gene expression analysis highlights the profound effect of 

macroH2A1 on transcriptional upregulation of many host genes during HCMV infection and that this 

upregulation transitions infected cells away from a fibroblast expression profile and towards a neuronal 

expression profile.   
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Figure 4.6. Host gene expression is altered upon loss of macroH2A1 during HCMV 

infection.  A) K-means clustering (k=4) of gene expression changes over 72 hours of infection 

shown as a heatmap. Z-scores were calculated for each gene from its normalized count across 

the time course of CMV infection for WT and macroH2A1 KO cells. B) The -log10(FDR) value for 

enrichment of neuronal GO categories in Cluster 1. C) Volcano plot where the Log2(Fold 

Change) for WT vs. macroH2A.1 KO is plotted against -log10(FDR) for genes in Cluster 1. 

Genes with Log2(Fold Change) >1 and FDR £ 0.05 are marked in red. Neuronal genes selected 

for further characterization are labeled in blue. D) Matrix of Euclidean distance between 

normalized expression profiles of CMV infection time course for WT and macroH2A1 KO, and 
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other cell types. Gene expression datasets for other cell types were obtained from ENCODE. E) 

PCA plot showing PC1 and PC3 for the same expression profiles plotted in (D).  

 

As macroH2A1 frequently colocalizes with H3K27me3 and cluster 1 was also enriched for H3K27me3 

(Figure 4.5 D-E), we used the small molecule tazemetostat (an EZH2 inhibitor)(29), to deplete 

H3K27me3 prior to HCMV infection. We found that although H3K27me3 depletion caused a significant 

reduction in titer, the reduction was modest compared to that induced by loss of macroH2A1 (Figure 

4.7 A). Furthermore, H3K27me3 depletion did not impact nuclear rearrangement or vIAC formation 

(Figure 4.7 B-D). We also investigated by western blot the induction of cluster 1 gene KIF1A, a kinesin 

motor for axonal transport in neurons(30), and found that its induction was not diminished significantly 

by the depletion of H3K27me3 (Figure 4.7 E). Our results suggest that while H3K27me3 is likely also 

important for HCMV infection, its role on cluster 1 genes appears less significant for HCMV infection 

than that of macroH2A1.   
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Figure 4.7. H3K27me3 is not required for cellular remodeling or KIF1A induction by 

HCMV. A) Infectious progeny produced from HCMV-infected WT and H3K27me3 depletion by 

tazemetostat cells quantified by plaque assay. Viral yield is indicated as the percent yield 

compared to wild type, with errors bars representing SEM. P < 0.001 at both time points by 

unpaired T-test. N=3 biological replicates at 4 dpi N=2 at 6 dpi. B) Representative 

immunofluorescence images of WT and H3K27me3 depleted cells during HCMV infection at 

mock and 72 hpi. DAPI is shown in cyan and viral protein pp28 is shown in magenta. Images 

are merged in bottom row. Scale bar represents 10 µm. C) Nuclear volume of WT and 

H3K27me3-depleted HCMV-infected cells at 72 hpi. Bar graphs show mean with error bars 

indicating SEM. No significance by unpaired T-test. N > 40 cells. D) Volume of viral induced 

assembly compartment as measured by pp28 staining. Bar graphs indicate mean with error 
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bars indicating SEM. No significance by unpaired T-test. N > 40 vIACs. E) Representative 

western blot of viral proteins in WT and H3K27me3 depleted cells during HCMV infection at 4 or 

6dpi compared to mock (M) as indicated. Vinculin is shown as loading control.   

 

4.6 Knockdown of several neuronal genes reduced HCMV spread and vIAC formation.  

 

We next sought to determine if the transition from a fibroblast to neuronal expression profile is essential 

for HCMV infectivity. Following the observation that many of the genes differentially expressed in 

HCMV infection between WT and macroH2A1 KO cells were associated with axon formation and 

neurotransmitter trafficking, we hypothesized that HCMV hijacks these pathways for progeny 

maturation and spread. To test this hypothesis, we designed a targeted siRNA screen selecting 12 

genes with low FDRs and large fold changes in expression between WT and macroH2A1 KO cells 

induced by HCMV at 72 hpi (Figure 4.8 A-C).   

Following infection of WT cells with HCMV tagged with GFP, we transfected siRNAs to dampen the 

induction of these target genes later in infection (Figure 4.10 A). We confirmed that all siRNA targeted 

transcripts were reduced by at least 50% compared to their levels at 4 dpi in the condition treated with 

a non-targeting control (NC) siRNA (Figure 4.10 B, Figure 4.8 D). Upon initial infection, representative 

HCMV RNA and protein levels did not differ among any conditions (Figure 4.8 E-F). This indicates viral 

transcription and translation were not impacted by the siRNA treatment. We used supernatants 

harvested from the siRNA-treated HCMV-infected cells to set up GFP foci assays and measure plaque 

size. We found that several siRNA knockdowns caused a reduction in GFP foci to 40-70% of control 

levels though these groups did not reach significance (Figure 4.10 C). Knockdown of WWC1, however, 

did significantly reduce GFP foci. Interestingly, we also noted that several of the knockdown conditions 

produced viral progeny that generated smaller plaque sizes compared to the control. To investigate this 

observation, we imaged crystal violet plaques and quantified the area of these plaques (Figure 4.9 A). 

We found that five of our target genes, IFI27, KIF1A, LAMA1, NPTX2, and WWC1, had significantly 

smaller plaques compared to control (Figure 4.10 D-E), highlighting their importance to infection.   
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Figure 4.8. Gene expression analysis of siRNA screen during HCMV infection. A) RT-

qPCR of target gene RNA levels during HCMV infection at 4 dpi. Bar graphs indicate mean with 

error bars indicating SEM. N=3 biological replicates. B) Representative western blot of neuronal 

proteins in WT and macroH2A1 KO cells during HCMV infection at 4, 16, 24, 48, 72, and 96 hpi 

compared to mock (M). Asterisk indicates a non-specific band. Actin is shown as loading 

control. C) Representative western blot of KIF1A in WT and macroH2A1 KO cells during 

TB40EGFP HCMV infection at 4 and 6 dpi compared to mock (M). Asterisk indicates a 

nonspecific band. Vinculin is shown as loading control. D) Representative western blot of siRNA 

knockdown in WT cells during HCMV infection at 4 dpi compared to mock (M). Asterisk 

indicates a non-specific band. Tubulin is shown as loading control and pp28 is shown as 

infection control. E) RT-qPCR of HCMV UL55 in siRNA treated cells during CMV infection. 

Expression is normalized to the non-targeting control treated mock-infected cells. Bar graphs 

show mean with error bars indicating SEM. N=3 biological replicates. No significance by 

ANOVA. F) Representative western blot of viral proteins pp65 and pp28 in siRNA knockdown in 
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WT cells during HCMV infection at 4 dpi compared to mock (M). Vinculin is shown as loading 

control.   

 

Next, we investigated whether depletion of these five targets impacted HCMV-induced cellular 

remodeling and vIAC formation. We found that IFI27 and KIF1A KD cells had smaller nuclei and 

significantly smaller vIACs compared to control. Additionally, LAMA1, NPTX2, and WWC1 KD 

resulted in vIACs that were malformed with either a hollow or nonspherical appearance (Figure 4.10 

F-H and Figure 4.9 B-D). Taken together, our results from this screen demonstrate that cells unable 

to induce these genes to a high level are unable to produce viral progeny that can spread efficiently, 

underscoring the significance of these genes in HCMV spread.   
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Figure 4.9. Image analysis of siRNA screen. A) Representative Cy-5 imaging of Crystal Violet 

stained HCMV plaques in HFF cells and subsequent ImageJ quantification. B) Nuclear 

sphericity of HCMV-infected WT and siRNA treated cells as indicated at 72 hpi. Violin plot 

depicts median and quartiles in dashed lines. * indicates p < 0.05 ANOVA with follow up 

Dunnett’s test. N > 40 cells. C) Sphericity of viral-induced assembly compartment as measured 

by pp28 staining. Bar graphs show mean with error bars indicating SEM. No significance by 

unpaired T-test. N > 40 vIACs. D) Average intensity of viral-induced assembly compartments as 

measured by pp28 staining. Bar graphs show mean with error bars indicating SEM. * indicates p 

< 0.05 ANOVA with follow up Dunnett’s test. N > 40 vIACs.  
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Figure 4.10. Successful HCMV maturation requires induction of dormant neuronal proteins. 

A) Schematic of targeted siRNA screen methodology. B) RT-qPCR quantification of RNA levels of 

target genes during HCMV infection. These genes include APOE, a lipoprotein associated with 

Alzheimer's disease and synaptic vesicle release(45, 46); CNTFR, a ciliary neurotrophic factor 

receptor that supports motor neuron axons(47); DOC2B a calcium sensor that promotes synaptic 

vesicle release(48); ERC1, a cellular scaffolding protein(49); IFI27, an interferon-induced gene 

expressed in the cerebellum in response to viral CNS infection(50); KIF1A, a neuronal kinesin(30); 

LAMA1, a laminin essential for neurite growth(51, 52); LRRC4B, a transmembrane protein that 

regulates synapse formation(53); MYO5B, a myosin associated with polarity and axon 

development(54); NPTX2 (formerly NARP), a small molecule released in excitatory synapses(55); 

SOX11, a transcription factor associated with neuron development(56); and WWC1, a synaptic 

scaffolding protein(57). Knockdown of each gene at 4dpi is normalized to its expression in cells 

treated with the non-targeting control (NC) at 4 dpi. Bar graphs show mean with error bars 

indicating SEM. N=3 biological replicates. C) Quantification of GFP foci in cells infected with 

supernatant harvested from cells treated with indicated siRNA as depicted in (A). Bar graphs show 

mean with error bars indicating SEM. * indicates P < 0.05 by one way ANOVA with follow up 

Dunnett’s test. N=3 biological replicates. D) Quantification of plaque area produced from 

supernatant harvested from cells treated with siRNA indicated. Those that reach statistical 

significance are bolded. Bar graphs show mean with error bars indicating SEM. * denotes P < 

0.05, ** denotes p < 0.01, *** denotes p < 0.001 by one way ANOVA with follow up Dunnett’s test. 

N > 300 plaques. E) Representative images of plaque sizes for those with significant differences 

as indicated. Yellow dashed line frames plaque example. Scale bar indicates 150 µm. F) 

Representative immunofluorescence images of HCMV-infected cells treated with indicated siRNA 

knockdown. DAPI is shown in cyan and pp28 is shown in magenta. Scale bar represents 10 µm. 

G) Quantification of nuclear volume in siRNA-treated cells infected with HCMV.  Bar graph shows 

mean with error bars indicating SEM. * denotes P < 0.05, ** denotes p < 0.01 by one way ANOVA 

with follow up Dunnett’s test. N > 60 cells. H) Quantification of viral induced assembly 

compartment (vIAC) volume in siRNA-treated cells infected with HCMV. Bar graph shows mean 

with error bars indicating SEM. * denotes P < 0.05, *** denotes p < 0.001 by one way ANOVA with 

follow up Dunnett’s test. N > 60 vIACs.  

 

4.7 HCMV IE1 is sufficient to drive expression of neuronal genes   

 

Next, we investigated the mechanism of activation of these neuronal genes. HCMV immediate early 

protein IE1 directly binds the acidic patch on the nucleosome. This interaction is mediated by a region 

in its C-terminus called the chromatin-tethering domain (CTD) that specifically interacts with the host 

histone H2A(31). Because this region of H2A and the responsible amino acids are highly conserved 

between canonical H2A and macroH2A1(32) (Figure 4.11 A, underlined residues), we hypothesized 

that HCMV IE1 may also bind macroH2A1 in this region. Further, because HCMV IE1 is sufficient to 
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drive expression of several interferon stimulated genes (33), we hypothesized that through interacting 

with macroH2A1, IE1 may be responsible for the activation of neuronal genes that we observed.    

To test this hypothesis, we expressed HCMV IE1, a mutant IE1 missing the CTD (IE1 ΔCTD), or 

luciferase as a control using a doxycycline inducible promoter in fibroblast cells (31, 33). We confirmed 

that doxycycline (dox) treatment drove robust expression of inducible IE1 or IE1 ΔCTD by 48 hours 

(Figure 4.11 B). Next, we measured the expression of 12 neuron-associated genes (as in Figure 4.10) 

by RT-qPCR. We found that compared to luciferase expression (Luc), expression of IE1 increased the 

transcript levels for all 12 genes, with 9 of 12 reaching statistical significance (Figure 4.11 C). We also 

examined the induction of COPA, a cluster 2 gene that increases in expression in both macroH2A1 KO 

and WT cells upon HCMV infection and found that this gene did not increase with IE1 expression, 

suggesting it is not regulated by IE1 or macroH2A1 (Figure 4.11 C). Importantly, we discovered that 

expression of IE1 ΔCTD induced expression of target neuronal transcripts to a lower degree than full 

length IE1. Specifically, 4 of 9 genes that were induced by IE1 were induced to a significantly lower 

level upon induction of IE1 ΔCTD (Figure 4.11 C). Further, we investigated the protein levels of KIF1A, 

which was robustly induced by IE1 expression, and discovered that despite the slight increase in 

transcript levels of  

KIF1A upon expression of IE1 ΔCTD, we could not detect KIF1A by western blot (Figure 4.11 D). This 

finding indicates that the lower transcript levels induced by IE1 ΔCTD were not sufficient for protein 

expression of KIF1A. Taken together, these results demonstrate that IE1 is sufficient to drive expression 

of neuronal genes, likely through an interaction of the IE1 CTD with host histone macroH2A1.   
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Figure 4.11. HCMV IE1 is sufficient to drive expression of dormant neuronal genes. A) 

Schematic of H2A and macroH2A1 homology in the histone fold domain. Residues previously 

demonstrated to facilitate binding of HCMV IE1 are shown in red in H2A and underlined to show 

conservation in macroH2A1. B) RT-qPCR quantification of RNA levels of viral IE1 in doxycycline 

(dox) inducible cell lines at 48 hours of treatment normalized to luciferase (Luc) levels. Bar 

graph shows mean with error bars indicating SEM. **** denotes p < 0.0001 by one way ANOVA 

with follow up Dunnett’s test. N=3 biological replicates. C) RT-qPCR quantification of RNA levels 

of 12 cluster 1 genes in cells with dox-inducible IE1 or IE1 ΔCTD at 48 hours of dox treatment 

normalized to Luc. TUBB is shown as a negative control. COPA is shown as a representative 

cluster 2 gene. Bar graph shows mean with error bars indicating SEM. * denotes P < 0.05, ** 

denotes p < 0.01, *** denotes p < 0.001, **** denotes p < 0.0001 by one way ANOVA with follow 

up Dunnett’s test. N=3 biological replicates. D) Representative western blot of IE1, KIF1A, and 

macroH2A1 in WT cells and cells with dox-inducible IE1 or IE1 ΔCTD when no dox was added 

(-) or at 48 and 72 hours after dox addition. H3 is shown as loading control. E) Model schematic. 

HCMV-infected cells upregulate numerous neuronal genes, through IE1, and these genes are 

required by the virus for proper cellular remodeling, formation of the viral assembly 

compartment, and viral maturation to promote viral spread. 

 

4.8 Discussion  

In this study, we demonstrated that human cytomegalovirus induces expression of numerous neuronal 

genes involved in synapse formation and neurotransmitter vesicle trafficking in a macroH2A1-

dependent manner driven by viral IE1. We further showed that macroH2A1 and several of these 

induced neuronal genes are crucial to HCMV maturation and spread (Figure 4.11 E). Previous reports 

demonstrated that the HCMV protein IE1 can directly bind the acid patch of the canonical nucleosome 

(31, 34), which is highly conserved in macroH2A1(35). Here, we found that IE1 is sufficient to drive 

expression of macroH2A1-dependent neuronal genes, demonstrating a mechanism of action and 

suggesting that IE1 also binds to macroH2A1containing nucleosomes.. Our findings indicate that viral 

reprogramming of the host cell is dependent on host chromatin-controlled changes and uncovers 

previously unappreciated pathway critical for HCMV infection.  

The formation of a vIAC and kidney-bean shaped nucleus was thought to be an exclusive feature of 

HCMV infection, however, these changes have also been observed in HSV-1 infection of neuron-like 
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cells (36). In fact, one of our identified neuronal genes important for HCMV maturation, KIF1A, a 

kinesin motor protein involved in axonal transport, was shown to be important for the spread of HSV-1 

and pseudorabies virus (PRV) (37). These observations raise an interesting question about whether 

HCMV hijacking of neurotransmitter trafficking pathways is a retained evolutionary feature of many 

viruses or a novel pathway exploited specifically by HCMV. MacroH2A1 is also highly conserved and 

not rapidly evolving (38), suggesting that it is more likely to be HCMV that evolved to hijack this histone. 

Future work into the evolution of HCMV will uncover how these mechanisms of chromatin manipulation 

have developed.   

Murine CMV was recently reported to control large scale transcriptional profiles and alter the identity of 

infected macrophages to escape innate immune response and increase spread (39). Our work builds 

on this finding in HCMV, suggesting that betaherpesviruses may drive cellular reprogramming for 

infection spread in various cell-type specific ways. Importantly, we find primarily structural genes 

associated with terminal differentiation to be upregulated during HCMV infection, as opposed to 

developmental genes. Taken together with the recent findings on murine CMV, our work suggests that 

HCMV cellular reprogramming is not limited to a particular set of genes, but rather is controlled through 

chromatin mechanisms. Furthermore, our discovery that HCMV upregulates genes associated with 

synapse formation and neurotransmitter trafficking for efficient spread provides a functional context for 

the previous findings wherein HCMV virions resemble synaptic-like vesicles in their lipid content (40).   

It is important to note that these neurotransmitter pathways are dormant in uninfected fibroblast cells. 

Thus, there are no normal neuronal secretory functions that the virus must compete with, nor are there 

specific neuronal immune defenses to subvert. Furthermore, neuronal trafficking is one of the fastest 

and most efficient mechanisms by which to exit the cell (41). Therefore, HCMV has pinpointed and 

activated an entirely dormant pathway to both avoid competition and egress successfully and rapidly 

from the infected cell. Interestingly, the idea that ancient human retrovirus integration gave rise to the 

neuronal trafficking protein Arc (42) further supports the hypothesis that viral and neurotransmitter 
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trafficking rely on similar mechanisms. New screening methods may also uncover unknown strategies 

for chromatin manipulation through other factors to promote viral maturation (43, 44), though targeted 

approaches for chromatin may be required. Given our findings that HCMV induces expression of 

neuronal genes through chromatin manipulation, it is likely that many additional mechanisms of 

chromatin hijacking by viruses have yet to be uncovered.   

Data Availability:  

RNA-sequencing data can be found at GSE272267 (Reviewer token: wbszmgmmlhunpst) 
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Chapter 5: Discussion and Future Directions  

  

5.1 Summary:   

  

Herpesviruses are very large, complicated DNA viruses. Many of the human herpesviruses are known 

for their minor symptoms, such as sores and cold-like symptoms. However, herpesviruses can cause 

severe, even fatal, disease in neonates (1), are a major source of morbidity following transplantation (2, 

3), and some are even known to be oncogenic (4). Nonhuman herpesviruses can have devastating 

agricultural and economic impacts in cattle (5), pigs (6), poultry (7), fish (8), and even mollusks (9). The 

extensive human health and economic burdens of herpersviruses highlight the need for continued 

research on the basic biology of herpesviruses.   

  

The known human herpesviruses encode between 80-200 proteins depending on the virus (10). 

Despite the large number of potential targets, primary treatment for herpesviruses is the nucleoside 

analog, acyclovir and its derivatives (11), a drug originally approved by the FDA over 40 years ago. 

These drugs aim to reduce outbreaks or treat symptoms during outbreaks. Due to the establishment of 

a latent phase by all herpesviruses, no existing herpesvirus treatments are curative.   

  

As nuclear replicating viruses, herpesviruses must compete with the host cell’s existing nuclear 

environment to replicate. Assembled capsids must then navigate the crowded nuclear environment and 

exit the nucleus before they undergo final maturation in the cytosol. One important aspect of nuclear 

replication is the viral manipulation of host chromatin both as a regulatory element of the cell state and 

a physical barrier to replication and nuclear egress.   
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In this thesis, I have addressed knowledge gaps in the cellular mechanisms by which human 

herpesviruses HSV-1 and CMV efficiently produce progeny and spread from cell to cell. In chapter 2, 

we showed that heterochromatin markers macroH2A1 and H3K27me3 support the formation of 

chromatin channels used by HSV-1 capsids for nuclear egress. In chapter 3, I further refined our model 

on the role of H3K27me3, showing the mark directs capsid docking and the viral kinase Us3 for nuclear 

egress. Finally in chapter 5, I showed the heterochromatin marker macroH2A1, but not H3K27me3, 

supports HCMV maturation by driving transcription of neuronal genes in fibroblasts.   

   

5.2 How are herpesviruses driving the large-scale chromatin and transcriptional changes during 

lytic infection?  

  

Structure and function are intrinsically deeply connected in biology. Structure has long been used to 

infer functions and vice versa. With chromatin this relationship is especially linked, relaxed chromatin is 

transcribed and tightly coiled chromatin is inactive. Thus structural changes to chromatin correspond to 

transcription changes (12). The linked nature of the chromatin structure and transcription make it 

difficult to elucidate whether the changes to an infected cell are a result of structural changes to the 

chromatin or viral hijacking of transcription factors.   

  

In chapter 2, I hypothesize that a general stress response, rather than a specific viral protein, might be 

the driving factor for the chromatin rearrangement during HSV-1 infection. This hypothesis is supported 

by similar transcription profiles in HSV-1 infected cells and cells experiencing heat or salt stress (13). In 

response to salt or osmotic stress, nuclear shape, chromatin structure and the transcriptional profile all 

change, though the order of these events has not been resolved (14). Mechanical forces applied to the 

nucleus to alter the shape also alter the transcriptional profile of the cell (15, 16). The linked change in 

nuclear structure and transcription profile are also observed in other diseases including cancers (17). 

HSV-1 infection also drives the large-scale nuclear remodeling as I reviewed in chapter 1. Observed 
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nuclear remodeling during infection, numerous data sets associating nuclear shape change with 

transcriptional profile changes, and infection transcriptional profiles matching those of other stressors 

support the hypothesis that the chromatin remodeling seen in infection is largely driven by nuclear 

stress.   

  

In chapter 3, I report that the HSV-1 viral kinase Us3 is both sufficient and necessary to drive gross 

chromatin remodeling. In chapter 4, I report that HCMV protein IE1 is sufficient to induce transcription 

of the macroH2A1 dependent genes. A possible alterative hypothesis to transcriptional changes 

resulting from cellular stress, is that viral proteins more actively remodel chromatin to create the 

phenotypes seen during lytic herpesvirus infection.   

  

The viral kinase Us3 extensively phosphorylates hosts and viral proteins (18–28).  In chapter 3, I show 

phosphorylation data on several additional chromatin associated proteins. Extensive phosphorylation of 

chromatin associated proteins is not specific to HSV-1 infection and is commonly considered a 

response to DNA damage (29). Cellular responses to DNA damage lead to transcriptional changes 

(30). Together, the large-scale chromatin changes during infection, extensive phosphorylation of 

chromatin-associated proteins by Us3, and body of work on the chromatin response to DNA damage 

suggest that the hypotheses of chromatin remodeling during infection as a stress response and as 

driven by viral proteins are not mutually exclusive. Interestingly, recent work using 4-sU seq on a WT 

and Viral-Host Shutoff protein (VHS)-null HSV-1 concluded that both VHS protein and stress related 

transcription read-through work together to control host gene expression during infection (31).   

  

Future experiments to investigate the contribution of Us3 to chromatin remodeling during infection can 

take advantage of the lower cost and increased ease of sequencing and chromatin profiling techniques. 

For example, comparing the transcription profile by RNA-seq on cells ectopically expressing Us3 and 
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cells infected with Us3-null virus to the changes seen in HSV-1 infection could identify changes in gene 

expression driven by Us3. Chromatin profiling techniques such as CUT&Run (32) on targets of Us3 

phosphorylation, such as HDACs, in cells ectopically expressing Us3, cells infected with Us3-null virus, 

and cells infected with WT HSV-1 would help further elucidate the mechanisms of viral chromatin 

control. These experiments would not only help our understanding of HSV-1 biology, they would provide 

further insight into chromatin response to stress.  

  

In chapter 4, I show that the CMV protein IE1 is sufficient to drive the expression of most of my target 

panel of macroH2A1 dependent neuronal genes. This increase was not seen in my control macroH2A1-

independent gene. Additionally, in large microarray screens IE1 alone drove the expression of 25 

interferon stimulated genes (33). Like Us3, some of IE1 functions are through regulation of HDACs 

(34). Unlike Us3, IE1 can directly interact with histones (35) and relax chromatin structure (36). Despite 

the change in transcription and local changes to chromatin structure, the expression of IE1 alone is not 

sufficient to remodel the host chromatin or induce the characteristic “kidney-bean” shape of an infected 

nucleus (33). IE1 is widely regarded as a “promiscuous” transcription factor (10). My work in chapter 4 

and the previous work summarized above suggest IE1s primary function is as transcription factor rather 

than large scale chromatin remodeling.   

  

In ongoing follow-up studies, I am further investigating this role of IE1 by comparing the transcription 

profile of cells with ectopic IE1, IE1ΔCTD, and additional immediate early HCMV transcription factor IE2 

with the changes on transcription during HCMV infection. We are also working to acquire samples from 

cells infected with an IE1-degron-tagged virus for RNA-seq. These data together will help further define 

the role of IE1 as a transcription factor of host genes. Future work generating additional data sets with 

this ectopic expression and IE1-degron-tagged virus in macroH2A1 knockout cells could provide insight 

into macroH2A1’s role during HCMV infection and as a transcriptional activator. Finally, because IE1 
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was not sufficient to drive the expression of all cluster 1 genes in chapter 4, it is highly likely additional 

proteins drive transcription during CMV infection. Co-immunoprecipitation of macroH2A1 and IE1 

during CMV infection, followed by mass spectrometry would help identify additional proteins and protein 

complexes that regulate transcription during CMV infection.  

  

One initial observation that drove the work presented in chapter 4, was that the heterochromatin marker 

H3K9me3, as well as total chromatin visualized with Hoechst staining is polarized towards the vIAC 

(37). While neither macroH2A1 nor H3K27me3 were polarized towards the assembly compartment, 

macroH2A1 was required for this polarization. My course of investigation did not further elucidate a 

potential role for macroH2A1 in this nuclear and chromatin remodeling. Our RNA seq analysis resulted 

in over 3000 genes differentially regulated in macroH2A1 KO cells. It is possible that genes not targeted 

in the siRNA screen drive this nuclear rearrangement phenotype. Kif1A and IFI27 knockdown did 

exhibit some reduction in nuclear remodeling. Full knockout or pooled screening could also help 

elucidate the mechanism of macroH2A1 in nuclear remodeling. Chromatin profiling, including 

CUT&Run of H3K9me3 and Hi-C (38) would expand mechanistic understand of chromatin dynamics 

during CMV infection.  

TEM of CMV infection at more expanded time points or with cryo-FIB milling (39) could be used to 

investigate open questions such as whether CMV also induces chromatin channels for nuclear egress.    

  

5.3 How are co-localized heterochromatin marks driving different phenotypes?  

  

MacroH2A1 localization in chromatin largely coincides with the histone mark H3K27me3(40). Both 

macroH2A1 and H3K27me3 are primarily associated with transcriptional repression. If the role of these 

markers are considered from a transcription standpoint, it might be surprising that in chapter 2 and 3 

macroH2A1 and H3K27me3 have unique roles in HSV-1 infection. Even CUT&Tag data I present in 
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chapter 2 highlights a high degree of overlap in H3K27me3 and macroH2A1 on the host genome over 

the course of infection. In progress experiments will allow us to compare the transcriptional profiles of 

macroH2A1 knockout and H3K27me3 depleted cells both with and without HSV-1 infection. This RNA-

sequencing will help add nuance to our understanding of macroH2A1 and H3K27me3 transcriptional 

regulation. Infected samples may also identify other proteins involved in the nuclear egress of HSV-1.    

In chapter 4, I show an even more extreme difference between H3K27me3 and macroH2A1 roles 

during CMV infection.  I found that while macroH2A1 KO significantly reduced progeny production and 

nuclear rearrangement, H3K27me3 depletion had a very modest impact on progeny production and no 

effect on nuclear remodeling. Differences in CMV infection may be explained by direct interaction of IE1 

and the acidic patch of H2A-H2B (36). It is worth noting that while X-ray crystallography confirmed IE1 

binding to the acidic patch, in reconstituted in vitro assays IE1 still interacted with H3 and H4 when 

H2A/H2B were not present (35). IE1 was additionally not sufficient to drive expression of all the 

screened macroH2A1 dependent genes. This suggests the possibility of an additional mechanism 

driving the phenotype difference between these heterochromatin marks.   

One aspect that may help explain the difference between these marks comes from a more structural 

role for macroH2A. Upon establishing heterochromatin, H3K27me3 is deposited on nucleosomes first 

and is even required for the deposition of macroH2A1(41). Following insertion into chromatin, 

macroH2A then associates with several hundred kilobase regions, or broad domains, to act as a 

transcriptional repressor (40, 42).  In comparison, H3K27me3 associated regions are narrow peaks, 

orders of magnitudes smaller at 221bps (43).  In chapter 2, I show that macroH2A1 supports nuclear 

structure, expanding on previous work showing that macroH2A1 and macroH2A2 support nuclear 

architecture (44). In this same chapter, I show that though there are consistent changes in peripheral 

heterochromatin in H3K27me3 depleted cells, nuclear structure is impacted far less than in macroH2A1 

KO cells. Additionally, in chapter 4 I show that macroH2A1 is required for nuclear remodeling during 

HCMV, while H3K27me3 depletion does not impact nuclear remodeling at all.  Taken together, this data 
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supports a model in which macroH2A1 plays a role organizing chromatin on a much larger scale than 

H3K27me3, acting as an insulator to established heterochromatin. Future experiments to work towards 

elucidating the structural role of both H3K27me3 and macroH2A in healthy cell and herpesvirus 

infection could use atomic force microscopy to determine the nuclear rigidity of macroH2A1 KO and 

H3K27me3 depleted cells both without and during herpesvirus infection as was done in WT nuclei 

during HSV-1 infection (45).   

It is important to note caveats to my work presented here. I was only able to partially deplete 

H3K27me3 prior to infection. The reduction of H3K27me3 was achieved with the small molecule 

inhibitor Tazemetostat (EPZ-6438), which only generates about a 75% reduction in H3K27me3 levels 

(46). In HFF-ts, Tazemetostat  (a cytostatic inhibitor) reduced cell divisions limiting the  removal of 

H3K27me3 from more constitutive chromatin regions. This short-term removal of H3K27me3 may also 

have “transcriptional memory” (47) further confounding the effects we observe. In fact, cells isolated 

from patients with Hutchinson-Gilford Progeria Syndrome (HGPS), a disease caused by lamin A 

mutation, retain normal nuclei structure until several passages after H3K27me3 depletion was observed 

(48). This suggests that our model may underestimate the structural role of H3K27me3. Future work 

could employ the dominant negative mutation H3K27M, which triggers hypomethylation of all H3K27 

residues (49), to get a more complete picture of H3K27me3 role in structural support of the nucleus 

both with and without infection.   

5.4 How conserved is nuclear egress and maturation in herpesviruses?  

HSV-1 and the closely related alphaherpesvirus pseudorabies virus (PRV) are frequently used as a 

generalizable model for herpesvirus nuclear egress (50–53). This simplification of course offers 

numerous advantages including the comparative ease studying HSV-1 and PRV, the extensive body of 

literature on these viruses, and the availability of model systems and reagents. However, the work in 

this thesis highlights key differences in the nuclear egress pathway and subsequent maturation of the 

herpesviruses HSV-1 and CMV.   
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Herpesviruses infect an incredibly broad range of host species, with many species hosting numerous 

sub-families of herpesviruses. Despite the extensive number of species infected with herpesviruses, the 

host-range of known herpesviruses are highly restricted (10). Some human herpesviruses are so host 

limited that they are even unable to establish infection in closely related non-human primates. Detection 

of host-specific herpesviruses in such a broad range of species and higher sequence similarity between 

herpesviruses subfamilies than herpesviruses from the same host species has led researchers to 

conclude that herpesviruses infected a common ancestor hundreds of millions of years ago and 

evolved with their host species (54). Alphaherpesviruses likely diverged from other herpesviruses 

families 200 million years ago (55), and the most recent divergence occurred between HSV-1 and HSV-

2 over 1.6 million years ago (56). The ancient evolution of these viruses, slower mutation rate, and high 

similarity between current laboratory strains of HSV-1 and samples recovered from ancient skeletons 

(57) highlight some of the difficulties with phylogeny-based evolution studies on herpesviruses and the 

need for more functional comparisons.    

One difference between these herpesviruses I have discussed in this thesis is the different role of 

H3K27me3 in HSV-1 and CMV. In chapter 2, I show that H3K27me3 loss reduces infectious progeny 

significantly. In chapter 3, I showed that the nuclear egress in HSV-1 used H3K27me3 to direct viral 

kinase Us3 in nuclear egress.  However, in chapter 4, I found that H3K27me3 loss only minimally 

effects CMV progeny production and release. Interestingly Us3 is not a conserved herpesvirus protein, 

rather a serine/threonine kinase Us3 homolog is only present in alphaherpesviruses (HSV-1, HSV-2, 

VZV, and PRV) (58). In alphaherpesviruses with Us3 deletion or kinase-dead mutations, normal nuclear 

egress is reduced, and bundles of multiple capsids are trapped in the perinuclear space (18, 21, 59). 

The abnormal nuclear egress in Us3null HSV-1 is very reminiscent of the observed nuclear egress in 

CMV. The CMV nuclear egress relies on “inclusions” containing several capsids folding in on 

themselves and allowing the virions to traverse the perinuclear space (60, 61). In cell culture, CMV 

produces much less progeny than HSV-1 and Us3-null virus is 10-100-fold less infective than WT virus. 
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Taken together, this suggests that it is possible that gain or loss of a single kinase over the course of 

herpesvirus evolution has resulted in significantly different egress pathways for alphaherpesvirus and 

other herpesviruses.  Future work to test this hypothesis could examine whether Us3 phosphorylates 

components of the CMV NEC. If the target regions of Us3 kinase activity are conserved in the CMV 

NEC, follow-up studies could investigate the production of infective progeny by plaque assay and use 

TEM to monitor nuclear egress and virion in perinuclear inclusions in cells expressing HSV-1 Us3 and 

infected with CMV.  

A more notable difference between the lytic replication cycles of HSV-1 and CMV is the formation of a 

viral induced assembly compartment (vIAC) outside the host nucleus (62). This vIAC formation is seen 

in the common cellular model for in vitro CMV experiments, fibroblasts. In commonly used in vitro 

model cell lines for HSV-1 infection, like epithelial and fibroblast lines, there is no observed vIAC 

formation. Recently, this understanding has been challenged by detection of vIAC in CNS derived 

cancer lines (CAD cells) infected with HSV-1(63, 64). As HSV1 has a latent phase in neuronal cells, it is 

not surprising that the infection cycle presents differently in CNS derived cells than fibroblast and 

epithelial cells. This opens up exciting questions for follow-up studies to address such as what factors 

in CAD cells are not present in fibroblast and epithelial cells that drive the formation of a vIAC during 

HSV-1 infection and how presence of a vIAC affects progeny production. This could be addressed by 

additional RNA sequencing on CAD cells infected with HSV-1 and mass-spectrometry on virions from 

fibroblast and CAD cells respectively. Comparison of lipid composition by mass spectrometry of virions 

grown in CAD cells vs published data of CMV virions and synaptic vesicles (65) could further elucidate 

potential roles of neuronal genes in herpesvirus packaging and maturation.  

Additionally, generation of a CAD macroH2A1 KO cell line and subsequent infection with HSV-1 could 

help further elucidate whether macroH2A1 plays a structural role in vIAC and nuclear rearrangement 

when neuronal genes are expressed at a higher baseline and don’t require induction.   
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In the case of CMV infection, I showed in chapter 4 that the several neuronal genes helped drive 

formation of vIAC and that the viral protein IE1 is sufficient to drive the expression of many of these 

genes. The CMV protein IE1 does not have a homologous HSV-1 protein (58). Follow-up studies could 

address whether CMV protein IE1 expression during HSV-1 infection can drive the formation of a vIAC 

in fibroblast cells. This may provide insight on whether CMV’s use of neuronal genes in packaging is 

evolutionarily retained from HSV-1’s use of these proteins or an example of convergent evolution for the 

herpesviruses.   

 

5.5 What is the impact of HCMV reprogramming of fibroblast cells in vivo?   

MacroH2A1 is a complex regulator of chromatin. In neuronal differentiation macroH2A1 induces gene 

expression as a transcriptional activator (66). Conversely, in differentiated cells macroH2A1 acts as a 

barrier to reprogramming and represses genes involved in differentiation (42). My work in chapter 4 

suggests that in the context of CMV infection, competing functions of macroH2A1 potentially regulate 

chromatin dynamics.  

In chapter 4, I show that CMV infection drives the transcriptional state in infected fibroblast cells to be 

more like neuronal cells and neural progenitors than uninfected fibroblasts. Fibroblasts are not the only 

cell type reprogrammed by CMV infection. In murine CMV infection, macrophages infected with CMV 

assume an identity more “stem-cell like state” through disruption of wnt pathways (67). In development, 

fibroblasts are derived from both ectoderm and mesoderm depending on their location in the body (68). 

The HFF cells used in my studies are a skin fibroblast and would be derived from the same ectoderm 

embryonic layer as neurons (69). This is significant because as both HFF cells and neuronal progenitor 

cells are derived from ectoderm the question of whether CMV is truly reprogramming the cell or simply 

reverting to a common lineage “stem-like” state remains. To address this follow-up experiments RT-

qPCR or larger scale RNA sequencing to analyze induction of neuronal genes in a fibroblast cell line 

that originates in the mesoderm cell layer could be performed.   
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A primary public health concern surrounding CMV is congenital infections. Congenital CMV is a 

common cause of sensorineural hearing loss and neurodisability (70). Neurodevelopment is a tightly 

regulated process. During in utero CMV infection in non-neuronal cell types, the induction of neuronal 

genes, including transcription factor Sox11 and multiple members of the wnt signaling pathway, may 

confuse CNS development (71, 72). Much of the research on congenital CMV focuses on alterations to 

neural cells (73, 74). The work I present in chapter 4 suggests that future developmental work should 

consider dysregulation of cells surrounding the developing CNS as well.    

  

5.6 How can understanding the function heterochromatin marks during infection help in a 

clinical setting?  

 

H3K27me3 and the enzyme associated with depositing this histone mark, EZH2, are both dysregulated 

in multiple cancer subtypes (75). The association of EZH2 mutations with numerous cancers has 

resulted in the development of several small molecule inhibitors to target  

EZH2 activity. The small molecule inhibitor used in the work presented in this thesis,  

Tazemetostat, is the first and to date only FDA approved EZH2 inhibitor (76). Several others are in 

clinical trials and a less specific EZH1/EZH2 inhibitor was recently approved for use in Japan (77).   

In chapter 2, I showed Tazemetostat could reduce infectious HSV-1 progeny production. In chapter 3, I 

showed that Tazemetostat treatment partially phenocopies Us3-null virus infection. Us3-null viruses 

have a significant reduction in neuroinvasiveness in vivo (78, 79). Mouse models treated with other 

EZH2 inhibitors had significant reduction in HSV-1 progeny production and spread in ganglia (80). My 

results as well as those from previous studies suggest that follow-up studies should investigate if 

Tazemetostat also reduces in vivo HSV-1 spread in neurons and the potential treatment options EZH2 

inhibitors provide in HSV-1 encephalitis.    

MacroH2A1 currently does not have any small molecule inhibitors available. In chapter 2 and 4, I show 

that macroH2A1 knockout significantly reduces HSV-1 and CMV progeny. Many aggressive cancers 
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are driven by macroH2A overexpression (81). Despite a broad role in transcription, macroH2A1 

knockout in mice had limited negative phenotypes, with some studies even reporting positive effects on 

the mouse including improved insulin sensitivity, if macroH2A1 is knocked out after development (82). 

MacroH2A is highly conserved among mammals (83) indicating that mouse models would be effective 

tools to screen effects of macroH2A1 knockdown or blocking. The relative health of macroH2A1 KO 

mice and its role in numerous human diseases suggests it might be an effective target for drug design. 

Improved protein modeling software, such as AlphaFold3, can now predict small molecule interactions 

with protein structures allowing for in silica screening of hundreds of potential inhibitor interactions (84). 

In silica screens of existing molecules for macroH2A interaction, with follow-up cell and mice toxicity 

tests could identify ways macroH2A-targeted treatment, such as pretreatment of harvested stem cells 

to prevent reactivation of CMV following bone marrow transplant, could have eventual clinical 

application.   

Chapter 6: Materials and Methods 

6.1 Chapter 2 Materials and Methods: 

Cells and viruses:  

Primary human foreskin fibroblasts (HFFs), hTERT-immortalized HFFs, and hTERTimmortalized 

macroH2A1 knockout HFFs were cultured using standard methods with 10% FBS and 1% penicillin-

streptomycin as previously described (46). Cells were grown at 37 °C with 5% CO2 and tested for 

mycoplasma contamination approximately once a month.  

The lab adapted strain of HSV-1, syn 17+(47), was used for all experiments unless otherwise noted. 

Monolayers of cells were infected for 1 hour at 37 °C as previously described (48). An MOI of 3 was 

used for all experiments, except for EM samples which used MOI of 10. Cells were collected at mock, 

4-, 8-, and 12- hpi for western blot. Supernatant was collected at 8- and 12-hpi for plaque assays. HSV-

1 infected samples were harvested for TEM at 18 hpi. Virus stock was grown by infecting Vero cells at 

an MOI of 0.0001. Virus was harvested ~60-80 hours post-infection and titered on U2OS cells to 
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determine stock plaque forming units per mL (PFU/mL). Experimental plaque assays were set up in 

Vero cells. Plaque assays were set up on serial 10-fold dilutions in serum-free DMEM. Virus was left on 

cells for 1 hour then aspirated. Cells were washed with 1X PBS (pH 7.46), and 2% methylcellulose 

overlay in DMEM with 2% FBS and 0.5% penicillin-streptomycin was added to wells. Plaques were 

fixed with 0.2% crystal violet between 96-100 hours post infection and plaques were counted by hand. 

All plaque assays were set up with 2 technical replicates.   

Clinical isolates were acquired in 1994 and 1995 from oral swab collections. Samples were deidentified 

on collection. Patients provided daily home collections of oral swabs, and qPCR was used to detect 

how many days HSV was detected in these swabs. Patients that had detectable  

HSV in only a few swabs were classified as “low-shedders” and patients that had a high percentage of 

days with positive swabs were classified as “high-shedders.” Stocks were a gift from the lab of Keith 

Jerome.   

Table 1: Cell line sources.  

Cell Line  Source  

Human: RPE-1 

(hTERTimmortalized)  

Gift of E. Hatch Lab(49)  

(Invitrogen)  

Human: Primary HFF  Gift of D. Galloway Lab   

Human: HFF 

(hTERTimmortalized)  

Gift of J. Kamil Lab(50)   

African Green Monkey: Vero  Gift of A. Geballe Lab(51)   

  

  

Knockout of macroH2A1:   

MacroH2A1 guide RNA (gRNA, see Table 3) was cloned into TLCv2 (Addgene plasmid: 87360), a 

plasmid encoding doxycycline-inducible Cas9-2A-GFP and gRNA expression. To generate lentiviral 
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particles, 1.0x107 HEK293T cells were transfected with 12 µg TLCV2_sg_mH2A1, 8 µg pMDL 

(Addgene plasmid: 12251), 4 µg VSVg, and 2.5 µg pREV (Addgene plasmid: 115989) using Attractene 

transfection reagent (Qiagen: 301005). Lentivirus was harvested at 24-, 48-, and 72-hours post-

transfection, filtered through 0.2 µm filters, aliquoted, flash frozen with liquid nitrogen, and stored at -

80C. 2 mL of thawed filtered lentivirus was used to transduce approximately 2.25x106 HFF-T or 3x106 

RPE cells in 10 cm plates with 8 µg/mL polybrene (Millipore-Sigma: TR-1003-G). Cells were allowed to 

reach confluence before selection with 1 µg/mL puromycin for 3 days. Cells were then sorted by GFP 

positivity or counted by hemocytometer, plated at 1 cell per well into 96-well plates, and selected 

through serial expansion of colonies. Selected cells were screened for macroH2A1 knockout by 

western blot.  

Infections with tazemetostat pretreatment:  

HFFs and macroH2A1 KO HFFs were treated with DMSO or 10 µM of tazemetostat (MedChem:  

HY-13803) in DMSO for 3 days prior to infection. Cells were then infected at MOI of 3 and after 1 hour 

of incubation with virus, fresh media with 10µM Taz was added to previously treated cells. Control 

samples were treated with equivalent volumes of DMSO. Samples were harvested as above.  

Western Blotting:   

Western blotting was performed as previously described (46). Briefly, cells were counted, pelleted, 

resuspended in 1x NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Fisher Scientific: NP007) + 

5% 2-betamercaptoethanol at 300,000 cells per 200 µL, and boiled for 15 minutes. Protein lysates 

were separated by 13.5% SDS-PAGE gels using 1X NuPAGE MOPS buffer (Fisher Scientific: NP0001) 

at 75 volts for 30 minutes then 110 volts for 100 minutes, then wet transferred to a nitrocellulose 

membrane (Bio-Rad) at 100 volts for 70 minutes using Transfer Buffer (25 mM Tris Base, 100 mM 

glycine, 20% methanol). Membranes were ponceau stained and imaged. Membranes were blocked in 

5% milk in Tris-buffered saline with Tween (TBST) for 1 hour, then probed with primary antibody 

overnight (see Table 2). Membranes were washed with TBST for thirty minutes, incubated with 
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secondary antibodies conjugated to horseradish peroxidase (α-mouse or α-rabbit; 1:5000) at room 

temperature for 1 hour, washed with TBST for thirty minutes, and detected using Clarity Western ECL 

Substrate (Bio-Rad: 1705061) and Chemidoc MP Imaging System (Bio-Rad). Images were formatted 

using Adobe Photoshop and Illustrator. Densitometry analysis was quantified using ImageJ.  

Table 2: Sources and identification of antibodies used.   

Antibody  Source  Identifier  Use (Concentration)  

Mouse anti-actin  Abcam  Cat: 5441  WB (1:10,000)  

Mouse anti-gH  Abcam  Cat: 110227  WB (1:1,000)  

Rabbit anti-H3  Abcam  Cat: 1791  WB (1:20,000)  

Rabbit anti-H3K27me3  Cell Signal 

Technologies  

Cat: 9733T  WB/CUT&Tag  

(1:100)  

IF (1:500)  

Rabbit anti-H3K9me3  Abcam  Cat: 8898  WB (1:1,000)  

Rabbit anti-H4  Abcam  Cat: 10158  WB (1:1,000)  

Mouse anti-ICP0  Santa Cruz  

Biotechnology  

Cat: 53070  WB (1:1,000)  

Mouse anti-ICP8  Abcam  Cat: 20194  IF (1:500)  

Chicken anti-UL34  Kind gift of Richard 

Roller  

N/A  WB (1:1000)  

IF (1:500)  

Rabbit anti-macroH2A1  Abcam  Cat: 37264  WB (1:1,000)  

IF (1:500)  

   CUT&Tag (1:100)  

Rabbit anti-macroH2A1.1  Cell Signaling 

Technology  

Cat: 12455S  WB (1:1,000)  
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Mouse anti-macroH2A1.2  Cell Signaling 

Technology  

Cat: 4827S  WB (1:1,000)  

Rabbit anti-macroH2A2  Active Motif  Cat: 39874  WB (1:1,000)  

HRP-conjugated anti-VP16  Santa Cruz  

Biotechnology  

Cat. 7546  WB (1:1,000)  

Peroxidase-AffiniPure Goat 

Anti-Mouse  

Jackson  

Immunoresearch 

Laboratories  

Cat: 115-035003   WB (1:5,000)  

Peroxidase-AffiniPure Goat 

Anti-Rabbit  

Jackson  

Immunoresearch 

Laboratories  

Cat: 111-035045   WB (1:5,000)  

Rabbit anti-mouse IgG  Abcam  Cat: 46540  CUT&Tag (1:100)  

Guinea pig anti-rabbit IgG  Antibodies Online  Cat: 

AB1N101961  

CUT&Tag (1:100)  

Goat anti-Rabbit IgG (H+L) 

AlexaFluor 568  

ThermoFisher  

Scientific  

Cat: A-11011  IF (1:300)  

Goat anti-Mouse IgG (H+L) 

AlexaFluor 488  

ThermoFisher  

Scientific  

Cat: A-11001  IF (1:300)  

  

  

Quantification of HSV-1 genomes by ddPCR:  

Cells were harvested at the indicated times post-infection by trypsinization, washed with 1X PBS and 

centrifuged at 5000 xg for 2 minutes. Pellets were flash-frozen in liquid nitrogen and stored at -80 °C 

until processed. HSV-1 DNA within cells was isolated from frozen pellets using QIAamp DNAMini Kit 

(Qiagen: 51304).  
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Supernatants were harvested at the indicated times post-infection, centrifuged at > 3500 xg and filtered 

through 40 µm sterile syringe filters. DNA on the exterior of filtered capsids was digested for 1 hour at 

25 °C with 20.3 units DNase (Qiagen: 79254) supplemented with 10 mM MgCl2. DNase was inactivated 

at 75 °C for 10 minutes followed by vortexing. Capsids were digested with 3 mg/mL proteinase K 

(Fisher Scientific: BP1700) in 100 mM KCl, 25 mM EDTA, 10 mM Tris-HCl pH 7.4 and 1% Igepal for 1 

hour at 50 °C. HSV-1 genomes from digested capsids were isolated using QIAamp DNAMini Kit.    

A duplexed droplet digital PCR was performed to measure the levels of cellular or supernatant  

HSV-1 genomes on the QX100 droplet digital PCR system (Bio-Rad Laboratories, Hercules, CA) using 

a primer/probe set specific to HSV-1 gB. Cell numbers were determined using a primer/probe set 

specific to human Beta-globin, a reference gene that exists at two copies per cell. See Table 3 for 

oligonucleotide sequences, as have been previously established for HSV1(52). The digital droplet PCR 

(ddPCR) reaction mixture consisted of 12.5 µL of a 2X ddPCR  

Supermix for Probes no dUTP (Bio-Rad: 1863024), 1.25 µL of each 20X primer-probe mix, and 10 µL of 

template DNA. 20 µL of each reaction mixture was loaded onto a disposable plastic cartridge (Bio-Rad: 

1864008) with 70 µL of droplet generation oil (Bio-Rad: 1863005) and placed in the droplet generator 

(Bio-Rad). Droplets generated were transferred to a 96-well PCR plate (Bio-Rad 12001925), and PCR 

amplification was performed on a Bio-Rad C1000 Touch Thermal Cycler with the following conditions: 

95 °C for 10 minutes, 40 cycles of 94 °C for 30 seconds, and 60 °C for 1 minute, followed by 98 °C for 

10 minutes and ending at 4 °C. After amplification, the plate was loaded onto the droplet reader (Bio-

Rad: QX200), and the droplets from each well of the plate were automatically read with droplet reader 

oil (Bio-Rad: 186-3004) at a rate of 32 wells per hour. Data were analyzed with QuantaSoft analysis 

software and quantitation of target molecules presented as copies per µL of PCR reaction. HSV-1 

genome values were standardized to cellular β-globin levels. Experiments were completed in biological 

triplicate and statistical analysis was performed as indicated in figure legends using Prism v10 

(GraphPad Software).   
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Table 3: Primers used for knockout and ddPCR  

CRISPR MacroH2A1 gRNA  CCTCAATAGCAAGCCATCCTGT  

HSV1_gB_qPCR_F1  CCGTCAGCACCTTCATCGA  

HSV1_gB_qPCR_R1  CGCTGGACCTCCGTGTAGTC  

HSV1_gB_probe1  6FAM-CCACGAGATCAAGGACAGCGGCC-BHQ1  

beta-globin_qPCR_F1  TGAAGGCTCATGGCAAGAAA  

beta-globin_qPCR_R1  GCTCACTCAGTGTGGCAAAGG  

beta-globin_probe2_hex  /5HEX/TC CAG GTG AGC CAG GCC ATC ACT A/3BHQ_1/  

  

Cleavage Under Targets & Tagmentation (CUT&Tag):  

Two biological replicates per time point were obtained from independent infections. Protocol was 

adapted from the established CUT&Tag methods (20). Cells were harvested using trypsin, washed 

three times with ice-cold phosphate-buffered saline (PBS) via centrifugation at 600 xg for 3 minutes 

and counted using a hemocytometer. Nuclei from 600,000 cells were isolated by hypotonic lysis in 1 mL 

buffer NE1 (20 mM HEPES-KOH pH 7.9; 10 mM KCl; 0.5 mM spermidine; 0.1% Triton X-100; 20% 

Glycerol; Roche EDTA-free protease inhibitor) for 10 minutes on ice followed by centrifugation at 1300 

xg for 4 minutes. Nuclei were resuspended in Wash buffer (20 mM HEPES-NaOH pH 7.5; 150 mM 

NaCl; 0.5 mM spermidine; Roche EDTAfree protease inhibitor) and counted using a hemocytometer. 

BioMag Plus Concanavalin A coated beads (Polysciences: 86057-3) were equilibrated with Binding 

buffer (20 mM HEPESKOH pH 7.9; 10 mM KCL; 1mM CaCl2; 1 mM MnCl2). Beads (5 µL) were mixed 

with aliquots of 75,000 nuclei and incubated at 25 °C for 10 minutes followed by magnetic separation of 

beads.  

Beads were resuspended in 50 µL primary antibody [anti-mH2A1 (Abcam: ab37624), antiH3K27me3 

(Cell Signaling:9733) or anti-mouse IgG (Abcam: ab46540) in Wash buffer supplemented with 2 mM 

EDTA and 0.1% bovine serum albumin (BSA) and incubated on a nutator at 4 °C overnight. The beads 
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were decanted on a magnet stand then resuspended in 50 µL secondary antibody [Guinea pig anti-

rabbit IgG (Antibodies-Online: ABIN101961) 1:100] in Wash buffer supplemented with 2 mM EDTA and 

0.1% BSA and incubated on a nutator at room temperature for 1 hour. The beads were decanted on a 

magnet stand and washed with 200 µL Wash buffer, then were resuspended in 50 µL pA-Tn5 (1:200) in 

300-Wash buffer (Wash buffer containing 300 mM NaCl) and incubated on a nutator at room 

temperature for 1 hour. The beads were washed twice with 200 µL 300-Wash buffer, then resuspended 

in 50 µL Tagmentation buffer (300-Wash buffer supplemented with 10 mM MgCl2) and incubated at 37 

°C for 1 hour. Beads were then washed with 50 µL TAPS wash buffer (10 mM TAPS pH 8.5, 0.2 mM 

EDTA), then resuspended in 5 µL TAPS wash buffer supplemented with 0.1% SDS and incubated at 58 

°C for 1 hour. SDS was neutralized on ice with 15 µL 0.67% Triton-X100. 2 µL of 10 mM indexed P5 

and P7 primer solutions and 25 µL NEBnext High-Fidelity 2X Master Mix (New England BioLabs: 

ME541L) were added. Gap-filling and 15 cycles of PCR were performed using an MJ PTC-200 

Thermocycler. Library clean-up was performed by incubating beads with 65 µL SPRI bead slurry for 5-

10 minutes, then magnetization and two washes with 200 µL 80% ethanol. Libraries were eluted with 

22 µL Tris-HCl pH 8.0 and 2 µL was used for Agilent 4200 Tapestation analysis. The barcoded libraries 

were mixed to achieve equimolar representation as desired aiming for a final concentration as 

recommended by the manufacturer for sequencing on an Illumina HiSeq 2500 2-lane Turbo flow cell.  

CUT&Tag data processing:   

CUT&Tag raw sequencing data were aligned to a custom genome made by concatenating human 

(hg38), HSV (JN555585.1), and E. coli (U00096.3 Escherichia coli str. K-12 substr. MG1655, complete 

genome). We performed alignments using bowtie2.  

Domain calling:   

Coverage at 100 bp windows of the human hg38 reference genome was calculated as number of reads 

of given length (120-1000 bp for the analyses presented here) that mapped at that window normalized 

by the factor N:   
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N= 10,000/(Total number of reads that mapped to E. coli genome)   

Here 10,000 is an arbitrarily chosen number. We used E. coli DNA as a spike-in to normalize all 

datasets. We partitioned all chromosomes into domains of macroH2A1: domains had an enrichment 

that was two times the genome-wide median and at least four-fold higher than the IgG control. The 

normalized coverage at each base-pair from each replicate was averaged when combining multiple 

replicates. The normalized read density in 100 bp bins were then smoothed with a running average 

over the bins spanning +/- 1000 bp around each bin. We then calculated the genome-wide distribution 

of normalized read density and medians that were plotted in Figure S1. We averaged medians across 

WT macroH2A1 datasets (mock, 4, 8, and 12hpi), and multiplied the average by 2, to set the cutoff for 

domain definition for macroH2A1 datasets. We defined a similar cutoff for H3K27me3 datasets using 

H3K27me3 WT datasets.    

Identifying domain level dynamics of macroH2A1 over time course of infection:  

To measure changes in macroH2A1 across time points where the domain boundaries are not the same, 

we first concatenated domain definitions from all macroH2A1 datasets and then defined a set of non-

overlapping intervals using the “disjoin” method of GenomicRanges R package (53). We then 

calculated the log2 ratio of macroH2A1 enrichment over IgG for the nonoverlapping regions for the 

mock, 4, 8, and 12hpi. The 4, 8, and 12hpi enrichments were then divided by the enrichment of the 

mock dataset to obtain change in macroH2A1 over time course at the non-overlapping regions. k-

means clustering (k=6) using R(54) was performed on the matrix where the rows are the non-

overlapping regions and the columns are change in macroH2A1 over mock at 4, 8, and 12hpi. We 

extended the non-overlapping regions by 5 bp on each end and then merged regions within each 

cluster using “reduce” method of  

GenomicRanges, to obtain domains in each cluster. We recalculated change in macroH2A1 at 4, 8, 

and 12hpi over mock, which was used to plot heatmaps and boxplots shown in Figure 2.1 and Figure 

2.2. H3K27me3 enrichment for WT and macroH2A1 KO cells was calculated at clustered macroH2A1 
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domains. The unique code for this work can be found here: https://doi.org/10.5281/zenodo.6783949 

RNA sequencing:  

Three biological replicates per time point were obtained from independent infections. Cells were 

harvested at the indicated times post-infection by trypsinization, washed with PBS and centrifuged at 

5000 xg for 2 minutes. Pellets were lysed with TRIzol (Thermo Fisher: 15-596026) and total RNA was 

harvested according to manufacturer’s instructions. RNAs were then treated with DNase (Qiagen: 

79254) on RNeasy columns (Qiagen: 74104) per manufacturer’s instructions. RNA was precipitated 

with 3 volumes ice-cold 96% ethanol, 1 volume 3 M sodium acetate pH 5.5, and 1 µL glycogen 

(Thermo Fischer: R055) overnight at -80 °C. Precipitated RNAs were pelleted at 15,000 xg and 4 °C for 

30 minutes, washed with ice-cold 75% ethanol and spun as above for 10 min. RNA was resuspended 

in nuclease-free water.  

RNA was quantified by Nanodrop and integrity analyzed with the 4200 Tapestation Bioanalyzer system 

(Agilent). 500 ng of total RNA with an RNA Integrity Number (RIN) greater than 9.5 were used to 

prepare sequencing libraries with the TruSeq® Stranded mRNA Library Prep Kit (Illumina: 20020594). 

Library concentrations were measured with Qubit dsDNA HS Assay Kit  

(Thermo Fisher: Q32854) then analyzed with Agilent High Sensitivity D5000 ScreenTape  

System and pooled. Libraries were sequenced with 100-bp paired-end reads on an Illumina 

NovaSeq 6000 SP sequencer at the Fred Hutch Genomics Core Facility RNA/4sU-RNA/Hi-C data 

processing: Fastq files were filtered to exclude reads that didn’t pass Illumina’s base call quality 

threshold. STAR v2.7.1(55) with 2-pass mapping was used to align paired-end reads to a combined  

reference of human genome build hg38 and HSV1 genome JN555585.1 

(https://www.ncbi.nlm.nih.gov/nuccore/JN555585.1/). FastQC 0.11.9  

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and RSeQC 4.0.0(56)  were used for QC 

including insert fragment size, read quality, read duplication rates, gene body coverage and read 

https://doi.org/10.5281/zenodo.6783949
https://doi.org/10.5281/zenodo.6783949
https://doi.org/10.5281/zenodo.6783949
file:///C:/Users/lkeln/Downloads/(
https://www.ncbi.nlm.nih.gov/nuccore/JN555585.1/
https://www.ncbi.nlm.nih.gov/nuccore/JN555585.1/
file:///C:/Users/lkeln/Downloads/(
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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distribution in different genomic regions. FeatureCounts(57) in Subread 1.6.5 was used to quantify 

gene-level expression by strand-specific paired-end read counting.   

Gene annotation were based on GENCODE V31 (https://www.gencodegenes.org/human/) and  

GCA_000859985.2_ViralProj15217 (https://www.ncbi.nlm.nih.gov/data- 

hub/genome/GCF_000859985.2/). For HSV1, annotated genes were collapsed into nonoverlapping 

transcribed regions, e.g. X indicating a transcribed region unique to gene X, X:Y indicating an 

overlapping transcribed region for genes X and Y, and so on.  

Bioconductor package edgeR 3.26.8(58) was used to detect differential gene expression between 

sample groups. Genes with low expression were excluded by requiring at least one count per million in 

at least N samples (N is equal to the number of samples in the smaller group). The filtered expression 

matrix was normalized by TMM method (https://genomebiology.biomedcentral.com/articles/10.1186/gb-

2010-11-3-r25) and subject to significance testing using quasi-likelihood pipeline implemented in 

edgeR. Genes were deemed differentially expressed if fold changes were greater than 2 in either 

direction and BenjaminiHochberg adjusted p-values were less than 0.01.   

The intervals representing start and end of each gene were intersected with clustered macroH2A1 

domains to obtain cluster assignments for genes. Intersection was performed using  

“intersect” function of bedtools(59). Genes that did not uniquely intersect with domains in a single 

cluster were discarded. The cluster assignments for genes were used for plotting total RNA fold 

changes in Figure S3. Gene Ontology analysis were performed using WebGestalt(60). Reads per 

kilobase of transcript per million reads mapped (RPKM) values for 4sU-RNA was obtained from GEO 

(GSE59717) and converted to transcripts per million (TPM). The TPM values across two 4sU-RNA 

replicates for each condition was averaged and box plots were generated similarly to total RNA.   

For calculating eigenvector distributions, compartment wig file was downloaded from the following link:  

https://www.gencodegenes.org/human/
https://www.gencodegenes.org/human/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000859985.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000859985.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000859985.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000859985.2/
file:///C:/Users/lkeln/Downloads/(
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25
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https://4dn-open-data-public.s3.amazonaws.com/fourfront-webprod/wfoutput/b543cbf4-ce54https://4dn-

open-data-public.s3.amazonaws.com/fourfront-webprod/wfoutput/b543cbf4-ce54-4d2d-8960-

281528ff18a6/4DNFI342UZP1.bw4d2d-8960-281528ff18a6/4DNFI342UZP1.bw  

Regions from compartment file intersecting with each domain cluster were extracted and the values 

were used for generating box plots shown in Figure 2.3.  

Data availability:  

The CUT&Tag and RNA-seq data can be found here: Series GSE209820  

Immunofluorescence:   

Cells were plated on poly-L coated glass coverslips the day prior to infection. Cells were then infected 

with HSV-1 at an MOI of 3 and collected at mock, 4-, 8-, and 12- hpi. For harvest cells were fixed with 

cold 4% PFA in 1X PBS for 15 minutes. Cells were permeabilized with 0.5% Triton-X in 1X PBS for 10 

minutes, then blocked in 10% goat serum in 1X PBS for 1 hour, incubated with primary antibody 

(diluted as noted) in 3% BSA in 1X PBS for 1 hour. Slides were incubated with secondary antibodies at 

a dilution of 1:300 in 3% BSA in 1X PBS for 1 hour. Coverslips were fixed to microscope slides with 

Invitrogen™ ProLong™ Gold Antifade Mountant. Images were taken on Leica Stellaris Confocal with 

63X oil objective at room temperature.  

Electron Microscopy:   

Cells were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer 

(pH 7.3) at 4 °C. Fixed cells were rinsed briefly in 1% sucrose in 50mM cacodylate (pH 7.2), then 

postfixed on ice for 30 mins in a solution of 1% osmium (EM Sciences: RT19152) and 0.8% potassium 

ferricyanide in 50mM cacodylate (pH 7.2). Cell pellets were washed twice briefly at 25 °C in 1% 

sucrose in 50mM cacodylate (pH 7.2), then washed in three changes of 50mM cacodylate (pH 7.2) for 

5 min each. Cell pellets were treated with 0.2% tannic acid (Sigma-Aldrich: 1401-55-4) in 50 mM 

cacodylate (pH 7.2) for 15 minutes at 25 °C, then rinsed several times in water. Cells were dehydrated 

through a graded ethanol series and embedded in Epon 12 resin (Ted Pella: 18010). 70nm thin 

https://4dn/
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https://4dn-open-data-public.s3.amazonaws.com/fourfront-webprod/wfoutput/b543cbf4-ce54-4d2d-8960-281528ff18a6/4DNFI342UZP1.bw
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sections were cut using an Ultracut UC7 ultramicrotome (Leica Mikrosysteme) and collected on 200 

mesh formvar/carbon copper grids (Ted Pella: 01800). Sections were stained with 2% aqueous uranyl 

acetate and Reynolds lead citrate. Cell pellet sections were imaged using a Talos L120C microscope 

operated at 120kV with a Ceta-16M (4096 x 4096) camera (ThermoFisher Scientific).  

All data were collected at spot size 5 with a 100um C2 aperture and 70um objective aperture.  

For quantification, nuclei were targeted at 1250x and manually circled. Autofocus was set to 2.0um. 

Nuclei were then imaged at 11000x as a montage and stitched together automatically using SerialEM 

(Nexperion Inc). Stitched maps were exported as uncompressed 16-bit tif files for further analysis. For 

qualitative analysis, images were manually focused to -2.0um defocus and then 20 1-second frames 

were collected and drift-corrected using Velox software (Thermo Fisher Scientific, Eindhoven, NL). 

Final summed images were exported as 16-bit tif files and cropped using ImageJ.  

Image analysis pipelines for counting capsids and for measuring chromatin density at the nuclear 

envelope were deployed in MATLAB R2020b. Scripts are available on the Fred Hutch GitHub 

repository. Capsid pipeline follows three steps: 1- nuclear boundaries identification, 2- capsid detection, 

3- capsid classification. Nuclear boundaries were identified with user input, by outlining a freehand 

contour of the nucleus of interest, from which a binary mask is extracted, and its area and perimeter 

was calculated. Capsid detection was performed on the medianfiltered complement of the original 

image, using a Circular Hough Transform based algorithm, with phase coding for radii estimation (61), 

and search radius ranging from 10.6 to 31.7 nm. Capsids residing within the nuclear mask were then 

counted and classified. Detected capsids were classified in three categories (Empty, Intermediate and 

Full), depending on the distribution of the pixel grayscale intensities within the capsids relative to a 

normal distribution. Moreover, the distance of the capsids from the nearest nuclear membrane pixel 

was measured using a distance transform, and capsids within a 200nm distance from the nuclear 

membrane were counted.  
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Width of heterochromatin abutting the nuclear envelope was quantified by measuring the length of the 

binarized chromatin from 1D intensity profiles along the normal of the nuclear perimeter, sampled at 

every 10 perimeter pixels. Dense heterochromatin was binarized using global Otsu’s thresholding 

method applied to the background-corrected complement of the contrast-adjusted original image. Noise 

from the binarized image was further reduced by applying a 2D order statistic filter using the minimum 

value of a varying domain interactively defined by the user, with default value of 8-by-8 pixels. The 

resulting heterochromatin density distribution was normalized to the total length of the nucleus’ 

perimeter.  

Live-cell imaging, tracking, and calculation of the mean squared displacement (MSD)  

Cells were infected with HSV-1 VP26mCherry (a kind gift from Beate Sodeik; Sandbaumhüter et al., 2013) 

and an MOI of 3. Nuclei were stained prior to imaging with Hoechst 33258 (Sigma Aldrich) diluted 1:1000 

in cell culture media. Cells were imaged at indicated time points on a Nikon TI2 (Nikon) spinning-disk 

fluorescence microscope equipped with a Yokogawa W2 spinning-disk unit (Yokogawa), an Andor DU-

888 X-11633 electron-multiplying charge-coupled device (EMCCD) camera (Andor Technology) and a 

100x 1.49 numerical aperture (NA) Apo-TIRF objective (Nikon) resulting in 130 nm pixel size. The setup 

also included 405 nm, 488 nm, 561 nm, and 640 nm laser lines and respective filter sets. Physiological 

growth conditions were kept constant at 37°C, 5% CO2, using an environmental control system consisting 

of an objective heater and a humidified incubation chamber.   

Cells were continuously imaged for 40 sec with a 561 nm wavelength laser in a single plane and a frame 

rate of 9.5 frame/sec. Single particle tracking was performed in ImageJ Fiji (Schindelin et al., 2012) with 

the plugin TrackMate v.7.6.1 (Ershov et al., 2022). Tracking settings were as follows: LoG detector, 

estimated diameter 0.8 µm, quality threshold 50, pre-processing with median filter, sub-pixel localization, 

spot filter “Signal/Noise ratio” >0.47, simple LAP tracker with the settings: linking max distance 0.5µm, 

gap-closing max distance 0.5µm, gap-closing max frame gap 1, track filter “Number of spots in the track” 

>20 spots. MSD analysis was performed using MotilityLab (http://2ptrack.net, accessed 17.02.2023) 

http://2ptrack.net/
http://2ptrack.net/
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based on the R-package CelltrackR (Wortel et al., 2021). To calculate the maximum nuclear corral size, 

a non-linear fit with exponential plateau was fitted to the meanMSD curves using the model𝑌 = 𝑌𝑀 − (𝑌𝑀 

− 𝑌0) × exp(−𝑘 × 𝑥) with GraphPad Prism v.9.5.0. Y0 represents the starting population (in [µm2]), K 

determines the rate constant (inverse of X [sec]), and YM represents the plateau (same units as Y). We 

then calculated the mean corral diameter using the following equation: 𝑑𝑐𝑜𝑟𝑟𝑎𝑙 = 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 2 × √𝑌𝑀  (modified 

from Bosse et al., 2015) where dcorral is the corral diameter, dparticle is the 1044 estimated HSV-1 capsid 

size of 125 nm (Baker et al.,1990), and YM is the plateau of the 1045 respective MSD curve.   

6.2 Chapter 3 Materials and Methods:  

Cells and viruses:  

hTERT-immortalized HFFs, HeLa cells, macroH2A1 knockout HeLa cells were cultured using 

standard methods with 10% FBS and 1% penicillin-streptomycin as previously described 

(Lynch et al., 2021) . Cells were grown at 37 °C with 5% CO2 and tested for mycoplasma 

contamination approximately once a month.  

The lab adapted strain of HSV-1, syn 17+ (Brown et al., 1973) , was used for all experiments 

unless otherwise noted. Us3-null, UL31-null, and UL34-null HSV-1 mutants were a kind gift 

from Richard Roller(16, 27) . Monolayers of cells were infected for 1 hour at 37 °C as 

previously described (Lilley et al., 2005) . An MOI of 3 was used for all experiments, except 

for EM samples which used MOI of 10. Cells were collected at mock, 4-, 8-, and 12- hpi for 

western blot. Supernatant was collected at 8- and 12-hpi for plaque assays. HSV-1 infected 

samples were harvested for TEM at 18 hpi. Virus stock was grown by infecting Vero cells at 

an MOI of 0.0001. Virus was harvested ~60-80 hours post-infection and titered on U2OS 

cells to determine stock plaque forming units per mL (PFU/mL). Experimental plaque assays 

were set up in Vero cells. Plaque assays were set up on serial 10-fold dilutions in serum-free 

DMEM. Virus was left on cells for 1 hour then aspirated. Cells were washed with 1X PBS (pH 



  134  
 

7.46), and 2% methylcellulose overlay in DMEM with 2% FBS and 0.5% penicillin-

streptomycin was added to wells. Plaques were fixed with 0.2% crystal violet between 96-100 

hours post infection and plaques were counted by hand. All plaque assays were set up with 2 

technical replicates.   

Knockout of macroH2A1:   

MacroH2A1 guide RNA(22)  was cloned into TLCv2 (Addgene plasmid: 87360), a plasmid 

encoding doxycycline-inducible Cas9-2A-GFP and gRNA expression. To generate lentiviral 

particles, 1.0x107 HEK293T cells were transfected with 12 µg TLCV2_sg_mH2A1, 8 µg pMDL 

(Addgene plasmid: 12251), 4 µg VSVg, and 2.5 µg pREV (Addgene plasmid: 115989) using 

Attractene transfection reagent (Qiagen: 301005). Lentivirus was harvested at 24-, 48-, and 

72hours post-transfection, filtered through 0.2 µm filters, aliquoted, flash frozen with liquid 

nitrogen, and stored at -80C. 2 mL of thawed filtered lentivirus was used to transduce 

approximately 3x106 HeLa cells in 10 cm plates with 8 µg/mL polybrene (Millipore-Sigma: 

TR1003-G). Cells were allowed to reach confluence before selection with 1 µg/mL puromycin 

for 3 days. Plated at 1 cell per well into 96-well plates, and selected through serial expansion 

of colonies. Selected cells were screened for macroH2A1 knockout by western blot.  

 

Infections with tazemetostat pretreatment:  

HFFs or HeLa cells were treated with DMSO or 10 µM of tazemetostat (MedChem: HY-13803) in 

DMSO for 3 days prior to infection. Cells were then infected at MOI of 5 and after 1 hour of incubation 

with virus, fresh media with 10µM Taz was added to previously treated cells. Control samples were 

treated with equivalent volumes of DMSO. Samples were harvested as above.  

Western Blotting:   
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Western blotting was performed as previously described (Lynch et al., 2021) . Briefly, cells 

were counted, pelleted, resuspended in 1x NuPAGE lithium dodecyl sulfate (LDS) sample 

buffer (Fisher Scientific: NP007) + 5% 2-betamercaptoethanol at 300,000 cells per 200 µL, 

and boiled for 15 minutes. Protein lysates were separated by 13.5% SDS-PAGE gels using 

1X NuPAGE MOPS buffer (Fisher Scientific: NP0001) at 75 volts for 30 minutes then 110 

volts for 100 minutes, then wet transferred to a nitrocellulose membrane (Bio-Rad) at 100 

volts for 70 minutes using Transfer Buffer (25 mM Tris Base, 100 mM glycine, 20% 

methanol). Membranes were ponceau stained and imaged. Membranes were blocked in 5% 

milk in Tris-buffered saline with Tween (TBST) for 1 hour, then probed with primary antibody 

overnight (see Table 2). Membranes were washed with TBST for thirty minutes, incubated 

with secondary antibodies conjugated to horseradish peroxidase (α-mouse or α-rabbit; 

1:5000) at room temperature for 1 hour, washed with TBST for thirty minutes, and detected 

using Clarity Western ECL Substrate (Bio-Rad: 1705061) and Chemidoc MP Imaging System 

(Bio-Rad). Images were formatted using Adobe Photoshop and Illustrator. Densitometry 

analysis was quantified using ImageJ.  

Table 1: Sources and identification of antibodies used.   

Antibody  Source  Identifier  Use (Concentration)  

Mouse anti-actin  Abcam  Cat: 5441  WB (1:10,000)  

Mouse anti-gH  Abcam  Cat: 110227  WB (1:1,000)  

Rabbit anti-H3  Abcam  Cat: 1791  WB (1:20,000)  

Rabbit anti-H3K27me3  Cell Signal 

Technologies  

Cat: 9733T  WB/CUT&Tag  

(1:100)  

IF (1:500)  

Mouse anti-ICP0  Santa Cruz  Cat: 53070  WB (1:1,000)  
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Biotechnology  

Mouse anti-ICP8  Abcam  Cat: 20194  IF (1:500)  

Chicken anti-UL34  Kind gift of Richard 

Roller  

N/A  WB (1:1000)  

IF (1:500)  

Peroxidase-AffiniPure Goat 

Anti-Mouse  

Jackson  

Immunoresearch 

Laboratories  

Cat: 115-035003   WB (1:5,000)  

Peroxidase-AffiniPure Goat 

Anti-Rabbit  

Jackson  

Immunoresearch 

Laboratories  

Cat: 111-035045   WB (1:5,000)  

Rabbit anti-mouse IgG  Abcam  Cat: 46540  CUT&Tag (1:100)  

Guinea pig anti-rabbit IgG  Antibodies Online  Cat:  

AB1N101961  

CUT&Tag (1:100)  

Goat anti-Rabbit IgG (H+L) 

AlexaFluor 568  

ThermoFisher  

Scientific  

Cat: A-11011  IF (1:300)  

Goat anti-Mouse IgG (H+L) 

AlexaFluor 488  

ThermoFisher  

Scientific  

Cat: A-11001  IF (1:300)  

  

  

RNA sequencing:  

Three biological replicates per time point were obtained from independent infections. Cells 

were harvested at the indicated times post-infection by trypsinization, washed with PBS and 

centrifuged at 5000 xg for 2 minutes. Pellets were lysed with TRIzol (Thermo Fisher: 15-596- 

026) and total RNA was harvested according to manufacturer’s instructions. RNAs were then 

treated with DNase (Qiagen: 79254) on RNeasy columns (Qiagen: 74104) per manufacturer’s 
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instructions. RNA was precipitated with 3 volumes ice-cold 96% ethanol, 1 volume 3 M sodium 

acetate pH 5.5, and 1 µL glycogen (Thermo Fischer: R055) overnight at -80 °C. Precipitated 

RNAs were pelleted at 15,000 xg and 4 °C for 30 minutes, washed with ice-cold 75% ethanol 

and spun as above for 10 min. RNA was resuspended in nuclease-free water.  

RNA was quantified by Nanodrop and integrity analyzed with the 4200 Tapestation Bioanalyzer 

system (Agilent). 500 ng of total RNA with an RNA Integrity Number (RIN) greater than 9.5 

were used to prepare sequencing libraries with the TruSeq® Stranded mRNA Library Prep Kit 

(Illumina: 20020594). Library concentrations were measured with Qubit dsDNA HS Assay Kit  

(Thermo Fisher: Q32854) then analyzed with Agilent High Sensitivity D5000 ScreenTape  

System and pooled. Libraries were sequenced with 100-bp paired-end reads on an Illumina 

NovaSeq 6000 SP sequencer at the Fred Hutch Genomics Core Facility  

Transfection:  

Cells were plated on poly-L coated glass coverslips the day prior to transfection. HeLa cells 

were transfected with 400 ng of plasmid DNA from Table 3 as indicated in figures using 

Attractene reagent and manufacturer protocol. Cells were fixed at 24 hours post-transfection 

and stained as described below.  

Immunofluorescence:   

Cells were plated on poly-L coated glass coverslips the day prior to infection. Cells were then 

infected with HSV-1 at an MOI of 3 and collected at mock, 10-, and 18- hpi or transfected as 

described above. For harvest cells were fixed with cold 4% PFA in 1X PBS for 15 minutes. 

Cells were permeabilized with 0.5% Triton-X in 1X PBS for 10 minutes, then blocked in 10% 

goat serum in 1X PBS for 1 hour, incubated with primary antibody (diluted as noted) in 3% BSA 

in 1X  
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PBS for 1 hour. Slides were incubated with secondary antibodies at a dilution of 1:300 in 3%  

BSA in 1X PBS for 1 hour. Coverslips were fixed to microscope slides with Invitrogen™ 

ProLong™ Gold Antifade Mountant. Images were taken on Leica Stellaris Confocal with 63X oil 

objective at room temperature.  

Electron Microscopy:   

Cells were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1M sodium 

cacodylate buffer (pH 7.3) at 4 °C. Fixed cells were rinsed briefly in 1% sucrose in 50mM 

cacodylate (pH 7.2), then postfixed on ice for 30 mins in a solution of 1% osmium (EM 

Sciences: RT19152) and 0.8% potassium ferricyanide in 50mM cacodylate (pH 7.2). Cell 

pellets were washed twice briefly at 25 °C in 1% sucrose in 50mM cacodylate (pH 7.2), then 

washed in three changes of 50mM cacodylate (pH 7.2) for 5 min each. Cell pellets were 

treated with 0.2% tannic acid (Sigma-Aldrich: 1401-55-4) in 50 mM cacodylate (pH 7.2) for 15 

minutes at 25 °C, then rinsed several times in water. Cells were dehydrated through a graded 

ethanol series and embedded in Epon 12 resin (Ted Pella: 18010). 70nm thin sections were 

cut using an Ultracut UC7 ultramicrotome (Leica Mikrosysteme) and collected on 200 mesh 

formvar/carbon copper grids (Ted Pella: 01800). Sections were stained with 2% aqueous 

uranyl acetate and Reynolds lead citrate. Cell pellet sections were imaged using a Talos 

L120C microscope operated at 120kV with a Ceta-16M (4096 x 4096) camera (ThermoFisher 

Scientific).  

All data were collected at spot size 5 with a 100um C2 aperture and 70um objective aperture.  

For quantification, nuclei were targeted at 1250x and manually circled. Autofocus was set to 

2.0um. Nuclei were then imaged at 11000x as a montage and stitched together automatically 

using SerialEM (Nexperion Inc). Stitched maps were exported as uncompressed 16-bit tif files 

for further analysis. For qualitative analysis, images were manually focused to -2.0um defocus 
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and then 20 1-second frames were collected and drift-corrected using Velox software (Thermo 

Fisher Scientific, Eindhoven, NL). Final summed images were exported as 16-bit tif files and 

cropped using ImageJ.  

6.3 Chapter 4 Materials and Methods  

Cells and viruses  

hTERT-immortalized HFFs, and hTERT-immortalized macroH2A1 knockout HFFs generated as 

previously described (22), were cultured using standard methods with 10% FBS and 1% penicillin-

streptomycin as previously described (58). Cells were grown at 37°C with 5% CO2 and routinely tested 

for mycoplasma contamination.  

MRC5 cells with doxycycline inducible IE1, IE1 ΔCTD, or Luciferase were a kind gift from the lab of M. 

Nevels and used as previously described (31, 33). Briefly, cells were grown in DMEM with 10% 

tetracycline negative FBS, 1% penicillin-streptomycin, and 1mM sodium pyruvate. Confluent plates 

were seeded and after 3 days, the media was changed then cells were undisturbed for 7 days. After 

these 7 days, 2 µg/mL doxycycline was added to plates and refreshed every 24 hours. Cells were 

harvested at 48 hours and RNA was extracted using the NEB Total RNA kit and RT-qPCR was 

performed as described below.   

The lab-adapted strain of HCMV Towne (59) was used for all experiments unless otherwise noted. 

GFP-Towne (60) and TB40E-GFP (61) were used for experiments indicated at an MOI of 1. Monolayers 

of cells were infected for 1 h at 37°C as previously described (62). Cells were collected at 4, 16, 24, 

48,72, 96 hpi for western blot and RNA-sequencing. The supernatant was collected at 4 and 6 dpi for 

plaque assays. Virus stock was grown by infecting WT HFF cells at an MOI of 0.0001. The virus was 

harvested 16-20 dpi and titered on HFF cells to determine stock plaque-forming units per ml 

(PFU/ml). Experimental plaque assays were set up in WT HFF cells. Plaque assays were set up as 

serial 10-fold dilutions in serum-free DMEM. The virus was left on the cells for 1 h and then aspirated. 

Cells were washed with 1× PBS (pH 7.46) and 2% methylcellulose overlay in DMEM with 2% FBS, and 
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0.5% penicillin-streptomycin was added to wells. Plaques were fixed with 0.2% crystal violet at 14 dpi 

and plaques were counted by hand. All plaque assays were set up with two technical replicates. In the 

case of GFP-tagged viruses, foci were read at 7 dpi using the Cy-5 filter on a Typhoon Trio Imager and 

quantified using FIJI is Just ImageJ version 2.1.0: Java 1.8.0_172 [64-bit].  

Infections with tazemetostat pretreatment  

HFFs were treated with DMSO or 10 µM of tazemetostat (HY-13803; MedChem) in DMSO for 3 d prior 

to infection as previously described(22). Cells were then infected at an MOI of 1, and after 1 h of 

incubation with the virus, fresh media with 10 µM tazemetostat was added to previously treated cells. 

Control samples were treated with equivalent volumes of DMSO.  

Samples were harvested as above.  

Western blotting  

Western blotting was performed as previously described(58). Briefly, cells were counted, pelleted, 

resuspended in 1× NuPAGE lithium dodecyl sulfate (LDS) sample buffer (NP007; Thermo Fisher 

Scientific) + 5% β-mercaptoethanol at 300,000 cells per 200 µl, and boiled for 15 min. Protein lysates 

were separated by 13.5% SDS-PAGE gels using 1× NuPAGE MOPS buffer (NP0001; Thermo Fisher 

Scientific) at 75 V for 30 min, then 110 V for 100 min, and then wet transferred to a nitrocellulose 

membrane (Bio-Rad) at 100 V for 70 min using Transfer Buffer (25 mM Tris Base, 100 mM glycine, 

20% methanol). Membranes were ponceau stained and imaged. Membranes were blocked in 5% milk 

in Tris-buffered saline with Tween (TBST) for 1 h and then probed with primary antibody overnight 

(Table 1). Membranes were washed with  

TBST for 30 min, incubated with secondary antibodies conjugated to horseradish peroxidase (αmouse 

or α-rabbit; 1:5,000) at room temperature for 1 h, washed with TBST for 30 min, and detected using 

Clarity Western ECL Substrate (1705061; Bio-Rad) and Chemidoc MP Imaging System (Bio-Rad). 

Images were formatted using Adobe Photoshop and Illustrator.   
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Table 1. Antibodies used for western blot and immunofluorescence.
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Antibody  Source  Identifier  Use (concentration)  

Mouse anti-CMV 

IE1/2  

Virusys Corporation  Cat: p1215  WB (1:5,000)  

Mouse anti-CMV 

UL44  

Virusys Corporation  Cat: CA006-100  WB (1:36,000)  

Mouse anti-CMV 

pp28  

Virusys Corporation  Cat: CA004-1  WB (1:4,000)  

IF (1:250)  

Mouse anti-CMV 

pp65  

Virusys Corporation  Cat: CA003-100  WB (1:2,000)  

Mouse anti-CMV gB  Virusys Corporation  Cat: CA005-100  WB (1:4,000)  

Rabbit anti- 

macroH2A1  

Abcam  Cat: 37264  WB (1:1,000)  

Mouse anti-Vinculin  Sigma Aldrich  Cat: V9131  WB (1:10,000)  

Mouse anti-α-Tubulin  Thermo Fisher  

Scientific  

Cat: 32-2500  IF (1:1000)  

Mouse anti-α-Tubulin  Santa Cruz  

Biotechnology  

Cat: sc-69969  WB (1:1,000)  

Mouse anti-β-actin  Abcam  Cat: 5441  WB (1:10,000)  

Rabbit anti-KIF1A  Abcam  Cat: ab180153  WB (1:2,500)  
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Rabbit anti-KIBRA 

(WWC1)  

Cell Signaling 

Technologies  

Cat: 8774S  WB (1:1,000)  

Rabbit anti-H3  Abcam  Cat: 1791  WB (1:20,000)  

Rabbit anti- 

H3K27me3  

Cell Signaling 

Technologies  

Cat: 9733T  WB (1:100)  

Peroxidase- 

AffiniPure goat 

antirabbit  

Jackson  

Immunoresearch  

Laboratories  

Cat: 111-035-045  WB (1:5,000)  

Peroxidase- 

AffiniPure goat 

antimouse  

Jackson  

Immunoresearch  

Laboratories  

Cat: 115-035-003  WB (1:5,000)  

Goat anti-mouse IgG 

(H+L) AlexaFluor 555  

Thermo Fisher  

Scientific  

Cat: A-32727  IF (1:300)  

  

Quantification of HSV-1 genomes by droplet digital (ddPCR)  

Quantification was carried out as previously described (22). In brief, cells were harvested at the 

indicated times after infection by trypsinization, washed with 1× PBS, and centrifuged at 5,000  

× g for 2 min. Pellets were flash-frozen in liquid nitrogen and stored at −80°C until processed. HCMV 

DNA within cells was isolated from frozen pellets using QIAamp DNAMini Kit (51304; Qiagen).  

Supernatants were harvested at the indicated times after infection, centrifuged at >3,500 × g, and 

filtered through 40-µm sterile syringe filters. DNA on the exterior of filtered capsids was digested for 1 

h at 25°C with 20.3 units DNase (79254; Qiagen) supplemented with 10 mM MgCl2. DNase was 

inactivated at 75°C for 10 min followed by vortexing. Capsids were then digested with 3 mg/ml 
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proteinase K (BP1700; Thermo Fisher Scientific) in 100 mM KCl, 25 mM EDTA, 10 mM Tris-HCl pH 

7.4, and 1% Igepal for 1 h at 50°C. HCMV genomes from digested capsids were isolated using 

QIAamp DNAMini Kit.  

A duplexed droplet digital PCR was performed to measure the levels of cellular or supernatant HCMV 

genomes on the QX100 droplet digital PCR system (Bio-Rad Laboratories) using a primer/probe set 

specific to HCMV UL55. Cell numbers were determined using a primer/probe set specific to human 

Beta-globin, a reference gene that exists at two copies per cell. The ddPCR reaction mixture consisted 

of 12.5 µl of a 2× ddPCR Supermix for Probes no dUTP 628 (1863024; Bio-Rad), 1.25 µl of each 20× 

primer-probe mix (Table 2), and 10 µl of template DNA. 20 µl of each reaction mixture was loaded onto 

a disposable plastic cartridge (1864008; Bio-Rad) with 70 µl of droplet generation oil (1863005; Bio-

Rad) and placed in the droplet generator (Bio-Rad). Droplets generated were transferred to a 96-well 

PCR plate (12001925; Bio-Rad), and PCR amplification was performed on a Bio-Rad C1000 Touch 

Thermal Cycler with the following conditions: 95°C for 10 min, 40 cycles of 94°C for 30 s, and 60°C for 

1 min, followed by 98°C for 10 min, and ending at 4°C. After amplification, the plate was loaded onto 

the droplet reader (QX200; Bio-Rad) and the droplets from each well of the plate were automatically 

read with droplet reader oil (186–3004; Bio-Rad) at a rate of 32 wells per hour. Data were analyzed with 

QuantaSoft analysis software and the quantitation of target molecules presented as copies per 

microliter of the PCR reaction. HCMV genome values were standardized to cellular β-globin levels. 

Experiments were completed in biological triplicate and 640 statistical analysis was performed as 

indicated in figure legends using Prism v10 (GraphPad 641 Software). 
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 Table 2: Primers and probes for ddPCR  

Target  Forward Primer  Reverse Primer  Probe  

HCMV 

UL55  

TGGGCGAGG 

ACAACGAA  

TGAGGCTGGG 

AAGCTGACAT  

6FAM-TGGGCAACCACC  

GCACTGAGG-BHQ1  

Human 

BetaGlobin  

TGAAGGCTCA 

TGGCAAGAAA  

GCTCACTCAGT 

GTGGCAAAGG  

5HEX- 

TCCAGGTGAGCCAGGCCATCACTA3BHQ1  

   

RNA sequencing  

Three biological replicates per time point were obtained from independent infections. Cells were 

harvested at the indicated times after infection by trypsinization, washed with PBS, and 647 

 centrifuged at 5,000 × g for 2 min. RNA was harvested using New England BioLabs 

Monarch® 648 Total RNA Miniprep Kit (T2010S) as per kit instructions.   

RNA was quantified by Nanodrop and integrity was analyzed with the 4200 Tapestation  

Bioanalyzer system (Agilent). 500 ng of total RNA with an RNA Integrity Number (RIN) >9.5  

were used to prepare sequencing libraries with the TruSeq Stranded mRNA Library Prep Kit  

(20020594; Illumina). Library concentrations were measured with Qubit dsDNA HS Assay Kit  

(Q32854; Thermo Fisher Scientific) and then analyzed with Agilent High Sensitivity D5000  

https://www.ncbi.nlm.nih.gov/protein/Q32854
https://www.ncbi.nlm.nih.gov/protein/Q32854
https://www.ncbi.nlm.nih.gov/protein/Q32854
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ScreenTape System and pooled. Libraries were sequenced with 100-bp paired-end reads on an 

Illumina NextSeq 2000 sequencer at the Fred Hutch Genomics Core Facility.  

RNA-seq analysis  

A concatenated fasta file was created using cDNA sequences from release 110 of Ensembl for the 

human genome and Towne-HCMV genome generated from sequencing map in Murphy et al. 2003(63) 

and genbank sequences, which was then used to construct a Salmon index(64). Expression for each 

transcript was quantified from raw reads using Salmon v1.9 with libType set as automatic. DESeq2(65) 

(v1.30.1) in R (v4.0.3) was used first to perform all pairwise comparisons for WT and macroH2A1 KO 

both across time points and between the two genotypes. There were six time points each in biological 

triplicates, resulting in 36 datasets: six time points compared against each other for each genotype 

(15x2) and six time points compared between WT and macroH2A1 KO (6)  A superset of genes was 

made by combining lists of genes with adjusted p-value £0.05 from each comparison. The expression 

matrix across genotypes and time points was transformed using the “rlog” function in DESeq2, and 

then the expression values for the superset of genes were extracted. The normalized read count for 

each gene was averaged across replicates, Z-transformed across time points and genotypes, and then 

the matrix of Z-scores was subjected to k-means clustering (k=4). Raw reads for ENCODE datasets 

were obtained and quantified with Salmon in the same manner as the CMV samples. CMV samples 

and ENCODE samples were loaded together in DESeq2 as a single DESeq dataset and transformed 

using the “rlog” function. Normalized expression values for genes in cluster 1 were then extracted to 

plot the distance matrix and principal components. The distance matrix was calculated using the “dist” 

function in R and plotted using the pheatmap package.  

Principal component analysis was performed using the “prcomp” function in R and plotted using 

ggplot2. GO enrichment analysis was performed with WebGestalt(66). macroH2A and H3K27me3 

enrichment at genes from different clusters were performed using published data for WT and 
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macroH2A.1 KO HFF cells. Enrichment was calculated across the whole gene (Gene start and Gene 

end definitions from Ensembl).  

Targeted siRNA screen  

HFFs were plated in 6-well plates and infected at MOI of 1 with HCMV-GFP Towne as described.  

Cells were transfected at 12 and 24 hours post infection with 25 pmol/well siRNA (Silencer select,  

Ambion distributed by Thermo Fisher) (Table 3) using lipofectamine RNAiMAX (Thermo Fisher).  

Non-targeting “Negative Control #1” (Cat. 4390843) was used as siRNA control. At 4 days post infection, 

supernatants were collected and flash frozen in liquid nitrogen for GFP-foci and plaque assay. Cells were 

pelleted and split, 75:25 for protein lysate and RNA respectively. Cells for protein lysate were lysed as 

previously described. Cell pellets for RNA extraction were flash frozen in liquid nitrogen and stored at -

80C. 

RT-qPCR  

RNA was extracted by TRIzol (Invitrogen) and cDNA was generated using Iscript Reverse  

Transcription kit (Bio-Rad). RT-qPCR was performed using a CFX384 Touch Real-Time PCR 693 

Detection System (Bio-Rad) and iTaq Universal SYBR Green One-Step kit (Bio-Rad). Primers for 694 

RT-qPCR are described in Table 3.  
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 Table 3. RT-qPCR primers and siRNA IDs.  

Target  Forward RT-qPCR 

Primer  

Reverse RT-qPCR 

Primer  

Ambion Silencer 

Select siRNA (Cat.  

4392420) ID:  

APOE(67)  CCTCAAGAGCTGG 

TTCGAG  

TCGGCGTTCAGTG 

ATTGTC  

s532836  

CNTFR  CACCTGTTCTCCAC 

CATCAA  

CACAATGGTGAAC 

TCGTCAAAG  

s3270  

DOC2B  CAGGAGCCAGTAA 

GGCAAATA  

GTCTTCATCTGTGA 

TCCCGTAG  

s16033  

ERC1  TCAGGCGAGAGAT 

AACACAATC  

TGCTCTCCTTTACT 

TCCACATC  

s22995  

IFI27  CTGTCATTGCGAG 

GTTCTACT  

ATTTGGGATAGTTG 

GCTCCTC  

s194542  

KIF1A  ACATGACACTCTCC 

GCTTATATC  

CTTGGCATCACGG 

GAATAGA  

s1827  

LAMA1  CTGGACATAGCCA 

GCTCTAATG  

GTATTCCATCCACG 

CGGTAATA  

s531309  

LRRC4B  AAGCGGCTGGAAT 

ACATCTC  

ATGTCCTTGAGGTT 

GCACAT  

s41228  

MYO5B  GTGGCAGAAGAAG 

CCTACAA  

CATACTTGGCTGAT 

ACCGTCTT  

s532220  

NPXT2  CCATTAGAAGAAG 

GCTCCCATT  

ATGAAGACAGTCC 

AGTGCTTAC  

s9696  
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SOX11  CCTCTTCCGCTAGT 

TGTGAAA  

GGAGGAGGTGAGA 

AAGGAAATG  

s224668  

WWC1  CAAAGGAAAGCAG 

ATGCAAGAG  

GACTGCAGATACA 

GTGAGGATG  

s23477  

UL55  TGGGCGAGGACAA 

CGAA  

TGAGGCTGGGAAG 

CTGACAT  

N/A  

RPLP0  GCAGCATCTACAA 

CCCTGAAG  

CACTGGCAACATT 

GCGGAC  

N/A  

IE1(68)  CAAGTGACCGAGG 

ATTGCAA  

CACCATGTCCACT 

CGAACCTT  

N/A  

 

 Immunofluorescence  

 

As previously described (8), in brief: Cells were plated on poly-L coated glass coverslips the day prior to 

infection. Cells were then infected with HCMV at an MOI of 1 and collected at 72 hpi. For harvest, cells 

were fixed with cold 4% PFA in 1× PBS for 15 min. Cells were permeabilized with 0.5% Triton-X in 1× 

PBS for 15 min, then blocked in 10% human serum in 1× PBS for 1 h, incubated with primary antibody 

(diluted as noted in Table 2) in 10% human sera in 1× PBS for 1 h. Slides were incubated with 

secondary antibodies at a dilution of 1:300 in 3% BSA in 1×  

PBS for 1 h. Coverslips were fixed to microscope slides with Invitrogen ProLong Gold Antifade  

Mountant or Vectashield (Tubulin stain). Images were taken on Leica Stellaris Confocal with 63× oil 

objective at room temperature. Images were formatted using Adobe Photoshop and  

Illustrator.  
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Images were analyzed using Bitplane Imaris v9.1.1.  Labeled nuclei and vIACs were segmented using 

the Surfaces tool on DAPI and pp28 stains respectively, and average volumes, sphericity and mean 

fluorescence intensities were reported for each field.  

 

Plaque area quantification  

Once plaque assays were fixed (as per Cells and Virus section), plates were imaged on a  

Molecular Devices ImageXpress Micro high-content imaging system equipped with a Nikon 4x/0.2 Plan 

Apo objective.  To provide a quantitative measurement of staining intensity, we acquired fluorescence 

images with a Cy5 filter set.  Twenty-four overlapping fields were imaged per well, providing 73% 

coverage of the total well area.  

Using FIJI is Just ImageJ version 2.1.0: Java 1.8.0_172 [64-bit] threshold was set to top 8% of pixel 

intensity (to account for well-to-well variation in crystal violet staining). The image was converted to 

binary and “analyze particles” feature was used to acquire area for particles over 1000 pixel units 

squared (Figure 4.9 A).  

We also acquired transmitted light images of selected samples on a Nikon Eclipse Ti inverted 

microscope equipped with a Nikon 4x/0.2 Plan Apo objective.  Images were acquired on a Photometrics 

Prime BSI Express sCMOS camera through an orange (580-610 nm) filter.  This wavelength range was 

chosen to match the absorbance spectrum of crystal violet, thus maximizing staining contrast and 

ensuring high dynamic range.  

Electron microscopy  

Cells were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer 

(pH 7.3) at 4°C. Fixed cells were rinsed briefly in 1% sucrose in 50 mM cacodylate (pH 7.2), then 

postfixed on ice for 30 min in a solution of 1% osmium tetroxide (RT19152; EM  
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Sciences) and 0.8% potassium ferricyanide in 50 mM cacodylate (pH 7.2). Cell pellets were washed 

twice briefly at 25°C in 1% sucrose in 50 mM cacodylate (pH 7.2) and then washed in three changes of 

50 mM cacodylate (pH 7.2) for 5 min each. Cell pellets were treated with 0.2% tannic acid (1401-55-4; 

Sigma-Aldrich) in 50 mM cacodylate (pH 7.2) for 15 min at 25°C and then rinsed several times in water. 

Cells were dehydrated through a graded ethanol series and embedded in Epon 12 resin (18010; Ted 

Pella). 70-nm thin sections were cut using an Ultracut UC7 ultramicrotome (Leica Mikrosysteme) and 

collected on 200 mesh formvar/carbon coated copper grids (01800; Ted Pella). Sections were stained 

with 2% aqueous uranyl acetate and Reynolds lead citrate. Cell pellet sections were imaged using a 

Talos L120C microscope operated at 120 kV with a Ceta-16 M (4,096 × 4,096) camera (Thermo Fisher 

Scientific).  

All data were collected at spot size 5 with a 100-µm C2 aperture and 70-µm objective aperture.  

Images were formatted using Adobe Photoshop and Illustrator.  

Image analysis was done using FIJI is Just ImageJ version 2.1.0: Java 1.8.0_172 [64-bit]. For analysis 

2.5 micron by 2.5 micron grids were drawn on non-overlapping regions of cytosol.  

“Freehand line tool” was used to trace all lengths of ER in the field of view and length of line was 

measured with ImageJ “Measure” function (Figure 4.3 B). Macro code for vIAC subcompartments can 

be found at: 10.5281/zenodo.11521560 (Figure 4.3 D).   

Statistical Analysis  

Graphs were generated and statistical analysis were run as marked in figure legends using GraphPad 

Prism v 9.1.2
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