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Abstract

Transcriptomic Analysis Reveals Metabolic and Epigenomic Reprogramming During Lytic
Phase of MHV-68 Infection

Chloe Jones
Chair of the Supervisory Committee:
Thelma Escobar
Biochemistry

The human gammaherpesviruses (YHV) Kaposi Sarcoma-Associated Virus (KSHV) and Epstein
Barr Virus (EBV) are two of the seven known human oncogenic viruses. KSHV infects around
5% of the population and causes cancers such as Kaposi Sarcoma in immunodeficient
individuals, whereas EBV infects >90% of the population and is linked to lymphomas and, more
recently, multiple sclerosis. Despite their impact on human health, there are currently no drugs to
treat either virus. This may in part be due to difficulties studying the lytic phase in the human
vyHVs; KSHV and EBV both immediately enter latency upon initial infection. A better
understanding of what processes occur during the lytic phase, the part of the viral lifecycle
during which the virus actively replicates, may offer new insights on potentially druggable
pathways. MHV-68 is a murine YHV that immediately enters the lytic phase upon primary
infection and shares ~80% sequence similarity with the human yHVs, thus making it a good
model for studying the lytic phase in the human yHVs. Surprisingly, there have been no prior
studies of the host transcriptome during viral infection of NIH3T3 cells, one of the most common
models for the study of MHV-68. In this body of work, I analyze bulk RNA-seq data from
MHV-68 infected NIH3T3 cells with the goal of identifying potential druggable pathway(s). In
taking a two-pronged approach in which I assess the most differentially expressed metabolic and
epigenomic genes/pathways, I present transcriptomic evidence for increased redox stress in
MHV-68 infected NIH3T3 cells, as well as evidence for perturbations in chromatin biology. My
analysis indicated an increase in transcripts encoding components of the mitochondrial electron
transport chain, glutathione synthesis, and NADPH-producing pathways, collectively suggesting
increased oxidative stress over the course of infection. Notable changes in chromatin biology
include upregulation of the expression of DNA demethylases and the DNA damage response
chaperone DAXX. Additionally, canonical histone H2A was upregulated, while histone variant
H2AX was downregulated late in lytic infection. Ultimately, I found that inhibition of the DNA
demethylating enzymes Ten-eleven translocase 1 and 2 (Tetl and Tet2) diminishes MHV-68
replication in this system. The mechanism behind how Tet1/2 inhibition reduces viral titer
remains to be explored.
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1. INTRODUCTION

1.1 Impact of Gammaherpesviridae on Human Health

Herpesviruses are common pathogens that collectively infect the majority of humans worldwide'. They
are known for being incurable, which they achieve by associating with their host's genome, replicating
when their host cell does. This allows them to remain dormant for many years, with the potential to
reactivate later. Therefore, herpesviruses have the potential to cause both acute infection and long-term

complications to the host, including cancer and multiple sclerosis.

Gammaherpesviruses (yHVs) are a clade of herpesvirus that integrate into the host genome through
formation of a circular structure known as an episome, which is tethered to the host chromosomes by a
viral protein?. There are two yHVs that infect humans: Kaposi sarcoma-associated virus (KSHV) and
Epstein-Barr virus (EBV). KSHV infects ~5% of the US population3®. While symptoms of acute infection
are rare in immunocompetent individuals, infection with KSHV can cause a variety of cancers, including a
variety of lymphomas, multicentric Castleman’s disease, and Kaposi sarcoma®. These diseases are
especially prevalent in immunocompromised individuals, for instance, in those with acquired
immunodeficiency syndrome or in transplant patients. EBV infects >90% of the global adult population”?8
and is also known to cause cancer, including lymphomas as well as nasal and gastric carcinomas. More
recently, strong evidence has arisen that EBV may also cause multiple sclerosis (MS) in a small subset of
the population it infects®'°, Despite the burden of disease, there are currently no FDA recommended
treatments for gammaherpesviral infections. Development of therapeutics for gammaherpesviral infection
could impact human health by reducing the incidence of the aforementioned cancers, or even potentially

preventing or treating MS.

Developing a treatment for herpesviral infection is limited by the narrow host specificity of herpesviruses.
Human herpesviruses are not known to infect other species, and it is rare for herpesviruses in general to
cause infections across multiple species''. Models for studying the human yHVs are thus limited to tissue

culture, the use of humanized animal models, or the use of model yHVs with their natural hosts. The



murine herpesvirus MHV-68 shares ~80% of its protein coding genes with EBV and KSHV'2 and infects

similar cell types, making it an appropriate model for studying the human yHVs.

The study of yHVs is further complicated by the viral lifecycle. As mentioned above, yHVs associate with

the host genome and can remain dormant; this is the latent phase of the lifecycle'®. In contrast, during the
lytic phase the virus replicates independently of host genome replication. The processes that occur during
each phase are distinct; different viral proteins are expressed during different phases of the lifecycle, with

host cellular processes also being differentially affected.

KSHV and EBV both infect epithelial and B cells; KSHV can additionally infect endothelial cells. MHV-68
can similarly infect epithelial and B cells, but it has additionally been observed to affect macrophages and
dendritic cells'"7. To attach to their target cell, all herpesviruses require viral glycoproteins gB, gH, and
gL. KSHV and EBV are no different, though they have been noted to require additional factors for viral
attachment'®. EBV additionally requires viral protein BMRF to attach to the epithelial receptor EphA2,
whereas attachment to B cells involves gp350 binding to CR2/CD21 receptors. Less is known about the
receptors involved in attachment of KSHV, though it has been noted to use EphA2 as well as EphA4.
Less is known about viral fusion. In EBV infection of B cells, fusion is triggered by viral protein gp42
binding to cell surface HLA-II. In KSHV infection of B cells, evidence suggests viral protein K8.1A is
required for viral entry, but not much else is known about factors required for fusion. Neither the viral nor
the host receptors required for attachment or fusion are known for MHV-68. However, it is known that
KSHV, EBV, and MHV-68 all enter the cell via some form of endocytosis'®2°, Little is known about the
dynamics of KSHV and EBV viral particles post-fusion, but there have been studies in MHV-68 as well as
other clades of herpesviruses. In an electron tomography (ET) study of MHV-68 dynamics?, it was noted
that the viral envelope is dissolved in as soon as 20 minutes post-infection. Viral capsids were then
observed to cluster around nuclear pores and inject their DNA into the host nucleus. When the virus
replicates, the viral capsid is assembled in the nucleus and exported by envelopment in the inner nuclear
membrane, followed by fusion and de-envelopment with the outer nuclear membrane, releasing a naked

capsid into the cytoplasm. From there, it develops two layers of tegument before envelopment by budding



into Golgi-derived membrane structures. Viral particles were reported to be found in exocytic vesicles as

soon as 24 hours post-infection (24hpi).

The processes observed in MHV-68 are similar to those seen in the alphaherpesvirus herpes simplex
virus 1 (HSV-1)?', which indicates that they are likely conserved across all herpesviruses. One notable
exception to this is that HSV-1 is known to utilize the host microtubule system to transit to the nucleus,
but there was no mention of the microtubule network in the aforementioned ET study of MHV-682°.
However, there is evidence that KSHV requires microtubule networks for transit to the nucleus??.

EBV and KSHV have a strong preference to establish latency upon primary infection'®. Neither virus
forms plaques on cultured cells, and neither will enter the lytic phase in culture without external
manipulation?>2*, In contrast, MHV-68 preferentially enters the Iytic phase during primary infection in
culture. This makes MHV-68 ideal as a model for the study of the lytic phase in yHVs. Despite this, to the
best of our knowledge, the host transcriptome has never been sequenced during MHV-68 infection in
NIH3T3 cells, a very common model for studying MHV-68 pathogenesis. Sequencing the transcriptome

over a timecourse of MHV-68 infection will bring potential druggable pathways to light.

In our analyses of the transcriptome during MHV-68 infection, we focused on two broad pathways:
metabolism and epigenetic modifications. Many currently available antiviral drugs, including those
targeting alpha- and beta- herpesviruses, target metabolic pathways?°. For example, Acyclovir is used to
treat both HSV and varicella zoster virus (VZV), two human alphaherpesviruses. Acyclovir is a prodrug.
The active form is a nucleoside analog that causes chain termination during viral DNA replication,
preventing the virus from replicating. While there are currently no approved antiviral drugs that target
chromatin, there are FDA-approved drugs targeting chromatin modifying proteins. One such drug is
Vorinostat, which treats T cell lymphoma by targeting class | and Il histone deacetylases?®. Additionally,
many groups are currently investigating the use of chromatin-targeting drugs to treat latent viral
infections, including herpesviruses?’. Details regarding what is already known about metabolomics and

epigenomics in gammaherpesviral infection will be discussed in the sections below.



1.2 Metabolomics of Gammaherpesviridae

Viruses hijack their hosts’ machinery in order to replicate themselves. Naturally, this means they must
exert some control over expression of host metabolic enzymes and transport proteins. Studies from the
mid twentieth century indeed confirmed that viral infection induces metabolic changes in this host, but
despite this, the field of viral metabolomics didn’t take off until widespread adoption of appropriate mass
spectrometry pipelines at the turn of the twentieth century?®2°. Viral metabolomics has since become a
topic of interest, with the field converging on the idea that viruses tend to remodel a common set of
metabolic pathways during infection, towards similar ends. For example, viruses all require nucleotides
(either RNA or DNA) and protein synthesis in order to replicate themselves, and these processes have
also been found to be upregulated and coopted in a variety of viral infections. Many viruses have also
been demonstrated to induce the Warburg effect, also known as aerobic glycolysis?®2°. The Warburg
effect, best known in the context of cancer, is the upregulation of glycolysis and the production of lactic
acid in an aerobic environment. While an inefficient use of glucose in the long-term, this process provides
ATP to the cell quickly in the short-term; given that viruses tend to destroy the host cell over the long-

term, it makes sense that viral infection would induce the Warburg effect.

Previous work indicates that the yHVs share many of these common patterns, which | discuss in detail
below. In the meantime, it is important to note a few particulars that may impact interpretation of the
results in my system (MHV-68 infection of NIH3T3 cells) compared to the current body of literature. First,
because it is difficult to study lytic infection without artificially inducing it, most data on KSHV and EBV
metabolomics focuses on the latent phase of the viral lifecycle. Further confounding analysis of results,
studies use a variety of different models that confound our ability to draw confluent conclusions. EBV,
KSHV, and MHV-68 are all capable of infecting both B cells and endothelial cells. In publications that use
models of infection that do not progress to cancer, those that focus on KSHV tend to use endothelial or
epithelial cell-derived models such as telomerase reverse transcriptase (TERT)-immortalized dermal
microvascular endothelial cells®*3!, oral epithelial cells®?, or even rat endothelial cells®33. This is likely

due to the fact that KSHV is most well-known for causing an endothelial-derived cancer, the eponymous



Kaposi Sarcoma. In contrast, studies evaluating metabolic changes during EBV infection are more likely

to use primary B human cells®>-%,

The human yHVs follow many of the trends established for viral metabolic perturbations. In particular,
they have been noted to: exhibit the Warburg effect; upregulate nucleotide biosynthesis, including the
pentose phosphate pathway (PPP); increase glutaminolysis to anaplerotically provide carbon to the
tricarboxylic acid cycle; and upregulate fatty acid (FA) synthesis, likely to provide FAs for the viral
envelope?®?® (Fig 1). While these studies have largely been done in latently infected cells, a few have
reached similar conclusions about the same pathways being important during the lytic phase, at least in

KSHV?'. In the following paragraphs, | will describe what is known about each of these major processes.
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Figure 1. Schematic of relevant metabolic pathways. Pathways previously indicated to be active in the
human gammaherpesviruses are highlighted in red. Pathway names are in bold. Only relevant

metabolites are named; the entire pathways are not shown.

Most reports indicate that glycolysis is upregulated in EBV?” and KSHV infection3'. Furthermore, in
models meant to recapitulate cancer biology both yHVs, it has been found that infection induces the
Warburg effect, including an increase in lactate production®-4°, However, an increase in oxidative

phosphorylation is also observed in EBV in the same cellular contexts®>7. At least one report indicates



that KSHV downregulates oxidative phosphorylation in endothelial cells®, but there are also reports that,
in B cells, it increases reactive oxygen species (ROS), of which oxidative phosphorylation is a major
source*'*2, In summary, repeated observation of the Warburg effect indicates that both human yHVs use
carbohydrates as their primary source of energy during latency. EBV also induces increased oxidative
phosphorylation, while evidence for oxidative phosphorylation occurring in KSHV infection is inconclusive

and potentially cell-type dependent.

While carbohydrates appear to be the primary source of energy for yHV infected cells, they may not be
the primary source of carbon skeletons. Glutaminolysis, the process by which certain amino acids are
converted into alphaketoglutarate to be anapleurotically fed into the TCA cycle, has also been found to be
upregulated in cells infected by alpha-, beta- and yHVs?%2°, In the betaherpesvirus HCMV, specifically, it
has been indicated that, while labelled glucose does not accumulate in the TCA cycle*, labeled
glutamine does**. This implies that glutamine is the primary source of carbon for the TCA cycle in HCMV,
with this feature potentially being shared throughout the clade. Indeed, glutamine has been reported to be
necessary for cell survival and viral protein expression during KSHV infection?®3'4%_ In EBV, induction of

glutaminolysis has been linked to the viral protein LMP 1464748,

Nucleotide biosynthesis is also important in viral infection. For yHVs, both purine and pyrimidine
biosynthesis has been demonstrated to be upregulated during infection, but purines appear to be more
important. One publication indicated that, while purine and pyrimidine pathways showed similar levels of
enrichment at a transcriptional level, their mass spectrometry quantified metabolomics dataset indicated
that purine intermediates were more abundant at most timepoints*®. Supporting the notion that purine
synthesis is particularly important, formate®” and xanthine®, two intermediates used in the synthesis of
purines, were found to be more abundant during latency in EBV and KSHV, respectively. In the case of
formate, it was also specifically found that a major source of formate during EBV infection is serine.

Serine also is converted into glycine, with much of that glycine shunted into the synthesis of glutathione®.



Herpesviruses are enveloped viruses; they therefore require lipids for envelope assembly. Indeed, lipid
metabolism has been reported to be important for the betaherpesvirus cytomegalovirus***° and the
alphaherpesvirus HSV-151-53, Multiple reports have also indicated that lipid and cholesterol biosynthesis is
important for yHVs, specifically. Inhibiting fatty acid synthesis (FAS) in latently KSHV infected tert-
immortalized endothelial (TIME) cells induces apoptosis®. This group used TOFA to inhibit the production
of malonyl CoA by acetyl CoA carboxylase, the first step in the FAS pathway. They found that
supplementation with palmitic acid partially rescued cell death, indicating that. A similar report in KSHV
used both TIME cells and a cell line that induces KSHYV lytic replication upon doxycycline
supplementation showed that inhibiting FAS not only induces apoptosis, but also decreases virion
production. In EBV infection of primary B cells, it has been shown that both FAS and cholesterol
synthesis are strongly upregulated at 2 days postinfection, and continue to be upregulated throughout the
establishment of latent infection®®. Furthermore, the same study found that treatment with simvastatin, an
HMG-CoA reductase inhibitor, reduced cell proliferation. This group was also further able to show that it
was specifically the isoprenoid branch of the cholesterol pathway that is necessary for the virus to

achieve optimal growth.

There are few reports that have addressed the metabolome in MHV-68 specifically. One metabolomics
study, also in NIH3T3 cells, indicates that glutamine metabolism, lipid biogenesis, and glycolytic pathways
were upregulated at various time points post lytic infection®*. We plan to characterize the transcriptome in
this same system to complement this metabolomic data. Specifically, one of my goals is to validate MHV-
68 as a good model for studying metabolism in the human yHVs; if we see patterns in metabolic gene
expression during MHV-68 infection that match what is known of KSHV and/or EBV, then this would
support that conclusion. If we validate MHV-68 as a good model, another goal is to find a preliminary drug

target.

1.3 General Principles of Chromatin Biology

The term “chromatin” refers to the DNA-protein complex formed when DNA is wrapped around histones to

compact it (Fig 2). Without compaction, the length of a single human cell’s diploid genome would be



about 2 meters long and therefore would not be able to fit within the nucleus®®. However, not all regions of
the genome are compacted to the same extent; some regions are much denser than others and are thus

much transcriptionally inaccessible. These regions are dubbed “heterochromatin.” Regions of the genome
that are transcriptionally accessible are called “euchromatin.” Differences in density between euchromatin

and heterochromatin are so stark, they can be visualized via transmission electron microscopy®®.
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Figure 2. Schematic showing chromatin-related factors that are explored in this work. The
nucleosome is composed of an octamer of four core histones: histones H2A, H2B, H3, and H4. Histones
H2A and H3 have many isoforms, called “variants;” depicted here are H2A variants already postulated to
be important in gammaherpesviral infection. Histone chaperones help assemble the nucleosome-DNA
complex. Histones can also be post-translationally modified with a variety of chemical groups, most
notable here being methylation, acetylation, and ubiquitylation. Additionally, DNA can be methylated.
Together, these factors help modulate chromatin state. Chromatin exists either as transcriptionally
accessible euchromatin or transcriptionally inaccessible heterochromatin. Factors associated with each

state are indicated.

Chromatin modulates gene expression by controlling access of the transcriptional machinery to DNA. It
achieves this by differentially compacting different regions of the genome in different cell types/ contexts.
To “open” chromatin, remodeling complexes such as the BAF complex physically move nucleosomes®’-5
and have been associated with changes in chromatin state®-', Specifically, the BAF complex is known to

evict nucleosomes®28% and oppose the action of the heterochromatin-associated Polycomb Repressive



Complexes (PRC)®%5, In contrast, packing into dense heterochromatin is achieved by accessory proteins
such as heterochromatin-associated protein 1 (HP1)%. The histone post-translational modification (H-
PTM) histone 3 lysine 9 trimethylation (H3K9me3; similar structural nomenclature will be used for other
discussed H-PTMs) recruits HP1%7. Two other H-PTMs are associated with heterochromatin: H3K27me3
and H2AK119 monoubiquitylation (H2AK119Ub1), deposited by PRC2 and PRC1, respectively. While the
association between these marks and heterochromatin has been well characterized, the mechanism
behind how these marks achieve chromatin compaction is debated®-7°. Other H-PTMs are associated
with active transcription and euchromatin; this includes H3K4me1, H3K4me3, and H3K36me3"". Each of
these are associated with a different region of the gene body/ promoter region. Histone acetylation in
general is also associated with chromatin accessibility, as the negative charge possessed by the acetyl
group in biological conditions neutralizes the positive charge of histone lysine residues’?. Many more H-
PTMs exist, including other methylation marks, ubiquitylation marks, phosphorylation, and more”" but
their functions are either not thought to be related to chromatin accessibility or they are currently not as

well characterized.

Other factors shaping chromatin dynamics include histone chaperones, DNA methylation, and histone
variants. Histone chaperones are proteins that are involved in packaging histones in chromatin, whether
this be in the context of replication or the regular growth of the cell, and include members such as Caf1,
Asf1, and Npm1. DNA methylation typically occurs at CpG islands and is associated with gene
repression, as well as certain H-PTMs. The DNA methyltransferase (DNMT) family transfers methyl
groups to DNA, whereas the ten eleven translocase (TET) family is involved in removing DNA
methylation. In addition to the level of regulation offered by H-PTMs, the core histones H3 and H2A also
have a variety of isoforms that can serve specific functions within the cell. These isoforms are commonly
termed “histone variants.” Histone variant H2Ax, which will be discussed later, is known to be associated

with DNA damage responses”.



1.4 Chromatin Dynamics in Gammaherpesviral Infection

Viruses have a variety of reproductive strategies. Many double-stranded DNA viruses insert themselves
into their host’'s genome; this is true for the herpesviruses, which chromatinize their genomes into
structures called episomes during the latent phase of infection™. In this context, “chromatinization” is the

process of condensing the viral genome around host histones.

One histone variant in particular has been thoroughly researched in yHVs. H2AX has been shown to be
important for KSHV proliferation; specifically, knockdown or knock out of H2AX results in lower viral
titers”>76. H2AX has been associated with DNA damage responses’” and it has thus been postulated that
gH2AX may be recruited in response to DNA damage caused by the virus. It has also been noted that in
KSHV, H2AX associates with viral LANA, the protein responsible for tethering the episome to the host
genome’®. This indicates that H2AX may be involved in the proper tethering of the viral episome of the
host genome. V-68 and EBV have their own virally-encoded kinases that phosphorylate H2AX"®,
Interestingly, a more recent publication showed that a different H2 variant, H2AZ, associates with the
EBV episome tethering protein EBNA177. The precise function of both of these H2 variants in

chromatinized yHV genomes has yet to be fully explored.

While in the latent phase, it has been found that not only are host histones added to viral DNA, but that
specific histone modifications are present at certain genomic regions’®7°. This indicates that yHVs may be
exploiting the host’s chromatin regulatory mechanisms to regulate access at specific points in its own
genome. The H-PTMs found decorating yHV episomes during latency include H3K27me3, H3K9me3,
H3K4me3, among others’7°. In one study that was focused on lytic reactivation from latency in KSHYV,
the genes associated with the earliest expression on lytic reactivation tended to have a bivalent
H3K27me3 + H3K4me3 signature, whereas genes that are expressed later in reactivation tended to only
have repressive H3K27me3 or H3K9me3"8. This study also found that inhibition of H3K27me3 deposition

led to lytic reactivation of KSHV.
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In addition to herpesviruses chromatinizing their genomes, they can also induce changes to host
chromatin. In a particularly dramatic example, HSV-1 Iytic replication pushes the host genome to the
nuclear periphery®®. For yHVs, EBV is also known to modify its host’s genome in a variety of ways.
Widespread host DNA demethylation has been observed during the latent phase®'-®2, as has a decrease
in repressive histone marks H3K9me3 and H3K27me3 on host DNA&, which may indicate a global
increase in transcription as the virus reprograms its target cell. To my knowledge, there are currently no

studies addressing how yHVs may modify the host’s chromatin during the lytic phase.

We know somewhat more about what happens to the episome during the lytic phase. During viral
replication/ the lytic phase, it appears that histones dissociate from the viral genome”88%84  |ikely to make
the viral genome maximally accessible for transcription. Histone evicting complexes and/or histone
chaperones may be involved in this de-chromatinization process, but data on these proteins during the
lytic phase of infection is scarce. | have used MHV-68 as a model to study the lytic phase, and anticipate
that my work will to add to the body of knowledge around general chromatin dynamics during lytic

infection by yHVs.
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2.RESULTS

2.1 Brief Explanation of Methods

This was a collaboration with Tracie Delgado’s group at Seattle Pacific University in which they conducted
the infection and RNA processing while | performed the computational processing. We collaborated on
data analysis. Briefly, NIH3T3 cells, a murine fibroblast cell line, were infected with MHV-68 and
harvested at 4, 8, 12, and 24 hours post infection (hrpi). We included a time-paired mock control. Four
replicates were prepared. RNA was harvested and purified with a miniprep kit and converted to cDNA
using poly-A primers. The computational pipeline used Fastqc for quality check, STAR to align, salmon to
quantify, and DESeq2 for differential expression analysis. Additional details can be found in the materials

and methods section below.

2.2 Statistics/ Data Analysis

We performed four replicates for each condition (mock/infected, 4/8/12/24 hours post-infection). Upon
performing a principal component analysis (PCA), samples from the same treatment clustered together
(Fig 3A). The number of significantly differentially expressed (DE) genes increased as the infection
progressed, as visualized via volcano plots generated for the four tested timepoints (Fig 3B). Key genes
relating to viral immune response, including Mx2 and Ifit1, were upregulated, supporting our experimental

setup and analysis.

At 4hpi, 8% (3274/40413) of transcripts were DE; by 24hpi, 22% (8847/40413) of transcripts were DE
(Fig 3C). This is a huge proportion of the genome that has been perturbed by infection, but it is not
entirely surprising. ~31% of genes DE at 4hpi remained DE throughout infection; similarly, 38%
(2041/5428) of genes DE at 8hpi are maintained as DE until 24hpi. In contrast, ~26% of genes DE at
24hpi were differentially expressed at that timepoint, specifically. This indicates that the virus
systematically rewires the host transcriptome over time, with many genes exhibiting DE by 4hpi and

maintaining that DE at least up until the final timepoint assessed at 24hpi.
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genes. A) Principal component analysis (PCA) plot of all samples. B) Volcano plots for 4, 8, 12, and 24
hours post-infection (hpi). Points highlighted in red meet the following criteria: adjusted p value < 0.05,
log2 fold change = 2. Selected genes are also indicated. C) Venn diagram showing genes that are
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2.3 Transcription Factor Analysis

| next performed an unbiased analysis of transcription factor target genes using RegNetwork’s
transcription factor (TF) network database. The eight gene sets | evaluated were those significantly up
and downregulated at 4hpi, 8hpi, 12hpi, 24hpi. All genes in this analysis met the following criteria: p value

<0.05, log2 fold change = 0.5.

At 4hpi, targets of Hif1a and Trp53 (protein name p53) were upregulated (Fig 4). Notably, Hif1a has been
reported to be induced in both KSHV and EBV infection®-%7, while p53 signaling has been noted to be
manipulated by both KSHV and EBV##°, Interestingly, targets of the Mcm helicase family, required for
host DNA replication, are upregulated at 8hpi, but downregulated at 12 and 24hpi. Foxm1 and Espl1
targets were both enriched and had a high -log10 FDR in the group of genes upregulated at 12hpi.
Foxm1 is involved in regulating cell proliferation, apoptosis, and lipid and carbohydrate metabolism®, as
well as being a commonly misregulated protein in the context of cancer®’; indeed, it has been specifically
noted to be upregulated in cases of Kaposi Sarcoma, a cancer caused by the human yHV KSHV®2, Espl1
encodes separase, a protein that cleaves cohesin to initiate anaphase. In the group of genes
downregulated at 8hpi, HoxC8 target genes were enriched, with a high -log10 FDR. HoxC8 is one of the
homeobox genes and is broadly involved in cell proliferation and differentiation. Among genes
significantly upregulated at 12hpi, Irf7 was the third most enriched and had a high -log10 FDR. Genes
upregulated at 24hpi were enriched for factors involved in transcription by RNA polymerase Il (RNApol Il),
including RNApol Il subunits themselves. This may indicate an enrichment of RNA pol |l targets over

targets of other RNA polymerases.
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Figure 4. Transcription factor targets are differentially regulated upon viral infection, and different

transcription factor networks are active at different timepoints in infection. Enrichment of

transcription factor targets in gene sets specifically expressed at conditions indicated. Keys for FDR and

pathway gene number are indicated to the right of each individual plot. Gene lists were filtered for the

following criteria: adjusted p value of <0.05; log2 fold change of >|0.5|; baseMean of >30.
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2.4 Unbiased Pathway Analysis

| next performed an unbiased pathway analysis using Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology: Biological Process (GO:BP) databases'®*'4°, | chose these databases
because they seemed most appropriate for identifying a druggable target in terms of cellular pathways

(KEGG) or biological processes (GO:BP).

In the KEGG pathway analysis (Fig 5A), a variety of virus-related pathways are enriched in upregulated
genes across timepoints. Viral interaction with cytokine and cytokine receptor is upregulated at 4hpi;
COVID-19 and EBV infection pathways are upregulated at 8hpi; COVID-19, HSV-1, and KSHV infection
pathways are upregulated at 12hpi; and HSV-1 related-pathways are represented at 24hpi. Other
pathways shared across timepoints include ferroptosis and glutathione metabolism. Ferroptosis is a
process of cell death that requires iron and is characterized by lipid peroxidation and oxidative stress®.
Reduced glutathione acts as an antioxidant; specifically, it donates electrons to reactive oxygen species,
neutralizing them®:. Ferroptosis is enriched at 4 and 8hpi, whereas glutathione metabolism is upregulated

at 8 and 12hpi.

While some processes are shared across different timepoints, others are distinct. At 4hpi, a variety of
signaling pathways were identified as upregulated: p53, Hippo, Rap1, and TNF signaling were all
enriched. At 8hpi, cell cycle and ribosome pathways were enriched in the group of upregulated genes.
Moving into 12hpi, pathways directly relating to response to viral infection are enriched in the upregulated
subset of genes: RIG-I-Like signaling, cytosolic DNA sensing, and antigen processing and presentation
are upregulated. Finally, at 24hpi, aminoacyl tRNA biosynthesis, RNA degradation, and mRNA

surveillance pathways are upregulated.

While many signaling pathways were identified as upregulated at 4hpi, MAPK signaling was
downregulated. In the group of genes downregulated 8hpi, biosynthesis of nucleotide sugars and amino
sugar metabolism were the top two enriched pathways, albeit with low -log10 FDR. Otherwise, pathways

relating to cell adhesion such as ECM-receptor interaction and focal adhesion were enriched with higher -
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log10 FDR. This is notable because of the use of endothelial cells for our experiment; downregulation of

these pathway members could be an indication of a loss of cellular identity or cytopatholgy at the

transcriptional level. At 12hpi, a variety of pathways relating to DNA replication and repair were

downregulated: DNA replication, mismatch repair, homologous recombination, Fanconi anemia, and base

excision repair were all represented here. Curiously, at 24hpi both oxidative phosphorylation and

chemical carcinogenesis reactive oxygen species pathways were both downregulated.

The GO:BP pathway analyses largely recapitulate the KEGG pathway analyses (Fig 5B). At 4hpi,
pathways relating to differentiation are upregulated, while pathways relating to cell-cell adhesion are
downregulated. Again, this is likely a reflection of broad transcriptional rewiring in the NIH3T3 cells. At
8hpi, pathways relating to meiosis and chromatid segregation are upregulated. Proceeding to 12hpi,
upregulated pathways include many involved in viral responses; this is in line with the KEGG analysis
indicating the most antiviral response at this time. Pathways relating to DNA replication and mismatch
repair are downregulated at this timepoint, also in support of the KEGG analysis. Finally, upregulated

pathways at 24hpi are also enriched for RNA and nucleic acid processing and synthesis.
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Figure 5. Pathways are differentially regulated upon viral infection, and change over time. A)

Enrichment for the KEGG database. B) Enrichment for GO: Biological Process database. Keys for FDR

and pathway gene number are indicated to the right of each individual plot. Gene lists were filtered for the

following criteria: adjusted p value of <0.05; log2 fold change of >|0.5|; baseMean of >30.
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2.5 Metabolic Pathway Analysis

We were unable to identify highly upregulated metabolic pathways with an unbiased pathway analysis.
However, even a small perturbation of metabolic genes could represent massive phenotypic changes.
With this in mind, | filtered our dataset for only metabolism-related genes registered in KEGG’s master
metabolism pathway for mice, mmu01100. | took genes from this filtered set, further filtered them to meet
not only a criteria of an adjusted p value of < 0.05 but also a log2fc of 0.5 or higher (representing a raw
fold change of ~1.4), and entered the resulting gene list into ShinyGO for pathway analysis. This analysis
allows us to determine the most differentially expressed genes among all metabolic genes, keeping in
mind the goal of finding a metabolic pathway that may be a good target for treating yHV infection. It is,
however, important to note that these methods are biased and therefore render the “fold enrichment”

value meaningless. Only the relative enrichment of each module compared to one another is important.

At 4hpi, KEGG identifies the top 3 enriched pathways as thiamine metabolism, nucleotide metabolism,
and biosynthesis of cofactors (Fig 6A). The top two pathways at 8hpi are the pentose phosphate pathway
and starch and sucrose metabolism. At 12hpi, the top pathways again shift. KEGG reports that they are
phosphate and phosphinate metabolism, pentose and glucuronidate interconversions, and carbon
metabolism. Finally, at 24hpi, KEGG indicates that ubiquinone, fatty acid, and steroid biosynthesis are

upregulated.

| further interrogated specific pathways on a gene-by-gene basis. At the 4hr timepoint, thiamine
metabolism (module mmu00730) was upregulated. Looking into the individual genes in that KEGG
module, it appears it is primarily the adenylate kinase (Ak) genes that are upregulated, especially Ak1 and
Ak5 (Fig 6B). However, while Ak1 (and most other Aks) remains upregulated over time, Ak5 is gradually
downregulated. In the starch and sucrose pathway (mmu00500), the two most upregulated genes at 8hpi
are Gbe1, a glycogen branching enzyme, and Pygm, which frees glucose monomers from glycogen (Fig
6C). In the ubiquinone pathway, enriched at 24hpi, Nqo1 and Coq3 were the two genes most upregulated
at this timepoint (Fig 6D). Nqgo1 is a member of the NADPH dehydrogenase family that plays a role in

reducing redox stress by reducing quinones to hydroquinones®. Interestingly, Coq7 and Vkorc were
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downregulated only at this timepoint. The remaining pathways enriched at 24hpi, steroid and fatty acid
synthesis, reveal that Sc5d and Acsbg1, respectively, are the most upregulated at the relevant timepoint
(Figs 6E,F). Scd5 converts lathosterol to 7-dehydrocholesterol, a precursor for vitamin D, while Acsbg1 is

thought to catalyze the addition of CoA specifically to long-chain fatty acids®.

Although glycolysis specifically was not indicated to be upregulated by our data, previous metabolomic
work indicates that certain intermediates in the pathway are upregulated®. Hif1a, which senses ambient
oxygen and induces glycolysis®”-%°, also had targets enriched in my transcription factor network analysis
at 4hpi. | therefore decided to look at individual genes in the pathway for further scrutiny (Fig 6G). This
analysis revealed that Hk2, but not Hk1, is upregulated at 4hpi. Eno2, an isoform of phosphopyruvate
hydratase, is upregulated at 12 and 24hpi, whereas another isoform, Eno3, is downregulated at all
timepoints. Hif1a is slightly but significantly upregulated at 4hpi, and substantially downregulated at 12

and 24hpi.
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Figure 6. Top metabolic pathways expressed during MHV-68 infection. A) KEGG enrichment for top
upregulated pathways at 4, 8, 12, and 24hpi following selection of genes in the pathway mmu01100, the
master metabolic pathway. Keys for FDR and pathway gene number are indicated to the right of each
individual plot. Gene lists were filtered for the following criteria: adjusted p value of <0.05; log2 fold
change of >0.5; baseMean of >30.B) heatmap of genes in the thiamine metabolism pathway (mmu00730)
over time. C) heatmap of genes in the starch and sucrose pathway (mmu00500) over time. D) heatmap
of genes in the ubiquinone and other terpenoid-quinone biosynthesis pathway (mmu00130) over time. E)

heatmap of genes in the fatty acid synthesis pathway (mmu00061) over time. F) heatmap of genes in the
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steroid synthesis (mmu00100) pathway over time. G) heatmap of genes in the glycolysis pathway over

time.

2.6 Evidence for Redox Stress

Oxidative phosphorylation was the most downregulated pathway at 24hpi (Fig 5A) even as the quinones
COX1 and COX2 were among the most upregulated transcripts at 24hpi (Fig 3B). In addition, glutathione
and ferroptosis pathways were enriched in most timepoints, though they were not among the most

enriched. This prompted us to look further into metabolic pathways that might be modulating redox stress.

Transcripts encoding electron transport chain complex proteins became gradually more upregulated over
time (Fig 7A). However, this was only true for mitochondrial complex members, not genes encoded by
the nuclear compartment. Complex I, which has no mitochondrial components, was not upregulated. This
is in contrast to the unbiased pathway analysis of genes significantly DE at 24hpi, which showed a
downregulation of oxidative phosphorylation. It is important to mention that the GO:BP pathway contains
regulatory genes in addition to the members that actually make up the Complexes |-V of the electron

transport chain.

The pentose phosphate pathway (PPP) was among the top three upregulated pathways via KEGG
annotation at 8hpi. The PPP is the primary source of NADPH, which primarily provides electrons for
reduction power in the glutathione and fatty acid biosynthesis pathways, among other processes.
Analysis of each gene in the pentose phosphate pathway shows that the enzymes that generate NADPH
— G6pd2, G6pdx, and Pgd — are the most upregulated (Fig 7B). Interestingly, G6pd2, but not G6pdx (a
paralog that shares the same function) is downregulated at 4hpi. Of note, G6pd is considered to be the
rate-limiting step of the PPP. The main enzyme of the recycling part of this pathway — Tkt — is

downregulated at 24hrpi.
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There are several different arms of the ferroptosis pathway: iron storage, iron transport, arachidonic acid
metabolism, glutathione metabolism, and mitochondrial-related genes. In clustering these genes together
in the heatmap of their expression, it appears that certain members of the glutathione pathway are
upregulated, but not all (Fig 7C). Additionally, while other members of the ferritin storage pathway are not
particularly overexpressed, the ferritin light (Ftl) and heavy (Fth) chains are upregulated. Finally, the iron

exporter Slc40a1 was upregulated.

While the ferroptosis pathway as recorded in KEGG subsumes a portion of the glutathione pathway;, it
does not contain all of it. | therefore also analyzed the entire glutathione pathway. The glutamate cysteine
ligases, as well as glutamate synthetase, the enzymes that generate glutathione, were upregulated
broadly upregulated across timepoints (Fig 7D). Additionally, Slc7a11, which imports cysteine that is

necessary for glutathione synthesis, was also upregulated (Fig 7E).
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Figure 7. Pathways relating to redox stress are upregulated during MHV-68 infection of NIH3T3
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cells. A) Heatmap for the pentose phosphate pathway, with enzymes that generate NADPH indicated. B)
Heat map of the electron transport chain, with averaged expression of each transcript in each complex.
Complexes are further divided into nuclear and mitochondrial encoded. C) Heatmap of genes in the
ferroptosis pathway, with labels indicating which arm of the pathway each gene belongs to. D) Heatmap

of enzymes involved in glutathione synthesis. E ) Heatmap of amino acid transporters.
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2.7 Epigenetic modifiers: Changes in Histone Lysine Methyltransferases and Demethylases

| began my analysis of chromatin dynamics during MHV-68 infection by investigating histone methylases
and demethylases. Because each histone methyltransferase and demethylase acts independently of
others and are not necessarily in the same pathway, | also made heatmaps to visualize the top
differentially expressed Kmts (Fig 8A) and Kdms (Fig 8B). Notable Kdms include Kdm7a, which
demethylates H3K9/27/36; it is the most downregulated gene in this group at 4hpi,but is gradually
upregulated over time. Kdm2b is the most downregulated at 24hpi,and begins to be downregulated at
8hpi. Kdm5b, an H3K4 demethylase, is the most upregulated at 12hpi and maintains high expression at
24hpi. Among the Kmts, Suv39h1/2, Nsd2, and Ezh2 are notable for being downregulated at 12hpi. The
Suv39hs catalyze methylation at H3K9, whereas Nsd2 methylates H3K36 and Ezh2 is the sole methylator
of H3K27. Dot1L, which catalyzes the unusual methylation of H3K79, is very upregulated at 12hpi,

whereas the H3K4 and H3K36-methylating Prdm9 is the most upregulated at 24hpi.
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Figure 8. Differential expression of histone methylating (A) and demethylating (B) enzymes during

MHV-68 infection in NIH3T3 cells.

2.8 Changes in Histone Variants and Histone Chaperones

Due to previous reports indicating that the histone variants H2AX and H2AZ are important for yHV
proliferation, | also decided to look into histone variants. Most histone variants were either not expressed
at all or expressed very few copies; | generated a heatmap that contains only the histone variants

expressed at an average of 30 copies or more over all samples (Fig 9A). H2AX was most highly
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expressed at 12hpi and, interestingly, was downregulated at 24hpi. One variant of, H2AZ, H2az1, was
almost as highly expressed as H2AX. One locus that expresses canonical H2A, H2ac23, was very
upregulated at 24hrpi. However, the most highly expressed histone variant from 4-12hpi was CENP-A, a
centromeric variant of H3. Another intriguing result of this analysis was the downregulation of all

expressed H1 variants starting at 12hpi, and especially H1.0 (H1f0) being very downregulated at 24hpi.

Finally, given the evident DE of histone variants at 24hpi, | assessed histone chaperones (Fig 9B). Caf1
complex proteins were downregulated starting at 12hpi, and maintained this downregulation through
24hpi. Interestingly, Asf1b, but not Asf1a, showed a similar pattern. In contrast, Daxx showed the

opposite pattern — it was upregulated starting at 12hpi, into 24hpi.
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Figure 9. Figure 8. Differential expression of (A) histone transcripts and (B) histone chaperones

during MHV-68 infection in NIH3T3 cells. Transcripts were filtered to meet a baseMean of >30.

2.9 Other Perturbations in Chromatin Biology

There are few annotated chromatin-related pathways in any of the major gene ontology databases; this is
certainly true of the KEGG and GO databases. In an effort to expand the list of potential drug targets, |

hand-curated a list of a variety of chromatin-related genes based on the existing literature'®-'"". This list
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contains 258 genes and includes acetylating enzymes, deacetylating enzymes and associated
complexes, PRC1 and PRC2 complex members, the BAF complex, and well-characterized

readers/writers/erasers of certain H3 methylations.

At 4hpi, 3/10 of the top genes were related to PRC1, though the catalytic component of the complex
(Ring1) was not significantly upregulated until 24hpi (Fig 10A). 3/10 of the top genes were also related to
a variety of different deacetylases. The chromatin-related gene most highly expressed at this timepoint
was Tet1, a DNA demethylase. At 8hpi, Tet1 is again the most highly expressed in this gene list;
furthermore, 3/10 of the top genes are related to DNA methylation, including the Tet1-associated protein
Gadd45a and also Tet2. 4/10 of the top transcripts at this timepoint are related to histone deacetylation.
Again at 12hpi 4/10 of the top genes are related to DNA demethylation, including, again, Tet1 and Tet2,
though Tet2 is now more highly expressed. 3/10 genes are related to histone deacetylation, and 2/10 are
related to Polycomb complexes. At 24hpi, Tet2 is the most highly expressed gene in this list, though it is
now the only DNA methylation-associated gene to make the top 10. 3/10 genes are related to Polycomb,
and 3/10 are related to histone deacetylation. Sirt1, Sirt7, and Arid4b are also consistently among the top

10 across all timepoints.

Due to the early upregulation of Tet1 (4hpi) and the late upregulation of Tet2 (12&24hpi), we decided to

test the effects of the Tet1/2 inhibitor Bobcat339 on viral proliferation. Bobcat339 reduced viral titer

(normalized to cell count) by a factor of ~4 (Fig 10C).
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Figure 10. Top 10 expressed chromatin-related genes in each timepoint. A) list of top ten most

upregulated chromatin-associated genes at each timepoint. B) heatmap following all genes identified in

(A) over time. Genes are sorted and labelled by function. C) bar graph showing viral titers in NIH3T3 cells

infected with MHV-68 with and without the Tet1/2 inhibitor Bobcat 339. Viral titer was normalized to cell

count to account for potential host cell death.
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3: IMPLICATIONS AND FUTURE DIRECTIONS

3.1 MHV-68 Recapitulates Many Aspects of Human yHV Metabolic Rearrangements

Previous reports indicate that the human yHVs EBV and KSHYV instigate a variety of metabolic changes in
their host cells. Notable perturbations include an increase in aerobic glycolysis and lactate production,
otherwise known as the Warburg effect; an increase in fatty acid synthesis, with a concomitant increase in
the PPP also noted; an increase in nucleotide production; and an increase in glutaminolysis?®2°,
Regarding glycolysis, we observed a mild increase in most glycolytic enzymes from 4-12hpi, with Hk2 and
Eno2 upregulated throughout infection. Importantly, we also observed modest upregulation of lactate
dehydrogenases Ldha and Ldhb, supporting the idea that MHV-68 induces the Warburg effect, especially
given a previous report that lactate itself is upregulated®. Additionally, | observed an enrichment of Hif1a
target genes at 4hpi (Fig 4). Hif1a is a transcription factor that is typically activated in response to
hypoxia®” and has been noted to be induced by KSHV and EBV®5%7, Furthermore, the expression and
stabilization of Hif1a is said to directly modulate upregulation in glycolysis in KSHV and EBV®%%°, As
MHV-68 induces both Hif1a and glycolytic gene expression, it stands to reason that Hif1a serves a similar
role in inducing glycolysis during MHV-68 infection. However, full confirmation of the role of Hif1a in
potentially inducing glycolysis during MHV-68 infection would require additional interrogation. For
example, inhibition of Hif1a with one of the many available Hif1a inhibitors, followed by a measured
reduction in glycolysis at the metabolomic, transcriptomic, and/or proteomic level would support this
conclusion. It is also worth noting that Hif1a and many glycolytic intermediates (Fig 6G) are significantly
downregulated at 24hrpi, which, when considered in conjunction with the gradual upregulation of ETC
complex members, may indicate that MHV-68 shifts from sourcing energy primarily from the glycolysis +

Warburg effect to sourcing energy from the ETC.

Glutaminolysis, the anaplerotic process in which glutamine is converted to alphaketoglutarate and enters
the TCA cycle, has been noted to occur in herpesviral infections, including human yHV infection?®2°, In
human cytomegalovirus (HCMV), a betaherpesvirus, it has been documented that, while the carbon in

glucose ends up in fatty acids*?, labeled glutamine enters the TCA cycle to replenish carbon**.
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Unfortunately, “glutaminolysis” is not a pathway registered under KEGG and thus it is impossible for an
unbiased analysis to output it as a significant pathway. In examining the individual genes, however, there
is evidence of mild, statistically significant upregulation of the enzymes involved in glutaminolysis, as well

as glutamine transporters.

Pathway analysis also revealed that nucleotide metabolism was upregulated; it was the second most
upregulated metabolic pathway at 4hr, the third at 8hr, and the seventh at 12hpi. Both purine and
pyrimidine biosynthetic pathways were indicated to be upregulated at 4hpi, but by 8hpi purine
biosynthesis was more enriched. This is in line with previous reports that purine metabolic intermediates
are more enriched than pyrimidines in both EBV and KSHV?237:4% and also corroborates a previous report
that MHV-68 induces the accumulation of more purine intermediates (such as xanthine and inosine) than

pyrimidine intermediates (such as uridine and cytosine) at 8hpi®.

The PPP is also considered to be integral to the de novo synthesis of nucleotides (purines especially,
because it generated ribulose-5-phosphate), as well as being the primary source of cellular NADPH. This
pathway was found to be the top most enriched metabolic pathway at 8hpi. Indeed, when looking into the
individual genes within the PPP, the enzymes involved in generating NADPH are the most upregulated.
This is supportive of the notion that the PPP may be upregulated in order to generate NADPH for FA
synthesis. However, while fatty acid synthesis was identified as enriched at 24hpi, it was not identified as
an enriched pathway at the same timepoint as the PPP (8hpi). Instead, another pathway was enriched at

8hpi that requires NADPH: glutathione related processes.

3.2 MHV-68 Infection of NIH3T3 Cells Induces Redox Stress

While the PPP and, specifically, NADPH producing enzymes were enriched at 8 and 12hpi, neither FA
nor cholesterol synthesis were upregulated until 24hpi. However, glutathione related pathways were
upregulated at 4, 8, and 12hpi. This suggests that the NADPH produced by the PPP may be acting as an
electron donor to glutathione. Glutathione is the primary source of electrons for neutralizing cellular

reactive oxygen species (ROS). It also did not escape my attention that COX1 and COX2, two members
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of electron transport chain (ETC) Complex IV, are among the top two most upregulated transcripts at
24hpi. It is important to note here that the ETC is a major source of ROS''®, and aberrant upregulation of

its processes is capable of changing the redox balance in a cell.

The extreme upregulation of these two genes prompted us to look into other members of the ETC,
revealing a very clear gradual upregulation of ETC-related transcripts over time. Even more intriguing,
when dividing ETC members into nuclear- vs mitochondrial-encoded, only the mitochondrial-encoded
genes showed this gradual increase; this implies that MHV-68 uniquely manipulates mitochondrial gene
expression, though the mechanism behind how it may achieve this is unclear. This is further supported by
the downregulation of ubiquinone and other terpenoid quinones at 24hpi. The enzymes in this pathway
are nuclear-encoded, and may represent an attempt by the host cell to downregulate an overactive ETC

even while MHV-68 has artificially upregulated expression of mitochondrial ETC genes.

Ferroptosis is another metabolic pathway that was indicated to be enriched from 4 to 12hpi. Unlike many
of the other metabolic pathways that only showed up upon filtering, ferroptosis is the second most
enriched at 4hpi and the most enriched at 8hpi in my unbiased analysis. The key features of ferroptosis
include its dependence on iron, the presence of fatty acid peroxidation, the downregulation of glutathione
peroxidase Gpx4, and changes in mitochondrial structure®. Further investigation of this pathway revealed
that there are multiple different groups of genes that modulate different subprocesses: arachidonic acid
production, iron transport and storage, and glutathione synthesis being most of interest. Of the genes in
these modules, the genes involved in the glutathione pathway Geclm, Gclc, Gss, and Gpx4, as well as the

ferritin genes Ftl1 and Fth1, are known to be negative regulators of ferroptosis'®.

Glutathione synthesis was the primary process differentially expressed within the broader ferroptosis
pathway, with iron importers also showing moderate downregulation. Clear, groupwide up- or
downregulation was not observed for the other sub pathways. Looking at individual genes within the
ferroptosis pathway, Gpx4 is mildly downregulated until 24hpi, when it is massively downregulated, and

indicator of ferroptosis. However, the ferritin light and heavy chains, which are negative regulators of
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ferroptosis, remain upregulated from 8 to 24hpi. In addition, the iron exporter Slc40a1 is upregulated
throughout the course of infection. Other key markers of ferroptosis are, unfortunately, beyond the scope
of this project. Validation that ferroptosis is occurring in this context may therefore include visualization of
potential changes in mitochondrial structure during infection and measuring the accumulation of lipid
peroxides and other ROS. There are commercially available dyes to visualize the presence of ROS using

flow cytometry or microscopy.

Altogether, this data suggests that glycolysis may be briefly upregulated at early timepoints before the
infected cell shifts to oxidative phosphorylation for its energy needs. The ETC becomes so upregulated
that it induces redox stress, prompting the cell to increase NADPH and glutathione production. The
upregulation of glutathione synthesis, iron export, and ferritin, combined with the downregulated of
ferroptosis negative regulator Gpx4, suggests that ferroptosis may be triggered as a result of the oxidative

stress.

Other viruses have been noted to manipulate host ROS, often in ways that promote viral
proliferation'#'-142.143For example, treatment of virally infected cells with antioxidants has been noted to
reduce viral proliferation, suggesting a direct role of ROS in promoting viral reproduction. My proposed
model suggests that it is the upregulation of the ETC that is important for the virus’s energy needs over
time, and not necessarily ROS itself. Targeting the ETC notoriously is extremely toxic'?°, so we decided
not to proceed with inhibiting the ETC. There are drugs available that neutralize superoxide radicals
generated by the ETC, such as MitoTempo'#3, but it is unclear whether ROS themselves are beneficial or
harmful to viral production. | thus next moved to an analysis of potentially druggable chromatin-related

pathways.

3.3 Chromatin Factors Relating to DNA Damage, H2AX and DAXX, are Differentially Expressed

Throughout Infection

Massive transcriptional changes occurred during the first 24 hours of MHV-68 infection. Because one

layer of transcriptional control is epigenetic modifications such as histone PTMs and DNA methylation, |
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reasoned that, if there were epigenetic factors that were upregulated during infection, those factors may
have been hijacked by the virus to rewire transcription. We could therefore proceed to inhibition of that
epigenetic factor during infection to test whether it is important for transcription of host genes necessary

for viral replication.

In evaluating all the known histone lysine methyltransferases (Kmts) and demethylases (Kdms), | found
that substantial changes in expression of these factors only occurred at 24hpi. Of course, this does not
necessarily mean that the PTMs they modulate are not important over the course of infection; in order to
truly measure whether or not the H-PTM profile is significantly changed in MHV-68 infection, H-PTMs
must be measured directly via methods such as ChlP-seq, CUT&RUN, or mass spectrometry. That being
beyond the scope of my project, | instead decided to expand my search to other chromatin-related

proteins.

The histone variant H2A.X has been reported to be important for viral proliferation in yHVs in
general’®76.121.122 \yhereas the histone variant H2AZ has been linked to EBV specifically”’. In KSHV,
H2A.X has been indicated to interact with viral protein LANA to tether the episome to the host genome’®;
H2AZ appears to serve a similar role in EBV through its interaction with viral protein EBNA177.

Due to this pre-existing evidence for the importance of at least one histone variant, | analyzed expression
of all known histone variants throughout infection. Of those that were expressed, there was a modest
global upregulation from 4-12hpi, with not only H2A.X but also H2A.Z and CENPA (an H3 variant) being
slightly overrepresented compared to other histone variants. At 24hpi, there is a global downregulation of
most histone variants, with the exception of canonical H2A, which remains upregulated. H2AX and H2AZ
are notably more downregulated than other variants. Given that H2AX and H2AZ are involved in tethering
of the viral episome to host chromosomes, and H2AX has already been suggested to be important for
latency, | propose that H2AX and/or H2AZ transcriptional repression during lytic infection may be part of a
mechanism that represses latency. Further studies to validate this may include selective degradation of
H2AX during MHV-68 infection, followed by evaluation of the population of cells in the lytic vs latent state.

If the population is skewed towards latency when H2AX is degraded, this would support my hypothesis.
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Upon confirmation of changes in histone variant expression, | decided to investigate expression of histone
chaperones. In particular, | was interested in the histone chaperone FACT, which has been known to
chaperone H2A.X, specifically'?3. There was a small but significant decrease in both complex members at
12 and 24hpi. While this supports the idea that H2A variants are important in the context of MHV-68,
again, this only appears to become important at later timepoints in infection. More interestingly, DAXX, a
chaperone involved in response to DNA damage'?*, was highly upregulated at 12 and 24hpi. This is in
contrast to many different DNA damage response pathways being downregulated at 12hpi. The role of

DNA damage in yHV lytic infection requires further exploration.

3.4 The Sin3 HDAC Complex, TETs, and Polycomb Complexes are Upregulated Throughout Lytic

Infection

In an attempt to find an epigenetic factor that might be shaping earlier transcriptional changes, | next
made a list of all chromatin modifying enzymes and complexes | am currently aware of'°-'"7, Unlike my
evaluation of the Kmts and Kdms, this time | included any other proteins known to act in a complex with
histone readers/ writers. | also included DNA methyltransferases and demethylases, histone acetylases/
deacetylases, and histone remodeling complexes such as the BAF complex. This analysis revealed that
DNA demethylases, non-enzymatic members of histone deacetylase complexes, and non-enzymatic
members of the PRC complexes began to be upregulated at 4hpi, with their upregulation gradually

increasing over infection.

It's important to note that Tet1/2 and Sin3, a major member of the Sin3 HDAC complex, have previously
been described to interact'?®'26, Specifically, this interaction has been indicated to occur in embryonic
stem cells and is involved in the de-repression of pluripotency-associated genes. While Sin3 itself was not
among the top 10 most highly expressed chromatin factors, two other canonical members of the Sin3
complex, Arid4a and Sap30, were. EBV has previously been reported to induce expression of Tet1 and
Tet2'27:128 'whereas in KSHV+ tumors Tet2 was noted to be transcriptionally upregulated'?®. Additionally,
it has been found that, in KSHV, members of the Sin3 complex are not only present on viral chromatin in

latency, but also directly recruit HDACs 18&2'30-132,
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With evidence that Tet1/2 may also be important in the pathogenesis of the human yHVs, we decided to
test the effects of the Tet2 inhibitor Bobcat339 on viral titers in MHV-68 infection of NIH3T3 cells. To our
excitement, the drug inhibited viral production relative to cell proliferation by around fourfold, making it a
promising potential candidate for further study. Next steps for determining the efficacy and safety of this
drug for yHV treatment include further studies elucidating the mechanism behind why Tet1/2 function is

important for viral reproduction. For example, the targets of Tet1/2 in this context are unknown and may
be elucidated by bipartite sequencing to detect DNA methylation in conditions with and without viral

infection, and with and without Bobcat339 treatment.

3.5 Summary

MHV-68 is genetically similar to the human yHVs KSHV and EBV. My data has supported the notion that
it shares other notable similarities to the human yHVs, and is thus upheld as a robust model system for
interrogating EBV and KSHV pathogenesis. At the transcriptional level, MHV-68 recapitulates key
metabolic features of the human yHVs, including induction of the Warburg effect, evidence for
glutaminolysis, and evidence for fatty acid synthesis at late timepoints. Additionally, my work indicated
that Hif1a, also noted to be upregulated in EBV and KSHV?5-87:98%9 s induced at an early timepoint.
Finally, while Tet1/2 and members of various HDAC complexes have been noted to be important for
KSHV and EBV replication'?'32, to my knowledge, this is the first time they have been postulated to

potentially work together in the context of viral infection.

We were also able to identify transcriptional evidence that MHV-68 infection induces redox stress, likely
due to the upregulation of the ETC generating aberrant ROS. Confirmation of these processes occurring
via the use of other methodologies is necessary, however. For example, the detection of lipid
peroxidation, a hallmark of iron-mediated ferroptosis, can be quantified by the use of lipid peroxide
labeling reagents. The same strategy can be used to detect other ROS, and may therefore be used to
distinguish the primary source of electrons causing redox stress between iron release and ETC

hyperactivity.
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Finally, we were able to identify a potential drug target: Tet1/2. Inhibiting Tet1/2 with Bobcat339 reduced
viral titers relative to cell proliferation. However, further work is needed to determine if the drug is
efficacious in vivo and to determine the mechanism behind how Tet1/2 activity allows for maximal viral

reproduction.
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MATERIALS AND METHODS

Cell lines and reagents. NIH 3T3 cells (ATCC no. CRL-1658) or Vero cells (ATCC no. CCL-81) were
cultured at 37°C and 5% CO2 in complete Dulbecco's Modified Eagle Medium (DMEM) containing high
glucose, L-glutamine, sodium pyruvate (Genesee no. 25-500), 1% penicillin streptomycin (Genesee no.
25-512), and 10% serum. NIH 3T3 cells were supplemented with 10% newborn calf serum (Fisher
#16010159) and Vero cells were supplemented with 10% fetal bovine serum (Genesee no. 25-550).
Drug stocks of 6-Aminonicotinamide (6-AN) (Fisher no. AAL0669203) and Bobcat339 hydrochloride

(Selleckchem no. S6682) were dissolved in dimethyl sulfoxide (DMSO) and stored at -80°C.

Viruses and infection. MHV-68 viral stocks (ATCC no. VR-1465) were propagated via infection of NIH
3T3 cells or Vero cells at an MOI of 0.01-0.05. When ~80% of the cells detached, the cells and viral
supernatant were freeze-thawed at -80°C and 37°C and then pelleted at 3,000 rpm for 10 min at 4°C. The
cleared viral supernatant was centrifuged at 20,000 x g at 4°C for 90 minutes. The viral pellet was
washed and then resuspended in serum-free (SF) DMEM. NIH 3T3 cells were Mock- or MHV-68-infected
in SF DMEM for 2 hrs for RNA-seq analysis (MOI of 5) and drug assays (MOI of 0.1). After infection, the

media was aspirated and replaced with complete DMEM media.

Viral titers and plaque assays. Viral titers were quantified through traditional viral plaque assays. Vero
cells were seeded in 12-well plates at 250,000 cells in 1mL complete DMEM media. The next day, viral
supernatants were 10-fold serial diluted (10° - 10%) in SF DMEM. Vero cells were infected with 200uL of
each dilution (in duplicate wells) for 90 min. After infection, the wells were aspirated and overlaid with 1.5
mL of media per well containing DMEM-glucose-glutamine-pyruvate (Thermofisher no. 12800017),
sodium bicarbonate (Sigma no. S5761), 10% FBS, 1% methylcellulose (Sigma no M0387), 1% penicillin
streptomycin, and 2.5 yg/mL Amphotericin B (Thermofisher no. 15290026). One week after infection,
cells were fixed in 1 mL of 10% formalin per well for 30 minutes before media was discarded. The fix cells
were stained with 1% crystal violet (Sigma no. C0775) in 20% methanol, rinsed with tap water, and then
air dried. Plaque forming units per mL (pfu/mL) were calculated from duplicate wells using the equation:

(dilution factor) x (1 /0.2mL) x (average pfu) = pfu/mL
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RNA isolation, library prep, and RNA-sequencing. NIH 3T3 cells were seeded at a density of 2.2
million cells in 10-cm dishes approximately 4 h prior to infection. NIH 3T3 cells were Mock or MHV-68-
infected at a MOI of 5 for 2 h in 3.5mL of SF DMEM media at 37°C. After infection, the media was
aspirated and replaced with 10mL complete DMEM. At 4, 8, 12, and 24 hpi, matching pairs of Mock- or
MHV-68-infected cells were harvested. The media was aspirated from each dish, washed with 10mL
PBS, trypsinzed, and then resuspended in complete DMEM. The cells were centrifuged for 5 min at 300 x
g at 20°C and the media was aspirated. The cell pellets were stored at -80°C. Samples were harvested at
each time point in three independent experiments. RNA isolation was performed using the RNeasy Mini
Kit (Qiagen no. 74104), Qiashredder (Qiagen no. 79654), and DNAse (Qiagen no. 79254) according to
the manufacturers specifications. RNA concentration and purity were quantified at 260 nm and 280 nm
using the Thermofisher “NanoDrop One” instrument. RNA integrity was analyzed using the Agilent High
Sensitivity RNA ScreenTape System (Agilent no. 5067-5579) and the Agilent 4200 TapeStation
instrument. Approximately 500 ng of RNA was converted to cDNA and library preparation was performed
using the lllumina Stranded mRNA Prep (lllumina No. 20040532). Each sample was barcoded with the
lllumina X Index. The library DNA quality was assessed using the Agilent High Sensitivity D1000
ScreenTape Assay (Agilent no. 5067-5587) and the Agilent 4200 TapeStation instrument. The library
DNA concentration was quantified using the Qubit dsDNA HS Assay Kit (Thermofisher no. Q32854) and
Qubit 4 instrument according to the manufacturers instructions. All samples were pooled at equal
fractions, loaded, and sequenced in the NextSeq 2000 P3 flow cell with up to 1.2B single reads (lllumina

no. 20100989) and using the NextSeq 2000 sequencer according to the manufacturers instructions.

RNA-sequencing data analysis.

Fastq files were downloaded from lllumina’s basespace storage platform. lllumina pre-trims adapter
sequences, so trimming was omitted from our pipeline. We checked quality scores with fastqc'®.
Alignment was then carried out using the splice-aware aligner STAR"3*. We first used STAR to index the
RefSeg-annotated mm39 from NCBI, and then aligned our data to the indexed reference genome.

Quantification was then carried out using salmon'®. Post-quantification with salmon, the data was loaded
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into R. Deeptools'*® was used to generate a PCA plot of all samples, using batch as a confounder. Even
with batch as a confounder, replicate D did not cluster as tightly as the other replicates, and was
henceforth dropped from the analysis. DESeq2'®” was utilized for differential expression analysis across
paired mock vs viral samples using local fit parameters, with IfcShrink applied to reduce high log-fold

changes in transcripts with low expression.

Gene Ontology (GO) pathway analysis.

To generate unbiased pathway analyses for each timepoint, genes were filtered to meet the following
criteria: adjusted p value of <0.05; a log2 fold change of >|0.5|; and a baseMean of >30. Genes were
further subdivided into up- and downregulated groups before being plugged into ShinyGO 0.85.0"%,
Pathway analysis for metabolism-related genes was carried out with the same methodology, with

additional filtering for only genes in the KEGG"*® pathway mmu01100.

Drug assays, cell number, and viability. NIH 3T3 cells were seeded at a density of 760,000 cells in 6-
cm dishes approximately 4 hr prior to infection. NIH 3T3 cells were Mock- or MHV-68-infected (MOI of
0.1) for 2 hr in SF DMEM. Following infection, the media was aspirated and replaced with complete
DMEM supplemented with either vehicle (DMSO control), 35 uM 6-AN, or 100 uM Bobcat339. At 48 hpi,
cellular supernatants were cleared by centrifugation at 10,000 rpm and the resulting viral supernatant was
frozen at -80°C for future plaque assay analysis. The remaining cell pellet was pooled with matching
sample trypsinized cells, centrifuged at 125 x g, and the cellular pellet was resuspended in 500 pL
complete DMEM. Cell number and viability was assessed using a trypan blue exclusion assay and the
Biorad T-20 automated cell counter (Biorad no. 1450102). Briefly, 15 uL of cells and 15 pL of trypan blue
(Gibco 15250-061) were mixed and 10 uL was loaded on each side of a dual chambered slide (Biorad no.
1450003). Total-cells, live-cells, and percent viability were calculated by the Biorad T-20 automated cell

counter.

Statistical analysis and graphs.
All heatmaps were generated using GraphPad Prism, as was the bar graph showing the effect of

Bobcat339.
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