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Abstract

Unraveling the Proteome of Endothelial Cells Latently Infected with KSHV Reveals
Reliance on Peroxisome Lipid Metabolism and Redox Regulation

Zoi Evelyn Sychev

Chair of the Supervisory Committee:
Professor Michael Lagunoff
Microbiology

Viruses have evolved to modulate cell signaling transduction by reprogramming the host
cell machinery to establish a long-term infection and replication. By Altering host cell signaling
pathways involved in metabolism, inflammation and oxidative stress, herpesviruses can establish
an environment conducive for maintenance of latent infection. In this thesis, | used systems
biology technologies to identify novel cellular targets of an oncogenic virus, Kaposi’s Sarcoma
Associated Herpesvirus (KSHV). KSHYV is the etiological agent of Kaposi’s Sarcoma (KS). KS is
an endothelial cell based tumor where more than 90% of the cells are latently infected with KSHV.
Therefore, elucidating novel molecular targets that are critical in the latent state would lead to
treatment specific for these infected cells. | performed a global proteomics as well as
phosphoproteomics screen in mock and KSHV infected endothelial cells. Combining the
proteomics results with the prediction of activated transcription factors obtained from high

throughput mMRNA sequencing of mock and KSHYV infected cells allowed the prediction of many



pathways activated by KSHV. A Steiner forest analysis utilizing a database of protein-protein
interactions was employed in this step. From the set of predicted activated pathways, | validated
two novel pathways that are activated during KSHV latency, peroxisome biogenesis and
cytoplasmic redox homeostasis. Further, | found that metabolism of very long chain fatty acids
(VLCFs) in the peroxisome is required for the survival of KSHV latently infected endothelial cells
and, therefore, it is critical to KSHV pathogenesis. It has been previously shown that KSHV
induces oxidative stress, and | found that KSHV activation of Thioredoxin (TXN), an antioxidant
protein responsible for resolving reactive oxygen species is also necessary for the survival of
latently infected cells. Therefore, the systems biology approach presented here led to the
identification of two pathways critical for KSHV latency. Following background (chapter 1) and
methods (chapter 2), Chapter 3 shows that KSHV modulates peroxisome biogenesis and revealing
a critical role for the metabolism of very long chain fatty acids (VLCFs) in the in the course of
latency. In Chapter 4, | show that oxidoreductase proteins involved in regulating redox
homeostasis are required during latent infection and might be responsible for regulating MAPK
kinase signaling. In conclusion, this work, | demonstrate how systems biology approach was used
to identify novel critical pathways required for endothelial cells latently infected with KSHV. This
furthers our understanding of KSHV pathogenesis and provides potential targets for KS clinical

therapies that are specific to latently infected cells.
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Chapter 1. Introduction

1.1 Herpesviruses

The Herpesviridae family are viruses that cause disease in animals and humans (1).
Structurally these viruses share four main features. They all contain a core with a linear double-
stranded DNA (dsDNA) that ranges between 124-295 kb in length (2). Surrounding the core is an
icosahedral capsid that is approximately 125 nm in diameter which comprise of 161 capsomeres.
Outside of the capsid there is an amorphous material that is designated the tegument and lastly it
is surrounded by a lipid envelop with viral encoded glycoproteins surrounding the layer (2).

Herpesviridae family is classified by three subfamilies Alphaherpesvirinae,
Betaherpesvirinae and Gammaherpesvirinae. These viruses share four core major biological
properties that groups them together yet present differences in host cell range, host response to
infection, clinical manifestations and some other properties. First, there is an array of enzymes that
are involved in nucleotide metabolism, DNA synthesis, and processing of proteins (2). Second,
virus transcription, viral DNA synthesis and particle assembly occur mainly in the nucleus. Third,
production of infectious virions often leads to the destruction of the host cell. Finally, the shared
characteristic that will be the focus of this work is that these viruses manipulate the host mechanism
to establish a long term persistent infection known as latency.

All viruses in the Herpesviridae family have two different life cycles following infection
of a cell, lytic replication and latency. During infection, viruses first interact with a receptor or a
combination of receptors for cell entry. At this stage, an interface commonly occurs between virion
surface glycoprotein(s) and a cell surface heparan sulfate proteoglycan (2). Upon contact with the
host cell, virions initiate entry either by membrane fusion or by receptor mediated endocytosis
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leading to cytoskeleton penetration. After entry, mechanisms of virion disassembly vary across the
Herpesviridae yet virions dock to the nuclear pore and immediately release their DNA content
which is then taken up through the pores in an active process powered by ATP (2). Viral DNA is
partially chromatinized and cellular and viral factors will determine if the virus enters the lytic
cycle or establishes latent infection.  During lytic replication, there is regulated temporally
determined gene expression, genomic replication, virion assembly, egress, transmission to new
cells and counteraction to immune responses to complete the cycle. During the latent state, there
is no virion production. The viral genomes remain as circular episomes in the nucleus and few
viral genes are expressed for the maintenance of latency. Mechanisms of reactivation from latent
to lytic cycles vary among the herpesviruses and depend on the cell type the virus is latent in (3).
There are eight herpesviruses (HHV1-8) that have been identified to infect primarily
humans. (2). The human alphaherpesviruses include Herpes Simplex Virus 1 (HSV-1 or HHV-1),
which causes oral cold sores, Herpes Simplex Virus 2 (HSV-2 or HHV-2), which typically causes
genital sores and Varicella-Zoster Virus (VZV or HHV-3) which causes chicken pox and, if
reactivated to lytic replication later in life, can cause shingles. The Betaherpesvirinae subfamily
infects humans and has a restricted host. The life cycle is very long (more than 7 days), and its
distinct characteristic is that the infected cells become enlarged (2). There are four human
betaherpesviruses. Human cytomegalovirus (HCMV or HHV-5) causes severe damage to
immunocompromised patients and can also cross the placental barrier potentially leading to birth
defects. It can also lead to liver failure, inflammation in the retina, gastrointestinal tract, and lungs.
HHV-6A and HHV-6B cause roseola in infants and may be associated with other diseases (2).
HHV-7 can also cause roseola in infants but most frequently the infection is asymptomatic. The

Gammaherpesvirinae subfamily includes Epstein-Barr Virus (EBV or HHV-4), which is the agent
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of mononucleosis as well as an oncogenic virus that is associated with different cancers such as
Hodgkin’s Lymphoma, Burkitt’s lymphoma, gastric cancer, nasopharyngeal carcinoma and
disorders of immunodeficiency and Kaposi’s Sarcoma Herpesvirus (KSHV or HHV-8),which is
the etiological agent of Kaposi’s Sarcoma (KS), an endothelial cell based tumor and other two
lymphoproliferative disorder, Primary Effusion Lymphoma (PEL) and Multicentric Castleman

Disease (MCD) (4-6).

1.2 KSHV and KS

Kaposi’s Sarcomas (KS) was first described as multiple pigmentation of the skin by a
Hungarian dermatologist, Moritz Kaposi who was practicing in the University of Vienna in 1872
(4). He made this observation mainly in older men, and it was considered an indolent disease. KS
has four clinical variants that have similar histologic features but have different manifestation,
target populations and disease progression. These include: Classic, Endemic, latrogenic and
Epidemic KS. Classic KS generally occurs in elderly men and is more common in the
Mediterranean region including southern Italy. KS became an endemic problem in parts of Africa
in the latter part of the 20" century where it is currently one of the most common tumors in parts
of sub-Saharan Africa. KS spread to many areas including the United States with the AIDS
epidemic where KS became the most common tumor of AIDS patients occurring in nearly a third
of the cases (7). Common histologic characteristics are spindle-shaped tumor cells with
extravasiated vascular slits and erythrocytes (8). Endemic KS was observed in Zambia in 1983
with an increase in incidence. It is more aggressive and is particularly more common in African

children (2). latrogenic KS, presents in organ-transplant patients receiving immunosuppressive



therapy (9). This type of KS tends to be aggressive in half of the affected population involving
lymph nodes, mucosa, and visceral organs without any skin lesions (10, 11). AIDS-related KS
affects patients infected with HIV, especially homosexual or bisexual men and is the most common
AlDS-associated cancer in the United States (7).

Kaposi’s Sarcoma-Associated Herpevirus (KSHV) or human herpevirus 8 (HHV-8) is the
etiologic agent of KS. In 1994 KSHV was discovered by Chang et. al using representational
difference analysis to isolate unique sequences from patients with acquired immunodeficiency
syndrome (AIDS) (4). Based on sequence analysis KSHYV is classified as a gammaherpesvirus and
further subclassified as a rhadinovirus separating it from the other human gammaherpesvirus EBV
which is a lymphocryptoviruse (2). KSHV genome is a double-stranded linear DNA (dsDNA) that
is approximately 165 kb long. It has a central unique region of approximately 145 kb that encodes
more than 100 viral genes and is flanked by G-C rich direct terminal repeats (TRs). These TRs
contain variable numbers of repeats. Although repeats might vary between isolates, the average
length of the repeats is similar (12).

Open reading frames of the KSHV genome sequence are divided in groups based on
sequence uniqueness to KSHV or shared homology with other herpesviruses. KSHV genomes
contains blocks of highly conserved genes that are present in all herpesviruses. These genes are
typically involved in viral replication or components of the virion structure. KSHV unique genes
are named K1-K15 numbered from left to right. Many of these genes are homologous to the human
genes such as vCyclin and vFLIP which have antagonistic activities compared to the host genes.
KSHV genes also code for non-coding RNAs, including microRNA (miRNAs) and

polyadenylated nuclear RNA (PAN) (7, 13).



KSHYV infects several cell lines and encodes multiple envelope glycoproteins: gB, gH, gL
that are involved in membrane fusion. Upon attachment to cells, several cell surfaces receptors are
involved in entry including heparan sulfate, integrins, DC-SIGN and xCT. Receptor clathrin-
mediated endocytosis is the predominant mode of entry into the cells (2). These events trigger
numerous signaling pathways including those mediated by FAK activation, PI3K, and Rho
GTPases, which lead to cytoskeleton rearrangements that allow the transport of the viral capsid
into the nucleus. Once the viral DNA enters into the nucleus, the KSHV viral genome circularizes
and chromatinizes becoming ready for host RNA pol II transcription.

As all herpesviruses, KSHV presents with both latent and lytic programs that allows the
virus to hijack the host machinery. The dynamics between lytic and latent phases depends on the
host environment. It has been described that in fibroblast and in primary endothelial cells the
kinetics between the two states depends of the levels of expression of either classical latent or lytic
genes (13). For example, early upon infection there are high levels of lytic gene expression while
low levels of latent viral genes being expressed (13). After 24 hours post infection (hpi), there is a
switch of lytic to latent genes expression that then dominate leading to establishment of latency.

Latency is the default pathway where very few viral genes are expressed and less than 5%
of cells express a lytic protein marker- ORF 59. During latency, no virion production occurs. KS
tumors cells are more than 90% latently infected suggesting that latency is the dominant state.
During this dormant state, the latency associated region is expressed and it comprises of Latency
Associated Nuclear Antigen (LANA), viral Cyclin (vCYC), FADD-like interleukin-1-B—
converting enzyme inhibitory protein (vFLICE), the Kaposin family members A, B and C, as well
as a number of viral microRNAs (miRNASs) which are expressed from 12 loci. This section of the

genome is denominated the KSHV latency associated region (KLAR) (7-10).
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LANA is a major KSHV- encoded protein that is involved in genome maintenance and
segregation. Although there is controversy about genome maintenance during cell division, the
viral genome replicates with the host genome and is evenly divided between daughter cells (2, 14).
It is a multifunctional protein that is primarily found in the nucleus of infected cells (15). LANA
C-terminal domain binds to the TR of the KSHV genome and binds to the host genome by the N-
terminal domain (15). LANA is commonly a marker of latency, and it is identified as a nuclear
punctate staining when visualized by immunofluorescence microscopy (16). It has been
determined to bind several host proteins, including p53 (17), pRB (18) and several transcription
factors such STAT1, ATF4, Myc and other proteins involved in cell signaling such as negative
regulating glycogen-synthase kinase-3 (GSK-3), causing a cell-cycle-dependent nuclear
accumulation (15, 19-21), influencing host cellular machinery and controlling KSHV pathogenesis
(15).

KSHV ORF72 encodes for vCyclin/vCyc which is a human homologue of cellular cyclin
D. Similar to the human cyclin homologue, it constitutively activates CDK®6 regulating cell cycle
and proliferation. vCyclin has been shown to interact cdk9, leading to increased phosphorylation
of p53 at serine 33, which results in cell cycle arrest (2). Interestingly, it has been shown that
overexpression of vCyclin induces apoptosis mediated by the inactivation of BCL2 (22).
Furthermore, in human dermal microvascular endothelial cells over expression of vCyclin induces
cellular stress and leading to senesce (23). Therefore, establishing a cell line over expressing vCyc
is very challenging.

KSHV ORF71 encodes VFLIP also referred to as K13, that mirrors the human homologue
FLIP. There are two cellular FLIPs: the long (FLIPL) and the short form (FLIPs). vFLIP is more

similar to the short form (2). vFLIP lacks the caspase-like domain similar to FLIPs vFLIP blocks
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the death-inducing signaling complex (DISC) by competitively binding with the cellular FLIP
proteins and evading apoptosis. Mechanistically vFLIP has been shown to upregulate NF-KB
known to have an anti-apoptotic activity (24). In addition to modulating NF-KB activity, vFLIP
protects infected cells from autophagy by binding with Atg3 (25). In endothelial cells, it has been
shown to be required for formation of the cell spindling morphology. Therefore, vFLIP plays a
major role in evading cell death and maintaining a stable latency.

Kaposin A, B and C are upstream of ORF71 (VFLIP). The encoded proteins come from a
single mRNA and starts at different translation initiation sites (2, 7). Kaposin A is highly
hydrophobic and is found in the plasma and intracellular membranes (2). It is involved in
regulating GTPases interactions that are important for transformation activity (26). Kaposin B, a
small soluble nuclear protein, which acts like a scaffold or adaptor protein and activates the
p38/MAPK signaling pathway (27) and enhances the stability of PROX1 mRNA transcripts.
Kaposin C is less well understood. Another key player from the KLAR region is the miRNAs. The
cluster of miRNAs includes 12 pre-miRs 3K1-K12 (28), which are highly expressed during
latency. Since their discovery, there have been numerous works characterizing their role during
KSHV pathogenesis linking their activity to carbon metabolism (29), tumorigenesis and
angiogenesis (30).

Latently infected cells can be induced to enter the lytic viral phase either by using HDAC
inhibitors or phorbol ester treatments that mimic the action of diacyl-glycerol (DAG), an activator
of protein kinase C, which leads to different signal transduction pathways affecting chromatin
regulation (2). Upon activation, all the lytic genes are expressed in a temporal cascade of events
to support virion production. Early during this process, Immediately-Early (IE) genes are

activated., Reactivation is predominantly controlled by ORF50 that encodes RTA, the key lytic
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switch from latency that is both sufficient and necessary for reactivation (31). RTA has been shown
to bind to at least 19 sites in the KSHV viral genome (32). Subsequently, after IE gene expression,
Early-genes are activated and involve DNA polymerase, thymidine kinase and ribonucleotide
reductase which play a major role in viral DNA replication as well as immune evasion, host shut
off and modulation of signal transduction (2). Viral DNA replication allows activation of the next
group of lytic late genes, which mainly codes for structural proteins ready for virion assembly and

egress.

1.3 KSHYV Latent Experimental Cell Culture Systems

To study KSHV pathogenesis there have been several attempts to establish an animal
model with very little success since KSHV infections are host restricted and only affect humans.
Cultures from PEL patients with advanced disease have provided the closest insights where cell
cultures were readily established. PEL cells predominantly are latently infected with KSHV and
can be reactivated using phorbol ester and HDAC inhibitors resulting in 15-30% of cell
reactivation (7). Primary endothelial cells are the most relevant cell type to study KS pathogenesis
but using primary cells presents significant obstacles: the typically limited number of available
cells and their passages, restricts such studies to short term experiments. Another established
model relies on use of immortalized endothelial cells created with human papillomavirus E6 and
E7 (33) and tert-immortalization of microvascular endothelial cells (TIME). Both of these models
are well suited for studying pathogenesis since these cell lines can go for more than 100 passages.

However, most of experiments should be conducted in early passages after immortalization.



1.4 Mass Spectrometry Based Proteomics and Herpesviruses

Protein identification and sequencing posed a substantial challenge as recently as 14 years
ago. It required large amounts of protein and long times for sample processing. In the recent past,
the majority of protein sequencing was done using gel-electrophoresis based methods,
predominantly relying on 1D-PAGE. This method is used to separate denatured proteins according
to their molecular weight in a polyacrylamide gel. The 2-D PAGE is an enhanced electrophoretic
technique which separates proteins based on their isoelectric point along a pH gradient in the first
dimension and subsequently by the molecular mass along the second dimension. The latter
approach allows identification of more than > 10,000 different proteins however this resolution is
technically complex (34). Currently, technological advancements including High Pressure Liquid
Chromatography (HPLC), mass spectrometer instruments, Electro-spray lonization (ESI) and
stable isotope labeling have significantly facilitated discoveries and understanding of proteome
profiles, and allowed analysis and quantification based on shotgun proteomics.

To evaluate cell signal transduction, propagation and amplification of post-translational
modifications (PTMs) can be examined. In a complex cell mixture, often PTMs are in low
abundance and, therefore, are more challenging to detect against the background of highly
abundant proteins, such as cytoskeletal proteins. Therefore, affinity-based purification in tandem
with sequencing and quantification is recommended to obtain better detection and identification.
Despite these advancements, it is critical to highlight that the detection rate of modern proteomics
techniques is on the order of 10% of true protein diversity, which is a major technical challenge in
the field (35). Therefore, targeted proteomics that relies on enriching for a specific organelle and/or

PTM is the best recommended route.



A better understanding of oncogenic gamma-herpesviruses has been uncovered through
the proteomics lens. Several studies on virion tegument content in EBV and KSHV show that
these viruses bring in viral proteins that help them evade immunity as well as to turn on gene
transcription such as RTA in KSHV and HSp90 and Hsc70 in EBV (34). Furthermore, specific
viral factors and interactions have been evaluated focusing on individual KSHV and host proteins.
For example, using 2-D gel method on overexpressed KSHV VvFLIP cells were analyzed. From
this, 16 proteins were identified to be upregulated and out of these, superoxide dismutase
(MnSOD) is significantly altered. MnSOD is involved in mediating resistance of endothelial cells
to superoxide-induced cell death (36). In addition, another study showed the dynamic changes of
NCP cell lines in response to EBV LMP1 oncoprotein using isobaric Tag for Relative and Absolute
Quantification (iTRAQ) labeling methods. This group identified several proteins that were
differentially expressed. Similar to our work presented in this thesis, a 1.33-fold change of was
considered significant (37). Furthermore, metabolic labeling has been used as well, such as SILAC
in KSHV overexpressing K5 viral protein. In this study, K5 was identified to be involved in
immunomodulating MHC | for lysosomal degradation (38). Additionally, study of purified cellular
compartments such ER and Golgi apparatus led to successful identification of novel peptides (38).

Interestingly another comprehensive proteomic study was conducted in the Glaunsinger
lab where they mapped host-protein interactions of 89 KSHV viral proteins and human cells by
using affinity tags and Mass Spectrometry. Several host proteins that directly bind to KSHV viral
proteins were identified (39). They identified over 500 interactions and then they followed —up
and validated their approach by elucidating a mechanism by which ORF24 binds to RNA

polymerase Il, an interaction predicted by their screen (39). ORF24 mimics and replaces TATA-
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box-binding protein (TBP) and connects this transcription complex to viral late gene promoters.
Prior to this work this mechanism was very poorly understood (39).

Transcriptomics offers an additional insight into proteomic changes by evaluating
transcriptional activity. There is increasing evidence, however, that protein levels and activity do
not correlate with mRNA levels as well as with transcription factor activity. This adds an extra
layer of complexity to the central dogma of protein expression and function suggesting additional
regulatory mechanisms involved. To unravel this complexity recently it has become more common
to employ a combinations of multiple high throughput techniques. Thus, several high-throughput
analyses are integrated within an experimental approach to increase detection and facilitate
interpretations of relevant agents, pathways, and events within a global view of cellular biological
processes. This integrated approach is able to provide interesting discoveries that any one
technology alone is not able to accomplish with confidence. The increasing trend of using large-
scale systems biology approaches has led to development of numerous automated tools and
databases that allow in depth data analysis by systematic correlation between data outputs
generated by multiple parallel high-through techniques. As the power of search databases and
computational algorithms improves, we will be able to make better predictions and increase our
understanding of cellular processes by combining experimental data with computational models

to answer biological questions.

1.5 Altered Redox Homeostasis and Viral Induced Oncogenesis

1.5.1 Peroxisomes and Redox Homeostasis

While we have previously shown that FA synthesis is required for the survival of
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endothelial cells latently infected with KSHV, how these downstream FAs are utilized and why
they are necessary have not been determined (40). Peroxisomes have been identified as a nexus of
lipid metabolism and signaling (41, 42). Peroxisomes have been studied in the context of infection
with RNA viruses including influenza (43-48). Interestingly, infection with influenza virus led to
an increased reliance on peroxisomes while infection with flaviviruses led to a significant decrease
in peroxisome metabolism. One major function of peroxisomes is to metabolize very long chain
fatty acids (VLCFAs). Peroxisomal defects have been associated with several clinical disorders,
including Zellweger syndrome, a disease characterized by abnormal peroxisome lipid metabolism,
deficiency of ACOX1 function, deficient D-bifunctional protein (D-BP) and X-linked
adrenoleukodystrophy (X-ALD), a diseased characterized by a mutation in ABCD1 or ABCD3
transporters (49). ACOXI1 is a peroxisomal enzyme that synthesizes DHA by partial B-oxidation
of 24:6n3, a precursor that is transported into the peroxisome by the peroxisomal lipid transporter
ABCD3 (42, 50, 51). Lipidomics analysis of fibroblasts from patients with ACOX1 deficiency
demonstrate abnormal lipid profiles, specifically high levels of VLCFAs and low levels of DHA
indicating abnormal function of VLCFAs breakdown and DHA synthesis (52). DHA is an
important metabolite that possess anti-inflammatory properties. Peroxisome alterations have also
been observed in prostate cancer cells. Valenda, I. et. Al. identified that in several prostate cancer
cell lines there is increased levels of beta-oxidation attributing to malignant transformation (53).
Therefore, peroxisomes are a vital organelle that is involved in viral infections as well as cancer
cells to target for therapeutic treatments.

Redox Homeostasis became an important subject of biological investigation after the
formulation of the free radical theory of oxygen toxicity in 1954 (54) that postulates that the

toxicity of oxygen comes from partially reduced forms (54). Later, Denham Harman proposed the
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role of free radicals in ageing which stimulated vigorous studies leading to the discovery of
superoxide dismutase thereby providing evidence of free radical regulation in living systems (55).
In 1977, another important discovery was that hydroxyl radicals triggered formation of the
secondary messenger cyclase guanosine monophosphate (cGMP) (56). All these findings indicated
that living systems developed mechanisms to counteract free radical toxicity via redox regulatory
molecules.

Free radicals encompass oxygen and nitrogen based molecules. Oxygen free radical are
also known as reactive oxygen species (ROS). ROS arises from sequential reduction of oxygen to
superoxide, hydrogen peroxide, and hydroxyl radicals, and constitute a product of normal cellular
metabolism (57). ROS levels have dual physiologic effects. At low/moderate levels they are
beneficial and involved in regulating cell signal transduction, gene expression through
transcription factor regulation, cell proliferation and differentiation (57). On the other hand,
accumulation of these molecules can be detrimental leading to damage of cellular components. A
common mechanism of damage is DNA lesions that involve the formation of 8-OH-G, leading to
a permanent modification of gene expression resulting in mutagenesis, carcinogenesis and ageing
(57, 58). Other important cellular components that fall victim to ROS are proteins and lipids, the
latter occurring via peroxidation. Peroxyl radicals can react with lipids producing malondialdehyde
(MDA) as well as 4-hydroxy-2-nonenal (HNE) both of which are major toxins to lipid membranes
(57). Proteins are also very susceptible to oxidation in particular amino acid residues such as
cysteine. This residue is highly reactive and its oxidation can lead to changes in protein function
including constitutive protein activation and loss of regulation.

Cells have evolved to develop several defense mechanisms to counteract extracellular

insults and deregulated cellular metabolism. To prevent ROS damage to cellular components,
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enzymatic antioxidant systems employ superoxide dismutase (SOD), glutathione and thioredoxin
peroxidases (GPX, TXN), and catalase (CAT) (57). These major enzymes maintain normal
intracellular balance of ROS, essential for cell survival. The intracellular redox capacity is
primarily regulated by glutathione (GSH) and thioredoxin (TXN). Redox stress arises as a
temporary imbalance in the steady state homeostasis maintained through these antioxidant
systems.

Redox signaling is defined as signaling that is processed and transduced through redox
reactions. Several biological processes are affected by redox activity involving signaling
mechanism that are prone to changes in thiol/disulphide states. Examples of such signaling
include: transcription factors regulation such as AP-1 NF-KB (59), p53 (60), NFAT (61), HIF-1
(62), etc.; protein tyrosine phosphatases, Src family kinases, JNK and p38 MAPK signaling
pathways, insulin and EGFR signaling as well as others (63-65). Redox signaling has also being
implicated in several human diseases such as in cancer, angiogenesis, cardiovascular disease,
diabetes, rheumatoid arthritis, Alzheimer disease and ageing.

Altered metabolism is one of the major sources of ROS production. During proliferation,
cells metabolize higher levels of bioenergetics, leading to higher metabolite consumption and
upregulation of anabolic and catabolic processes. Accordingly, there is an increase in rates of
oxygen consumption for ATP production. Cancer cells reprogram metabolism such that there is
an increased flux through the pentose phosphate pathway (PPP), high glutamine consumption,
reduction/oxidation (redox) imbalance (favoring either oxidative or reducing environment
depending on cancer type), and elevated rates of lipid biosynthesis including fatty acid synthesis

(66, 67). During active metabolic cellular states, the major sources of ROS come from
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mitochondria (oxidative phosphorylation) and peroxisome (p-oxidation) (68), which involves
breakdown of fatty acids providing intermediates for the synthesis of glycerolipids as well as ATP
production (42). On the other hand, increased flux into the PPP allows increased production of
NADPH, which is the major reducing power in cells (67). Therefore, increase metabolism to
produce bioenergetics goes hand in hand with production of NADPH to support reducing potential
needed to sustain altered metabolic states in tumorigenic cells. In summary, redox homeostasis is

a fundamental principle that affects global biological processes.

1.5.2 Oncogenic Viruses and Redox Homeostasis

Human oncogenic viruses have evolved mechanisms to adapt to host defenses, for
example, evading immunity to maintain a persistent infection. Following the Hanahan and
Weinberg (69) hallmarks of cancer paradigm, these viruses reprogram host cellular processes to
sustain a tumor microenvironment favorable to cancer. Alteration of host machinery has been well
studied in infection by the following oncogenic viruses: hepatitis B virus (HBV), hepatitis C virus
(HCV), Epstein-Barr virus (EBV), human papillomaviruses (HPVs), human T cell lymphotropic
virus-1 (HTLV-1), and KSHV.

Currently with the advent of newer technologies such as next generation sequencing, mass
spectrometry based proteomics and metabolomics paired with comprehensive search databases,
systems biology studies have provided a better and more detailed understanding of the underlying
cellular mechanisms occurring in the course of infection as well as a perspective into how these
mechanisms are synchronized and orchestrated on a global scale. For example, metabolomic flux

and lipidomic analyses of HCMV and KSHYV infected cells that traced the final products of two
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major carbon sources (glucose and glutamine) have revealed that while, and despite of the fact
that, there are no changes in protein expression or mRNA levels, metabolite production is highly
upregulated (40, 70-75). These findings imply activation of post-translational regulation
mechanisms.

Redox Homeostasis is an important biological process. Viral infections control redox
homeostasis by modulating antioxidant systems. For example, mTORCL1 signaling is a vital
pathway for HCMV infections (76). Serine 792 of mTORCL1 kinase is sensitive to oxidation which
leads to deactivation of the enzyme. However, in the course of HCMV infection activity of
MTORC1 is preserved despite increased production of ROS, suggesting that a regulatory
mechanism is activated (76). HCMV upregulates the glutaredoxin systems to counteract oxidative
stress thereby protectingmTORC1 from inhibition by ROS (76). It has also been demonstrated that
HCMV upregulates NRF2 a transcription factor that controls antioxidant gene expression and
protects HCMV infected cells from oxidative stress and viral reactivation (77). In EBV infections,
similarly there is an increase in gene expression of antioxidants proteins, superoxide dismutase
and catalase, suggesting that maintenance of redox homeostasis is important for sustained infection
and to prevent reactivation of EBV to lytic phase (78). Redox regulation plays a vital role during
herpesvirus infection, accordingly, specific viral mechanisms have evolved to prevent oxidative

stress.

1.5.3 KSHV and Host Redox Homeostasis
KSHYV infections presents with oxidative stress, a hallmark that it shares with various

cancer types (79). In 2008 it was shown that cells overexpressing VFLIP/K13 display upregulated
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superoxide dismutase via action by NF-kB thereby preventing superoxide induced cell death. This
finding has sparked an interest in studying oxidative stress in the context of KSHV infection.
Subsequently, Xudong Li et. al., identified that in PEL, oxidative stress induced reactivation of
KSHYV from latency and cell death. This group showed that inhibition of NF-kB upregulates ROS
and depletion of GSH induces KSHV reactivation indicating that ROS is regulated during latency
or otherwise can lead to changes on infection rates (80). Furthermore, in primary endothelial cells
exogenous treatments of hydrogen peroxide lead to reactivation of lytic gene expression which is
dependent on mitogen-activated protein kinase ERK1/2, JNK, and p38 pathways (81). This work
shows that KSHV infected endothelial cells are sensitive to oxidative stress, which can trigger
reactivation.

On the other hand, two studies revealed that upon initial KSHV infection, hydrogen
peroxide is advantageous for viral entry and increases vascular permeability. Guilluy et. al.
identified that knocking down Racl and inhibition of ROS using a free radical scavenger NAC,
resulted in decreased permeability by reducing phosphorylation of VE-cadherin in umbilical
endothelial cells (82). In human dermal microvascular endothelial cells (hDMVECS), there is a
reduced KSHV LANA gene and protein expression during antioxidant NAC treatment.
Furthermore, the antioxidant NAC treatment did not block KSHV binding but blocked the entry
of KSHV into hDMVECs by reducing translocation of a3 and EphA2 activation (83). This data
indicates that elevated ROS levels during primary infection are advantageous for successful viral
entry.

A previous metabolomics screen performed in the Lagunoff lab measured nearly 200

metabolites and almost one third of these were altered by KSHV infection during latency (40).
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Interestingly, several metabolites that were altered are synthesized in the peroxisome either by
lipogenesis or lipolysis (DHA-P and DHA, respectively), indicating that these organelles are
metabolically active and play an important role during infection. To this day, little is known about
the dominant source of ROS during latent KSHV infection. Identification of this source and
assessment of effects of its attenuation may provide valuable insights into KSHV biology.
Hydrogen peroxide is a byproduct of lipid breakdown by p-oxidation. This suggests that

peroxisomes may serve as an important source of ROS.

1.6 Hypothesis

KSHYV alters host cell signal transduction to reprogram biological processes to maintain a
quiescent infection and avoid reactivation that could elicit an immune response. During latency
despite altered metabolism and oxidative stress, KSHV latent viral genes manipulate endothelial
cells such that the redox homeostatic levels are altered favoring the tumor microenvironment.
Several lines of evidence indicate that cell signal transduction is sensitive to redox switches
triggered in the course of the latent infection leading to induction of classical KSHV phenotypes
such as spindle cells formation, viral entry, reactivation, migration and permeability in PEL and
endothelial cells. ROS are known to be generated in the course of the altered metabolism induced
by KSHV infection where utilization of the two major carbon sources, glucose and glutamine, is
upregulated. These ROS may serve as a mediator influencing redox-sensitive cellular signaling
thereby favoring formation of the latent infection microenvironment.

Therefore, | hypothesize that KSHV orchestrates the induction of peroxisome biogenesis

to meet the demand for lipid metabolites (DHA) that are upregulated in the course of infection. In
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the meantime, KSHV infected cells meet the challenge of increased intracellular levels of ROS
created as a by-product of peroxisomal metabolism by upregulating antioxidant systems to
counteract the increase. Therefore, identifying targets that are connected with redox homeostasis

may provide efficient avenues for drug development and treatment of KSHV tumors.

Chapter 2. Material and Methods

2.1 Cell Culture Systems

Tert-Immortalized Microvascular Endothelial (TIME) cells (84) and primary human
dermal microvascular endothelial cells (1° hDMVECs) (Lonza, MD) were maintained as
monolayer cultures in EBM-2 media (Lonza or Cellgro) or EndoGrow media (Millipore)
supplemented with a bullet kit containing vascular endothelial growth factor, basic fibroblast
growth factor, insulin-like growth factor 3, epidermal growth, hydrocortisone, and 5% FBS. iSLK
cells (a kind gift from Jae Jung), stably maintaining a selectable GFP-expressing WT KSHV
genome (KSHV.219), were maintained in Dulbecco’s Modified Eagle Medium (DMEM) media
containing 5% FBS, 1% Pen-strep, and 1% L-glutamine selected with puromycin (10 mg/mL),
G418 (95 mg/mL) and Hygromycin B (50 mg/mL.), as previously described (24,65). Stable LANA

expressing TIME cells were previously describe (85).

2.2 Viruses
KSHV inoculum from induced BCBL-1 cells was titered and used to infect TIME cells or
1° hDMVECs as previously described (86). KSHV Bacterial Chromosome virus (KBAC) was

obtained from induced doxycycline and sodium butyrate treatments to iISLK cells (a kind gift from
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Jae Jung), stably maintaining a selectable GFP-expressing WT KSHV genome (KSHV.219), were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) media containing 5% FBS, 1% Pen-
strep, and 1% L-glutamine selected with puromycin (10 mg/mL), G418 (95 mg/mL) and
Hygromycin B (50 mg/mL), as previously described (87, 88). To express the KSHV latent genes
in the absence of other viral gene expression, the 12.6 kbp KSHV latency associated region
(KLAR) containing the native LANA promoter, LANA, vCyc, VFLIP, all 12 miRNA loci and the
kaposins through the native polyadenylation signal downstream of the kaposins, was obtained from
the Renne lab. The helper dependent Adenovirus contains the adenovirus packaging signal but no
adenovirus genes and was purchased from MicroBix. To create Adenovirus KLAR (AdKLAR)
and Adenovirus GFP (AdGFP), the KSHV KLAR region or GFP was cloned into a shuttle vector
(pBShuttle) flanked by adenoviral sequences. The KLAR/adenovirus expression cassette was then
excised from this plasmid and electroporated into BJ5183 cells (Stratagene) along with pC4Hsu
helper adenovirus vector (Microbix Biosystems) to allow for homologous recombination. The
resulting plasmid (AdKLAR or AAGFP) was transfected into 293Cre cells, which stably express a
Cre recombinase enzyme, selectable with puromycin. Cells were passaged in the presence of
helper adenovirus (HD14; Microbix), which contains the adenovirus coding regions and allows to
produce AdKLAR adenovirus. The Helper Adenovirus contains a modified packaging sequence
flanked by loxP sites; therefore, the helper adenovirus is not packaged due to an excision of the
packaging sequences. After expansion of the adenovirus, cells were collected, pelleted, and freeze-
thawed three times using liquid nitrogen and 37 C water bath. Cell debris was spun out at 2000rpm
and the cell-free supernatant was collected. The cleared lysate was layered onto a continuous 15%
to 40% CsClI gradient and centrifuged for 2-3 hours at 35,0009 using a SW41Ti rotor (Beckman

Coulter, Inc., Fullerton, CA). The mature virus band was collected and purified in a second CsClI
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density gradient. The virus band was collected, dialyzed against three changes of A195 buffer.
Infections were performed in serum-free EBM-2 medium supplemented with 1pg/mL poly-L-
lysine for 1 hour, after which the medium was replaced with complete EGM-2 media. Infection
rates were assessed for each experiment by immunofluorescence for LANA, a latent marker, and

GFP for AAGFP expression.

2.3 Latent KSHV Infections

KSHYV latent infections were performed in serum-free EBM-2 media for 4 hours plus
polybrene. Subsequently, media was replaced with complete EBM-2 media, containing serum and
supplements. Infection rates were assessed for each experiment by immunofluorescence using
LANA, a latent marker, and ORF59, a lytic marker, antibodies. Experiments where greater than
89 % of the cells expressed LANA and less than 5% of the cells expressed ORF59 were used. In
a subset of the siRNA transfection experiments, where larger quantities of SiRNA were used, there
was a slight increase in the cells expressing ORF59, but this always occurred in both the control

and gene specific sSiRNA transfections and did not alter the results of the experiments.

2.4 Reagents

QVD-OPH (SMBiochemicals) was dissolved in DMSO and used at a final concentration
of 20 uM. YOYO-1 and SytoGreen24 were diluted in DMSO and used at a final concentration of
100 nM and 50 nM respectively (Life Technologies). 8-plex iTRAQ reagents (AB Sciex) used as
included in the product protocol. PMX464 (Tocris) was dissolved in DMSO and used at a final

concentration of 500 nM.
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2.5 Flow Cytometry Cell Analysis

Mock-, KSHV-infected cells were washed with PBS and removed by trypsinization, fixed,
with 4% paraformaldehyde for 30 min on ice and processed for flow cytometry. Cells were
permeabilized and blocked with .1% triton and 1% NGS. The ABCD3 transporter was detected
with the PMP70 (ABCD3) antibody from thermoscientific, MLYCD from Proteintech Group,
PEX3 from Novus a Biotechne brand, PEX19 from Abcam, TXN from Santa Cruz Biotechnology
and PRDX1 from Cell signaling Technology. After staining with the primary antibody for 1 hour,
the cells were reacted with a secondary Alexa Fluor 594 or Alexa Fluor 488 both anti-rabbit
antibodies. Samples were subject to LSR Il cytometer for cell analysis and data was analyzed by

FLOWJO, a flow cytometry analysis software.

2.6 Confocal Microscopy

TIME cells were seeded on a 4-well glass chamber and were processed for confocal
microscopy by fixing in paraformaldehyde (4% in 1XPBS) at 37 °C. Samples were permeabilized
with Triton X-100 (0.5% in 1XPBS). Incubations with primary antibodies diluted (1:1,000) in
blocking buffer (3% bovine serum albumin [BSA] and 1XPBS) were carried out at room
temperature (RT) for 30 minutes. Samples were then incubated with secondary antibodies (Alexa
Fluor 594 or 488 anti-rabbit) in blocking buffer for 25 min at RT. Prior to mounting; samples were
incubated with DAPI for 5 min at RT coverslips were mounted on microscope slides. Confocal

images were acquired using Zeiss LSM 510 Meta confocal microscope Olympus.
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2.7 Quantification of Peroxisome Numbers

2-5um Z-stacks were acquired using a Zeiss 510 META confocal microscope equipped
with a 63X / 1.4 NA Oil DIC objective. The exported images were then processed using Imaris
7.2.3 software (Bitplane) for peroxisome quantification and ImageJ was use for figure images.
Cytoplasmic peroxisomes were quantified based on voxels graphics. The data were then analyzed

using student’s t-tests.

2.8 Immunoblot Analysis

Cells were harvested and resuspended in RIPA lysis buffer (50 mM Tris-HCI, pH 7.6, 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM
sodium orthovanadate, 1 mM sodium fluoride, 40 mM b-glycerophosphate, and Complete Mini
protease inhibitor tablet [Roche]), and cell debris was removed after a 30-min incubation by
centrifugation. Protein concentrations were determined by the bicinchoninic acid assay (Pierce),
and 15 g protein was fractionated on a 4 to 20% sodium dodecyl sulfate-polyacrylamide gradient
gel, transferred to Immobilon FL polyvinylidene difluoride membranes (Millipore), blotted with
the appropriate antibody (dilutions were 1: 1,000 for anti-TXN, anti-PRDX1, and 1: 10,000 for
anti-b-actin), and subsequently probed with secondary antibody IRD680 goat anti rabit IgG (H+L)
product # 926-6807 and blots were processed in an auto-processor or scanned and quantified with

the Odyssey CLx Infrared Imaging System (LI-COR) for fluorescent blots.
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2.9 RNA Isolation and Quantitative RT-PCR Analysis

Cells were washed with PBS twice, followed by centrifugation. RNA was purified using
the Macherey-Nagel Nucleospin RNA Kit. iScript Reverse Transcription Supermix and
SsoAdvanced SYBR Green Supermix (BioRad) were used according to manufacturer’s
protocols. The primers used were: TXN-F 5' CTT GGACGCTGCAGGTGATAS', TXN-R 5'-
TCTGAAGCAACATCCTGACAGT-3, PRDX1-F 5-GGAAGATGTCTTCAGGAAATGC-3/,
PRDX1-R 5-GAATCCACAGAAGCACCAATC-3', ACOX1-F 5’-
GGCGCATACATGAAGGAGACCT-3’, ACOX1-R 5-AGGTGAAAGCCTTCAGTCCAGC-3’,
ABCD3-F 5’-GTTCCTTTAGCAACGCCAAATGG-3°, ABCD3-R 5°-
CTCTTTCCGCAGCCATTTGGAC-3’, or GAPDH-F: ‘5-GGACTCATGACCACAGTCCA-3’,
GAPDH-R ‘5-CCAGTAGAGGCAGGGATGAT-3’. Relative levels of SLC1AS5 mRNA were

normalized by the delta threshold cycle method to the abundance of GAPDH mRNA.

2.10 Measurements of Reactive Oxygen Species
24 hours post transfection TIME cells were seeded in a 6-well plate and 2 hours post
seeding cells were infected with KSHV. Upon completion of the infection, cells were loaded with

1uM CELLROX (Invitrogen) for 30 minutes at 37°C under 5% CO». After loading, the medium

was removed and cells were washed 3 times with 1X PBS, harvested and fixed with 4%
paraformaldehyde for 30 min on ice and processed for flow cytometry. Samples were subject to

LSRII cytometer and analyzed using FLOWJO, flow cytometry analysis software.
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2.11 siRNA Transfection and Cell Death Assay

siRNAs specifically targeting ACOX1 (pre-validated) were purchased from Santa Cruz
Biotechnology, negative-control siRNA (siSCRB), TXN and PRDX1 (pre-validated) were
purchased from Ambion (Invitrogen Corporate/ Life Technologies). TIME cells were transfected
with 3 ug of siRNA using the Amaxa Nucleofector Kit by Lonza per the manufacturer’s protocol.
At 24-hour post transfection, cells were Mock- or KSHV-infected. At 48 or 96 hpi cells were
harvested for subsequent analysis. For cell death, trypan blue assay was used for Chapter 3 and 4
experiments and for chapter 3 upon completion of the infection, cells were washed and treated
with complete media containing YOYO-1. Relative fluorescence was measured at 48 hours post

treatment using an Incucyte Bioessence.

2.12 Phosphoproteome and Proteome Analysis

2.12.1 Sample Preparation

Approximately 5 million cells were lysed in 2 mL of 8M Urea. Protein concentration was
determined by the BCA assay (Pierce). Samples were reduced with 5 mM dithiothreitol at 56 C
for 1 hour, and then alkylated with 15 mM iodoacetamide for 1 hour at RT in the dark. Samples
were diluted 4-fold with 100 mM Ammonium Acetate, pH 8.9, and digested with Sequencing
Grade Modified Trypsin (Promega) at a ratio of 1:100 (trypsin to total protein), overnight at RT.
Following digestion, peptides were desalted and concentrated using Sep-Pak Plus C18 cartridges
(Waters, cat. no. WAT020515) per the manufacturer’s recommendations. Samples were then dried

by vacuum centrifugation, lyophilized, and stored at -80 C until further processing.
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2.12.2 Isobaric Labeling of Peptide Samples

Phosphorylation samples were labeled with 8-plex iTRAQ reagents (AB Sciex).
Lyophilized peptides derived from approximately 1 million cells were resuspended in 30 uL of
dissolution buffer (0.5 M N(Et)3HCO3 pH 8.5-9). iTRAQ labels were resuspended in 70 uL of
isopropanol and added to the peptide mixture. Samples were incubated at RT for 2 hours,
combined, and dried overnight by vacuum centrifugation. The following day, samples were
desalted and concentrated using Sep-Pak Vac 1lcc (50mg) cartridges (Waters, cat. no.
WATO054955) according to the manufacturer’s recommendations. Samples were then dried by

vacuum centrifugation, lyophilized, and stored at -80 C until further processing.

2.12.3 IMAC and Phosphotyrosine Enrichment

Approximately 100 uL of packed Ni beads (Ni-NTA Superflow beads, Qiagen) were
washed three times in water and stripped with 100 mM EDTA pH ~8.9 for 30 min. Beads were
then washed three times with water and once with 80% ACN in 0.1% trifluoroacetic acid.
Lyophilized iTRAQ samples were resuspended in 1.5 mL of ACN in 0.2% TFA and incubated
with prepared beads for 1 hour at RT. Beads were then washed three times with 80% ACN in 0.1%
TFA, and phosphopeptides were eluted from beads with 2 incubations in 75 uL of 1.4% Ammonia.
Samples were then vacuum centrifuged down to ~20 uL. 2 uL of 200 MM ammonium formate pH

10 was added and samples were directly analyzed by mass spectrometry.

2.12.4 Mass Spectrometry Analysis

Peptide samples were loaded onto a first-dimension trap column (Waters Xbridge, C18, 10
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uM particle size, 100 A pore size, 4 cm packing length 150 uM column inner diameter). Online
peptide separation coupled to MS/MS was performed with a 2D-nanoL.C system (hanoAcquity
UPLC system, Waters) and a Velos-Pro/Orbitrap-Elite hybrid mass spectrometer (ThermoFisher
Scientific). Six discrete elutions were performed at 1.5 uL/min with 5mM ammonium formate pH
10 using increasing concentrations of ACN (1%, 3%, 6%, 15%, 25% and 44%) and diluted with 6
uL/min 0.1% formic acid (FA) prior to loading onto a second dimension trap column (Dr. Maisch
ReproSil-Pur, C18, 5 uM particle size, 120 A pore size, 4 cm packing length 150 uM column inner
diameter) connected to an analytical column (Orochem Reliasil, C18, 3 uM particle size, 90 A
pore size, 20-25 c¢cm packing length 50 uM column inner diameter) with an incorporated
electrospray emitter. Peptide separation was achieved using a gradient from 3 to 80% (V/V) of
ACN in 0.1% FA over 115 minutes at a flow rate of 200 nL/min. The mass spectrometer was
operated in data-dependent mode using a Top 10 method. Full MS scans (m/z 300-2000) were
acquired in the Orbitrap analyzer (resolution = 120,000), followed by high energy collision
induced dissociation (HCD) MS/MS (fm/z 100-2000, resolution = 15,000) at a normalized

collision energy of 35%.

2.12.5 Mass Spectrometry Data Processing

MS data files were searched using the COMET (89, 90) algorithm and the output was
imported into the Trans-Proteomic Pipeline (91) with the following parameters: variable oxidation
of methionine, variable phosphorylation of Serine, Threonine, or Tyrosine, up to 4 variable
modifications per peptide, fixed oxidation of Cysteine, and fixed iTRAQ labeling of Lysines and

the N-terminus, maximum charge of 7. Peptide false discovery rate (FDR) was set to 5% for
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phosphorylation analysis. Peptide quantification based on the iTRAQ labels was determined using
the LIBRA software embedded in the Trans-Proteomic Pipeline. Phosphopeptides were
normalized to an internal control peptide (VNQIGpTLSESIK) from the enolase digest containing
phosphorylated peptides. For each biological replicate, 2 technical replicates were run. A total of
12 fractions for the phosphoproteome, 12 fractions for the proteome and 2 fractions for
phosphotyrosine- enriched runs were analyzed. 3,579 peptide spectra profiles were analyzed for
the proteome, 4982 for the phosphoproteome including the phosphotyrosine residues. From the
phosphotyrosine enrichment 1053 total spectra were analyzed. There was approximately 70%
overlap of proteins identified from both technical runs and approximately 50% overlap in the
phosphoproteome (S2A Fig).

Each peptide included in the analysis was identified in a minimum of 2 spectra, and each
protein included in the analysis was identified by a minimum of two unique peptides. To
deconvolve complex overlapping spectra profiles, we used the Hardklor algorithm (92, 93) in
conjunction with the MassSpecUtil tool to merge spectra for iTRAQ analysis quantification. This
was done to separate any possible overlapping isotopic envelope and providing better peptide
identification. Comet search algorithm was used to identify the peptide spectra with a 5% FDR.

To assess significantly changing protein phosphorylation and abundance, peptide-spectrum
matches that did not have an intensity of at least 10 in all channels were removed. All channels
were median normalized, and the intensities were summed over all peptides of the same protein
for each condition. The KSHV-specific effects were assessed by computing the log2(K/M) fold
change for the means of the KSHV- (K) and mock (M)-infected biological replicates. A paired t-
test was used to calculate the significance of the changes. Each technical replicate was analyzed

independently.
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2.13 RNA-sequencing

TIME cells were Mock- or KSHV-infected with virus isolated from BCBL-1 cells, as
described above, and incubated for 48 hours. Total mMRNA was isolated from TIME cells using the
NucleoSpin RNA kit (Machery-Nagle, Bethlehem, PA). mRNA was further concentrated and
purified using the RNA Clean and Concentrator kit (Zymo Research, Irvine, CA). Purified mRNA
samples were processed at the Benaroya Research Institute Genomics core facility and sequenced
using an Illumina HiSeq 2500. Image analysis and base calling were performed using RTA v1.17
software (Illumina). Reads were aligned to the Ensembl's GRCh37 release 70 reference genome
using TopHat v2.08b and Bowtie 1.0.0 (94, 95). Counts for each gene were generated using htseg-
count v0.5.3p9. The data have been deposited in NCBI's Gene Expression Omnibus (96) and are

accessible through GEO Series accession number GSE84237.

2.14 Motif Scanning for Transcription Factor Prediction

DNA sequences 1000bp upstream of annotated transcription start sites were downloaded
from the Genome Reference Consortium at
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/bigZips/upstream1000.fa.gz on May 29, 2015.
Position-frequency matrices of 426 motifs were taken from a database of consensus motifs
compiled from a variety of experimental techniques downloaded from http://meme-
suite.org/meme-software/Databases/motifs/motif_databases.12.11.tgz. For each motif, FIMO
software was used to find the top 1000 instances by p-value of each motif in the sequences. A
motif was considered to flank a gene if an instance of the motif exists within 1000bp upstream of

the gene’s transcription start site.
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2.15 Wilcoxon Rank-sum Tests for Putative Binding Site Enrichment

For each TF with at least 50 reads in all three mock-infected replicates or all three KSHV-
infected replicates, a two-tailed Wilcoxon rank-sum test compared the change in expression post-
infection of the genes flanked by of its motif locations to the change in expression of genes that
are not. For the test, the genes were ranked by the significance and direction of their change in
expression as analyzed by DESeq, where the highest-ranking genes were associated with low
DESeq p-values and increased expression post-infection, the lowest-ranking genes were associated
with low DESeq p-values and decreased expression, and the intermediate genes had high p-values.
The Wilcoxon rank-sum tests compared the sum of the ranks of binding-site- flanked genes to a

null normal model.

2.16 Steiner Forest Network Analysis

We conducted network analysis with the Prize-Collecting Steiner Forest (PCSF) algorithm
from the Omics Integrator package, which uses msgsteiner for optimization (97). PCSF identifies
a sparse sub-network that connects the proteins highlighted by mass spectrometry with the TFs
identified by the motif-based analysis. It assigns positive scores (prizes) to the proteins and TFs
that reflect how relevant they are to KSHV infection and edge costs to protein-protein interactions
that represent how trustworthy they are, with reliable edges receiving lower costs. The sub-network
maximizes the cumulative prizes of the included proteins while minimizing the edges costs. It can

include Steiner nodes, which are proteins that were not assigned prizes but form critical links
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between other proteins. We created an endothelial-specific weighted interaction network by
integrating our RNA-seq data with the iReflndex PPI network (98).

The PCSF algorithm requires protein prizes that quantify how relevant they are to the
biological process of interest and PPI edge costs that describe how reliable they are. To calculate
protein prizes, we scaled the p-values from the proteomic and phosphoproteomic technical
replicates into the range [0,1] by computing -log10(p-value), subtracting the minimum value
across all proteins, and dividing by the maximum value across all proteins. Each proteomic and
phosphoproteomic replicate was scaled independently. For the TF prizes, we transformed the
Wilcoxon rank-sum g-values as -log10(g-value) but did not rescale them. Visualizing the
histograms of the proteomic and TF scores revealed that the proteomic scores would dominate the
TF scores if the TF scores were rescaled. For each protein, we then selected the maximum score
from the two proteomic technical replicates, two phosphoproteomic technical replicates, and TF
motif scores, which produced prizes for 3080 unique proteins.

We used the iRefIndex (version 13.0) PPI network (98). The iRefIndex database aggregates
PPI from multiple primary interaction databases such as BioGRID (99), DIP (100), HPRD (101),
and IntAct (102). All edges represent direct, experimentally-detected physical interactions
between two proteins as opposed to predicted PPI or other types of functional relationships. We
calculated edge costs between 0 and 1 based on the interaction metadata such as the interaction
type, experimental assay, and number of supporting publications as in Ceol et al. (103). PPIs
identified using reliable, low-throughput experiments (for example, co- crystallization) are
assigned much lower costs than interactions detected in large-scale screens. Interactions reported

in multiple publications similarly receive lower costs. Low cost edges are more likely to be selected
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by PCSF so the PCSF subnetwork preferentially includes trustworthy protein-protein
relationships. We created an endothelial-specific network by removing all unexpressed genes from
the iRefIndex PPI network, which initially contains interactions from many types of human cells
and tissues. Originally, the network contained 175854 interactions among 15404 proteins. After
filtering genes that were not expressed at 50 counts or greater in all six of the RNA-seq replicates,
the endothelial-specific network contained 121059 interactions among 9489 genes. To select PCSF
parameters, we performed a grid search testing all combinations of B from 0.25 to 5.0 with a step
size of 0.25, p from 0 to 1.0 with a step size of 0.005, and @ from 0.5 to 3.0 with a step size of 0.5.
Under some parameter combinations, the hub node ubiquitin C (UBC) was directly connected to
a large portion of genes in the network so we discarded all networks containing UBC. The
parameters =4.75, n=0.02, and w=2.5 produced the largest network without UBC, and we used
these parameters for further analysis. We ran PCSF 1000 times with these parameters and
additionally set r=0.01 to add random noise to the edge costs. The multiple executions of PCSF
with random noise were used to identify parallel paths between proteins in the different runs. Our
final network was the union of the 532 of these 1000 PCSF networks that did not contain UBC.
The union network contained 1253 interactions among 734 proteins, of which 44 were Steiner
nodes. For visualization, we calculated edge frequency as the fraction of the 532 PCSF networks
that contain a particular edge. The edge thickness in the network figures reflects edge frequency
in the collection of PCSF networks, not the original interaction confidence score in the PPI
network.

To assess whether the PCSF subnetworks are specific to KSHV infection, we ran PCSF
1000 times with the same parameters and randomized protein prizes. Each random run reassigned

the observed KSHYV protein prizes to random proteins in the PPI network. We removed the random
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PCSF outputs that contained the hub node UBC and computed node and edge frequencies with the
131 remaining forests.

We supplemented the PCSF union network with KSHV-human protein-protein interactions
obtained from VirHostNet 2.0 (39, 104) (downloaded January 7, 2016). We considered only
latency-related KSHV genes as defined by Davis et al.: K1 (K1_HHV8P), K2 (VIL6_HHV8P),
K12A (K12_HHVS8P), K12B, K12C, ORF71 (VFLIP_HHV8P), ORF72 (VCYCL_HHV8P), and
ORF73 (ORF73_HHV8P). We queried VirHostNet and the Davis et al. interactions for all host-
virus PP between these latency-related KSHV genes and any human protein in our PCSF network.
We then added all the relevant KSHV-human interactions to our network figures and did not use
the PCSF algorithm to filter these edges.

We used WebGestalt (105) to identify KEGG pathways (106) that are enriched for proteins
in our PCSF network. Because the predicted network can only contain proteins from the initial
iRefIndex interaction network, we used all proteins in the protein-protein interaction network as
the reference set. We required a minimum overlap of 5 proteins and used the Benjamini and
Hochberg multiple hypothesis test correction (FDR < 10%). To visualize the network regions that
are relevant to the enriched KEGG pathways we used Cytoscape (107) to select all proteins in the
enriched pathway and their directly connected neighbors in the PCSF network. We then included

all KSHV- human PPI that involve the KEGG pathway members and their PCSF neighbors.
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Chapter 3. Integrated Systems Biology Analysis of KSHV Latent Infection Reveals Viral
Induction and Reliance on Peroxisome Mediated Lipid Metabolism

Adapted from an article originally published in the scientific journal PloS Pathogens
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3.1 Abstract:

Kaposi’s Sarcoma associated Herpesvirus (KSHV), an oncogenic, human gamma-
herpesvirus, is the etiological agent of Kaposi’s Sarcoma the most common tumor of AIDS patients
world-wide. KSHV is predominantly latent in the main KS tumor cell, the spindle cell, a cell of
endothelial origin. KSHV modulates numerous host cell-signaling pathways to activate endothelial
cells including major metabolic pathways involved in lipid metabolism. To identify the underlying
cellular mechanisms of KSHV alteration of host signaling and endothelial cell activation, we
identified changes in the host proteome, phosphoproteome and transcriptome landscape following
KSHYV infection of endothelial cells. A Steiner forest algorithm was used to integrate the global
data sets and, together with transcriptome based predicted transcription factor activity, cellular
networks altered by latent KSHV were predicted. Several interesting pathways were identified,
including peroxisome biogenesis. To validate the predictions, we showed that KSHV latent

infection increases the number of peroxisomes per cell. Additionally, proteins involved in
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peroxisomal lipid metabolism of very long chain fatty acids, including ABCD3 and ACOX1, are
required for the survival of latently infected cells. In summary, novel cellular pathways altered
during herpesvirus latency that could not be predicted by a single systems biology platform, were
identified by integrated proteomics and transcriptomics data analysis and when correlated with our
metabolomics data revealed that peroxisome lipid metabolism is essential for KSHV latent

infection of endothelial cells.

3.2 Summary:

Kaposi’s Sarcoma herpesvirus (KSHV) is the etiologic agent of Kaposi’s Sarcoma, the
most common tumor of AIDS patients. KSHV modulates host cell signaling and metabolism to
maintain a life-long latent infection. To unravel the underlying cellular mechanisms modulated by
KSHV, we used multiple global systems biology platforms to identify and integrate changes in
both cellular protein expression and transcription following KSHV infection of endothelial cells,
the relevant cell type for KS tumors. The analysis identified several interesting pathways including
peroxisome biogenesis. Peroxisomes are small cytoplasmic organelles involved in redox reactions
and lipid metabolism. KSHV latent infection increases the number of peroxisomes per cell and
proteins involved in peroxisomal lipid metabolism are required for the survival of latently infected
cells. In summary, through integration of multiple global systems biology analyses we were able
to identify novel pathways that could not be predicted by one platform alone and found that lipid
metabolism in a small cytoplasmic organelle is necessary for the survival of latent infection with

a herpesvirus.
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3.3 Introduction

Viruses have evolved functions to reprogram the proteomic landscape of their host and
modulate cellular signaling pathways to adjust the regulation of cellular machinery. These cellular
alterations support the survival of infected cells to allow replication and spread of the virus. Many
viruses rewire host cell signaling pathways to activate the host cell and to enable lytic replication,
and in the case of the herpesviruses, to support long-term latent infection (108, 109). During
latency, herpesviruses are known to modulate host cell signaling pathways that lead to inhibition
of apoptosis, subversion of the host immune response, and alteration in host carbon and lipid
metabolism among many other pathways. Importantly, alteration of these pathways by some
oncogenic gamma-herpesviruses may influence tumor formation given the optimal cellular milieu
(79, 110).

Kaposi’s Sarcoma Associated Herpesvirus (KSHV), a human gamma-herpesvirus, is the
etiological agent of Kaposi Sarcoma and two B-cell lymphoproliferative diseases, Primary
Effusion Lymphoma (PEL) and Multicentric Castleman Disease (MCD) (4-6). KS is the most
common AlDS-associated malignancy worldwide and among the most common tumors overall in
Sub-Saharan Africa (111). KSHV is found in the main KS tumor cells, the spindle cells, which are
cells of endothelial origin (112, 113). In the KS spindle cells, KSHV is predominantly in the latent
state (>90%) where only a handful of the more than 90 annotated viral genes are expressed as well
as a number of viral microRNAs (13, 114). A limited number of spindle cells (< 5%) express
markers of lytic replication as well (115). While there are limited animal models for the disease,
there are well-established mammalian cell culture systems that recapitulate the latent and lytic
infection rates seen in KS tumors (33, 116-118). We and others have successfully used these cell

culture models to demonstrate that KSHV promotes angiogenesis, modulates carbon utilization



and alters lipid profiles in KSHV latently infected endothelial cells (16, 40, 119, 120). Our previous
work showed that latent KSHV infection leads to profound changes in central carbon metabolism
and fatty acid (FA) synthesis and that both are required for the survival of latently infected cells
indicating the importance of altered metabolism and lipid homeostasis to latent infection (40, 70).
Many of these cellular changes induced by KSHYV are similar to phenotypes that commonly occur
in cancer cells (110).

Several of the signaling pathways modulated by KSHV infection have been studied
through traditional approaches of identifying individual host proteins or pathways predicted to
play a role in the phenotype investigated. Here we are applying a more comprehensive approach
where the global response of cell host in response to KSHV infection during latency at the protein
and transcript levels are evaluated. Systems biology approaches can be utilized to identify
important cellular networks on a cell-wide scale. In particular, advancement of recent mass
spectrometry-based techniques using affinity-based phosphopeptides enrichment coupled with
chemical labeling and high-resolution chromatography have been adapted to query changes in
protein phosphorylation (89, 121, 122). In addition, the assembly of large-scale, high-quality,
protein-protein interaction databases provide an extensive and detailed context for interpreting
proteome changes (98). To evaluate gene expression profiles, next generation sequencing
technology provides comprehensive analysis of the presence and quantity of the transcriptome.
The use of transcriptomics data to predict transcription factor (TF) activity as a function of changes
in MRNA provides an effective tool to link proteomics to transcriptomics data (123). The
integration of these two different data types has been successfully demonstrated in several
biological systems, including glioblastoma (124), breast cancer (125), epithelial-mesenchymal

transition (126), yeast salt stress response (127) and influenza virus infection (128). These studies



have provided insights and a comprehensive view of cellular networks from stimuli to gene
expression/suppression.

We performed a systems-level data integration approach to identify global changes in
cellular networks that are important for KSHV latent infection. To dissect cellular changes and
examine the signal transduction from upstream signaling to downstream targets induced by KSHV
infection, we first conducted a mass spectrometry-based proteomics and phosphoproteomics
analysis, including both tyrosine and serine/threonine phosphoproteomics. We also evaluated gene
expression profiles following KSHV infection using high throughput sequencing to generate
global cellular transcriptomics data. Virally induced changes in both the proteome and the
transcriptome were integrated using an inference algorithm to predict TF activation. A
comprehensive protein-protein interaction network was used to identify predicted cellular
pathways subverted by KSHV. This integrated systems biology approach identified multiple
pathways altered by KSHV infection including peroxisome metabolism.

Peroxisomes have been identified as a nexus of lipid metabolism and signaling (41, 42).
While we have previously shown that FA synthesis is required for the survival of endothelial cells
latently infected with KSHV, how these downstream FAs are utilized and why they are necessary
have not been determined (40). Peroxisomes have been studied in the context of infection with
RNA viruses including influenza (43-48). Interestingly, infection with influenza virus led to an
increase in peroxisomes while infection with flaviviruses led to a significant decrease in
peroxisomes metabolism. Our results show that KSHV latent infection of endothelial cells leads
to increased numbers of peroxisomes. One major function of peroxisomes is to metabolize very
long chain fatty acids (VLCFASs). Peroxisomal defects have been associated with several clinical

disorders, including Zellweger syndrome, a disease characterized by abnormal peroxisome lipid
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metabolism presenting with deficiency of ACOX1 function, D-bifunctional protein (D-BP) and X-
linked adrenoleukodystrophy (X-ALD) (49). Lipidomics analysis in fibroblasts cells from these
patients present with abnormal lipid profiles specifically high levels of VLCFs and low levels of
DHA indicating abnormal function of VLCFs breakdown and DHA synthesis (52). ABCD3 is a
peroxisomal lipid transporter of VLCFAs involved in transporting 24:6n3, the precursor of DHA
(42). After 24:6n3 is transported into the peroxisome; it gets further metabolized by ACOX1, a
peroxisomal enzyme. ACOX1 synthesizes DHA by partial B-oxidation of 24:6n3 (50, 51). In the
current studies, transient knockdown of ACOX1 and ABCD3 led to cell death in the KSHV latently
infected endothelial cells but not the mock-infected control. Overall, these findings validate our
integrated global approach and strongly suggest that KSHV modulates peroxisomal lipid

metabolism for the increased maintenance of latently infected cells.

3.4 Results

3.4.1 KSHYV alters the proteome and phosphoproteome of endothelial cells during

latency

To quantify global signaling events modulated by KSHV, we used quantitative
phosphoproteomics and proteomics to compare mock and KSHV infected endothelial cells (Figure
3.1A). Tert-immortalized microvascular endothelial cells (TIME) (117) were mock or KSHV
infected and harvested at 48 hours- post-infection (hpi), when latency has been established. Three
biological replicates were performed with separate infections performed on different days (Figure
3.1A). Latent infection, in greater than 90% of the cells was confirmed by immunofluorescence

(IFA) assays. This approach identifies the presence of a latent protein (ORF73) and the absence of
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ORF59, a protein marker of lytic infection. ORF59 stained positive in less than 2% of the infected
cells in all experiments. To quantify differential peptide expression levels between mock and
KSHYV infected cells, each sample was chemically labeled with isobaric tags for relative and
absolute quantification (iTRAQ) (129) (Figure 3.1A). Peptide quantification was normalized prior
to labeling using quantitative fluorometric peptide assay to ensure that similar amounts of peptides
were labeled across all samples. Labeled peptides from each biological sample were pooled
(Figure 3.1A). Peptides were, then separated, sequenced and analyzed using one or two-
dimensional (1D or 2-D) HPLC tandem high-resolution mass spectrometry (LC- MS/MS) for
phosphotyrosine enrichment and total phosphroteome and proteome, respectively (Figure 3.1A).
LC-MS/MS analyses were conducted in three stages. First, low-abundance
phosphotyrosine (pT) containing peptides were identified and quantified after enrichment by
immunoprecipitation (IP) (Figure 3.1A). The IP flow-through was then used to enrich and quantify
peptides containing phosphorylated serine (pS), threonine (pT) and the remaining tyrosine residues
using immobilized metal affinity chromatography (IMAC). Finally, the IMAC flow-through was
used to quantify total protein levels (Figure 3.1A). Upon data acquisition and analysis, we
confirmed there was not a statistically significant difference between the mean relative abundance
of peptides across the samples, indicating that the sample labeling was equally effective in each
case (S_Figure 3.8A-D). A total of 2304 unique proteins from the proteome and 1038 unique
phospho-proteins from the phosphoproteome runs were analyzed that includes phospho-
tyrosine/threonine and serine. Activation of a phosphorylated residue within the same protein can
vary; therefore, we analyzed individual peptides. From the phosphoproteome, we analyzed 1644
unique phospho-peptides, including 175 unique phosphotyrosine peptides that comprised 75

unique phosphotyrosine proteins (Figure 3.1B). The protein and peptide population distribution
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for the proteome and phosphoproteome, respectively, were plotted based on the sum of relative
peptide intensities from the iTRAQ reporter ions from mock and KSHV infected samples versus
10og10 of the ratios/fold change of KSHV over mock (Figure 3.1D-E and Table 3-5). Of the 1644
unique phospho-peptides identified, 192 were differentially phosphorylated, of which half were
upregulated and half were down regulated (paired t-test p <.05). Phosphorylated signal transducer
and activator of transcription 3 (STAT3) is the top hit of the tyrosine-phosphorylated residue from
the phosphoproteome analysis (Figure 3.1D). Our lab has previously shown that KSHV induces
persistent activation of phospho-STAT3 during latency validating the our phosphoproteome
results (86). From the upregulated hits including both phosphoproteome and proteome, there are
several proteins involved in metabolism, immunity, insulin resistance, endocytosis, NFk-B
signaling and others, providing potentially interesting targets for future studies. From the proteome
analysis, we measured 2304 unique proteins among which 289 were altered by KSHV latent
infection; 164 were upregulated and 125 downregulated. This corresponds to viral induced changes
in 13% of the proteins detected and 12% of the phosphorylated residues, including unique
phosphotyrosine (Figure 3.1B). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of the phosphoproteins and proteins measured and altered during KSHYV infection
identified several pathways consisting of more than 4 proteins annotated (106) (Figure 3.1C).
These pathways include metabolic processes involved in carbon and lipid metabolism as well as
hypoxia inducible factor (HIF) signaling, both of which had been previously associated with
KSHV latent infection, providing internal positive controls for our proteomic data (16, 70, 130).

Gene Ontology analysis also provided similar results (S_Figure 3.9 2B).
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3.4.2 KSHV alters the cellular transcriptome of endothelial cells during latency

To identify changes at the transcriptional level, high throughput cDNA sequencing from
MRNA was performed to identify genes expression differences between mock and KSHV infected
endothelial cells at 48 hpi. Three separate mock and KSHV infections of TIME cells performed
on different days were analyzed by high throughput sequencing of cDNA. Expression of 12,375
cellular genes in all replicates were identified. Of the genes measured, 985 cellular genes were
significantly upregulated following KSHV infection of endothelial cells and 1,134 were
significantly downregulated at a 1% FDR using a method based on the negative binomial

distribution (Figure 3.2A and S_Figure 3.9 A).

3.4.3 Putative transcriptional regulators inferred in KSHV latently infected

endothelial cells

The transcriptomic data was used to predict the activities of transcription factors based on
binding motifs in the promoter regions of transcripts that are activated or repressed following latent
KSHYV infection. The enrichment of a motif in the promoters of genes whose expression is
significantly altered implicates the motif’s associated TF as a possible regulator (Figure 3.2B). The
software FIMO identified putative binding sites by motif presence (131), and two-sided Wilcoxon
rank-sum tests (132) quantified and assigned p-values to the enrichment of those binding sites in
promoters of genes significantly changed in expression after KSHV infection (Figure 3.2B).

FIMO was used to scan for the locations of 426 TF binding motifs, from a curated database
of position-weight matrices compiled and derived from multiple experimental types, in 1000bp

regions upstream of annotated transcription start sites (123). The enrichment scores of the 261
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motifs whose corresponding TF’s mRNAs were reliably detected in the RNA-seq data and the
mRNA’s fold-change in expression after KSHV infection (Figure 3.2C). A positive enrichment z-
score indicates that the motif’s putative target genes increase in expression on average, and a
negative enrichment score indicates that the motif’s putative target genes decrease in expression
on average. Wilcoxon rank-sum tests assigned statistical significance to the motif enrichments and
found that five motifs were significantly enriched at a 5% FDR (p-value < 0.001) and twenty-four
more were enriched at a less stringent cutoff of p-value < 0.05 (Figure 3.2C).

The motif of four of these TFs, interferon regulatory factors 1, 2, 7 (IRF1, IRF2, IRF7) and
STATZ2, are enriched only in upregulated promoters. However, because the motifs for these factors
are similar (S_Figure 3.10C), it is not clear which of the TFs or TF complexes are actually relevant
from just the motifs. The mRNA of IRF1 exhibits a 3.3-fold increase in gene expression (p-value
< 0.001) as measured by our transcriptomics data, which may imply that IRF1 is a more relevant
player. A motif associated with the transcriptional repressor zinc finger protein 148 (ZNF148),
was significantly enriched in downregulated promoters (S_Figure 3.10C), suggesting that
ZNF148’s repressor activity increased post-infection. The repressor E2F5’s motif was also
significantly enriched in downregulated promoters (p-value = 0.0038). It has been shown that E2F5
is inhibited by retinoblastoma protein 1, which is directly inhibited by the KSHV protein, LANA
(133). These data support that motif enrichment scores can successfully denote prediction of

transcription factor activity for use in the analyses below.
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3.4.4 Integration of proteomic and transcriptomic data of endothelial cells latently

infected with KSHV into a single network model

To build a comprehensive network model that describes the host response to viral infection,
we used the Prize-Collecting Steiner forest algorithm to integrate the proteomic and TF motif
analyses (134). This algorithm parsimoniously identifies the protein-protein interaction most likely
to be relevant for connecting the relevant factors identified in the two types of analyses. In addition,
it identifies Steiner nodes, which are proteins that were not implicated in the proteomic or TF
analyses but form crucial connections between other important proteins identified as altered by
KSHYV in the global data sets generated. The proteomic data was integrated with the TF enrichment
scores rather than the differentially expressed genes from the RNAseq data because TF transcript
levels do not necessarily reflect regulatory activity (135). When combining gene expression data
with other types of protein scores for pathway reconstruction, it is therefore preferable to use
inferred TF activities (124, 125, 128, 136). The complete predicted Steiner forest network is large,
connecting hundreds of proteins that respond to KSHV infection and the TFs inferred to regulate
the transcriptional changes (S_Figure 3.11). Randomization analysis shows that the selected
proteins and interactions are specific to KSHV infection and do not reflect biases in the protein-
protein interaction network or Steiner forest algorithm (S_Figure 3.14 A-B).

To focus on specific biological functions, we assessed the overlap between the proteins in
our Steiner forest network and KEGG pathways. We required a minimum overlap of 5 proteins
and used the Benjamini and Hochberg multiple hypothesis test correction (FDR < 10%). The
significantly enriched pathways included pathways involved in phagocytosis, immune response
and several metabolic processes among others (Figure 3.3A and Table 1 for complete list). Our

lab has shown that metabolism is altered during latent KSHYV infection, including carbon and lipid
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metabolism, which supports our integrated network analysis (40, 70, 130). There are several
interesting pathways that are predicted to be altered during KSHV latent infection (Table 1). From
this analysis, we decided to follow up on proteins that clustered together, particularly those
involving peroxisome metabolic lipid signaling. We have previously identified that lipid
metabolism is required during latency (40) , but how these metabolites are further utilized during
KSHV latent infection still unknown. Therefore, we chose to further analyze activation of
peroxisomes by KSHV. Peroxisome related proteins identified in the subnetwork including SCP2,
PRDX5, ACSL3, MLYCD, AGPS, EHHADH, PEX19 were upregulated following KSHV
infection and two Steiner nodes PEX12 and PEX5 were predicted by the algorithm to be activated
by KSHV (Fig 3C). The proteins in this cluster are involved in lipid metabolism (SCP2, ACSL3,
MLYCD, AGPS, EHHADH) and peroxisome organelle biogenesis and transport (PEX19, PEX12
and PEXS5). Therefore, this sub- network predicts that KSHV induces peroxisome pathways
involved in lipid metabolism and biogenesis. In addition, IRF3 is an interferon inducible gene
activator that was predicted in the TF analysis to have increased transcriptional activity. It is not
annotated as a peroxisome pathway protein, but the Steiner forest algorithm includes IRF3 in our
peroxisome subnetwork due to its predicted relationship with PEX19 and previous evidence of a
direct IRF3-PEX19 interaction (137) cataloged in the iReflndex database. This observation
suggests that peroxisomes might also play a role in immune signaling during latency, which might
be an important regulatory control point of KSHV infection.

In addition, we incorporated a protein-protein interaction database from a study that
mapped global interactions between KSHV genes and host proteins using viral gene pulldowns
(39). Since our study is mainly focused on latency, we included only the KSHV latent viral proteins

and host proteins hits with our predictive Steiner forest network. From the database, we found that
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two viral genes have been shown to interact with proteins associated with peroxisome biogenesis.
The latent KSHV proteins that are predicted to be associated with peroxisome biogenesis are
shown as purple diamonds in figure 3.3C. The KSHV protein-protein interaction database used
total protein pull downs and therefore does not demonstrate direct interactions, rather it shows
associations with the identified protein. All the proteins from the KSHV major latent locus were
included in the Steiner forest analysis shown in figure S_Figure 3.11. The utilization of KSHV
protein-protein interaction dataset with the other protein-protein interaction databases advances

our predictions of pathways that could be important to KSHV pathogenesis.

3.4.5 KSHV upregulates peroxisome formation during latent infection

To validate the prediction that peroxisome pathways involved in lipid metabolism and
likely peroxisome biogenesis are increased during latent infection, we examined the protein levels
of ABCD3, an ATP Binding Cassette Subfamily D Member 3, a lipid transporter specific to
peroxisomes and a common marker to study peroxisomes, using flow cytometry at 48 and 96 hpi
(Figure 3.4A-H). Staining with an antibody to ABCD3 showed a significant increase in fluorescent
staining in the KSHV infected cells compared to mock infected cells in three different infections
at 48 and 96 hpi in TIME cells and 96 hpi in primary human dermal microvascular endothelial
cells (h(DMVECSs) and lymphatic endothelial cells (LECs) (Figure 3.4E-H), indicating that during
latent infection KSHV significantly upregulates ABCD3 protein expression. In addition, we
evaluated MLYCD and PEX19 and a non-clustered peroxisome protein PEX3 levels, in TIMECs,
hDMVECs and LECs. PEX3 is a PEX19 docking factor required for PEX19 to deliver proteins

into the peroxisome matrix (138). Staining with MLY CD and PEX3 antibody showed a significant
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increase of the protein levels in KSHV infected TIME cells, primary hDMVECSs and primary LECs
compared to mock infected at 96 hpi (S_Figure 3.13 A-F) while PEX19 was significantly
upregulated in TIME cells (S_Figure 3.13).

We next evaluated the peroxisome organelle number using confocal imaging analysis of
mock and KSHYV infected TIME cells stained with antibody to ABCD3. Peroxisome size ranges
approximately between .4-1 uM. We evaluated 3D particles using z-stacks imaging and then
quantified the particle number as a proxy of peroxisome organelle per cell with a minimum
threshold of .5 uM. There is an approximately 50% increase in the number of peroxisomes per cell
in the KSHV infected endothelial cells as compared to mock infected cells (Figure 3.41-J).
Representative pictures of the mock and KSHV infected cells stained with an antibody to ABCD3
are shown in figure 3.41. Combined, these observations support the prediction from the Steiner

forest analysis that KSHV promotes peroxisome biogenesis.

3.4.6 KSHV latent locus is sufficient to induce peroxisome lipid transporter

To determine that the increase of peroxisome numbers per cell was not a cellular response
to infection but rather induced by virally encoded genes, cells infected with UV irradiated KSHV
were stained with ABCD3 antibody and measured by flow cytometry. UV irradiated virus can bind
and enter cells but does not express viral genes. Flow cytometry analysis showed no increase in
the expression of ABCD3 following infection with UV irradiated virus (Figure 3.5A and B).
Therefore, the increase of ABCD3 in latently infected cells requires KSHV gene expression and it

is not a cellular response to virus entry into the cell.
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The KSHV latent locus is comprised of LANA, vCyclin, vFlip, Kaposins and 12
microRNA loci. To assess the role of the KSHV latent locus in increasing the number of
peroxisomes, we evaluated whether the KSHV latency associated region (KLAR) is sufficient to
induce the increase of ABCD3 protein expression levels. The KLAR locus (a kind gift from Dr.
Rolf Renne) was cloned into a helper-dependent gutted adenovirus vector that does not express
any adenovirus genes. Cells were infected with a control gutted adenovirus (Ad) only expressing
GFP (AdGFP) and the gutted adenovirus expressing KLAR (AdKLAR) and stained with ABCD3
antibody. Infection rates for ADGFP and AdKLAR were 59% and 97% respectively as determined
by expression of GFP or LANA. To adjust for the differences in the infection rates, we gated on
the GFP positive cells from the AAGFP infected cells and then compared to the AJKLAR cells.
Cells infected with the ADKLAR expressing gutted adenovirus exhibited increased ABCD3
protein expression compared to mock infected cells and AdGFP (Figure 3.5C and D). Therefore,

the latency genes are sufficient to induce ABCD3 protein expression levels.

3.4.7 KSHV requires peroxisome proteins involved in lipid metabolism during latent

infection

Peroxisomes are involved in lipid signaling and metabolism. Our previous metabolomics
screen indicated that several lipid metabolites are altered by KSHV during latent infection of
endothelial cells, including two metabolites generated in the peroxisome, dihydroxyacetone
phosphate (DHA-P) and docosahexaenoate (DHA,; 22:6n3) (40) and metabolites upstream of DHA
are also upregulated as indicated in red numbers (Figure 3.6A). DHA is synthesized from 24:6n3

by Acyl-CoA Oxidase 1 (ACOX1) an enzyme mainly expressed in the peroxisome and it is
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involved in the first step of peroxisomal B-oxidation (50) (Figure 3.6A). To determine if ACOX1
IS necessary during KSHV latent infection, small interfering RNA (SiRNA) was used to
knockdown its gene expression (Figure 3.6B). Loss of ACOX1 did not alter the cellular
proliferation of uninfected cells or the KSHV infection rates but resulted in a significant increase
in cell death of the KSHV infected cells compared to controls at 96 hpi (Figure 3.6C-E). As
ACOX1 is the main enzyme involved in metabolizing DHA, these observations suggest that DHA
might be required during infection.

The precursor of DHA, 24:6n3 is transported into the peroxisome by the lipid transporter
ABCD3 (42, 139). Therefore, we evaluated if ABCD3 is required during latency by transiently
silencing its gene expression. Similarly, to ACOX1, loss of ABCD3 did not alter cellular
proliferation of uninfected cells or KSHV infection rates but resulted in a significant increase in
cell death of the KSHV infected cells compared to controls at 96 hpi (Figure 3.6C-E). Therefore,
both ACOX1 and the ABCD3 transporter are required for the survival of endothelial cells latently
infected with KSHV. In parallel, we treated cells with a pan-caspase inhibitor, QVD, to test
whether apoptosis was the main cell death mechanism. KSHV-siABCD3 and KSHV-siACOX1
cells treated with QVD showed a 3-fold decrease in cell death, indicating that apoptosis was the
main cell death mechanism (Figure 3.6D). Therefore, this data strongly indicates that peroxisomal
proteins involved in lipid metabolism are required for the survival of endothelial cells latently

infected with KSHV.
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3.5 Discussion

We integrated transcriptomics, proteomics and metabolomics analyses, to provide a
comprehensive view of cell signaling in an oncogenic virus infection in human endothelial cells,
the cell type likely to be most relevant to KS tumor cells (Figure 3.7). From quantitative
measurements of the phosphoproteome and proteome analysis of endothelial cells latently infected
with KSHV, we found that latent infection alters the levels of at least 289 proteins, approximately
13% of the proteome quantified, as well as 192 altered phosphorylation sites, approximately 12%
of the phosphosites quantified in this study. Previous studies using mass spectrometry based
proteomics and KSHV, was done with targeted proteomics to identify protein-protein interactions
specific to single viral proteins, LANA and K5 for example, using immunoprecipitation and 2D-
gel mass spectrometry (38, 140-149). Our dataset is the first that we are aware of, that analyzes
the global response to latent KSHV infection with both phosphoprotein and proteomic studies in
endothelial cells. The list of phosphosites altered by KSHV infection may provide deeper insights
into cell signaling activation following KSHV infection of endothelial cells and should serve as a
useful dataset for future studies. From transcriptomics analysis, we found that KSHV infection
leads to alterations in approximately 17% of the host cellular transcriptome. This dataset was
generated using next generation sequencing providing more comprehensive gene expression
profiles in endothelial cells latently infected with KSHV than previously published.
Transcriptomic analysis of KSHV infection has been done in KS tumors and in PEL cells, but only
older microarray technology for endothelial cells has been previously done (150-158). The activity
of several TFs was predicted to be activated or repressed by latent infection as identified from
transcription factor motifs found in the promoters of host genes that were up or down regulated

following KSHV infection of endothelial cells. These TFs serve as a link to map protein-protein
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interactions, connecting upstream signaling to downstream gene-expression targets. The goal of
this integrated systems biology approach was to identify novel pathways that could not be
predicted by one platform alone. Various functional networks, including phagosomes, endocytosis
and multiple metabolic pathways including peroxisome biogenesis were identified by the Steiner
forest analysis providing a rich data set for future studies. We chose to further analyze peroxisome
biogenesis as peroxisomes are involved in several pathways likely to be important for KSHV
pathogenesis including redox control and the breakdown of very long chain fatty acids. A sub-
network cluster of peroxisomal proteins predicted to be activated by the Steiner forest analysis is
shown in figure 3.3C. The presence of this sub- network implies increased peroxisome activity in
KSHYV latently infected endothelial cells. The integrated analysis is further substantiated by a
significant increase in the number of peroxisomes per cell during KSHV latency, induced
specifically by KSHV latent gene expression as opposed to a cellular response to a viral infection.
Upregulation of peroxisomes was further validated by identifying the upregulation of several
peroxisomal proteins in TIME cells, primary dermal microvascular endothelial cells as well as in
primary lymphatic dermal microvascular endothelial cells, the cell type that most closely
resembles KS spindle cells (158).

We previously found that KSHV latent infection dramatically alters the lipid profile of
endothelial cells (40). In the KSHV infected cells, there was a significant increase in most of the
LCFAs measured. We also found that FAs synthesis was necessary for the survival of endothelial
cells latently infected with KSHV (40). In our metabolomic screen we also noted that DHA and
its precursors, as well as DHA-P, were increased following KSHV infection during latency (40)

(Figure 3.6A). DHA is an important metabolite involved in anti-inflammatory responses and
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cellular development and is mainly produced in the peroxisome by partial $-oxidation (50, 51,
159). Knockdown of ACOX1, the enzyme that produces DHA, results in a significant increase in
the death rate of latently infected endothelial cells but not their mock infected counterparts.
Furthermore, the peroxisome-specific lipid transporter ABCD3, which transports VLCFAs
including a precursor of DHA, is also essential for KSHV-infected endothelial cell survival.
Therefore, lipid metabolism in the peroxisome is essential for the survival of endothelial cells
latently infected with KSHV.

Peroxisomes appear to play a role in the response to lytic viral infection for several viruses.
This organelle serves as a signaling platform for antiviral response against unrelated non-
enveloped and lipid-enveloped RNA and DNA viruses including Reovirus, Sendai virus, Dengue
virus and Influenza virus in infected mouse embryonic fibroblast cells (44-47). Interestingly, one
study established that Influenza virus modulates and requires peroxisomal ether lipid metabolism
for efficient virion replication in A549 epithelial cells (45). These observations underscore
complex and sometimes paradoxical cellular changes that involve peroxisomes during viral
infection; while Influenza requires peroxisome metabolism for virion production, peroxisomes
also play an important role in the immune response triggered by infection. The interplay between
peroxisome responses and viral infection may depend on the cellular environment and virus type.
Our study elucidates a novel mechanism by which a latent herpesvirus infection manipulates
peroxisomal lipid signaling required for survival in a long-term infection.

KSHYV is known to activate COX-2/PGE2/EP vector during de novo infection mediating
an underlying pro-inflammatory state conducive to long-term latency (120). COX-2 converts

Arachidonic Acid (20:4n6, or AA) to PGE2, which then regulates autocrine and paracrine

52



signaling. Our previously published metabolomics screen demonstrates that KSHV latent infection
upregulates precursors of the COX-2/PGE2/EP signaling, such as AA indicating that signaling
upstream of the COX-2/PGE2/EP pathway is active during latency. Furthermore, upregulation of
DHA-P and DHA as shown by our metabolomics screen indicates, that the peroxisomes are
enzymatically active and producing these metabolites (41). Therefore, the peroxisome represents
a crossroads of lipid signaling and bridges the gap between upstream essential fatty acids (AA,
EPA and DPA) and how they are metabolized downstream (DHAP, DHA) during latent KSHV
infection (Figure 3.6A).

AA is a pro-inflammatory metabolite and DHA has been associated with anti-
inflammatory responses (160); however, both are upregulated during latency. The KS tumor
environment is characterized by a chronic inflammatory state (13). Therefore, we hypothesize that
KSHV commandeers control of cellular metabolic pathways to fine-tune a higher level of chronic
inflammation by altering homeostatic mechanisms and maintaining a shifted equilibrium in this
new inflammatory state required for the maintenance of latency. Further work is required to
elucidate whether the primary role of peroxisomes is to regulate lipid signaling and inflammation,
if peroxisomal ether lipid metabolism is required or if peroxisomes are also involved in regulating
H202, which often occurs in parallel. It has been shown that in primary endothelial cells during
exogenous stress, inflammatory cytokine expression is downregulated by using DHA as anti-
inflammatory treatment (161). It would be interesting to determine if altering DHA synthesis
influences inflammatory signaling proteins in endothelial cells latently infected with KSHV.

Currently, pharmacological approaches that target herpesvirus infection focus on lytic

replication and there are no treatments specific for latent infections. Since KS tumors primarily
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exhibit latent infection, this study elucidates critical control point mechanisms in the latent phase
offering an understanding of KSHV viral pathogenesis and provides potential novel and
combinatorial molecular therapeutic targets through large scale identification of pathways

activated by KSHV latent infection of endothelial cells.
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Figure 3.1 Phosphoproteome and Proteome Profiling of endothelial cells infected with
KSHV. A.) Overview of the workflow of proteomics and phosphoproteomics sample preparation
and data collection. TIME cells were infected with KSHV derived from BCBL-1 cells and
harvested 48 hpi, labeled with iTRAQ and used for tyrosine phospho-proteomic analysis, global
phosphoproteomic analysis, including serine and threonine phosphopeptides, and global proteomic
analysis using LC-MS/MS. Biological Replicate (BR), Immunoprecipitation (IP),
phosphotyrosine, phosphoserine, phosphothreonine (pY/pS/pT), 1-dimesional or 2- dimensional
High Pressure Liquid Chromatography (1D HPLC, 2D HPLC) Liquid Chromatography Mass
Spectrometry (LC-MS/MS). (B.) Table showing the number of proteins detected and the
upregulated and downregulated proteins in the proteome as well as the specific phosphopeptides
detected from the phosphoproteome following KSHV using Comet peptide search algorithm 5%
FDR and p < .05. (C.) KEGG pathway analysis of the upregulated hits of the phospho and
proteome analysis. (D and E.) Scatter plots demonstrating changes in relative abundance for the
peptides detected in the phosphoproteome (D) and total proteome (E) following KSHV 48 hpi.
The dotted lines represent the significance cut off where the points to the right of the red dotted
line are up significantly upregulated hits and points to the left of the blue dotted line are
significantly downregulated hits.
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Figure 3.2 Transcription factor (TF) enrichment analysis. (A) Total mMRNAs identified in the
endothelial cells and the numbers upregulated and downregulated following infection with KSHV
using a negative binomial distribution with an FDR% of 1 (B.) Schematic of RNAseq and TF
enrichment analysis. Three biological replicates of KSHV infected endothelial cells harvested at
48 hpi for RNAseq of mRNA were analyzed. TF-specific binding motifs identified upstream of
transcription start sites and differential expression p-values between mock and KSHV-infected
cells from RNASeq data were used for the motif enrichment hypothesis tests. Colored arrows
represent transcription start sites. Red and blue lines represent downregulated and upregulated
transcripts, respectively. Triangles represent transcription factors binding upstream of
transcription start site. (C.) List of significant TFs that are predicted to be altered by KSHV during
latency with a p < .05 that were used for the Steiner forest analysis.
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Figure 3.3 Steiner forest prediction of pathways activated by KSHV infection. (A.) List of the
top KEGG pathways predicted to be altered by KSHV infection of endothelial cells from Steiner
forest network and KEGG pathways database analysis (complete list in S1 Table). (B.) The bar
graph on each node displays a signed version of the prizes used as input for the Steiner forest
analysis. Each bar from left to right indicates the proteomic, phosphoproteomic (p-Proteomic), and
TF scores. Positive scores (above the horizontal line) indicate the protein had higher intensity or
the TF’s target genes were more highly expressed in KSHV infection than mock infection.
Negative scores indicate that KSHV infection decreases intensity or lowers activity. Node color
indicates whether the protein primarily upregulated (blue) or downregulated in response to viral
infection (green). Node shape indicates the largest score for that protein: proteomic (square),
phosphoproteomic (circle), TF (octagon), or Steiner node with no score (triangle). Latency-related
KSHYV genes are shown as purple diamonds. Steiner nodes are shown in gray. Edge thickness
indicates the fraction of Steiner forest networks that contain the edge when the algorithm is run
multiple times. (C.) Proteins with bold borders are peroxisome pathway members: SCP2, PRDX5,
ACSL3, MLYCD, AGPS, EHHADH, PEX19 and two predicted Steiner nodes, PEX12 and PEXS5.
Their direct neighbors in our KSHV network are displayed as well to show their relationships. A
Full Steiner forest is shown in figure S_Figure 3.11.
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Figure 3.4 KSHYV latently infected endothelial cells induces peroxisome formation. (A.) Flow
cytometry of mock- and KSHV- infected TIME cells (TIMECs) harvested at 48 hpi, fixed and
stained with antibody to ABCD3, a peroxisome marker. (B.) Geometric mean fold change of
KSHV over mock at 48hpi for 3 experiments as in panel A, p < 0.05 student’s t-test. (C.) Flow
cytometry of mock- and KSHV- infected TIMECS, harvested at 96 hpi, fixed and stained as in
panel A. (D.) Geometric mean Fold change of KSHV over mock at 96 hpi for 3 experiments as in
panel C, p <.05 student’s t-test. (E.) Flow cytometry of mock- and KSHV- infected primary human
dermal microvascular endothelial cells (hDMVECs) harvested at 96 hpi, fixed and stained as in A.
(F.) Geometric mean fold change of KSHV over mock at 96 hpi for 3 experiments as in E, p <.05
student’s t-test. (G.) Flow cytometry of mock- and KSHV- infected lymphatic endothelial cells
(LECs) harvested at 96 hpi, fixed and stained as in A. (H.) Geometric mean fold change of KSHV
over mock at 96 hpi for 3 experiments as in panel B, p <.05 student’s t-test. All the data are
represented as mean +/- SEM and were analyzed using FlowJo software. (I) Representative
confocal images of Mock and KSHV infected TIME cells at 96 hpi stained with antibody to
ABCD3 and DAPI to identify the nuclei. (J) Quantification of number of peroxisomes per cell in
three biological replicates of Mock and KSHV-infected cells stained as in panel I, analyzed using
student’s t-test p < 0.0001.
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Figure 3.5 KSHV latency locus is sufficient to induce a peroxisome marker in endothelial
cells. (A.) Flow cytometry of mock-, KSHV-UV irradiated and KSHV- infected TIME cells
harvested at 96 hpi, fixed and stained with antibody to ABCD3. (B.) Geometric mean fold change
of KSHV, KSHV-UV-irradiated over mock at 96 hpi for 3 experiments as in A, p <.05 student’s t
-test. (C.) Flow cytometry of AdGFP or AdKLAR (KSHV latency-associated region in a gutted
adenovirus) infected TIME cells harvested at 96 hpi, fixed and stained with antibody to ABCD3.
(D.) Geometric mean fold change of AAGFP over ADKLAR at 96 hpi p <.05 student’s t-test. All
the data are represented as mean +/- SEM and were analyzed using FlowJo software. (E.) Western
blot analysis of TIME cells mock infected or infected with AdGFP-, or AKLAR stained with
antibodies to GFP or LANA.
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FIG 3.6 KSHV latently infected endothelial cells require peroxisome proteins. (A) Overview
of Essential Fatty Acids (EFA) and peroxisome lipid metabolism. Numbers indicate genes altered
by KSHV (48 or 96 hpi in black and fold change in red) as identified by a previously published
metabolomics screen (49) in blue and flow cytometry validation of ABCD3 and RNA-seq
(PLA2GA4A) in orange; siRNA treatments of ABCD3 and ACOX1 for panel B are indicated in
blocked red sign. (B.) TIME cells were transfected with a control siRNA (siSCRB) or siRNA to
ABCD3 or ACOX1. siABCD3 and siACOX1 treatments lead to greater than 70% reduction in
ABCD3 and ACOX1 expression as determined by qRT-PCR normalized to the housekeeping
genes GAPDH. (C.) TIME cells were transfected with siRNAs as in panel B and 24 later were
Mock- or KSHV-infected. 96 hpi (120 hours post transfection) cells were harvested and % cell
death was measured using Trypan blue stain. In parallel, cells were treated with 20 uM QVD, a
pan-caspase inhibitor. Data shown is from three independent experiments. Student’s t-test (D.)
Data shows the average fold change in % dead cells over control siRNA transfected cells from
three independent experiments from panel C. (E.) IncuCyte microscopy images identifying dead
cell nuclei (YOYO-1) for Mock- and KSHV-infected cells transfected with siSCRB, siABCD3 or
SIACOX1 at 96 hpi. Essen software was used to identify cell nuclei by size and fluorescent
intensity, with background subtracted. YOYO-1 positive nuclei are in fluorescent green. All the
data are represented as mean +/- SEM.

60



1. Quantitative Proteomics
and Phosphoproteomics

Fragment ions for ITRAQ reporter ions

m - . il *
MOCK : IH.l 1‘ ‘A\ I I | | H : i :
iTRAQ " 0
-4 l' 4. Predicted
) Sthher 5. Pathway 6.Peroxisome®Pathwaysl
KSHV Predicted TF —> Network => Analysis > alteredbyE&SHVAnfection
- 7.®Peroxisome@Biogenesistand®
G
i * Eij #yGenes * Gfs Lipid@Metabolismds
r':— r:— =2 I_’:— _ I_':: up-regulatedBind@equiredd
— — —_ — — during®SHV@atentAnfection
2. Transcriptomics 3. TF motif Enrichment

MOCK KSHV

Figure 3.7 Workflow of the systems biology data integration analysis and Schematic of the
metabolism of VLCFs in the peroxisome. Experimental conditions of mock and KSHV infected
TIME cells were processed using proteomics techniques and in parallel transcriptomics analysis.
The RNA-seq data was used for TF prediction and then TFs were used as the link to generate the
predicted protein-protein interaction Steiner forest network. Analysis of the Steiner forest network
was done using KEGG pathway analysis and followed by experimental validation of peroxisome
biogenesis and mediated lipid metabolism.
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S_Figure 3.8 Relative abundance plot of normalized mean intensities of iTRAQ labeling in
the proteome and phosphoproteome. (A.) Phosphoproteome technical replicate (TR) 1. (B.)
Phosphoproteome technical replicate (TR) 2. (C.) Proteome technical replicate (TR) 1. (D.)
Proteome technical replicate (TR) 2.
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S_Figure 3.9 Proteome and phosphoproteome profiling. (A.) Venn diagrams of both technical
replicate runs from phosphoproteome and proteome. (B.) GO biological process analysis of the
upregulated hits from the phosphoproteome and proteome measured proteins.
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S _Figure 3.10 Transcriptomics profiling and motif enrichment comparisons (A.) RNA-seq
volcano plot. Highlighting the most highly upregulated and downregulated genes. (B.) Venn
diagram of the genes inferred to have motif instances of IRF1, IRF2, STAT2, and IRF7 1000bp
upstream of their transcription start site. The numbers show the numbers of genes that have the
combination of motif instances associated with the regions of the diagram. (C.) Position weight
matrices of the five TF motifs enriched at a less than 5% false discovery rate in the 1000bp regions
upstream of significantly changed genes post- infection, taken from the HOCOMOCO database.
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S _Figure 3.11 Complete Steiner forest network of endothelial cells latently infected with
KSHYV at 48 hpi. Please refer to legend from Figure 3B for network interpretation.
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S_Figure 3.12 Steiner forest subnetwork from Metabolism KEGG pathways. Please refer to
legend from Figure 3B for network interpretation.
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S _Figure 3.13 KSHV latently infected endothelial cells induces peroxisome proteins. (A.)
Flow cytometry of Mock- and KSHV- infected LECs cells harvested at 96 hpi, fixed and stained
with PEX3 and MLYCD (B.) Geometric mean fold change of KSHV over mock at 96 hpi p < 0.05
student’s t-test. (C.) Flow cytometry of Mock- and KSHV- infected TIMECs cells harvested at 96
hpi, fixed and stained with PEX3, PEX19 and MLYCD (D.) Geometric mean fold change of
KSHYV over mock at 96 hpi p < 0.05 student’s t-test. (E.) Flow cytometry of Mock- and KSHV-
infected hDMVEC:s cells were harvested at 96 hpi, fixed and stained with PEX3 and MLYCD (F.)
Geometric mean fold change of KSHV over mock at 96 hpi p < 0.05 student’s t-test.
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S _Figure 3.14 Distribution of node and edge frequencies in observed and random Steiner
forests. We run the Steiner forest algorithm multiple times with the real KSHV protein scores
(Observed) and equivalent scores randomly assigned to proteins in the PPI network (Random).
Node frequency is the fraction of Observed or Random Steiner forest subnetworks that contain a
node, likewise for edges. In general, the nodes and edges that appear in nearly all the Observed
subnetworks have a low probability of being included in a Random subnetwork. Very few nodes
and no edges lie near the diagonal lines that denote equal frequencies in the Observed and Random
subnetworks. The Random subnetworks also contain thousands of nodes and edges that are not
relevant to KSHYV infection and do not appear in any Observed subnetworks.
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S_Figure 3.15 LANA is sufficient to upregulate ABCD3 protein and peroxisome number per
cell. (A.) Flow cytometry analysis ppmnGFP and pbmnLANA expressing TIME cells harvested
at 96 hpi, fixed and stained with antibody to ABCD3. (B.) Flow cytometry analysis mock and
KBAC- dmir infected TIME cells and harvested at 96 hpi, fixed and stained with antibody to
ABCDa3. (C.) Confocal images of ppmnGFP and pbmnLANA expressing TIME cells at 96 hpi
stained with antibody to ABCD3 and DAPI to identify the nuclei. (D) Quantification of number
of peroxisomes per cell from panel C, one biological replicate.
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Table 1. Complete list of the top KEGG Pathways that overlapped significantly with the
predicted Steiner Forest Network.

Pathway name , # Adjusted

- Genes p-value

Huntington's disease 24 0.0002
Parkinson's disease 17 0.001

Vasopressin-regulated water reabsorption 10 0.0012

DNA replication 3 0.0061

Alrheimer's dizease 18 0.0081

ECM-teceptor interaction 12 0.0095

Phagozome 17 0.0104

Endocytosis 20 0.0152

Citrate cycle (TCA cyele) & 0.0234
Propanoate metabolism & 0.0243
Leukocvie transendothelial migration 3 0.0243
Hepatitis C 14 0.0243

Protein processing in endoplasmic reticulum 16 0.0336
Long-term potentiation 9 0.0353

Pathways in cancer 26 0.0380

Pancreatic cancer 0 0.0380

Focal adhesion 18 0.0380

Fegulation of actin cytoskeleton 19 0.0389

Oxidative phosphorylation 12 0.0389

Adherens junction 0 0.0389

Fc gamma F-mediated phagocvtosis 10 0.0578

Lysine degradation ] 0.0578

Peroxisome ) 0.0578

Cell cycle 12 0.0628

BENA transport 13 0.0732

Bazal transeription factors 5 0.0732
Dilated cardiomyopathy 0 0.0732
Antigen processing and presentation 2 0.0732
Pancreatic secretion ) 0.0751
Fructose and mannose metabolism 5 0.0751
Vascular smooth muscle contraction 10 0.081
Insulin signaling pathway 12 0.0851

Hypertrophic cardiemyopathy (HCM) 2 0.0838

Leong-term depression 7 0.0858

PIG-I-like receptor signaling pathway 7 0.0879
Chemokine signaling pathway 15 0.0963
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Table 2. Technical replicate 1 of the phosphoproteome analysis in KSHV infected cells
compared to mock infected cells at 48 hpi.

P&::ien Peptide with Modified Amino Acid Residue m
8.4259
3.7035
3.2824
1.8645
1.7540
1.7237
1.7037
1.6085
1.5705
1.5683
1.5509

L 2-
1.5266

Dimensional

1.5085
1.4842
1.4799

L 2-
1.4670

L 2-
1.4668
1.4651
1.4638
1.4562
1.4511




AKAP12 SAESPTS[167.00]PVTSETGSTFKK 1.4432 LC/MS- . 2 .
MS Dimensional

PECAM1 KDTETVYS[167.00]EVRK.A 1.4165 LC/MS- . 2 .
MS Dimensional

PECAM1 KDTETVY[243.03]SEVR.K 1.4018 LC/MS- . 2 .
MS Dimensional

VIM ETNLDS[167.00]LPLVDTHSK 1.3995 LC/MS- . 2 .
MS Dimensional

SSB FAS[167.00|DDEHDEHDENGATGPVKR 1.3770 LC/MS- . 2_.
MS Dimensional

TRIM25 ASAPS[167.00]PNAQVACDHCLK 1.3741 LC/MS- . 2_.
MS Dimensional

VIM ETNLDS[167.00]LPLVDTHSKR 1.3714 LC/MS- . 2-.
MS Dimensional

LC/MS- 2-

MINK1 GTPKPPGPPAQPPGPPNAS[167.00]SNPDLRR 1.3656 . .
MS Dimensional

PLEC AQLEPVAS[167.00]PAKKPK 13653 | O/MS- | 2
MS Dimensional

MYCT1 RVGLSTPPPPAY[243.03]ESIIK.A 1.3643 LC/MS- . 2 .
MS Dimensional

LC/MS- 2-

NEDD9 RQAGRPDLRPEGVY[243.03]DIPPTCTKPAGK.D 1.3628 . .
MS Dimensional

LC/MS- 2-

ZNF280A NDS[167.00]WEDHT[181.01]T[181.01]CQHCHR 1.3591 . .
MS Dimensional

LRRFIP1 GSGDTS[167.00]ISIDTEASIR 1.3478 LC/MS- . 2-.
MS Dimensional

SSRP1 EGMNPSYDEY[243.03]JADSDEDQHDAYLER 1.3477 LC/MS- . 2-.
MS Dimensional

LC/MS- 2-

DAP EEKDKDDQEWESPS[167.00]PPKPTVFISGVIAR 1.3429 . .
MS Dimensional

AHNAK GGVTGS[167.00]PEASISGSKGDLK 1.3387 LC/MS- . 2-.
MS Dimensional

GNL1 EEQTDT[181.01]SDGESVTHHIR 1.3309 LC/Ms- . 2-.
MS Dimensional

TCOF1 SLGNILQAKPTS[167.00]SPAKGPPQK 1.3266 LC/Ms- . 2-.
MS Dimensional

LC/MS- 2-

AKAP2 YLDEVLEANCCDSAVDGTYNGTSS[167.00]PEPGAVVLVGGLSPPVHEATQPEPTER 1.3255 . .
MS Dimensional

LC/MS- 2-

DCDC2 KS[167.00]T[181.01]VGSSDNSSPQPLK.R 1.3254 C/Ms . .
MS Dimensional

LC/MS- 2-

TCEAL3 REDEGEPGDEGQLEDEGS[167.00]QEKQGR 1.3198 . .
MS Dimensional

LC/MS- 2-

ZFR QY[243.03]Y[243.03]QQPAATEAGSSSSCCCCCNSCLDR 1.3194 . .
MS Dimensional

TCEAL3 REDEGEPGDEGQLEDEGS[167.00]QEK 1.3190 LC/Ms- . 2_.
MS Dimensional

ITPR3 KQS[167.00]VFSAPSLSAGASAAEPLDR 1.3101 LC/MS- . 2 .
MS Dimensional
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WDR44 TKEYVSNDAAQS[167.00]DDEEKLQSQPTDTDGGR 1.3071 LC/Ms- . 2_.
MS Dimensional

LC/MS- 2-

ZC3H18 ELDEHELDYDEEVPEEPAPAVQEDEAEKAGAEDDEEKGEGT[181.01]PR 1.3060 . .
MS Dimensional

none FCCGCCPY[243.03]T[181.01]S[167.00]GCGV 1.3040 LC/MS- . 2_.
MS Dimensional

BAZ2B SVVS[167.00]EIDK 0.7996 LC/MS- . 2 .
MS Dimensional

LC/MS- 2-

CHD4 EDNS[167.00]EGEEILEEVGGDLEEEDDHHMEFCR 0.7992 . .
MS Dimensional

FILIPIL RIS[167.00]DPQVFSK 0.7961 LC/Ms- . 2_.
MS Dimensional

PPP1R13L APS[167.00]PRPGPGPLR 0.7909 LC/MS- . 2-.
MS Dimensional

PRKAR2B RAS[167.00]VCAEAYNPDEEEDDAESR 0.7905 LC/MS- . 2-.
MS Dimensional

ADAMTS10 RGTGATAES[167.00]R 0.7899 LC/MS- . 2 .
MS Dimensional

LC/MS- 2-

SLC4AA1AP SLQEEQSRPPT[181.01]AVSSPGGPAR 0.7838 . .
MS Dimensional

RASAL2 LEVPAERS[167.00]PR 0.7814 LC/MS- . 2 .
MS Dimensional

ZYX FS[167.00]PGAPGGSGSQPNQK 0.7803 LC/Ms- . 2_.
MS Dimensional

FLCN AHS[167.00]PAEGASVESSSPGPK 0.7797 LC/MS- . 2-.
MS Dimensional

DYNC1LI2 DFQDYMEPEEGCQGS[167.00]PQRR 0.7779 LC/MS- . 2-.
MS Dimensional

LC/MS- 2-

MLLT4 NHFAY[243.03]Y[243.03]NYHTYEDGSDS[167.00]R 0.7717 . .
MS Dimensional

THRAP3 ASAVSELS[167.00]PR 0.7716 LC/MS- . 2-.
MS Dimensional

LC/MS- 2-

FANCM QQDHCLNS[167.00]VPS[167.00]GSS[167.00]AQSK 0.7681 . .
MS Dimensional

FOXK1 EGS[167.00]PIPHDPEFGSK 0.7665 LC/Ms- . 2-.
MS Dimensional

POLQ MRT[181.01]MLLVYVMR 0.7626 LC/Ms- . 2-.
MS Dimensional

LC/MS- 2-

SNRK ASPSENNAGGGS[167.00]PSSGSGGNPTNTSGTTR 0.7582 . .
MS Dimensional

DNAI1 VTEEELMT[181.01]PK 0.7579 LC/MS- . 2-.
MS Dimensional

TNS1 RSYSPY[243.03]DYQPCLAGPNQDFHSK.S 0.7564 LC/MS- . 2-.
MS Dimensional

LC/MS- 2-

RAB18 MDEDVLT[181.01]T[181.01]LK 0.7553 / . .
MS Dimensional

MCM2 RTDALTS[167.00]SPGR 0.7499 LC/MS- . 2 .
MS Dimensional

73




74

EEF1D ATAPQTQHVS[167.00]PMR 0.7498 LC/MS- . 2 .
MS Dimensional

MARCKS LSGFS[167.00]FK 0.7489 LC/MS- . 2 .
MS Dimensional

SNX19 EINRT[181.01]IQMIIR 0.7426 LC/MS- . 2_.
MS Dimensional

PRKAR2B RASVCAEAY[243.03]NPDEEEDDAESR 0.7425 LC/MS- . 2 .
MS Dimensional

LC/MS- 2-

CRKL RNSNSYGIPEPAHAYAQPQTTTPLPAVSGSPGAAITPLPS[167.00]TQNGPVFAK.A 0.7371 . .
MS Dimensional

DCLK1 S[167.00]PS[167.00]PSPTSPGSLR 0.7350 LC/MS- . 2_.
MS Dimensional

PALLD S[167.00]PSGHPHVR 0.7329 LC/MS- . 2_.
MS Dimensional

FSIP2 S[167.00]LIQIHRVIQS[167.00]DTICFGR 0.7227 LC/MS- . 2-.
MS Dimensional

WRNIP1 RPAAAAAAGSAS[167.00]PR 0.7220 LC/MS- . 2 .
MS Dimensional

SRRM2 SATRPSPS[167.00]PER 0.7219 LC/MS- . 2_.
MS Dimensional

WAC QQGHEPVS[167.00]PR 0.7152 LC/MS- . 2_.
MS Dimensional

MAP7D1 RKPNAGGS[167.00]PAPVR 0.7120 LC/Ms- . 2_.
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional

LC/MS- 2-
MS Dimensional




8 Phosphoproteome Data Set Technical Replicate 1. KSHV infection alters global host cellular
phosphoproteome analysis. Heat map of fold change levels of peptide profiled in this study at 48 hpi. For
comparisons, shaded cells, yellow-bolded values indicate p < 0.01 (red indicates that the mean values are
significantly higher for that comparison and green indicates that the values are significantly lower). Shaded
cells wih blue-bolded values indicate p < 0.5 (light orange indicates that the mean values trend higher for
that comparison and light green indicates that the mean values trend lower). All data are normalized to
BCA assays prior to protein trypsinization and then peptide quantification was normalized with Pierce
Quantitative Fluorometric Peptide assay. Modifications: phosphotyrosine [243.03], phosphoserine
[167.00], phosphothreonine [181.01].
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Table 3. Technical replicate 2 of the phosphoproteome analysis in KSHYV infected cells
compared to mock infected cells at 48 hpi.

PIG::::: Peptide with Modified Amino Acid Residue C::rl\dge Platform HPLC
LC/MS-MS 1-Dimensional
LC/MS-MS | 1-Dimensional
LC/MS-MS 1-Dimensional
LC/MS-MS 1-Dimensional
LC/MS-MS | 1-Dimensional
LC/MS-MS | 1-Dimensional
LC/MS-MS 1-Dimensional
LC/MS-MS 1-Dimensional
LC/MS-MS 1-Dimensional
RSRC2 GMGLGFT[181.01]S[167.00]S[167.00]MRGMDAV 1.5938 LC/MS-MS 2-Dimensional
Clorfl73 | ECTLETEAMQDRNS[167.00]EGDGDMEGEGNT([181.01]QKNEGMGGGR 1.5929 LC/MS-MS 2-Dimensional
MTMRS8 | T[181.01]PTMSEFLS[167.00]GLESSGWLR 1.5905 LC/MS-MS 2-Dimensional
PGM2 LLTFLIRKY[243.03]ILEL 1.5687 LC/MS-MS 2-Dimensional
SP100 LNECIS[167.00]PVANEMNHLPAHSHDLQR 1.5478 LC/MS-MS 2-Dimensional
AKAP12 | SEDSIAGSGVEHSTPDTEPGKEESWVS[167.00]IKK 1.5378 LC/MS-MS 2-Dimensional
PECAM1 | KDTETVY[243.03]SEVRK.A 1.5214 LC/MS-MS 2-Dimensional
DNM1L | SKPIPIMPAS[167.00]PQKGHAVNLLDVPVPVAR 1.5192 LC/MS-MS 2-Dimensional
CASKIN2 | EQEGT[181.01]PSASTK 1.5146 LC/MS-MS 2-Dimensional
TCEAL3 EDEGEPGDEGQLEDEGS[167.00]QEKQGR 1.4772 LC/MS-MS 2-Dimensional
AKAP12 | SAESPTS[167.00]PVTSETGSTFKK 1.4768 LC/MS-MS 2-Dimensional
CTRC TMVCAGGDGVIS[167.00JACNGDSGGPLNCQLENGSWEVFGIVS[167.00]FGS[1 1.4635 LC/MS-MS 7-Dimensional

67.00]R

MXD4 VAWS[167.00]WERGPPAS[167.00]LS[167.00]SR 1.4570 LC/MS-MS 2-Dimensional
AKAP12 | EGVTPWAS[167.00]FK 1.4476 LC/MS-MS 2-Dimensional
RBM10 RESATADAGY[243.03]AILEK 1.4302 LC/MS-MS 2-Dimensional
GNAS RARHNY[243.03]NDLCPPIGR 1.4258 LC/MS-MS 2-Dimensional
SAFB SEPVKEESSELEQPFAQDT[181.01]SSVGPDRK 1.4187 LC/MS-MS 2-Dimensional
SP100 GFENVIHDKLPLQES[167.00]EEEER 1.4137 LC/MS-MS 2-Dimensional
WDR44 | EYVSNDAAQS[167.00]DDEEKLQSQPTDTDGGRLK 1.4096 LC/MS-MS 2-Dimensional
ARID1A | SNS[167.00]VGIQDAFNDGSDSTFQKR 1.4066 LC/MS-MS 2-Dimensional
FLJ20896 | TPPDTTFPEPTCLSASPPNVPPRQS[167.00]KR 1.4059 LC/MS-MS 2-Dimensional
EEF1B2 | YGPADVEDTTGS[167.00]GATDSKDDDDIDLFGSDDEEESEEAKR 1.4049 LC/MS-MS 2-Dimensional
MBD1 RRPGAQPLPPPPPSQS[167.00]PEPTEPHPR 1.3967 LC/MS-MS 2-Dimensional
MAP4K4 | RDS[167.00]PLOQGSGQQNSQAGQR 1.3962 LC/MS-MS 2-Dimensional
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PEA15 YKDIIRQPS[167.00]EEEIIK 1.3957 LC/MS-MS 2-Dimensional
MAP2 SGTSTPTTPGSTAITPGT[181.01]PPSYSSR 1.3954 LC/MS-MS 2-Dimensional
Dgljl;ér;? MDST[181.01]HPQHCACNSQIRPRWDCVAHCFLWAPGLPS[167.00]R 1.3944 LC/MS-MS | 2-Dimensional
SSFA2 SVHIS[167.00]TPEKEPCAPLTIPSIR 1.3900 LC/MS-MS | 2-Dimensional
BNIP1 RT[181.01]ILDANEEFK.S 1.3841 LC/MS-MS 2-Dimensional
NUFIP2 DYEIESQNPLAS[167.00]PTNTLLGSAK 1.3672 LC/MS-MS 2-Dimensional
ViM ETNLDS[167.00]LPLVDTHSKR 1.3540 LC/MS-MS | 2-Dimensional
FAMB195 S[167.00]PPSSSEIFTPAHEENVR 1.3502 LC/MS-MS | 2-Dimensional
IRF2BP2 | RPAS[167.00]VSSSAAVEHEQR 1.3482 LC/MS-MS 2-Dimensional
HABP4 SLPAPVAQRPDS[167.00]PGGGLQAPGQK 1.3467 LC/MS-MS 2-Dimensional
HTT EKEPGEQASVPLS[167.00]PK 1.3445 LC/MS-MS | 2-Dimensional
ANXA2 KLSLEGDHSTPPSAY[243.03]GSVK.A 1.3435 LC/MS-MS 2-Dimensional
PECAM1 | KDTETVY[243.03]SEVR.K 1.3395 LC/MS-MS 2-Dimensional
DSN1 AS[167.00]DFSLEAS[167.00]VAEMK 1.3385 LC/MS-MS | 2-Dimensional
SP100 | GFENVIHDKLPLQES[167.00]EEEEREER 1.3356 LC/MS-MS | 2-Dimensional
BAZ2A | QPSS[167.00]PSHNTNLR 0.7664 LC/MS-MS | 2-Dimensional
LPP RNDSDPTY[243.03]GQQGHPNTWKR.E 0.7662 LC/MS-MS | 2-Dimensional
NRAP Y[243.03]EGVGMDRR 0.7629 LC/MS-MS | 2-Dimensional
SRRM2 | RRPS[167.00]PQPSPR 0.7563 LC/MS-MS | 2-Dimensional
HDAC2 | MLPHAPGVQMQAIPEDAVHEDS[167.00]GDEDGEDPDKR 0.7561 LC/MS-MS | 2-Dimensional
AZI1 RSNS[167.00]TTQVSQPR 0.7553 LC/MS-MS | 2-Dimensional
SRRM1 | APQTSSS[167.00]PPPVRR 0.7539 LC/MS-MS | 2-Dimensional
UBAP2L | STSAPQMSPGSSDNQSSS[167.00]PQPAQQK 0.7500 LC/MS-MS | 2-Dimensional
HIG-1 QTAELGY[243.03]PK 0.7493 LC/MS-MS | 2-Dimensional
CDK1 KIGEGTY[243.03]GVVYK.G 0.7484 LC/MS-MS | 2-Dimensional
TAFIL | RMLLVAGS[167.00]AAS[167.00]GNNHR.D 0.7338 LC/MS-MS | 2-Dimensional
MDC1 ESEDSETQPFDT[181.01]HLEAYGPCLSPPR 0.7324 LC/MS-MS | 2-Dimensional
TRA2A | RAHTPT[181.01]PGIYMGRPTHSGGGGGGGGGGGGGGGGR 0.7275 LC/MS-MS | 2-Dimensional
BLM S[167.00]JAQNLASR 0.7268 LC/MS-MS | 2-Dimensional
WAC QQGHEPVS[167.00]PR 0.7235 LC/MS-MS | 2-Dimensional
HNRNPK | RDYDDMS[167.00]PR 0.7193 LC/MS-MS | 2-Dimensional
ARZSAP LLLAS[167.00]PPNER 0.7093 LC/MS-MS | 2-Dimensional
WRNIP1 | RPAAAAAAGSAS[167.00]PR 0.7064 LC/MS-MS | 2-Dimensional
AR!;EAP IRPVS[167.00]LPVDR 0.7045 LC/MS-MS | 2-Dimensional
PLTP MHAAFGGT[181.01]FK 0.7027 LC/MS-MS | 2-Dimensional
ZNF318 | RSS[167.00]PPPPPSGSSSR 0.7021 LC/MS-MS | 2-Dimensional
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FUBP1 QQAAYYAQT[181.01]SPQGMPQHPPAPQGQ 0.6975 LC/MS-MS 2-Dimensional
MCM4 | SGVRGT[181.01]PVR 0.6971 LC/MS-MS | 2-Dimensional
PPFIA1 RIPHS[167.00]PAR 0.6936 LC/MS-MS 2-Dimensional
none CGCS[167.00]IRAGTASR 0.6912 LC/MS-MS 2-Dimensional
ILK S[167.00]RDFNEECPR 0.6819 LC/MS-MS | 2-Dimensional
NUFIP2 | TIQNSSVSPTSS[167.00]SSSSSSTGETQTQSSSR 0.6784 LC/MS-MS | 2-Dimensional
PALMD | SEHQNSS[167.00]PTCQEDEEDVR 0.6757 LC/MS-MS 2-Dimensional
DDX21 | EEPSQNDIS[167.00]PK 0.6733 LC/MS-MS | 2-Dimensional
CDC:ZBP GCQT[181.01]VTSGK 0.6716 LC/MS-MS | 2-Dimensional
AHNAK2 | DAHDVS[167.00]PTSTDTEAQLTVER 0.6653 LC/MS-MS 2-Dimensional
GPR111 | RVS[167.00]PISFFLS[167.00]K 0.6636 LC/MS-MS 2-Dimensional
CCDC25 | VENMS[167.00]S[167.00]NQDGNDS[167.00]DEFM 0.6585 LC/MS-MS 2-Dimensional
CNN3 GASQAGMLAPGT[181.01]RR 0.6406 LC/MS-MS 2-Dimensional
PTPRF AYIATQGPLAEST[181.01]EDFWR 0.6318 LC/MS-MS 2-Dimensional
WEE2 S[167.00]ARSSSFTS[167.00]GEREPLH 0.6175 LC/MS-MS 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

LC/MS-MS | 2-Dimensional

Table 3 Phosphoproteome Data Set Technical Replicate 2. KSHV infection alters global host cellular
phosphoproteome analysis. Heat map of fold change levels of peptide profiled in this study at 48 hpi. For
comparisons, shaded cells, yellow-bolded values indicate p < 0.01 (red indicates that the mean values are
significantly higher for that comparison and green indicates that the values are significantly lower). Shaded
cells wih blue-bolded values indicate p < 0.5 (light orange indicates that the mean values trend higher for
that comparison and light green indicates that the mean values trend lower). All data are normalized to
BCA assays prior to protein trypsinization and then peptide quantification was normalized with Pierce
Quantitative Fluorometric Peptide assay. Modifications: phosphotyrosine [243.03], phosphoserine
[167.00], phosphothreonine [181.01].
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Table 4. Technical replicate 1 of the proteome analysis in KSHV infected cells compared to
mock infected cells at 48 hpi.

Protein Name Fold Platform HPLC
Change
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional

ACAP2 2.321 LC/MS-MS 2-Dimensional
40435 2.317 LC/MS-MS 2-Dimensional
ZBED2 2.273 LC/MS-MS 2-Dimensional
AKNA 2.221 LC/MS-MS 2-Dimensional
OLAl 2.217 LC/MS-MS 2-Dimensional
TTYH3 2.214 LC/MS-MS 2-Dimensional
PLAUR 2.214 LC/MS-MS 2-Dimensional
IL1A 2.202 LC/MS-MS 2-Dimensional
CORO1C 2.194 LC/MS-MS 2-Dimensional
PACSIN3 2.189 LC/MS-MS 2-Dimensional
BCR 2.185 LC/MS-MS 2-Dimensional
MGAT1 2.181 LC/MS-MS 2-Dimensional
IGF2R 2.175 LC/MS-MS 2-Dimensional
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HTATSF1 2.172 LC/MS-MS 2-Dimensional
FOSL2 2.170 LC/MS-MS 2-Dimensional
EXOC4 2.166 LC/MS-MS 2-Dimensional
SUCLA2 2.166 LC/MS-MS 2-Dimensional
PI14K2B 2.147 LC/MS-MS 2-Dimensional
MMS22L 2.147 LC/MS-MS 2-Dimensional
SMARCAL1 2.131 LC/MS-MS 2-Dimensional
PLCG2 2.128 LC/MS-MS 2-Dimensional
TRADD 2.128 LC/MS-MS 2-Dimensional
SF3A1 2.107 LC/MS-MS 2-Dimensional
FGG 2.099 LC/MS-MS 2-Dimensional
MPHOSPH10 2.091 LC/MS-MS 2-Dimensional
DKFZp686M0430 2.081 LC/MS-MS 2-Dimensional
EPB41L2 2.080 LC/MS-MS 2-Dimensional
AKAP2 2.076 LC/MS-MS 2-Dimensional
SSBP1 2.074 LC/MS-MS 2-Dimensional
TPX2 2.071 LC/MS-MS 2-Dimensional
NQO1 2.070 LC/MS-MS 2-Dimensional
VAMP1 2.062 LC/MS-MS 2-Dimensional
PLBD2 2.061 LC/MS-MS 2-Dimensional
PLXND1 2.053 LC/MS-MS 2-Dimensional
HLA-A 2.038 LC/MS-MS 2-Dimensional
NKRF 2.036 LC/MS-MS 2-Dimensional
PSMB2 2.034 LC/MS-MS 2-Dimensional
PRRC1 2.031 LC/MS-MS 2-Dimensional
TYRP1 2.030 LC/MS-MS 2-Dimensional
RAI1 2.027 LC/MS-MS 2-Dimensional
IFIT3 2.026 LC/MS-MS 2-Dimensional
TRIP12 2.025 LC/MS-MS 2-Dimensional
PARG 2.021 LC/MS-MS 2-Dimensional

HSD17B12 2.020 LC/MS-MS 2-Dimensional

SERPINB9 2.013 LC/MS-MS 2-Dimensional
RAB3D 2.012 LC/MS-MS 2-Dimensional

SH3TC1 2.011 LC/MS-MS 2-Dimensional
ITPRIP 2.005 LC/MS-MS 2-Dimensional

PRPF38A 2.002 LC/MS-MS 2-Dimensional
MLKL 2.002 LC/MS-MS 2-Dimensional
NFKB1 2.001 LC/MS-MS 2-Dimensional
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LEPREL4 2.000 LC/MS-MS 2-Dimensional
WDR3 2.000 LC/MS-MS 2-Dimensional
PNKD 1.989 LC/MS-MS 2-Dimensional

CCDC158 1.980 LC/MS-MS 2-Dimensional

PLEKHG5 1.977 LC/MS-MS 2-Dimensional

HMOX1 1.976 LC/MS-MS 2-Dimensional
LOXL2 1.975 LC/MS-MS 2-Dimensional

TOR1AIP1 1.968 LC/MS-MS 2-Dimensional

DOCK7 1.967 LC/MS-MS 2-Dimensional

SERINC1 1.961 LC/MS-MS 2-Dimensional
SYNE3 1.961 LC/MS-MS 2-Dimensional

ALKBH4 1.956 LC/MS-MS 2-Dimensional
OAS3 1.952 LC/MS-MS 2-Dimensional
PRCP 1.946 LC/MS-MS 2-Dimensional

TXN 1.946 LC/MS-MS 2-Dimensional

CYB5R3 1.945 LC/MS-MS 2-Dimensional
SERF2 1.943 LC/MS-MS 2-Dimensional
SDE2 1.940 LC/MS-MS 2-Dimensional

TIMM50 1.104 LC/MS-MS 2-Dimensional

NDUFS6 1.103 LC/MS-MS 2-Dimensional

FN3KRP 1.102 LC/MS-MS 2-Dimensional
TAGLN 1.101 LC/MS-MS 2-Dimensional

FNBP1L 1.100 LC/MS-MS 2-Dimensional
TPM1 1.097 LC/MS-MS 2-Dimensional
GPHN 1.097 LC/MS-MS 2-Dimensional

C150rf38 1.096 LC/MS-MS 2-Dimensional

GATAD2B 1.094 LC/MS-MS 2-Dimensional
YIPF3 1.092 LC/MS-MS 2-Dimensional

CALML3 1.090 LC/MS-MS 2-Dimensional

SPTSSA 1.088 LC/MS-MS 2-Dimensional
CHD4 1.088 LC/MS-MS 2-Dimensional

FAM192A 1.085 LC/MS-MS 2-Dimensional

GTF2A1 1.083 LC/MS-MS 2-Dimensional
CROCC 1.082 LC/MS-MS 2-Dimensional
RPLP1 1.079 LC/MS-MS 2-Dimensional

KCTD12 1.078 LC/MS-MS 2-Dimensional
ChV3 1.075 LC/MS-MS 2-Dimensional

WDSUB1 1.074 LC/MS-MS 2-Dimensional
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SMARCA4 1.073 LC/MS-MS 2-Dimensional
FAM107B 1.068 LC/MS-MS 2-Dimensional
DNAH5 1.068 LC/MS-MS 2-Dimensional
FRMDG6-AS1 1.068 LC/MS-MS 2-Dimensional
SNRPD3 1.065 LC/MS-MS 2-Dimensional
ACAT?2 1.064 LC/MS-MS 2-Dimensional
ACAD9 1.060 LC/MS-MS 2-Dimensional
ALB 1.060 LC/MS-MS 2-Dimensional
DNAJC9 1.057 LC/MS-MS 2-Dimensional
PSMAG6 1.056 LC/MS-MS 2-Dimensional
CCNDBP1 1.053 LC/MS-MS 2-Dimensional
LTF 1.051 LC/MS-MS 2-Dimensional
TIP2 1.049 LC/MS-MS 2-Dimensional
SNRPA1 1.047 LC/MS-MS 2-Dimensional
POLD2 1.046 LC/MS-MS 2-Dimensional
CNTRL 1.044 LC/MS-MS 2-Dimensional
DDAH1 1.041 LC/MS-MS 2-Dimensional
TCEAL3 1.039 LC/MS-MS 2-Dimensional
RPL10 1.035 LC/MS-MS 2-Dimensional
COMP 1.035 LC/MS-MS 2-Dimensional
HBA1 1.034 LC/MS-MS 2-Dimensional
RBM3 1.030 LC/MS-MS 2-Dimensional
CSDE1 1.023 LC/MS-MS 2-Dimensional
TBC1D5 1.019 LC/MS-MS 2-Dimensional
HHIP 1.015 LC/MS-MS 2-Dimensional
TCP11L1 1.011 LC/MS-MS 2-Dimensional
FILIP1L 1.010 LC/MS-MS 2-Dimensional
NEXN 1.008 LC/MS-MS 2-Dimensional
PHF5A 1.006 LC/MS-MS 2-Dimensional
RASA1 1.005 LC/MS-MS 2-Dimensional
AMBP 1.002 LC/MS-MS 2-Dimensional
VPS26A 0.995 LC/MS-MS 2-Dimensional
TCEA1 0.995 LC/MS-MS 2-Dimensional
DNAIC1 0.994 LC/MS-MS 2-Dimensional
PLOD2 0.970 LC/MS-MS 2-Dimensional
STIM2 0.970 LC/MS-MS 2-Dimensional
RBMX2 0.966 LC/MS-MS 2-Dimensional
RUFY1 0.964 LC/MS-MS 2-Dimensional
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BTF3L4 0.962 LC/MS-MS 2-Dimensional
LMF2 0.956 LC/MS-MS 2-Dimensional
FAM96B 0.955 LC/MS-MS 2-Dimensional
PDHB 0.949 LC/MS-MS 2-Dimensional
CCT6B 0.935 LC/MS-MS 2-Dimensional
GC 0.933 LC/MS-MS 2-Dimensional
ART4 0.914 LC/MS-MS 2-Dimensional
OGFR 0.913 LC/MS-MS 2-Dimensional
RAVER1 0.909 LC/MS-MS 2-Dimensional
MCM7 0.909 LC/MS-MS 2-Dimensional
SPC24 0.904 LC/MS-MS 2-Dimensional
RBBP7 0.903 LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

Table 4. Proteome Data Set Technical Replicate 1. KSHV infection alters global host cellular
phosphoproteome analysis. Heat map of fold change levels of peptide profiled in this study at 48 hpi. For
comparisons, shaded cells, yellow-bolded values indicate p < 0.01 (red indicates that the mean values are
significantly higher for that comparison and green indicates that the values are significantly lower). Shaded
cells with blue-bolded values indicate p < 0.5 (light orange indicates that the mean values trend higher for
that comparison and light green indicates that the mean values trend lower). All data are normalized to
BCA assays prior to protein trypsinization and then peptide quantification was normalized with Pierce
Quantitative Fluorometric Peptide assay.
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Table 5. Technical replicate 2 of the proteome analysis in KSHV infected cells compared to
mock infected cells at 48 hpi.

Protein Platform HPLC

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

RIF1 1.676 LC/MS-MS 2-Dimensional
SSBP1 1.674 LC/MS-MS 2-Dimensional
HELZ2 1.667 LC/MS-MS 2-Dimensional

SAMM50 1.666 LC/MS-MS 2-Dimensional
FGG 1.661 LC/MS-MS 2-Dimensional
EHHADH 1.656 LC/MS-MS 2-Dimensional
DIAPH2 1.646 LC/MS-MS 2-Dimensional
CYB5R3 1.642 LC/MS-MS 2-Dimensional
DHX16 1.636 LC/MS-MS 2-Dimensional
AKAP12 1.635 LC/MS-MS 2-Dimensional
FAM738B 1.631 LC/MS-MS 2-Dimensional
PSME2 1.627 LC/MS-MS 2-Dimensional
HTATSF1 1.612 LC/MS-MS 2-Dimensional
ZNF536 1.607 LC/MS-MS 2-Dimensional
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JPH4 1.606 LC/MS-MS 2-Dimensional
PSMD4 1.602 LC/MS-MS 2-Dimensional
FH 1.591 LC/MS-MS 2-Dimensional
LZTS2 1.578 LC/MS-MS 2-Dimensional
ITGA4 1.578 LC/MS-MS 2-Dimensional
MCM9 1.577 LC/MS-MS 2-Dimensional
CD47 1.572 LC/MS-MS 2-Dimensional
AMFR 1.567 LC/MS-MS 2-Dimensional
SSR1 1.566 LC/MS-MS 2-Dimensional
NUFIP2 1.561 LC/MS-MS 2-Dimensional
PROCR 1.555 LC/MS-MS 2-Dimensional
BCL2L1 1.538 LC/MS-MS 2-Dimensional
ZBED2 1.532 LC/MS-MS 2-Dimensional
PIP5K1B 1.530 LC/MS-MS 2-Dimensional
MLEC 1.528 LC/MS-MS 2-Dimensional
ARHGAP22 1.527 LC/MS-MS 2-Dimensional
HTRA1 1.511 LC/MS-MS 2-Dimensional
PNP 1.508 LC/MS-MS 2-Dimensional
ERC1 1.503 LC/MS-MS 2-Dimensional
AKAP8L 1.499 LC/MS-MS 2-Dimensional
UBA7 1.496 LC/MS-MS 2-Dimensional
TXNRD1 1.493 LC/MS-MS 2-Dimensional
PODXL 1.492 LC/MS-MS 2-Dimensional
ERP44 1.488 LC/MS-MS 2-Dimensional
HMGB1 1.488 LC/MS-MS 2-Dimensional
TSFM 1.486 LC/MS-MS 2-Dimensional
FKBP15 1.481 LC/MS-MS 2-Dimensional
AKAP2 1.479 LC/MS-MS 2-Dimensional
PML 1.478 LC/MS-MS 2-Dimensional
CCDC158 1.473 LC/MS-MS 2-Dimensional
UQCRFS1 1.471 LC/MS-MS 2-Dimensional
WNK4 1.469 LC/MS-MS 2-Dimensional
C190rf10 1.466 LC/MS-MS 2-Dimensional
HEATR5A 1.466 LC/MS-MS 2-Dimensional
GPX8 1.463 LC/MS-MS 2-Dimensional
CLCN7 1.462 LC/MS-MS 2-Dimensional
EIF4A2 1.460 LC/MS-MS 2-Dimensional
DNAJB11 1.460 LC/MS-MS 2-Dimensional
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LOC202789 1.460 LC/MS-MS 2-Dimensional
RCN1 1.458 LC/MS-MS 2-Dimensional
XPO5 1.454 LC/MS-MS 2-Dimensional
TTC37 1.453 LC/MS-MS 2-Dimensional
PRDX5 1.451 LC/MS-MS 2-Dimensional
IL6ST 1.449 LC/MS-MS 2-Dimensional
SLC3A2 1.448 LC/MS-MS 2-Dimensional
GSDMD 1.443 LC/MS-MS 2-Dimensional
ISG15 1.442 LC/MS-MS 2-Dimensional
NOL12 1.439 LC/MS-MS 2-Dimensional
VAC14 1.435 LC/MS-MS 2-Dimensional
GATAD2B 1.432 LC/MS-MS 2-Dimensional
GLG1 1.429 LC/MS-MS 2-Dimensional
SQSTM1 1.425 LC/MS-MS 2-Dimensional
ANXA6 1.424 LC/MS-MS 2-Dimensional
TRPV3 1.424 LC/MS-MS 2-Dimensional
TNNT1 1.423 LC/MS-MS 2-Dimensional
SYT1 1.415 LC/MS-MS 2-Dimensional
CTsL1 1.413 LC/MS-MS 2-Dimensional
GRASP 1.412 LC/MS-MS 2-Dimensional
STRBP 1.411 LC/MS-MS 2-Dimensional
Cccbc117 1.411 LC/MS-MS 2-Dimensional
SLC4A1AP 1.407 LC/MS-MS 2-Dimensional
TRIP13 0.800 LC/MS-MS 2-Dimensional
GLIPR2 0.799 LC/MS-MS 2-Dimensional
Clorf123 0.798 LC/MS-MS 2-Dimensional
BCAR3 0.798 LC/MS-MS 2-Dimensional
TMSB4X 0.796 LC/MS-MS 2-Dimensional
SDF2 0.796 LC/MS-MS 2-Dimensional
RAI1 0.794 LC/MS-MS 2-Dimensional
HN1 0.793 LC/MS-MS 2-Dimensional
BGN 0.793 LC/MS-MS 2-Dimensional
UQCRC1 0.790 LC/MS-MS 2-Dimensional
HIST1H2AD 0.789 LC/MS-MS 2-Dimensional
RSF1 0.789 LC/MS-MS 2-Dimensional
GPR37L1 0.789 LC/MS-MS 2-Dimensional
SUMO2 0.787 LC/MS-MS 2-Dimensional
ICAM2 0.787 LC/MS-MS 2-Dimensional
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LC/MS-MS

2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
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HLA-DQB1 0.727 LC/MS-MS 2-Dimensional
C150rf38 0.723 LC/MS-MS 2-Dimensional
TIMM50 0.721 LC/MS-MS 2-Dimensional

CCKAR 0.720 LC/MS-MS 2-Dimensional
MARCKSL1 0.719 LC/MS-MS 2-Dimensional
ART4 0.719 LC/MS-MS 2-Dimensional
KIF15 0.713 LC/MS-MS 2-Dimensional
WDSUB1 0.706 LC/MS-MS 2-Dimensional
LTF 0.703 LC/MS-MS 2-Dimensional
KPG 0.700 LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional
LC/MS-MS 2-Dimensional

LC/MS-MS 2-Dimensional
Table 5. Proteome Data Set Technical Replicate 2. KSHV infection alters global host cellular
phosphoproteome analysis. Heat map of fold change levels of peptide profiled in this study at 48 hpi. For
comparisons, shaded cells, yellow-bolded values indicate p < 0.01 (red indicates that the mean values are
significantly higher for that comparison and green indicates that the values are significantly lower). Shaded
cells with blue-bolded values indicate p < 0.5 (light orange indicates that the mean values trend higher for
that comparison and light green indicates that the mean values trend lower). All data are normalized to
BCA assays prior to protein trypsinization and then peptide quantification was normalized with Pierce
Quantitative Fluorometric Peptide assay.
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Chapter 4. KSHV Modulates Oxidoreductase Proteins to Regulate Intracellular Redox

Homeostasis During Latent Infection

Adapted from manuscript in preparation
Zoi E. Sychev!, Yashmira Naidoo?, Alejandro Wolf-Yadlin®, Michael Lagunoff %*
Molecular and Cellular Biology Program, University of Washington, Seattle,
Washington, USA,

2Department of Microbiology, University of Washington, Seattle, Washington, USA,
3Department of Genome Science, University of Washington, Seattle, Washington, USA

4.1 Abstract:

Kaposi’s Sarcoma Herpesvirus (KSHV), an oncogenic gamma herpesvirus, is the etiologic
agent of Kaposi’s Sarcoma (KS). The main tumor cell of KS, the spindle cell, is of endothelial
origin and predominantly supports latent KSHV infection. To maintain a persistent infection
KSHV must modulate numerous responses in the host cell including oxidative stress. Latent
infection of endothelial cells leads to increases in reactive oxygen species indicative of oxidative
stress. Following KSHV infection, we found a significant upregulation of thioredoxin (TXN), an
oxidoreductase protein involved in regulating redox stress, as well as a TXN reduction partner
peroxiredoxinl (PRDX1). Viral gene expression is required for the induction of TXN and the
KSHYV major latent locus is sufficient to induce TXN. Knockdown of TXN gene expression led
to a significant increase in reactive oxygen species in KSHV infected cells. Upon knockdown of
TXN expression there was significant increases in cell death of latently infected endothelial cells

but not in the mock controls. Jun N-terminal kinase (JNK) phosphorylation, involved in TXN death
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signaling of death pathways, is induced in latently infected endothelial cells. These findings
indicate that KSHV latently infected endothelial cells rely on the TXN antioxidant systems and

controls reactive oxygen species ultimately for the survival of latently infected cells.

4.2 Importance:

Kaposi’s Sarcoma (KS) is the most common tumor of AIDS patients world-wide and is
one of the leading tumors overall in parts of sub-saharan Africa. Kaposi’s Sarcoma Herpesvirus
(KSHV), a gammaherpesvirus, is the etiologic agent of KS. Oxidative stress can be beneficial to
viral infections or detrimental depending on the virus and the cell type infected. While excess
reactive oxygen species can induce lytic replication, the mechanism of control of ROS during
latent infection is unknown. Here we show that KSHV induces the oxidoreductase antioxidant
protein, TXN, to control reactive oxygen species during latent infection and protect the infected
cells from ROS induced cell death. Therefore, the TXN system provides an interesting therapeutic

target for KSHV latency.

4.3 Introduction

Kaposi’s Sarcoma-Associated Herpesvirus (KSHV), is a human gamma-herpesvirus
associated with Primary Effusion Lymphomas (PEL), Multicentric Castleman Disease (MCD) and
as its name indicates, Kaposi’s Sarcoma (KS) (4-6). The predominant tumor cell of the KS tumor
is the spindle cell, a cell with characteristics of endothelium. In late stage tumors, the spindle cells
support KSHV infections (112, 113). As with all herpesviruses, KSHV has both lytic and latent

phase infections. During lytic replication, temporal viral gene expression is activated to produce
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infectious virions to maintain dissemination. However, during latency, limited viral genes are
expressed predominantly from a single viral locus known as the major latent locus. This region
encodes proteins from 4 main open reading frames as well as miRNAs from 12 miRNA loci.
KSHYV spindle cells predominantly support latent infection with only approximately 5% of the
cells expressing markers of lytic replication.

To maintain a persistent infection, KSHV must control many cellular responses including
oxidative stress. Redox homeostasis is a balance between reducing molecules and oxidizing
reactive oxygen species (ROS) within cells, (68, 162-167). Cells regulate redox balance through
modulating three major scavengers, the glutaredoxin (GXN) and thioredoxin (TXN) systems and
the peroxisome specific catalase system (168). These systems allow for intracellular buffering of
the oxidative capacity in response to oxidative stress (168). The Thioredoxin system involves three
main key players: TXN, TXNR and NADPH. TXN through redox interactions with the
peroxiredoxinl (PRDX1) system can reduce hydrogen peroxide. TXN can also interact with
signaling protein systems including ASK1 and JNK to prevent apoptosis in cells that have been
exposed to multiple oxidative insults. The TXN protein has been shown to be expressed at high
levels in most cancers cells, and is thought to protect the rapidly dividing cancer cells from high
levels of oxidative stress (169).

KSHYV infections induce oxidative stress in PEL and hDMVECs (80, 83). Reactive oxygen
species (ROS) levels are altered upon primary infection of endothelial cells and play a role in viral
entry (83). Interestingly, ROS also play a role in vascular permeability in KSHV infected human
umbilical vein endothelial cells (HUVECSs) (80, 81, 83) indicating potential importance for this
system in KSHV pathogenesis and KS. PEL cell lines also have high levels of ROS again

implicating KSHV infection in the induction of oxidative stress. While there are high levels of
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ROS in KSHYV infected cells, exogenous addition of H.O5, a reactive oxygen species, to KSHV
infected B-cells or endothelial cells induces low levels of reactivation (80, 81). Therefore, it may
be critical for KSHV to maintain an optimal balance of oxidative stress in the latently infected
cells to maintain latency.

Little is known about how KSHYV latently infected endothelial cells regulate intracellular
ROS to maintain a long-term infection. Our previous proteomic analysis (170) of endothelial cells
latently infected with KSHV identified that TXN is upregulated during latent infection. Here we
investigate the role of TXN during latent KSHV infection of endothelial cells. TXN and one of its
interacting partners, PRX1 are induced during latent infection and viral gene expression is required
for increased TXN levels. The major latent locus is sufficient to upregulate TXN in endothelial
cells. TXN expression is required for control of ROS in latently infected endothelial cells and TXN
is important for the survival endothelial cells latently infected with KSHV likely through activation

of INK.

4.4 Results
4.4.1 KSHYV infection upregulates TXN protein expression levels during latency

KSHYV infection upregulates TXN protein expression levels during latency

Analysis of our previous proteomics data comparing mock and KSHYV infected endothelial
cells during latent KSHV infection at 48 hours post infection (hpi) indicated that TXN is
significantly upregulated by KSHV (170). To validate this, we evaluated the protein expression
levels of TXN in TIME cells at 48 and 96 hpi. Tert-immortalized microvascular endothelial cells

(TIME cells) were infected with KSHV and levels of latent and lytic antigens were quantified by
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immunofluorescence. Only infections where greater than 90% of the cells expressed LANA, a
latent antigen, and less than 2% of the cells expressed a lytic marker of infection, ORF 59, at 48
hpi were used (data not shown). At 48 and 96 hpi cells were stained with an antibody to TXN and
flow cytometry was used to quantify the protein levels on a single cell basis. There was an
approximately two-fold increase in TXN levels at 48 hpi and over three-fold increase at 96 hpi
(Figure 4.1 A-C). Western blot analysis and subsequent quantification on a Licor imager system
showed that there was also a significant increase in TXN protein levels in primary human dermal

microvascular endothelial cells (hDMVECs) at 96 hpi. (Figure 4.1 D-E).

4.4.2 KSHV latency locus is sufficient to induce TXN protein expression in endothelial cells

To determine if viral gene expression was necessary for TXN induction we compared TXN
levels in mock, KSHV and UV-irradiated KSHV infections. UV irradiated virus can bind and enter
cells but does not express viral genes. Flow cytometry analysis of cells stained with a TXN
antibody at 96 hpi showed no increase in the expression of TXN following infection with UV
irradiated virus (Figure 4.2 A-B) compared to mock infected cells while TXN was significantly
increased as before. Therefore, the increase of TXN in latently infected cells requires KSHV gene
expression and the upregulation of TXN protein expression is not mediated by a cellular response
to virus binding or entry into the cell.

To determine if the gene expression from the major latent locus is sufficient to upregulate
the expression of TXN, we used a helper dependent adenovirus containing the KSHV latency
region comprised of LANA, vCyclin, vFLIP, Kaposins and the 12 microRNA loci. The helper

dependent Adenovirus does not express any adenovirus genes as was described previously (170).
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Cells were infected with a control gutted adenovirus (Ad) only expressing GFP (AdGFP) and the
gutted adenovirus expressing the KSHV latency associated region (AdKLAR) and stained with
TXN antibody. Infection rates for AdGFP and AJKLAR were greater than 90% as determined by
expression of GFP or LANA measured by immunofluorescence respectively (not shown). In
addition, to adjust for small differences in the infection rates, we gated on the GFP positive cells
from the AdGFP infected cells and then compared to the ADKLAR cells. Cells infected with the
AdKLAR expressing gutted adenovirus exhibited increased TXN protein expression compared to
mock infected cells and AdGFP (Figure 4.2 C-D). Therefore, the latent locus is sufficient to induce

TXN protein expression levels.

4.4.3 KSHV requires TXN during latency

Inhibition of TXN can lead to cell death in cancer cells (171). To determine the role of
TXN during latent KSHV infection, we transiently knocked down TXN using SiRNA
complementary to the TXN mRNA in TIME cells. TXN was silenced by more than 85% at the
gene expression level at 48 and 96 hours post transfection (Figure 4.3 A). Following silencing of
TXN there was no overt effect on cell proliferation measured by quantifying the number of cells
after transfection/ before seeding cells and compared with SCRB after 96 hours post seeding.
Control (siRNA SCRB) and TXN knockdown cells (siTXN) were then mock and KSHV infected
and cell death was quantified at 48 hpi by fluorescence for YOYO-1, a cell dye that only stains
dead cells. There was a nearly 5-fold increase in relative YOYO-1 fluorescence in the KSHV
infected cells transfected with the siRNA to TXN as compared to KSHV infected cells transfected

with the control siRNA. (Figure 4.3 B-C). There was no significant difference in the staining for
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YOYO-1 in the mock infected TXN knockdown cells compared to the control siRNA transfected
cells. This data supports that KSHV requires TXN for the survival of latently infected endothelial
cells. To determine if the increase in cell death in the KSHV infected cells in the absence of TXN
was due to apoptosis, we used a pan-caspase inhibitor (QVD). There was no significant difference
in the percentage of dead cells in KSHV infected cells with TXN silenced as compared the control
siRNA transfected cells and to the mock infected cells, strongly suggesting that apoptosis is main
cell death mechanism (Figure 4.3 B). These data indicate that KSHV infected endothelial cells
require TXN to prevent apoptosis of latently infected cells.

TXN is part of the thioredoxin system that includes, TXN, thioredoxin reductase (TXNR)
and NADPH. In the presence of oxidative stress, TXN, contains two cysteine residues in the
catalytic center that when it interacts with an oxidize protein, donates its hydrogen becoming itself
oxidized. TXNR is the enzyme that converts TXN from the oxidized state to the reduced form by
scavenging hydrogen from NADPH. To evaluate if TXNR plays a role during latent KSHV
infection, we utilized a pharmacologic inhibitor of TXNR, PMX464. TIME cells were mock and
KSHYV infected and overlaid with media containing PMX464 and at 48 hpi cell death was
quantified by a trypan blue exclusion assay. PMX464 only slightly increased cell death in the
mock infected cells. However, there was an approximately 5-fold increase in cell death in the
KSHYV infected cells treated with PMX464 cells compared to vehicle control treated KSHV
infected TIME cells (Figure 4.3 D). Taken together, this data indicates that KSHV latently infected

endothelial cells relies on the thioredoxin system for cell survival.
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4.4.4 TXN is involved in regulating ROS during latency

To determine if TXN plays a role in KSHV regulation of intracellular ROS in endothelial
cells, we transiently knocked down the gene expression levels of TXN using siRNA technology
as mentioned above. TXN gene expression was knocked down by more than 85% using the sSiRNA
described above. TIME cells transfected with the siRNA control (SiSCRB) or the siRNA to TXN
(siITXN) were mock or KSHV infected (iISLK derived) for 96 hours. Intracellular ROS levels were
quantified by staining with a fluorescent probe (CELLROX) that binds to reactive oxygen species,
followed by flow cytometry. KSHV infection of TIME cells transfected with the control sSiRNA
induced a nearly two-fold increase in CELLROX fluorescent staining. Knockdown of TXN led to
a nearly 2.5-fold increase in CELLROX fluorescence in the mock infected cells indicating that
TXN controls the levels of ROS in uninfected cells. However, there was an even greater amount
of CELLROX staining in the KSHV infected cells where TXN was knocked down (Figure 4.4 A).
These results indicate that KSHV infection induces oxidative stress in latently infected cells but it

controls the levels of ROS through induction of TXN.

4.4.5 PRDX1, a TXN binding partner, is upregulated and involved in regulating ROS

in endothelial cells latently infected with KSHV

TXN has several binding partners that are involved in the of intracellular ROS levels,
including PRDX1 (172, 173). We examined PRDX1 protein expression levels during latency in
TIME cells and found that PRDX1 is also upregulated by more than 2-fold at 48 hpi of TIME cells
(Figure 5. A-B). To determine if PRDX1 is also involved in regulating ROS, PRDX1 was knocked

down by siRNA. PRDX1 mRNA was decreased by more than 75% in the TIME cells transfected
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with siRNA directed to PRDX1 (Figure 4.5 C). Control endothelial cells (siSCRB) and PRDX1
knocked down cells were mock or KSHV infected reactive oxygen species were quantified at 96
hpi using CELLROX reactive oxygen species fluorescent probe and flow cytometry. There was a
small but significant increase in reactive oxygen species levels in KSHV infected cells knocked
down PRDX1 as compared to KSHV infection of the control siRNA transfected cells (Fig 4.5 D).
This analysis demonstrates that there is an increase of reactive oxygen species levels in the absence
of PRDX1 during KSHYV latent infection indicating that PRDX1 is involved in regulating ROS in

endothelial cells latently infected with KSHV.

4.4.6 The absence of TXN during KSHV infection activates phosphorylation of INK

JNK and p38, are MAPK Kkinases involved in cellular signaling and stress responses
including stress from reactive oxygen species (57, 174). Since TXN and PRDX1 are involved in
regulating ROS, we evaluated the phosphorylation status of p38 and JNK in the absence of PRDX1
and TXN in mock and KSHYV infected cells. TXN and PRDX1 gene expression was silenced using
siRNA technology as above. Phospho-protein expression levels of p38 and JNK were determined
by western blot of cells transfected with scrambled siRNA or siRNA to TXN or PRDX1 and mock
or KSHV infected for 96 hours. We observed an increase in phosphorylation of JNK signaling in
the KSHV infected TXN knocked down cells compared to the KSHV scrambled control (Figure
6. A). However, there was no significant induction of p38 phosphorylated (data not shown).

Therefore, TXN controls reactive oxygen species and its downstream signaling.
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4.4.7 The absence of TXN and PRDX1 during KSHV latent infection reduced lytic

gene and protein expression levels of ORF59

TXN has been involved in regulating transcription factors mediated gene expression from
PEBP2/CBF and NF-kB (175, 176). To evaluate if the absence of TXN and PRDX1 has an effect
on lytic gene expression, we measured gene expression levels of ORF59 in the absence of TXN
and PRDX1 genes. We mock and KSHYV infected siSCRB, siTXN, siPRDX1 and evaluated gene
expression levels using quantitative RT-PCR. We identified that in the absence of TXN and
PRDX1 there is a decrease gene expression by approximately .50- and .40-fold, respectively and
2- and 4-fold decreased respectively, in protein expression levels of ORF59 measured by
immunofluorescence (Figure 4.7 A-B) without altering LANA expression cells (Figure 4.7 C).

These indicates that TXN and PRDX1 are involved in regulating gene expression of ORF59.

4.5 Discussion

Latent viruses must counteract cellular stress responses to allow survival of the persistently
infected cell. ROS is often increased in infected cells and some viruses have evolved to utilize
ROS for replication (83, 177). Interestingly, KSHV utilizes ROS during initial entry of the virus
and there are elevated levels of ROS in KSHV infected PEL cells and increased ROS in de novo
infected endothelial cells (80, 83). We also found that there is increased ROS in latently infected
endothelial cells at later times during latency. Therefore, KSHV latent infections could also
potentially benefit from increased ROS during latency in endothelial cells. In line with this, there
is evidence for KSHV induced vascular permeability dependent on increases oxidative stress (81).

Therefore, KSHV may utilize increased oxidative stress for initial infection as well as maintenance
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of latency in endothelial cells. However, if unchecked, increased intracellular ROS levels can be
deleterious to maintenance of a long-term infected cell. Additionally, the addition of H20- to cells
induces reactivation. Therefore, KSHV has evolved mechanisms to control the balance of ROS
levels during latent infection.

We found that TXN, the primary effector protein of the Thioredoxin system for scavenging
ROS, is upregulated during KSHV latent infection of endothelial cells. Knockdown of TXN leads
to larger increases of ROS in the latently infected cells supporting a role for viral induction of TXN
to control of ROS during latent infection. Knockdown of TXN ultimately leads to increased cell
death in latently infected endothelial cells indicating the likely importance of controlling ROS in
latently infected cells. However, further work is necessary to determine if the increased cell death
is due to the increase in ROS or if TXN is required for other essential activities in latently infected
endothelial cells. Two map kinases, p38 and JNK, have been associated with oxidative stress. The
phosphorylation of INK but not p38 is altered in latently infected endothelial cells when TXN gene
expression is silenced. Therefore, KSHV induction of TXN is likely to control the activation of
phosphorylation of JNK cell signaling pathway to protect cells from ROS induced death (Figure

6. A).

TXN has been shown to physically interact with several binding partners such as TXNR,
ASK-1, PRDX1, PRDX2, P53, NFK-B, TXNIP, Ape-1, etc. (58, 173, 178-180). PRDX1 is an
oxidoreductase protein containing cysteine residues in the catalytic center and it interacts with
H>0. converting it to water and switching the redox states of its interacting proteins (172, 173).
Western blot analysis showed that PRDX1 is upregulated at the protein level in latently infected

endothelial cells. Additionally, in the absence of PRDX1 there is an increase ROS levels indicating
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that PRDX1 also plays a role in regulating ROS during latent infection, likely in conjunction with
the TXN system (Figure 4.5 A-D) as previously reviewed (172, 173, 178).

KSHV upregulation of TXN is not a simple cellular response to infection but rather driven
by viral factors. UV irradiated virus does not induce TXN indicating binding and entry of the virus
are not sufficient and that KSHV gene expression is required. The induction of TXN occurred
during predominantly latent infection with KSHV, however, there is a very low percentage of cells
that express markers of lytic replication during infection of endothelial cells in culture (117). To
ensure that the low level of lytic genes was not responsible for the induction of TXN we expressed
the major latent locus without any lytic genes from a gutted adenovirus and found that the latent
locus was sufficient to induce TXN (Figure 4.2 A-D). Previous studies have shown that one latency
associated protein, VFLIP, upregulates superoxide dismutase (MnSOD) which regulates the
conversion of superoxide to H>O> (36). VFLIP upregulation of MnSOD increased resistance of
endothelial cells to superoxide mediated cell death (36). Here we found that KSHV also induces
the TXN pathway to limit the accumulation of H20z in latently infected cells and maintain an
orchestrated balance of oxidative stress during latent infection. Disruption of this balance leads to
death of latently infected endothelium, thereby providing novel therapeutic avenues for treatment

of KS.
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Figure 4.1 KSHV upregulates TXN protein expression levels (A-B.) TIME cells were mock
and KSHV (iSLK derived) infected and at 48 and 96 hpi, cells were harvested, fixed and stained
with antibody to TXN, for single cell analysis using flow cytometry. (C.) Geometric mean fold
change analysis of KSHV (iSLK-derived) over mock at 48 and 96 hpi for three biological
replicates from panel A and B, p <0.05 student’s t-test. (D.) Immunoblot analysis of TXN in mock
and KSHV (BCBL1-derived) infected hDMVECs at 96 hpi. (E.) Geometric mean fold change of
KSHV over mock at 96 hpi for three biological replicates from panel D, p < 0.05 student’s t-test.
The error bar reflects the standard error of the mean of three independent experiments.
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Figure 4.2 The KSHV latency region is sufficient to upregulate TXN. (A.) TIME cells were
mock (M), KSHV UV irradiated (KUV, iSLK-derived) an KSHV (K) iSLK-derived, infected at
96 hpi, cells were harvested, fixed and stained with antibody to TXN, for single cell analysis using
flow cytometry. (B.) Geometric mean fold change of KSHV UV irradiated (KUV) and KSHV (K)
over mock (M) at 96 hpi for three biological replicates from panel A, p < 0.05 student’s t-test. (C.)
TIME cells were Adenovirus GFP (AdGFP, control) and Adenovirus KLAR (AdKLAR) infected
and at 96 hpi cell were harvested, fixed and stained with antibody to TXN, for single cell analysis
using flow cytometry. (D.) Geometric mean fold change of KSHV over mock at 96 hpi for three
biological replicates from panel D, p < 0.05 student’s t-test. The error bar reflects the standard
error of the mean of three independent experiments.
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Figure 4.3 KSHYV latently infected endothelial cells requires TXN and apoptosis is de main
cell death mechanism. (A.) Quantitative real-time RT-PCR was used to analyze TXN mRNA
expression levels of control siSCRB- or TXN siRNA-transfected TIME cells measured at 48 and
96 h post-transfection. The data are reported as percent gene expression in mMRNA of TXN siRNA
versus control siSCRB. (B.) TIME cells were transfected with sSiRNA control (siSCRB) and siRNA
to TXN and at 24 hours post transfection cells were mock and KSHV (BCBL1-derived) infected
for 48hpi. YOYO-1 or SytoGreen24 were added to wells to quantify dead cells and total cell
numbers, respectively. Each condition was examined in triplicate, and scanned for relative
fluorescence on the Typhoon scanner. Relative fluorescent percent cell death was calculated
(YOYO-1 positive cells/SytoGreen24 positive cells). Data represents the average of three
independent experiments. Relative fluorescence shown is normalized to SytoGreen24 levels (total
cell count). (C.) Representative microscopy images of YOYO-1 samples at 48 hours post
treatment. Live cell imaging was captured on the phase contrast microscope and picture were take
using Qcapture software. (D.) TIME cells were infected with KSHV and treated with PM X464 for
the duration of the infection (48 hpi) and cell death was evaluated by Trypan blue assay using a
TC cell counter. The error bar reflects the standard error of the mean of three independent
experiments p < .05
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Figure 4.4 TXN is involved in regulating ROS in endothelial cells during KSHV latent
infection. TIME cells were transfected with sSIRNA control (SCRB) and siRNA to TXN. At 24
hpt cells were re-seeded in a 6-well plate and then were mock and KSHV (iSLK-derived) infected
for 96 hpi. 1uM of CELLROX was added for 30 minutes to each well and then cells were harvested
and fixed for single cell analysis using flow cytometry. The error bar reflects the standard error of
the mean of three independent experiments.
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Figure 4.5 PRDX1, a TXN binding partner, is upregulated and its involved in ROS during
latent KSHV infection. (A.) Immunoblot analysis of PRDX1 in mock and KSHV (BCBL1-
derived) infected TIME cells at 96 hpi. (B.) Geometric mean fold change of KSHV over mock at
48 hpi for three biological replicates from panel A, p <0.05 student’s t-test. (C.) Quantitative real-
time RT-PCR was used to analyze PRDX1 mRNA expression levels of control siSCRB- or
PRDX1 siRNA-transfected TIME cells measured at 48 h post-transfection. The data are reported
as fold change in mRNA of PRDX1 siRNA versus control siSCRB. (D.) TIME cells were
transfected with siRNA control (SCRB) and siRNA to PRDX1. At 24 hpt cells were re-seeded in
a 6-well plate and then were mock and KSHV (iSLK-derived) infected for 96 hpi. 1uM of
CELLROX was added for 30 minutes to each well and then cells were harvested and fixed for
single cell analysis using flow cytometry. The error bar reflects the standard error of the mean of
three independent experiments.
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Figure 4.6 KSHV infection of endothelial cells increases phosphorylation levels of JNK.
TIME cells were Mock- or KSHV-infected (BCBL1-derived) and whole-cell lysates were
harvested at 96 hpi. Lysates were subjected to immunoblot analysis using the indicated antibodies.
[B-actin standard was included as loading controls. Representative immunoblots of (A.) phospho
JNK was evaluated in siTXN samples (B.) phospho JNK was evaluated in siPRDX1 samples.
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Figure 4.7 TXN and PRDX1 influences gene and protein expression of ORF59. TIME cells
were transfected with siRNA control (SCRB) and siRNA to TXN. At 24 hpt cells were re-seeded
in a 6-well plate and then were mock and KSHV (iSLK-derived) infected for 96 hpi and harvested
for: (A.) ORF59 gene expression measured by RT-PCR (B.) % of ORF59 positive cells measured
by immunofluorescence assay. (C.) % of LANA positive cells measured by immunofluorescence
assay.
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Chapter 5. Conclusions and Future Directions

5.1 Summary

KSHYV alters host cellular signaling pathways to allow a long term latent infection (181).
Modulating major signal transduction events can alter the cellular response allowing encampment
of KSHYV latent infection. Some of the major cellular alterations serve to establish an inflammatory
and oxidative state conducive to the tumor microenvironment and induce angiogenesis leading to
a positive feedback for tumor maintenance (81, 120). To allow this, KSHV reprograms carbon
source utilization which provides biomolecules and metabolic precursor important to cancer
biology while upregulating enzymes required to process increased oxidative burden generated in
the course of increased lipid metabolism.(8, 120, 182-185).

Our lab has established that KSHV latent infections reprograms glucose and glutamine
metabolism (70, 130). Other groups have shown through flux analysis that these carbon sources
get metabolized to produce increased pools of fatty acids either to support membrane biogenesis
or virion production in HSV and HCMV infections (70, 74, 75). Our lab has established that fatty
acid synthesis is required during latency and lipid droplets formation is increased (40). This was
confirmed by demonstrating that pharmacological inhibition of fatty acid synthesis resulted in
more than 60% death of the infected cell population while addition of palmitate partially rescued
cell death (40). However, how these lipids are utilized during KSHV latency has not been
elucidated.

| used an integrated systems biology approach where two datasets, one from mass
spectrometry based proteomics and the other from next generation sequencing for transcriptomics

analysis, with similar conditions of mock and KSHV infected TIME cells were combined to
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provide a more comprehensive view of the signaling events during latency. Proteomics and
transcriptomics analysis data were collected for endothelial cells latently infected with KSHV
under identical experimental conditions. Proteomics data provided signaling events from the
upstream signal transduction mediated by proteins and phosphoproteins from mock- and KSHV-
infected endothelial cells at 48 hpi. Transcriptomics analysis revealed downstream transcriptional
responses following latent infection. To connect upstream protein signal transduction to
downstream gene expression, we used transcriptomics data to predict putative transcription factors
that might be in control of regulating gene expression. The identified transcription factors were
then used to connect upstream signaling to downstream gene expression using a Steiner forest
algorithm of protein-protein interactions. With this approach, we identified several pathways that
were altered. Among these, peroxisome pathways were predicted and confirmed to be altered.
More specifically, we identified that two peroxisomal proteins involved in transport of very long
chain fatty acids (ABCD3) and an enzyme involved in partial breakdown of these lipids (ACOX1)
are relied upon during latent KSHV infection. This finding is further corroborated by a previous
metabolomics screen where DHA, the product of ACOXL1 activity, is elevated. Biological
significance of our findings is further substantiated by the observed increase of peroxisome
organelles that is associated with the increase of lipid metabolism, providing insight into the
cellular mechanisms of how these lipids are processed during the latent KSHV infection.

From the same proteomics screen, we determined that TXN protein levels are upregulated
during KSHV latency and validated this finding experimentally. We also showed that TXN, an
antioxidant protein, is required during the infection and that it is involved in regulating intracellular
ROS during latency. Further we confirmed that the upregulation of TXN requires viral gene

expression.
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Findings from my work elucidate how KSHV processes intracellular ROS while
metabolizing VLCF. KSHV infections induces inflammation and DHA has been involved in
mitigating inflammation. Therefore, we can hypothesize that KSHV modulates peroxisomes to
activate DHA synthesis that may be important stimulate anti-inflammatory responses preventing

immune responses against inflammation.

5.2 Future Directions and Conclusions

5.2.1 Future Directions: KSHV upregulates and relies on peroxisome mediated lipid

metabolism in latently infected endothelial cells.

Integration of mass spectrometry based proteomic techniques with other large-scale
analyses is becoming more feasible. The advantages of combining high throughput approaches is
to increase coverage, reliability and convergence in the findings that one dataset alone is not
capable to provide with confidence. Prior to the presently discussed thesis project, there were no
integrated analyses of multiple datasets applied to study herpesviruses, and more specifically, in
KSHYV infections. | have conducted the first global analysis of the proteome and phosphoproteome
of endothelial cells in response to KSHV infection. We identify several proteins and
phosphoproteins that were altered by KSHV. Out of these, several proteins were novel hits while
others were previously known to be altered, which provided us with confidence that the
methodological approach was valid. We were successful in enriching for low abundant
phosphotyrosine residues that are normally very difficult to identify by mass spectrometry in
highly complex samples. In particular, we identified phosphorylated STAT3, which is a protein

that has been involved in several phenotypes during KSHV infection such as in angiogenesis,
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inflammation, migration etc. (86, 186). We use a helper dependent gutted adenovirus empty
(control) and expressing only the KSHV Latency Associated Region (KLAR). With this approach,
we were able to narrow down that the upregulated peroxisome numbers observed are mediated by
KLAR. This indicates that KLAR is sufficient. However, it does not indicate that the entire KLAR
is required. Therefore, it will be interesting to evaluate individual latent viral genes and identify if
these phenotypes are mediated by one viral gene or in combination. My preliminary data in cells
over expressing LANA found that the number of peroxisome is increased as well as the peroxisome
protein (ABCD3) (S_Figure 3.15 A, C-D). Therefore, | hypothesize that LANA alone is sufficient
to increase peroxisome number or peroxisome count per cell. However, this experiment needs to
be replicated. LANA is responsible for tethering the KSHV genome to the host genome, therefore
deleting LANA will prevent the establishment of latency. Instead, | propose to perform single
point mutations in LANA, vCyc, VFLIP, and Kaposins individually and test if these gene are
required. Moreover, | evaluated if the microRNAs are required for the peroxisome phenotype. |
used a deleted microRNAs KBAC virus and measured the peroxisome transporter, ABCD3. There
was no decrease in expression of ABCD3 in the absence of the mircroRNA loci (S_Figure 3.15
B). This experiment indicated that the microRNAs were not required for the upregulation of
ABCD3.

Another aspect that | am interested in evaluating from this work is identifying if DHA, the
metabolite that is upregulated by our metabolomics screen, is involved in regulating anti-
inflammatory responses. | would like to propose to rescue cell death of the KSHV latently infected
cells in the absence of ACOX-1, the enzyme involved in synthesizing DHA and add back DHA to
the cells. Also, | would like to evaluate if DHA is involved in anti-inflammation and if it is

upregulated in KS tumors. | will examine this by silencing the gene expression of ACOX1 and
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then measured the levels of PGE2, IL6 and COX2, which are cytokines involved in inflammation,
before and after treatment with DHA. Previous evidence has shown that treatments with DHA in
endothelial cells after LPS insults decrease the release of the cytokines mentioned above indicating
that DHA is involved in anti-inflammatory responses (161).

In addition, ether lipids are metabolized in the peroxisome. We are also interested in
evaluating the role of ether lipid metabolism during latency since it has been previously shown
that Influenza virus requires ether lipid metabolism for virion production (45). Interestingly, from
the metabolomics screen done in our lab, ether lipid metabolites were also upregulated. Future
experiments will be needed to evaluate the role of these metabolites and others since these are
synthesized in the peroxisome and play a vital role in other viral infections. My work opened new
avenues to explore lipid metabolism and how these lipids are utilized during the latent KSHV

infection.

5.2.2 Future Directions: KSHV modulates oxidoreductase proteins to regulate

oxidative stress during latency and possibly in lytic reactivation.

From the proteomics analysis, | identified and validated that TXN as well as its binding
partner PRDX1 are upregulated. We also found that TXN and PRDX1 are both involved in
regulating oxidative stress and that KLAR was sufficient to upregulate TXN protein levels.
Similarly, as mentioned above, it will be interesting to identify which single viral gene is mediating
the induction of TXN protein expression. Previous studies have shown that in over expressing
VFLIP cells, vFLIP upregulates MnSOD, a superoxide scavenger, in a NF-kB dependent manner

(36). In addition, NF-kB inhibition leads to increase of ROS levels (36) and VFLIP is the master
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regulator of inhibiting apoptosis during latency (2, 7). This leads me to hypothesize that vFLIP
might be the viral gene involved in modulating host redox proteins (PRDX1 and TXN) to regulate
oxidative stress thus preventing cells death.

| determined that KSHV viral gene expression is required for regulation of redox
homeostasis during infection and that in the absence of TXN and PRDX1 there is decreased
expression of ORF59, a lytic gene. This strongly suggests two alternative hypotheses that: 1.)
TXN is involved in regulating the redox thiol states of cysteine residues of transcription factors
(TF) regulating ORF59 gene expression directly, or the redox states of signaling molecules that in
the absence of TXN fail to activate lytic gene expression leading to cell death; or 2.) cells are dying
rapidly before reactivation has a chance to occur, therefore the decrease in lytic gene expression is
an indirect effect of cell death. Further work needs to be done to evaluate redox states of the
proteins involved in cell signaling in endothelial cells using redox native immunoblots. This will
determine if, indeed, proteins driving cell signal transduction that leads to activation of gene
transcription are sensitive to redox regulation. This work will identify targets in latent KSHV

infection that are susceptible to pharmacological treatments.

5.2.3 Conclusions
In conclusion, using an integrating systems biology approach, we identified two novel pathways
modulated by KSHYV latent infection. | found that KSHV latent infection induces an increase in
peroxisome organelle biogenesis and requires two peroxisome proteins (ABCD3 and ACOX1)
involved in lipid metabolism of VLCFs. From the proteome analysis, | also identified that two

oxidoreductase proteins (TXN and PRDX1) involved in regulating oxidative stress are required
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during latent KSHV infection. These results indicate that the metabolism of VLCFs in the
peroxisome and regulation of oxidative stress are vital biological processes required to support
KSHV pathogenesis and influence KS development. Most notably, metabolism of VLCFs
(24:6n3), to synthesize DHA, generates ROS. DHA may have anti-inflammatory properties
important to KS biology while ROS produce oxidative stress that is managed by viral upregulation
of host mechanisms produced as a by-product of increased lipid metabolism in the peroxisome
that leads to activation of redox proteins (PRDX1 and TXN) to maintain homeostasis. Therefore,
this works demonstrates two novel distinct metabolic pathways that play such an essential role in
regulating KSHV latency as well as a putative connection between them. Further work needs to
examine if VLCFs metabolism occurring in peroxisomes is the main source of ROS generated
during latency. Therefore, identifying the main source of ROS production will be an interesting
area for further examination. Additionally, the novel pathways identified in our work may serve
to provide therapeutic targets that could handicap KSHV latent infection and treat KS tumors while
avoiding reactivating cells to the lytic phase. This would prevent further viral dissemination and

selectively affect KSHV latently infected cells allowing unimpeded proliferation to healthy cells.
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