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Viruses are defined as obligate intracellular parasites that require host processes to repli-
cate. Latent virus life cycles are no exception to this definition, as viruses are still reliant
on host machinery for continued proliferation and maintenance of viral genomes, even in the
absence of lytic replication. In this thesis, I used essentiality screening to identify host factors
on which Kaposi’s Sarcoma Associated Herpesvirus (KSHV) relies for the proliferation and
survival of latently infected cells. KSHV is the etiological agent of Kaposi’s Sarcoma (KS),
an endothelial cell-based tumor where more than 90% of the endothelial cells in the tumor
are latently infected with KSHV. While traditional therapies for herpesviruses target lytic
replication, the prevalence of latency in KS necessitates exploration of options for intervening
in this stage of the viral life cycle. I performed CRISPR/Cas9 screening using lentiviral vec-
tors encoding a library of single guide RNAs (sgRNAs) targeting every protein coding gene
in the human genome. I compared mock infected and KSHV infected endothelial cells eight
days post infection to identify genes essential to latent KSHV infection. Additional sub-pool
screening was carried out targeting genes from the initial whole genome screen to validate
the results. Among the list of hits, were a number of genes involved in mitochondrial trans-
lation. This is a reasonable pathway for chemical inhibition, as mitochondrial ribosomes are

sensitive to antibiotics targeting bacterial ribosomes due to their shared ancestry. 1 found



that treatment of latently infected endothelial cells results in suppression of cellular prolifer-
ation relative to mock infected controls. Additionally, antibiotic treatment of KSHV latently
infected primary effusion lymphomas (PELSs) induces cell death. I also found that inhibition
of respiration, either chemically or by eliminating mitochondrial genomes from cells, results
in suppressed proliferation and cell death. The dependence on mitochondrial function led me
to characterize the status of mitochondria during KSHV infection. I found that latent KSHV
infection leads to more interconnected mitochondrial networks, higher mitochondrial tran-
script levels, and increased mitochondrial genome copies. In attempting to determine how
KSHYV facilitates mitochondrial changes, I found that three latent proteins localize to the
mitochondria. In experiments following up on a metabolomic screen carried out by our lab,
I found that the latent locus of KSHV is essential for accumulation of lipid droplets during
infection. I also found that lipid droplet formation is essential for cell survival during latent
infection, but that this requirement is lost during infection with a mutant virus lacking the
latent miRNA cluster. This work improves our understanding of the role of mitochondrial
function in the persistence of latently infected cells and provides possible specific therapeutic

targets for the main proliferating cells in KS tumors.
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Chapter 1

INTRODUCTION

1.1 Herpes Viruses

The Herpesviridae are large DNA viruses infecting animals from bivalves to humans. Sep-
aration of herpesvirus into the alpha, beta, and gamma sub families predated the mammalian
radiation and have co-evolved with their hosts [90]. Due at least in part to this history of
co-evolution, herpesviruses possess a high level of host specificity. Herpesvirus viral parti-
cles, or virions, range from roughly 120-260 nm in diameter and encode between 70 and 750
open reading frames [71]. There are four major morphological characteristics of herpesvirus
virions: an inner core containing the viral genomic DNA, the protein capsid icosahedron,
a relatively unstructured tegument (or matrix) between the capsid and the outermost lipid

bi-layer envelope, which displays the virally encoded glycoproteins.

All members of the herpesvirus family have both lytic and latent programs as part of their
cellular life cycles. When a virus enters a cell it either proceeds directly to lytic replication
or establishes latency in a process that is often cell type dependent. Latently infected cells
have the potential to reactivate and enter lytic replication to produce infectious virions. The
triggers of lytic replication in wvivo are poorly understood. Herpesviruses lytic replication
takes the form of a virologically classic regulatory cascade, where genes are transcribed
in a temporal pattern. The initial set of immediate-early lytic replication genes encode
proteins which are essential for the activation of early gene transcription. Additionally,

immediate-early genes are often responsible for regulation of the cell cycle, RNA processing,



and inhibition of host immune responses. Immediate-early genes are followed by expression
of early genes which occurs independent of viral DNA synthesis. These genes require the
synthesis of immediate early genes for expression. The primary function of the early genes
revolves around viral DNA synthesis. Lastly, late gene expression depends on the prior
synthesis of viral DNA. Late genes encode the structural components of the virion and
the glycoproteins for insertion into the membrane. Late genes facilitate production of viral
particles which bud off the cell and infect new cells. Importantly, lytic replication often leads

to the death of the infected cell.

Latency is one of the defining characteristics of herpesviruses. While the process of
producing new virus particles during lytic replication is similar across the family, there is a
striking variety of different latent programs among the herpesviruses. Commonly, latency
is characterized by the expression of few, if any, viral genes. There is also no production of
virions during the latent phase of the virus life cycle and the replication of the viral genome
only occurs during cell division. The ability of herpesviruses to manipulate host cells in
order to establish long-term, non-productive infections is the primary focus of this thesis.
The ability of many herpesviruses to cause certain diseases is linked to latent infection,
either by allowing a burst of lytic replication well after primary infection, or by inducing
inflammation and cellular proliferation, potentially leading to the formation of neoplastic

cells.

There are currently nine known herpesvirus that infect primarily humans. The three
major families are the alphaherpesviruses, betaherpesviruses, and gammaherpesvirus. The
alphaherpesvirus family includes Herpes Simplex Virus (HSV-1 or HHV-1), Herpes Sim-
plex Virus 2 (HSV-2 or HHV-2), and Varicella-Zoster Virus (VZV or HHV-3). HSV-1 and
HSV-2 typically cause oral cold sores and genital cold sores, respectively. VZV is the eti-
ological agent of chicken pox, however, later in life the virus can reactivate from latency

and lead to severe complications due to either shingles or postherpetic neuralgia. The be-



taherpesviruses include Human Cytomegalovirus (HCMV or HHV-5), HHV-6A, HHV-6B,
and HHV-7. HCMV is the leading infectious cause of deafness in infants and can cause a
number of other childhood birth defects. HCMV can also cause significant problems follow-
ing immune suppression, including pneumonia, colitis, and hepatitis. HHV-6A and HHV-6B
share approximately 88% identity with one another and are considered distinct viruses with
a closely related ancestor. HHV-6A, HHV-6B, as well as HHV-7 can cause the childhood
disease roseola. The gammaherpesviruses include Epstein-Barr Virus (EBV or HHV-4) and
Kaposi’s Sarcoma-Associated Herpesvirus (KSHV or HHV-8). EBV infection can commonly
cause mononucleosis and rarely cause Burkitt’s lymphoma, nasopharyngeal carcinoma, and
gastric cancer. The EBV associated cancers occur at high rates in specific geographic re-
gions, Burkitt’s lymphoma in sub-Saharan Africa and nasopharyngeal carcinoma in southeast
Asia. It has recently been shown that a variant of the EBV BALF2 is highly associated with
nasopharyngeal carcinoma in China, suggesting a direct role for a viral protein in the pro-
gression of disease [138]. KSHV is the etiological agent of Kaposi’s Sarcoma (KS), which is
an endothelium-based tumor. KSHV also causes two lymphoproliferative disorders, Primary
Effusion Lymphoma (PEL) and multicentric Castleman’s Disease (MCD). This thesis focuses

on KSHYV infection in the context of endothelial cell infection as a model of KS.

1.2 KS and PEL

KS was first reported in 1872 by the Hungarian dermatologist Moritz Kaposi [68]. He de-
scribed a multifocal, red pigmented sarcoma on the skin of elderly European men. This form
is now known as classic KS, which is one of at least four currently recognized epidemiological
forms [18]. Classic KS primarily occurs in elderly men of Mediterranean or Jewish ancestry
and tumors typically occur on the extremities. This form of the disease usually causes little
pain or discomfort for patients aside from being disfiguring. The second form of KS, first

documented in around 1947, is referred to as endemic KS, which occurs in Africa and incudes



a severe lymphadenopathic form of Kaposi’s Sarcoma in children [30]. This form of KS oc-
curs in the absence of immune suppression and the precise reason for its occurrence in some
populations but not others remains unclear. In 1981 a new, highly aggressive form of KS was
reported in men who have sex with men (MSM) [42]. Shortly after this was reported it was
found that these men were suffering from severe immune deficiency, later determined to be
caused by infection with the human immunodeficiency virus (HIV) [4]. This form of K8 is
referred to as epidemic KS or AIDS-related KS. The fourth type of KS occurs in people who
receive immunosuppressants during the course of medical treatment. This is referred to as
iatrogenic KS and is of concern following solid organ transplant. There have been reports of
a fifth form of KS in MSM who do not have HIV [76]. Importantly, all epidemiological forms
of KS display the same histopathology, with the spindle cells being the main proliferating
component.

In addition to KS, KSHV also causes PEL, which is a B cell lymphoma that involves
cancer expansion in peritoneal, pleural, and pericardial cavities [17]. PEL tumor cells are
often co-infected with EBV, but EBV is not necessarily essential for PEL formation. PEL
is considerably difficult to manage clinically, with one-year survival rates only around 40%

[40]. Importantly, optimal treatment options for PEL remain to be found.

1.3 KSHV

The epidemiology of KS during the first decade of the AIDS epidemic suggested that the
cause of the disease was a second infectious agent (other than HIV). Specifically, the incidence
of KS among gay and bisexual AIDS patients was approximately twenty times higher than
the incidence in hemophiliac AIDS patients [6]. This discrepancy prompted the search for
the pathogen causing KS which led to sequences homologous to, but distinct from, EBV
and the primate gammaherpesvirus herpesvirus saimiri to be identified by representational

difference analysis [19]. Later work cloning and sequencing the entire KSHV genome allowed



the novel virus to be classified as a lymphotropic herpesvirus. Within the lymphotropic
herpesviruses, there are two groups, the lymphocryptoviruses and the rhadinoviruses. KSHV
falls in to the rhadinovirus family along with herpesvirus saimiri. The KSHV genome is
approximately 165 kbp with a unique region of roughly 145 kbp. The non-unique region is a
series of GC rich terminal repeats which contains a variable number of 801 bp repeats. While
KSHV was initially annotated with 81 open reading frames (ORFs), more recent analysis

indicates a much higher number of protein coding genes and non-coding RNAs [2].

All herpesviruses share a set of six conserved gene blocks which encode the components
and enzymes for replicating the viral genome and producing new infectious particles [71].
However, like the other herpesviruses, KSHV has some genes which are unique. Many of
these genes are homologs of mammalian genes which were acquired and then slowly diverged
over long periods of time. For example, KSHV encodes a homolog of the human interleukin
6 gene which can act through the cellular receptor gp130 in the absence of normally required
co-receptors to induce the Jak-Stat pathway [93]. KSHV also includes a homolog of the
cellular bel2 family of apoptosis inhibitors, which has been shown to suppress autophagy

during lytic replication [37].

Latency is the primary state of KSHV in the majority of infected cells with the KS tumor.
Latency is also the default state of most cells when cultured. Confirmation of infection
can be done by immunofluorescence (IFA) using antibodies specific to the latency associate
nuclear antigen (LANA), the major latent protein, and determination of the fraction of
cells expressing lytic genes with antibodies targeting the lytic protein ORF59 [36]. During
latency the viral episome is maintained in the nucleus of the cell where it is replicated and
segregates into daughter cells during mitosis. In cultured endothelial cell systems KSHV
establishes latency in greater than 90% of infected cells while just a small percentage of cells
actively express lytic genes [74]. Treatment of cultured latently infected cells with histone

deacetylase inhibitors induces lytic gene expression and can reactivate cells to produce virus,



especially in patient-derived B-cell lymphomas. Both latent and lytic stages of the KSHV

life cycle are important contributors to the pathogenesis of KSHV associated cancers.

During the latent phase of KSHV’s life cycle, there are only a few viral genes expressed.
This set of genes includes LANA, viral cyclin (vCyc), viral FLICE (FADD-Homologous
ICE/CED-3-Like Protease, or Caspase-8) inhibitory protein (vFLIP), the three Kaposin
family members A, B, and C, as well as a cluster of miRNAs with 12 loci encoding ~18 mature
miRNAs [18, 28, 69, 16, 120]. LANA, vCyc, and vFLIP are all expressed from the same viral
promoter. Alternative splicing leads to mature mRNAs which contain either the LANA
coding region, or the vCyc and vFLIP coding regions. The Kaposins are expressed from a
separate promoter and the different proteins produced are the result of a complex translation
process. The miRNAs are expressed by processing of the other latent transcripts, with miR-
k10 and miR-K12 actually encoded within the kaposin coding region. LANA, the most well
studied of the latent proteins, is primarily responsible for tethering the viral episome to the
host genome in order to ensure that daughter cells inherit the viral genome after cell division.
LANA does this by binding to both the terminal repeats on the viral genome and to host
histones in complex with the human genome. Also relevant to pathogenesis, LANA binds to

and inhibits the function of the major tumor suppressors p53 and pRB [35, 107].

vCyc’s known function involves activation of host cyclin-dependent kinase 6. Overexpres-
sion of vCyc leads to initiation of significant DNA damage in the host genome, triggering the
activation of the p53 tumor suppressor and induction of apoptosis [101]. Another group has
shown a different phenotype, where vCyc overexpression actually causes oncogene induced
senescence [77]. vFLIP’s primary known function involves activation of the NF-KB pathway.
vFLIP forms a physical interaction with the inhibitor of KB kinase gamma protein (IKKy),
which then leads to activation of the pathway and expression of NF-KB responsive genes
[33]. The NF-KB modulatory function of vFLIP has been linked to a number of poten-

tially oncogenic functions during KSHV infection, including inhibition of apoptosis. vFLIP



is also responsible for the spindle cell morphology observed during latent KSHV infection of
endothelial cells [47].

The Kaposin locus encodes three separate gene products. Kaposin A (KapA) is a 60
amino acid, hydrophobic protein found in intracellular as well as plasma membranes [97].
Of note, KapA is sufficient to transform Rat-1 fibroblasts, but the precise mechanism of
transformation is not known [96]. KapB and KapC share two sets of repeating sequences,
which are bordered by unique sequences on either side. KapC’s unique region includes KapA,
which implies that KapC is essentially a membrane-bound isoform of KapB. KapB’s known
function is the binding and activation of the MAP kinase-associated protein kinase 2 (MK2)
[89]. MK2 regulates the AU-rich elements (AREs) which are found in the 3'UTRs of many
cytokines, growth factors, and oncogenes. While AREs are normally rapidly degraded in
the cytoplasm, activation of MK2 stabilizes the mRNAs, allowing translation of the en-
coded gene. Thus, overexpression of KapB leads to stabilization and increased expression of

transcripts possessing AREs.

The above functions are not exhaustive, there are likely other, undiscovered functions
for KSHV latent proteins. A KSHV-host protein interaction network was generated by the
Glaunsinger lab [23]. This work yielded a large number of both low and high confidence
interactions. While many of the known interactions were identified, confirming the validity
of the screen, a large number of previously unidentified interactions were found. Among
these, many viral proteins were found to interact with mitochondrial proteins. This includes
the latent gene set, where several viral proteins have many interaction partners in the mi-
tochondria (Figure 1.1). These interactions are of interest because the mitochondria are the
central nexus of cellular metabolism and is an important signaling hub for apoptosis and

innate immunity.

Mammalians miRNAs are 21 to 23 nucleotide small RNAs that are capable of regulating

gene expression. miRNAs are produced by the cleavage of larger RNAs by Drosha, a nuclear
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Figure 1.1: Reanalysis of Davis et al., 2015: KSHV latent proteins have many interaction
partners which localize to the mitochondria of the cell, where they currently have no described
function. Mitochondrial localization of bait proteins is determined by presence on the human
mitocarta 2.0 gene set.

ribonuclease. The Drosha generated product is cleaved in the cytoplasm by Dicer, another
endonuclease. The end result of this cleavage is a partial duplex RNA, one strand of which
is transferred to the RNA-induced silencing complex (RISC) in the cytoplasm. RISC then
binds to mRNA which is complementary to the miRNA and if the sequences have a high
level of similarity, cleavage of the mRNA occurs. A secondary mode of silencing occurs when
pairing is not perfect, where RISC sits on the mRNA and suppresses translation.

The KSHV latent miRNA cluster has a number of possible functions that have been
described. miRNA-K11 has a similar seed sequence to cellular miR-155, meaning the targeted
transcripts have a high level of overlap [117, 44]. miR~155s targets include the transcriptional
repressor BACH1, and the proapoptotic factor XAF1. miR-K5 was found to target the Bcl2-
associated proapoptotic protein BCLAF1 [147]. The miRNA cluster has also been implicated
in many other processes associated with KSHV, including expression of cytokines, immune

evasion, inhibition of tumor suppressors, and angiogenesis [43]. Of particular relevance for



this thesis, the miRNA cluster was found to be sufficient for the induction of Warburg
metabolism in primary lymphatic endothelial cells [142]. An important aspect of the miRNA
cluster is that no single miRNA was sufficient, and the expression of the entire cluster was

necessary to observe the phenotype.

1.4 KSHYV Culture Systems

Choice of culture system is important for studying KSHV mediated oncogenesis, as many
of the pathways that KSHV alters will already be dysregulated in many transformed cell
lines. For this reason, it is preferable to conduct studies in primary cells or so-called “soft”
immortalized cells with exogenous expression of human telomerase (hTert) [129]. Our lab has
established a system in human endothelial cells. Human dermal microvascular endothelial
cells (hDMEVCs) immortalized with hTert are able to reproduce the infection rates which
are observed in KS patient tumors [74]. These tert-immortalized microvascular endothelial
(TIME) cells are desirable for the ability to grow indefinitely without displaying all the
characteristics of fully transformed cells. TIME cells can be infected with KSHV so that
over 90% of the cells are infected and less than 5% of the cells express lytic proteins, similar
to what is observed in KS tumors. Additionally, as infected TIME cells divide, they gradually
lose the KSHV episome, which is also what occurs in cultured KS spindle cells. TIME cells are
also useful because they can be grown to large numbers, enabling large scale interrogations
of the changes which occur during KSHV infection. This includes, but is not limited to gene

expression analysis, proteomics, metabolomics, and essentiality screening.

A number of other cell culture systems have been developed for studying KS. These
include the tert-immortalized-vascular endothelium TIVE cells as well as a primary rat mes-
enchymal (MM) cell model [1, 65]. TIVE cells are derived from major vasculature, which
is different from the microvasculature which is believed to be closer to the origin of the KS

spindle cell based on the typical presentation of KS tumors in the skin and on RNA-seq data
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suggested infected TIME cells have similiar gene expression patters to KS tumors [127]. The
main advantage of the MM system over other culture systems, is that KSHV infection enables
MM cells to produce tumors when injected into an mouse model. While the MM system
allows for examination of in vivo pathogenesis in an animal model, the use of animal models
in human viral oncogenesis has been historically problematic as murine cells are consider-
ably easier to transform and findings often don’t reproduce in human cells. As an example,
MM cells display decreased glucose consumption when infected with KSHV, however TIME
cells and primary HMVECs display increased glucose consumption [25]. Within KS tumors,
increased glucose consumption has actually been observed with positron emission tomog-
raphy (PET) scanning with fluorodeoxyglucose labeled with radioactive fluorine-18 [102].
Additionally, comparison of gene expression by RNA-seq of a number of different infection
system showed that KSHV infected TIME cells are the closest to the expression profile of
KS tumors [127].

Another culture system of note is the SLK cell line originally reported to be isolated
from KS tumor samples [55]. However, tandem repeat analysis showed that these cells were
actually indistinguishable from the human renal cell carcinoma cell line Caki-1 [119]. Even
though the use of the SLK cell line as a model for KS has ceased with this revelation, the
cell line is a valuable tool for the production of recombinant viruses and for studying lytic

replication of KSHV [98].

Patient derived PELs are used to study this lymphoma in culture. A number of isolates
have been obtained over the years and cells harboring just KSHV or KSHV with EBV
have been isolated. In contrast to endothelial cell models, these cells retain the virus after
passaging. The KSHV latent gene vFLIP has been shown to be essential for continued
proliferation of cells in culture [49]. There is no perfect uninfected control for these model
systems, but PELs can be compared to cultured EBV-associated Burkitt’s lymphoma B
cells with (e.g. RAJI cells) or without EBV (e.g. BJAB cells). Importantly, primary B cells
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cannot be transformed by KSHV alone, while EBV is capable of transforming B cells in vitro

32).

1.5 CRISPR/Cas9 Screening

An unusual stretch of DNA sequence was discovered in 1987 and was later named clus-
tered regularly interspaced short palindromic repeat (CRISPR) DNA based on the repetitive
elements within the sequence [59]. The function of these sequences was not understood until
years later when genome sequencing across many different bacterial and archaeal species
revealed that these sequences were present within many different species. It was also found
that a number of genes around the CRISPR sequences were also well-conserved, leading to
their naming CRISPR-associated (Cas) genes [61]. Lastly, the sequences in-between the re-
peat elements were noted to be matches to bacteriophage sequences, which led investigators
to hypothesize that these systems were sequence-directed immune systems [92, 106, 13, 86].
Another group showed that the DNA within the repeat element is taken into the bacteria
genomes following phage challenge, and then confers resistance to subsequent phage infec-
tions [3]. A large body of work followed which determined that two small RNAs, CRISPR
RNA (crRNA) and a trans-activating crRNA (tracrRNA) are required to target the restric-
tion endonuclease Cas9 to DNA which matches the non-repeat sequences crRNA [14, 27].
Work developing CRISPR systems as tools led to the realization that a single fused RNA
formed from crRNA and tractrRNA called a single guide RNA (sgRNA) is sufficient for Cas9
targeting [62]. Finally, in 2012, researchers showed that the sgRNA can be customized
to target specific sequences in eukaryotic cells, allowing precise, targeting editing in hu-
man genomes [63, 21, 87]. The mechanisms of editing either rely on host non-homologous
end-joining (NHEJ) to generate frameshift mutations and produce a truncated, presumably
non-functioning protein, or host homology directly repair (HDR) to repair the break caused

by Cas9 with a provided template.
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Chapter 3 of this thesis is based on an application of CRISPR/Cas9 technology to simul-
taneously screen for the effects of thousands of gene knockouts in the same experiment. This
whole genome screening (WGS) approach was developed by several groups independently
and published around the same time [114, 132, 72]. An important aspect of this approach is
that it is more effective at overcoming limitations to screening in diploid cell lines relative to
previous methods. To demonstrate this, a group compared essentially screening results from
the near-haploid KBM7 leukemia cell line to results from the pseudo-diploid HL60 leukemia
cell line [132]. They found similar results between the cell lines, supporting the idea that
CRISPR screening systems function well enough to support loss-of-function screens in diploid
cell lines despite the difficulty in generating knockouts in the presence of two alleles. High-
throughput DNA synthesis approaches allow for large libraries of sgRNA sequences targeting
potentially every gene in the human genome. These libraries can be cloned into lentiviral
vectors and coupled with Cas9 expression to create a lentiviral library which is capable of
generating a pool of knock-out cells. These libraries can be used to determine the list of
essential genes for a specific cell line by using next-generation sequencing (NGS) to sequence
the lentiviral sgRNAs and quantify changes in sgRNA counts between initial (immediately
post transduction) and final cell populations. Another way to design CRISPR/Cas9 Screens
is to compare sgRNA abundance in control cells versus cells treated with a stressor. A num-
ber of different CRISPR/Cas9 screens have been performed to identify essential genes during
infection with different viruses [80, 85, 73, 34, 145, 78]. CRISPR/Cas9 screening has even
been put use in other KSHV systems, but chapter 3 of this thesis will go into detail about

the first of these screens performed in KSHV infected human endothelial cells.
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1.6 Cancer Biology

1.6.1 Oncogenesis

The process of oncogenesis is generally understood as a multistep process by which cells
acquire the ability to persist outside of the normal pattern of growth in the affected organism
[50]. The complexity and extended length of time involved makes studying oncogenic trans-
formation directly a challenge. In humans, many cell types accumulate significant numbers
of mutations over a person’s lifetime, but few of these cells will actually progress into cancer.
As an example, adult stem cells in the colon, liver, and small intestine accumulate around 36
mutations per year [11]. In comparing neoplastic cells in a patient to untransformed cells of
the same developmental lineage, identifying which mutations are involved in the progression
of disease and which are bystanders is nearly impossible given the number of candidate driver
mutations. Comparison of mutations common across cancers in different cell types has en-
abled identification of pathways which are disturbed in large fractions of cancers. However,
this approach has not identified the drivers for all cancers, presumably because some are
cell lineage or cancer type specific. Studying viral oncogenic systems theoretically makes it
possible to ask questions about oncogenesis more generally. Beginning with either primary
cells or cells that are not fully transformed, such as TIME cells, allows the direct effects of

viral infection on a variety of oncogenic phenotypes to be assayed.

1.6.2 Cancer Metabolism

The altered metabolic phenotype of cancer tissues was first reported by Otto Warburg
nearly a century ago [134]. He observed decreased oxygen consumption and increased acid-
ification of the media through lactate production, a phenomenon now referred to as the
Warburg effect. Warburg induction is thought to benefit cancer cells by rapidly generating
the anabolic substrates needed for rapid cellular proliferation [53]. In addition to the gly-
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colytic phenotype observed by Warburg, a number of other cellular metabolic pathways have
been found to be altered in cancer cells relative to noncancerous cells of the same lineage.
These include fatty acid synthesis (FAS), fatty acid storage in lipid droplets, and glutamine
metabolism [24, 22]. Fatty acid synthesis is essential for the production of new cellular lipid
membranes. The main pathway for fatty acid synthesis involves generation of acetyl-CoA
and malonyl-CoA from citrate to generate palmitate, a 16-carbon long chain fatty acid. This
reaction requires 14 NADPH for each palmitate generated and requires the enzyme fatty
acid synthase (FASN). Once palmitate has been synthesized it can become the substrate
for elongation reactions which add additional two-carbon units with each sequential reac-
tion. As fatty acids accumulate in the cytoplasm after synthesis, cells require a way to store
them before they lead to a form of cell death termed lipotoxicity [105]. To avoid death,
cells sequester fatty acids in the form of triglycerides and sterol esters into lipid droplets.
Lipid droplets serve to store lipids for future use in the generation of cellular membranes for
proliferation or for energy via B-oxidation. Accumulation of lipid droplets can signal either
increased synthesis or decreased oxidation. Glutamine is considered to be a conditionally
essential amino acid for certain cancer cells. It can be used to ameliorate reactive oxygen
species accumulation through production of glutathione or to anapluerotically support the
TCA cycle when pyruvate is being used to produce lactate instead of entering the TCA
cycle. All of the above pathways have been established as hallmarks of cellular metabolism

In cancer.

1.6.3 Mitochondrial Biology

Mitochondria originated as endosymbiotic bacteria within ancestors of modern eukaryotes
[46]. Most mitochondrial genes are located in the nucleus where they are transcribed and
translated by the machinery of the host cell. However, a subset of 13 mitochondrial genes,

tRNAs, and rRNAs are retained on a ~16 kbp genome within the mitochondrial matrix.
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These genes must be transcribed and translated within the mitochondria machinery mostly
supplied from the host genome. As mitochondria are the central metabolic hub of the
cell, it is reasonable to expect that changes in mitochondria could be involved in metabolic
alterations in cancer. Otto Warburg initially proposed this hypothesis in the 1950s [135],
however, he spent the remainder of his career unable to demonstrate a causal relationship
between mitochondrial function an oncogenesis. Recent advances in mitochondrial biology
and cellular metabolism have reinvigorated interest in mitochondria for cancer biology. The
relevance of mitochondria carries over into virology as well, since mitochondria are also
signaling hubs for programmed cell death and innate immunity. Indeed, a wide variety of

pathogens encode proteins which localize to and alter the function of mitochondria [123].

There are few different points at which mitochondrial function can be inhibited. One is
the regulation of mitochondrial network morphology. Mitochondrial form interwoven net-
works of organelles within cells and the form of those networks has been found to have an
effect on the metabolism of the cell [7, 82, 131]. Competing processes of fusion and fission gov-
ern the level of interconnectedness of the network with more fragmented networks associated
with decreased oxygen consumption [45]. Mitochondrial transcription is another possible
point of interference in mitochondrial function. Suppression of transcription is best observed
in the context of NF-KB activation, which coincidentally occurs during KSHV latency and
is facilitated by the viral protein vFLIP. In addition to relocating to the nucleus to turn on
expression of NF-KB responsive genes, a portion of liberated RelA localizes to the mitochon-
dria and binds to the mitochondrial genome, inhibiting transcription of mitochondrial genes
[64]. A third source of interference is mitochondrial translation. This is observed in dis-
ease associated mutants in the human population for a variety of mitochondrial translation
machinery components, including tRNA synthetases and mitochondrial ribosomal subunits
[12]. In addition, toxicity from antibiotic treatments is often thought to be related to mito-

chondrial toxicity, which has been shown in the case of the suppression of bone marrow and
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deafness [58, 116].

While many cancer cells display decreased mitochondrial respiration, mitochondrial func-
tion often remains essential [31]. Mitochondrial ribosomes share a more recent common
ancestor with bacterial ribosomes than the eukaryotic ribosomes in mammalian cells. Struc-
tural similarity due to that shared ancestry allows for the selective treatment of cells with
antibiotics targeting bacterial translation. Cancer cells have been shown to be sensitive to

antibiotic treatment in a number of different in vitro systems [75].

1.7 Viruses And Cellular Metabolism

Viruses have no inherent metabolism of their own and require host cells to generate the
substrates and energy necessary for replication. While it is not obvious that different viruses
would have different requirements of cellular metabolism, metabolic characterization of a
wide variety of viruses has demonstrated a surprising breadth of metabolic characteristics
[110]. This includes not just the requirements of viral genome replication and virus particle

assembly, but also the persistence of latent infection.

Recent advances in mass-spectrometry have enabled metabolomic evaluation of viral in-
fection [94]. These advances enabled quantitation of a large number of metabolites simul-
taneously. Additionally, heavy isotope labeled metabolic substrates can track metabolites
through pathways using a technique termed metabolic flux analysis [94, 95, 128, 9, 56]. With
these approaches, a number of viruses have been evaluated from a metabolic standpoint, lead-
ing to identification of specific pathways which are altered during infection with each virus.
These studies did more than just emphasize the presence of metabolic alterations, they also
identified druggable metabolic dependencies. Chemical inhibition of steps in glycolysis, glu-
tamine metabolism, and fatty acid synthesis have been shown to reduce viral titers or reduce

proliferation or induce cell death in infected cells.
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1.8 KSHYV and Host Metabolism

Our lab has previously demonstrated that endothelial cells latently infected with KSHV
induce the Warburg effect [25]. The observed characteristics includes decreased oxygen con-
sumption, even in the presence of atmospheric oxygen levels. It also includes the extracellular
acidification of the media, caused by production of lactate, suggesting that glucose carbon
is being shunted into lactate production to regenerate NAD+, presumably to support ad-
ditional glycolysis. Chemical inhibition of either glycolysis or lactate production selectively
induces apoptosis in infected cells. This paper was the first instance of a latent viral infection
inducing and requiring Warburg metabolism for the persistence of infected cells. A few years
later another group demonstrated that the latent miRNA cluster is sufficient to induce War-
burg metabolism during latent KSHV infection of primary lymphatic endothelial cells [142].
The mechanism proposed is that the miRNAs suppress mitochondrial biogenesis through
two separate mechanisms. One is the suppression of the mitochondrial heat shock protein
HSP9A. HSPYA is essential for the import and export of proteins in the mitochondria and
is also predicted to be a target of multiple viral miRNAs. The second gene is EGLN2, which
is a prolyl-hydroxylase that negatively regulates HIF stability in the presence of oxygen.
When the miRNA knocks EGLN2 down, the predicted effect is HIF stabilization leading
to a decrease in mitochondrial biogenesis. The authors show that miRNA over-expression
recapitulates the phenotypes of strong suppression of these two genes in both target protein
expression, and in the induction of Warburg metabolism. However, there is no demonstration
of necessity in the context of viral infection, nor were they able to identify single miRNAs
which reproduce the effect in the absence of the entire cluster.

To globally examine the metabolic changes which occur during latent KSHV infection,
our lab performed a global metabolomic screen [26]. Nearly 200 different metabolites were
analyzed for changes between mock (control infection) and latent KSHV infection in TIME

cells. Metabolites from many major metabolic pathways were significantly upregulated at
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48- and 96-hours post infection. Over half of the long-chain fatty acids measured were
significantly elevated. Following the screen, the lab confirmed that fatty acids accumulate
in cells in the form of storage organelles called lipid droplets. These organelles can be
stained using lipid specific fluorescent dyes and analyzed by flow cytometry. Importantly,
just as with Warburg induction, chemical inhibition of separate steps in the FAS pathway
can induce apoptosis in latently infected endothelial cells but not in uninfected controls. The
rate limiting step of the FAS pathway involves the enzyme acetyl-CoA carboxylase (ACC1)
which can be inhibited with the drug TOFA. Supplementation of TOFA treated cells with
the downstream metabolite palmitate was able to partially rescue cell death, indicating that
the products of FAS are at least partially required for survival. Work done in parallel by
another group also found that FAS is increased and essential for the survival of latently
infected PELs [8]. In an additional follow-up paper on our screen, our lab also found that
glutamine metabolism is essential for the survival of latently infected endothelial cells [109].
The glutaminase inhibitor BPTES or glutamine removal from the media were both able to

induce cell death in latently infected endothelial cells.

1.9 Hypotheses

Latent KSHV infection of endothelial cells induces changes in a number of cellular sys-
tems, including metabolism. Metabolomic screening, global gene expression analysis, and
proteomic analysis have yielded targets for therapeutic intervention based on upregulated
pathways during infection. However, it is possible that KSHV infection induces vulnerabil-
ities in the absence of obvious changes in previous large-scale screens. I hypothesize that
whole genome CRISPR/Cas9 screening can identify these vulnerabilities by directly testing
for the essentiality of specific genes during latent KSHV infection, and this will form the
basis for work in chapter 3. Chapter 4 follows up on CRISP/Cas9 Screening by pursuing

mitochondrial translation as a potential therapeutic target during latent KSHV infection. I
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hypothesize that inhibition of mitochondrial translation is essential for the proliferation and
survival of latently infected cells. The project described chapter 5 follows up on our lab’s
previous work on fatty acid synthesis. I have two related hypotheses which are at the center
of this project. The first is that the latent locus of KSHV is sufficient for the accumulation of
lipid droplets during KSHV infection and lipid droplet formation is essential during KSHV
infection. The second is that sensitivity to FAS and lipid droplet inhibition are genetically

separable based on the presence or absence of the latent miRNA cluster.
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Chapter 2
MATERIALS AND METHODS

Cell Lines

TIME cells were maintained in EBM-2 media (Lonza) which was supplemented with
an EGM™-2 MV SingeQuot™ Microvascular Endothelial Cell Growth Medium BulletKit™
(Lonza) containing 5% FBS, hydrocortisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic acid,
hEGF, as well as gentamycin and amphotericin-B. After the screen was performed, we dis-
covered the presence of Mycoplasma arginini in TIME cells. The Plasmotest™ mycoplasma
detection kit (Invivogen) was used to find that TIME cells test positive for mycoplasma
after a minimum of 72 hours of growth in the absence of antibiotic. This was confirmed
by performing a genomic DNA extraction using the PureLink™ Genomic DNA Mini Kit
(Invitrogen) followed by the LookOut®) Mycoplasma Detection Kit (Sigma-Aldrich). 293
and 293T cells were grown in DMEM (4L-glut, +Pen/Strep, +4.5g/L glucose, +sodium
pyruvate) (Fisher). B-cell lymphomas were grown in RPMI 1640 (+L-glut, +Pen/Strep, +
2-mercaptoethanol) (Fisher). iSLK cells for BAC16 virus production were grown in DMEM
(+L-glut, +Pen/Strep, +4.5g/L glucose, +sodium pyruvate). All 293T cells, B-cell lym-
phomas, iISLK cells, and the mitochondrial lacking TIME cells in Figures 4B and 4C were

negative for mycoplasma by both the Invivogen and Invitrogen kits listed above.

KSHV Virus

Virus was obtained from two seperate producer cell lines. Patient derived BCBL-1 cells

were treated with 12-O-tetradecanoyl-phorbol-13-acetate (TPA to induce reactivation. Cell
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supernatants collected after 48 hours, were filtered through 0.45 pm filters and then spun
at 25000g for three hours. The virus pellets were then resuspended in serum-free EBM-2
media and stored at -80°C. iSLK cells were treated with sodium butyrate and doxycycline
to induce production of BAC16 derived virus. This was used to generate both wild type and
AmiRNA viruses. Both BAC16 construct containing iSLK lines were gifted to the lab from
Rolf Renne. Virus aliquots were prepared from supernatants in the same manner as with

BCBL-1 derived virus.

Transfection

293T cells were seeded at ~10k cells per cm2 the night before transfection. Transit 293T
(Mirus Bio) was used to transfect plasmids as indicated by the manufacturer. After 24 hours
the media on the cells is replaced with fresh serum containing media. In the case of lentivirus
production, the masses of each plasmid used were 8 ng of psPAX2, 4 pg of pMD2.G, and
8 ng of the lentiviral vector. Culture supernatants were collected at 48 and 72 hours post

transfection and filtered through 0.45 pm filters before aliquoting and freezing.

Proliferation Assay

Time cells were seeded at 1x10* cells per cm2 then treated once settled. After the specified
length of time, when assessing cell death, the time cells were treated with trypsin and counted
after trypan blue staining for cell viability. When assessing cell proliferation, TIME cells are
washed twice with PBS and fixed with 100% methanol. After fixing, the cells were stained
with crystal violet for 10 minutes then rinsed with diH20 until dye no longer washes off. The
plates are allowed to dry overnight before scanning with a Typhoon imager (GE) using a 532
nm laser and a 670BP30 filter. The resulting images were analyzed in ImageJ to measure
cell confluence in each well. The MRPS34 data in figure 2 was obtained by resuspending the
crystal violet with 500 pl 10% glacial acetic acid after staining and measuring 200 pl of the
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resulting solution in a 96 well plate reader at 570nm. All transformed B-cell proliferation
assays began with viable cell concentrations of 2x10°. 48 hours after treatment cells were

stained with trypan blue and counted using a TC-20 Cell Counter (BioRad).

RT-gqPCR

Cell lysates were harvested using Nucleospin RNA II Kits (Macherey Nagel). RNA was
quantified by Nanodrop and the quality of each sample was assessed on a 1% agarose gel in
tris-acetate-EDTA buffer to ensure that no degradation of samples had occurred. 500 ng of
RNA was used for each 20 pL reverse transcription reaction with the iScript Select cDNA
Synthesis Kit (BioRad) using poly-dt primers for viral and nuclear genes and random primers
when targeting genes encoded in the mitochondrial genome. qPCR was subsequently carried
out using SsoAdvanced(TM) Universal SYBR®) Green Supermix (BioRad). Primers target-
ing HPRT were used as a reference and primers targeting mitochondrial genome sequences
were used to assess transcript levels. Primer sequences are available in the supplemental

primer table.

gPCR for Mitochondrial Genome Quantitation

Cell lysates were harvested using PureLink™ Genomic DNA Mini Kits (Invitrogen).
The resulting genomic DNA is used as template for qPCR with SsoAdvancedTM Universal
SYBR@®) Green Supermix (BioRad). Primers targeting Prox1l were used as a reference for
cellular genomic DNA and primers targeting the mitochondrial genome were used to quantify

mitochondrial genome copy number. Primer sequences are available in the primer table.

CRISPR/Cas9 Whole Genome Library

The one half of the Human Activity-Optimized CRISPR Knockout Library was trans-

formed into Endura electro-competent cells (Lucigen). Sufficient colony forming units to
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achieve ~1000x coverage of the library was harvested using the Plasmid Plus Maxi Kit (Qi-
agen). The resulting plasmid prep was transfected into 293T cells as mentioned above for
production of lentivirus. The resulting lysate was titered onto TIME cells using cell via-
bility after selection as a proxy for infection. 36 T225s containing 4.5x10°® TIME cells per
flask seeding the evening before transduction were treated with the lentiviral library. This
amounts to roughly 150 million cells transduced at an MOI of ~0.6 to achieve at least 500x
coverage of the library. Transduced time cells were selected for three days and grown for
an additional four days until two sets of 34 T225s could be seeded. The day after seeding,
one set of the TIME cells was infected with KSHV purified from BCBL-1 cells as previously
described (Punjabi et al., 2007). Two days after infection, the TIME cells were split and
infected again. The infection rates for the cells were counted by immunofluorescence for
LANA and ORF59. For the next 8 days the cells were split every two days and reseeded
to 4.5 million TIME cells per flask, maintaining 34 flasks for each sample. At each passage
the culture supernatants were collected and dead cell pellets were frozen after centrifugation.
At the end of the experiment all live cells were collected and dead cell samples were pooled
for uninfected and infected cells. Genomic DNA was harvested from all samples using the
Blood and cell culture DNA maxi kit (Qiagen). The genomic DNA was used as template for

[lumina sequencing amplicons as described in Wang et al., 2014.

CRISPR/Cas9 Sub-pool Screening

A list of genes for sub-pool screening was generated by taking the top 350 genes by
MAGeCK score from the whole genome live cell screen, the top 350 genes by log fold change
from the whole genome dead cell screen, and 100 genes which showed no significant change
in either direction for both the live and dead cell screens as controls. The sgRNAs target-
ing those 800 genes were pulled from three published CRISPR/Cas9 screens (add citations).

Duplicate sgRNAs were removed and additional 500 non-targeting controls were added. This
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pool of sgRNAs was synthesized by Custom Array, Inc. Preparation of library closely fol-
lowed the Nature Protocols paper from the Zhang lab [66]. The library was amplified using
NEBNext High Fidelity PCR Master Mix (New England Biolabs). The PCR product gel
purified and cleaned by phenol-chloroform extraction and ethanol precipitation. The ampli-
fied library was cloned into linearized lentiCRISPR v2 (Addgene plasmid #52961) by Gibson
assembly using NEBuilder®) HiFi DNA Assembly Master Mix (New England Biolabs). The
resulting product was precipitated with isopropanol and cleaned by phenol-chloroform ex-
traction and ethanol precipitation. The product was resuspended in TE and 100 ng/ul (or
2500 ng for 25 pl competent cells) was transformed into Endura ElectroCompetent cells
according to the manufacturer’s instructions. Transformation efficiency was determined by
spot dilution series and additional transformations were performed to achieve at least 1000x
coverage of the library (or ~10 million unique transformants for our ~10,000 sgRNA library).
Transformation reactions were incubated in 100 ml LB overnight at 30 °C and then purified
using the Maxi EF kit (Machery-Nagel) according to the manufacturer’s instructions. The
resulting plasmid prep was transfected into 293T cells for lentivirus prep and titering as in
the whole genome screen mentioned above. The experiment itself was carried out identically
to the whole genome screen, except that the library was roughly 1/9th the size, so the re-
quired number of cells was proportionately lower (we used 4 T225s per replicate), and the
experiment was done twice. The sequencing was carried out similarly to the whole genome
sequencing, except that the library was designed to use the standard Illumina indexing

primers, rather than the custom indexing primers used for the Human Activity Optimized

CRISPR Knock-out Library.

Analysis of CRISPR/Cas9 Library Screening

[llumina sequencing results were analyzed using MAGeCK version 5.6 [79]. sgRNAs were

counted after deconvolution of samples allowing for up to one uncalled base per guide. The
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live cell screen was analyzed using uninfected as the control and KSHV infected TIME cells
as the treatment group. The sgRNA counts were normalized based on median read counts
and the distribution of non-targeting sgRNAs was used to generate the null-distribution.
The dead cell sequencing results were analyzed in an identical manner, except the sgRNA

counts were normalized based on total read counts. All other parameters used the default

settings for MAGeCK.

Western Blot Analysis

Cells were harvested using trypsin to remove adherent cells and then pelleting cells and
washing once with PBS. Cell Pellets were lysed with RIPA buffer [50 mM Tris-HCI, pH
7.6, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1 mM
sodium orthovanadate, 1 mM sodium fluoride, 40 mM [-glycerophosphate, and Complete
Mini protease inhibitor tablet (Roche)]. Cell lysate was quantified using the Peirce BCA
assay (ThermoFisher Scientific), and equal masses of protein were loaded to a 4-20% poly-
acrylamide gel (BioRad). The protein was transferred to a PVDF membrane and blotted
using the appropriate primary antibody at the dilutions mentioned in the table above. Blots
were treated with LI-COR IRdye secondary antibodies prior to imaging on either a LI-COR
Odyssey®) CLx or Odyssey®) Fc system.

Mitochondrial Immunofluorescence

TIME cells were fixed to glass chamber well slides with 4% paraformaldyhyde. Af-
ter blocking and probing with an anti-COXIV primary antibody and fluorescent secondary
antibodies, the cells were mounted with Vectasheild mounting medium w/ DAPI (Vector
laboratories). Images were captured using a Retiga R6 camera (Teledyne Photometrics).
Images were analyzed in FIJI [112] using macros adapted from [91]. Resulting outputs for

mitochondrial number, average length, and total volume were quantified per cell and plotted
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in PRISMS8 (Graphpad Software).

Mitochondrial Fractionation

Cell pellets were resuspended in PBS and processed using the Mitochondria Isolation Kit
for Cultured Cells (ThermoFisher Scientific). The manufacturer’s recommendations were
followed to achieve a high purity mitochondrial fraction through differential centrifugation
which after purification was lysed with RIPA buffer. Protein concentrations of the resulting
lysate, paired cytoplasmic fraction, and whole cell lysate were quantified and equal masses
of each fraction were processed as previously mentioned. To check the validity of the pu-
rification blots were probed with primary antibodies targeting 5 mitochondrial proteins to
confirm enrichment and GAPDH to check for cytoplasmic contamination of the mitochon-

drial fraction.

Lipid Droplet Assay

48 hours post infection, mock, KSHV infected, and KLAR-hdAd5 infected TIME cells
were resuspended and fixed with 4% paraformaldehyde for 10 minutes at room temperature.
The lipid droplet fluorescence assay kit (Cayman Chemical) was used for the preparation
and staining of samples. The cell suspensions were washed and stained with the lipid spe-
cific dye Nile Red, which fluoresces green-yellow when associated with neutral lipids within
lipid droplets upon excitation with a 488nm laser, for 15 minutes. Individual samples were
analyzed on a FACS Canto Cell analyzer (BD Biosciences). Analysis was performed with

FloJo flow cytometry software (Becton, Dickinson and Company).



Table 2.1: Oligonucleotides

Oligo Name Sequence (57-3) Application
AAAGGACGAAACACCGACAT  Cloning NTC sgRNA
NTC_F TGTTAGTAACGACTCGTTTT into pRRL
AGAGCTAGAAATAGCAAG LentiCRISPR
CTTGCTATTTCTAGCTCTAA  Cloning NTC sgRNA
NTCR AACGAGTCGTTACTAACAAT into pRRL
GTCGGTGTTTCGTCCTTT LentiCRISPR
AAAGGACGAAACACCGAAAT Cloning MRPS34
MRPS34_sgRNA_AF  GGAGACACAAGCACCGGTTT  targeting sgRNA into
TAGAGCTAGAAATAGCAAG pRRL LentiCRISPR

MRPS34_sgRNA_AR

CTTGCTATTTCTAGCTCTAA
AACCGGTGCTTGTGTCTCCA
TTTCGGTGTTTCGTCCTTT

Cloning MRPS34
targeting sgRNA into
pRRL LentiCRISPR

MRPS34 sgRNA _BF

AAAGGACGAAACACCGGAAG
ACTGAGAGCGAGGCGGTTTT
AGAGCTAGAAATAGCAAG

Cloning MRPS34
targeting sgRNA into
pRRL LentiCRISPR

MRPS34_sgRNA_BR

CTTGCTATTTCTAGCTCTAA
AACCGCCTCGCTCTCAGTCT
TCCGGTGTTTCGTCCTTT

Cloning MRPS34
targeting sgRNA into
pRRL LentiCRISPR

BCL2L1_sgRNA_AF

AAAGGACGAAACACCGAGTA
AAGCAAGCGCTGAGGGGTTT
TAGAGCTAGAAATAGCAAG

Cloning BCL2L1
targeting sgRNA into
pRRL LentiCRISPR

Continued on the next page
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Table 2.1 — continued from previous page

Oligo Name

Sequence (5-37)

Application

BCL2L1 sgRNA_AR

CTTGCTATTTCTAGCTCTAA
AACCCCTCAGCGCTTGCTTT
ACTCGGTGTTTCGTCCTTT

Cloning BCL2L1
targeting sgRNA into
pRRL LentiCRISPR

BCL2L1_sgRNA_BF

AAAGGACGAAACACCGCAGC
AGTAAAGCAAGCGCTGGTTT

Cloning BCL2L1
targeting sgRNA into

TAGAGCTAGAAATAGCAAG pRRL LentiCRISPR
CTTGCTATTTCTAGCTCTAA Cloning BCL2L1
BCL2L1_sgRNA_BR AACCAGCGCTTGCTTTACTG  targeting sgRNA into
CTGCGGTGTTTCGTCCTTT pRRL LentiCRISPR
GAACGTCTTGCTCGAGATGT  RT-gqPCR Reference
HPRT_F
G for Gene Expression
CCAGCAGGTCAGCAAAGAAT  RT-qPCR Reference
HPRT_R
T for Gene Expression
CCAAGGTTCTGAGCAGGATG  qPCR Reference for
PROX1_F
T Genomic DNA
CATACGAGTTCGCCCTCTTC qPCR Reference for
PROX1_R
A Genomic DNA

Continued on the next page
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Table 2.1 — continued from previous page

Oligo Name

Sequence (5-37)

Application

MT-CO2_F

ACGCATCCTTTACATAACAG
AC

RT-qPCR for
mitochondrial
transcripts using
random hexamer
primers and for
mitochondrial genome

quantification

MT-CO2_R

GCCAATTGATTTGATGGTAA
GG

RT-qPCR for
mitochondrial
transcripts using
random hexamer
primers and for
mitochondrial genome

quantification

MT-ND6_F

GCTTTGTATGATTATGGGCG
T

RT-qPCR for
mitochondrial
transcripts using
random hexamer

primers

Continued on the next page

29



Table 2.1 — continued from previous page

Oligo Name

Sequence (57-37)

Application

MT-ND6_R

CACCAACAAACAATGTTCAA
CC

RT-qPCR for
mitochondrial
transcripts using
random hexamer

primers

MT-ND4_F

CCCTTCCTTGTACTATCCCT

RT-qPCR for
mitochondrial
transcripts using
random hexamer

primers

MT-ND4_R

TTTGTCGTAGGCAGATGGAG

RT-qPCR for
mitochondrial
transcripts using
random hexamer

primers

RT vFLIP_F

AGCTGTGTGCGAGGGATATT

RT-qPCR for viral

transcripts

RT vFLIP_R

GGCGATAGTGTTGGGAGTGT

RT-qPCR for viral

transcripts

RT vCyc F

ACGAGGTCAACACCCTGATT

RT-qPCR for viral

transcripts

RT _vCyc_R

CGCCTGTAGAACGGAAACAT

RT-gqPCR for viral

transcripts

Continued on the next page
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Oligo Name Sequence (5’-3) Application
RT-qPCR for viral
RT_LANA_F TTGCCACCCACGCAGTCT
transcripts
GGACGCATAGGTGTTGAAGA RT-qPCR for viral
RT_LANA_R
GTCT transcripts
RT-qPCR for viral
RT_K12_F AGGCTTAACGGTGTTTGTGG
transcripts
RT-gPCR for viral
RT K12_R CTCGTGTCCTGAATGCTACG

transcripts

RT _miRNACluster_F

CCCGCACCGCCGATGGATTA

RT-qPCR for viral

transcripts

RT_miRNACluster_R

TCCACGCTCGCGTATGCCTC

RT-qPCR for viral

transcripts

ATGATACGGCGACCACCGAG

Generation of

sgRNA barcode_F ATCTACACCGACTCGGTGCC  template for Illumina
ACTTTT sequencing
CAAGCAGAAGACGGCATACG Generation of
sgRNA barcode R.-1  AGATCGCTGGATTTTTCTTG  template for Illumina
GGTAGTTTGCAGTTTT sequencing
CAAGCAGAAGACGGCATACG Generation of
sgRNA barcode R.2 AGATCTAACTCGGTTTCTTG  template for Illumina
GGTAGTTTGCAGTTTT sequencing

Continued on the next page
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Oligo Name Sequence (57-37)

Application

CAAGCAGAAGACGGCATACG

Generation of

sgRNA barcode R.3 AGATCTAACAGTTTTTCTTG  template for Illumina

GGTAGTTTGCAGTTTT

sequencing

CAAGCAGAAGACGGCATACG

Generation of

sgRNA barcode R4 AGATCATACTCAATTTCTTGG template for Illumina

GTAGTTTGCAGTTTT

sequencing

CGGTGCCACTTTTTCAAGTT
GATAACGGACTAGCCTTATT

[llumina_HiSeq_-Read1 Read 1 HiSeq Primer

TTAACTTGCTATTTCTAGCT
CTAAAAC

TTTCAAGTTACGGTAAGCAT

ATGATAGTCCATTTTAAAAC

ATAATTTTAAAACTGCAAAC
TACCCAAGAAA

[Mumina_HiSeq_Index

Indexing HiSeq

Primer

AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA

Generation of

staggered template for

NGS-Lib-Fwd-1 CGACGCTCTTCCGATCTTAA

[lumina sequencing of

GTAGAGGCTTTATATATCTT
GTGGAAAGGACGAAACACC

sub-pool

Continued on the next page
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Oligo Name Sequence (5’-3) Application
AATGATACGGCGACCACCGA
Generation of
GATCTACACTCTTTCCCTACA
staggered template for
NGS-Lib-Fwd-2 CGACGCTCTTCCGATCTATC
[Nllumina sequencing of
ATGCTTAGCTTTATATATCT
sub-pool
TGTGGAAAGGACGAAACACC
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTGAT  staggered template for
NGS-Lib-Fwd-3
GCACATCTGCTTTATATATC IHlumina sequencing of
TTGTGGAAAGGACGAAACAC sub-pool
C
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTCGA  staggered template for
NGS-Lib-Fwd-4
TTGCTCGACGCTTTATATAT  Ilumina sequencing of
CTTGTGGAAAGGACGAAACA sub-pool
CC
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTTCG  staggered template for
NGS-Lib-Fwd-5

ATAGCAATTCGCTTTATATA  Ilumina sequencing of

TCTTGTGGAAAGGACGAAAC
ACC

sub-pool

Continued on the next page
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Oligo Name Sequence (5-37) Application
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTATC  staggered template for

NGS-Lib-Fwd-6
GATAGTTGCTTGCTTTATAT  Illumina sequencing of
ATCTTGTGGAAAGGACGAAA sub-pool
CACC
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTGAT  staggered template for
NGS-Lib-Fwd-7
CGATCCAGTTAGGCTTTATA  Mlumina sequencing of
TATCTTGTGGAAAGGACGAA sub-pool
ACACC
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTCGA  staggered template for
NGS-Lib-Fwd-8
TCGATTTGAGCCTGCTTTAT  Ilumina sequencing of
ATATCTTGTGGAAAGGACGA sub-pool
AACACC

Continued on the next page
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Oligo Name Sequence (5-37) Application
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTACG  staggered template for

NGS-Lib-Fwd-9
ATCGATACACGATCGCTTTA  Illumina sequencing of
TATATCTTGTGGAAAGGACG sub-pool
AAACACC
AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACA Generation of
CGACGCTCTTCCGATCTTAC  staggered template for
NGS-Lib-Fwd-10
GATCGATGGTCCAGAGCTTT  Illumina sequencing of
ATATATCTTGTGGAAAGGAC sub-pool
GAAACACC

NGS-Lib-KO-Rev- 1

CAAGCAGAAGACGGCATACG
AGATTGTTGCCAGTGACTGG
AGTTCAGACGTGTGCTCTTC
CGATCTCCGACTCGGTGCCA
CTTTTTCAA

Generation of
template for Illumina
sequencing with
unique sample bar

code

NGS-Lib-KO-Rev- 2

CAAGCAGAAGACGGCATACG
AGATGTCAGTGTGTGACTGG
AGTTCAGACGTGTGCTCTTC
CGATCTCCGACTCGGTGCCA
CTTTTTCAA

Generation of
template for Illumina
sequencing with
unique sample bar

code

Continued on the next page
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Oligo Name

Sequence (5-37)

Application

CAAGCAGAAGACGGCATACG

Generation of

AGATACGTTGGAGTGACTGG  template for Illumina
NGS-Lib-KO-Rev- 3 AGTTCAGACGTGTGCTCTTC sequencing with
CGATCTCCGACTCGGTGCCA unique sample bar
CTTTTTCAA code
CAAGCAGAAGACGGCATACG Generation of
AGATCGCAAGAAGTGACTGG  template for Illumina
NGS-Lib-KO-Rev- 4  AGTTCAGACGTGTGCTCTTC sequencing with
CGATCTCCGACTCGGTGCCA unique sample bar
CTTTTTCAA code

CAAGCAGAAGACGGCATACG
AGATGAAGCCAAGTGACTGG

Generation of

template for Illumina

NGS-Lib-KO-Rev- 5  AGTTCAGACGTGTGCTCTTC sequencing with
CGATCTCCGACTCGGTGCCA unique sample bar
CTTTTTCAA code
CAAGCAGAAGACGGCATACG Generation of
AGATCTTCCAGAGTGACTGG  template for Illumina
NGS-Lib-KO-Rev- 6  AGTTCAGACGTGTGCTCTTC sequencing with
CGATCTCCGACTCGGTGCCA unique sample bar
CTTTTTCAA code

Continued on the next page
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Oligo Name

Sequence (57-37)

Application

CAAGCAGAAGACGGCATACG

Generation of

AGATTCGAGAAGGTGACTGG  template for Illumina
NGS-Lib-KO-Rev- 7 AGTTCAGACGTGTGCTCTTC sequencing with
CGATCTCCGACTCGGTGCCA unique sample bar
CTTTTTCAA code
CAAGCAGAAGACGGCATACG Generation of
AGATATCCTCAGGTGACTGG  template for Illumina
NGS-Lib-KO-Rev- 8 AGTTCAGACGTGTGCTCTTC sequencing with
CGATCTCCGACTCGGTGCCA unique sample bar
CTTTTTCAA code

CAAGCAGAAGACGGCATACG
AGATAGAGAAGGGTGACTGG

Generation of

template for Illumina

NGS-Lib-KO-Rev- 9  AGTTCAGACGTGTGCTCTTC sequencing with

CGATCTCCGACTCGGTGCCA unique sample bar
CTTTTTCAA code
CAAGCAGAAGACGGCATACG Generation of
AGATAATACGCGGTGACTGG  template for Illumina
NGS-Lib-KO-Rev-
10 AGTTCAGACGTGTGCTCTTC sequencing with

CGATCTCCGACTCGGTGCCA unique sample bar

CTTTTTCAA

code

37
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Product
Name Type 4 Source Depositor | Application Ref
Kind gift of
Daniel
CRISPR/Cas9
pRRL Stetson
Plasmid Gene
LentiCRISPR (University
Knock-out
of
Washington)
CRISPR/Cas9
Feng
LentiCRISPR v2 | Plasmid 52961 Addgene - Gene [111]
ang
Knock-out
Human Activity-
David Whole
Optimized
Pooled Sabatini, Genome
CRISPR 1000000067|  Addgene [132]
Library Eric CRISPR/Cas9
Knockout
Lander Screening
Library
Mitochondria
Mikhail
pMA3287 Plasmid 46883 Addgene genome [115]
Alexeyev
curing
Mitochondria
Mikhail
pMA3288 Plasmid 46885 Addgene genome [115]
Alexeyev
curing

Continued on the next page
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Product
Name Type 4 Source Depositor | Application Ref
pLenti CMV Tet-on
Eric
rtTA3 Hygro Plasmid 26730 Addgene effector
Campeau
(w785-1) expression
Gateway™
David
pLX302 Plasmid 25896 Addgene Destination | [139]
Root
Vector
For making
Gateway™
pDONR221 Plasmid | 12536017 | ThermoFisher
Entry
Plasmids
Kind gift of
Rolf Renne
pPUR-KLAR Plasmid Expression
(University
of Florida)
p3xFLAGCMV
Plasmid Lagunoff Lab Expression
10
3XFLAG10-
Plasmid Lagunoff Lab Expression
vCyc
3XFLAG10-
Plasmid Lagunoft Lab Expression
KapC
3XFLAG10-
Plasmid Lagunoff Lab Expression
KapB

Continued on the next page
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Product
Name Type 4 Source Depositor | Application Ref
pcDNA3.1 Plasmid Expression
Kind gift of
Tim Rose
pcDNA3
Plasmid (University Expression
3XFLAG LANA
of
Washington)
pLX302_3xFLAG-
Plasmid This thesis Expression
vFLIP-HS
pLX302-vFLIP-
Plasmid This thesis Expression
HS_V5
Lentiviral
Didier
psPAX2 Plasmid 12260 Addgene packaging
Trono
plasmid
VSV-G Env
Didier
pMD2.G Plasmid 12259 Addgene Expressing
Trono
Plasmid
Expression of
pC4HSU_KLAR BAC Lagunoft Lab KSHV Latent

Locus




Table 2.3: Primary Antibodies

Western
Target IFA
Company Product # Species Blot
Protein Dilution
Dilution
ATP5A
UQCRC2
SDHB Abcam ab110411 Mouse 1:1000 N/A
MT-CO2
NDUFBS
MT-CO2 Abcam ab110258 Mouse 1:1000 1:500
GAPDH Proteintech 60004-1-1g Mouse 1:5000 N/A
Cell
COXIV 4850 Rabbit N/A 1:200
Signaling
Cell
COXIV 11967 Mouse N/A 1:200
Signaling
Gift from A.
LANA Polson and Rabbit 1:2000 1:1000
D. Ganem
Advanced
ORF59 Biotechnolo- 13-211-100 Mouse N/A 1:3000
gies
Sigma-
FLAG Tag F3165 Mouse 1:1000 1:500
Aldrich
V5 Tag Proteintech 14440-1-ap Rabbit 1:1000 1:200
MRPS34 Novus NBP2-45432 Mouse 1:1000 N/A




Table 2.4: Secondary Antibodies

Western
Antibody Target IFA
Company | Product # | Species Blot
Name Species Dilution
Dilution
IRDye
Mouse LI-COR 926-68070 Goat | 1:10,000 N/A
680RD
IRDye
Rabbit LI-COR 926-68071 Goat 1:10,000 N/A
680RD
IRDye
Mouse LI-COR | 926-32210 Goat | 1:10,000 | N/A
800CW
IRDye
Rabbit LI-COR 926-32211 Goat 1:10,000 N/A
800CW
Alexa Fluor
488 F(ab’)2 | Mouse | Invitrogen | A-11017 Goat N/A 1:1000
fragment
Alexa Fluor
488 F(ab’)2 | Rabbit | Invitrogen | A-11070 Goat N/A 1:1000
fragment
Alexa Fluor
594 F(ab’)2 | Mouse | Invitrogen | A-11020 Goat N/A 1:1000
fragment
Alexa Fluor
594 F(ab’)2 | Rabbit | Invitrogen | A-11072 Goat N/A 1:1000

fragment
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Chapter 3

CRISPR/CAS9 SCREENING FOR ESSENTIAL GENES
DURING LATENT KSHV INFECTION OF HUMAN
ENDOTHELIAL CELLS

3.2 is adapted from an accepted manuscript [57], 3.3 is currently unpublished data
3.1 Abstract

Kaposi’s Sarcoma associated-Herpesvirus (KSHV) is the etiologic agent of Kaposi’s Sar-
coma (KS) and Primary Effusion Lymphoma (PEL). The main proliferating component of
KS tumors is a cell of endothelial origin termed the spindle cell. Spindle cells are predomi-
nantly latently infected with only a small percentage of cells undergoing viral replication. As
there is no direct treatment for latent KSHV | identification of host vulnerabilities in latently
infected endothelial cells could be exploited to inhibit KSHV associated tumor cells. Using
a pooled CRISPR/Cas9 lentivirus library, we identified host factors which are essential for
the survival or proliferation of latently infected endothelial cells in culture, but not their
uninfected counterparts. To distinguish between knock-outs inhibiting cellular proliferation
and those inducing cell death, we collected the dead cells floating in the culture supernatant
and sequenced this population to positively screen for the induction of cell death in addition
to sequencing the live cells to negatively screen for the inhibition of proliferation. To vali-
date our initial screen, we synthesized a custom CRISPR/Cas9 lentiviral library targeting
the top 350 genes by MAGeCK score from our live cell screen, as well as the top 350 genes

by median log fold change in our dead cell screen. This sub-pool screen gave us the power
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to identify strongly selective hits from our initial screen, including the negative apoptosis

regulator BCL2L1.

3.2 Introduction

Kaposi’s Sarcoma (KS) predominately arises in the context of immune suppression in the
developed world but not in sub-Saharan Africa, where KS is common in both HIV positive
and negative patients [18]. While antiretroviral therapy eliminates KS in many patients
with AIDS, not all cases are resolved. KS tumors are complex, highly vascularized lesions
whose primary proliferating component is the spindle cell, a cell that expresses markers of
endothelium. The majority of spindle cells are latently infected with KSHV with just a small
percentage of cells expressing lytic transcripts [146]. Herpesvirus infections are classically
treated with nucleoside analogs but this has not been effective for KS treatment, presumably
because cellular latency is the predominant state of the virus in the tumor cells. Traditional
chemotherapeutics are effective in some patients, but their toxicity and inaccessibility mean
they are not realistic options in settings with limited resources where KSHV is more prevalent
[18]. Therefore, a comprehensive examination of the cellular processes which are essential
for latently infected cells has utility in identifying gene products that can be targeted with
existing, accessible therapies.

Cultured human endothelial cells infected with KSHV recapitulates the proportion of
latent and lytic cells seen within KS tumors providing a culture model for KSHV latency in
tumors [74]. Using cell culture systems, our lab has identified several cellular pathways which
can be used to selectively target latently infected cells in vitro [25, 26, 109, 121]. Recently
developed lentivirus encoded CRISPR/Cas9 based screening platforms have enabled large
scale interrogation of so called Achilles genes within a population of human cells [132].
These screens can be used to identify factors that are essential to the survival of cancer cells.

Similar approaches have been used to identify genes which are critical for the survival of
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B-cell lymphomas infected with EBV [85]. Another important study identified genes critical
for survival of primary effusion lymphoma cells (PELs) [88]. PELs are a non-Hodgkin’s
B-cell lymphoma which all maintain latent KSHV infection, though a majority of cases
also contain EBV. While many interesting genes were identified and the study was able
to compare EBV positive to EBV negative PELs, it lacked a true uninfected control for
KSHV. Another study utilized KSHV infected rat mesenchymal embryonic stem cells [48] to
identify genes important for KSHV transformation in this rat cell system. However, to date
no CRISPR/Cas9 essentiality screens have been performed in a human cell type relevant to
KS spindle cells with mock infected controls. To identify host factors which are required for
survival and proliferation of latently infected endothelial cells, we performed a genome-wide
CRISPR/Cas9 screen followed by smaller sub-pool screening to validate candidate essential

genes in human tert-immortalized microvascular endothelial cells (TIME cells).

3.3 Results

3.3.1 Whole Genome Screen Results

To determine the host factors required for cells latently infected with KSHV to proliferate
and survive, we used half of the Human Activity-Optimized CRISPR/Cas9 lentivirus library
[132] to generate a mutant pool of cells containing gRNA and Cas9 expressing lentiviruses
targeting 18,166 human genes with 5 gRNAs each (Figure 3.1A). Approximately 150 million
cells were transduced at an MOI of ~0.6 and two days later were placed under selection
with puromycin for three days, the time by which non-transduced TIME cells in a control
flask were completely killed. The cells were grown out for an additional two days and
then split into two sets of flasks, each representing approximately 1000x coverage of the
lentiviral library in 90 million cells. Once the cells were settled half were infected with
KSHYV obtained from induction of BCBL-1 cells. Two days later these cells were reinfected

with KSHV to ensure that infection rates remained sufficiently high for the remainder of the
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experiment. After the second infection 91% of cells stained positive for LANA, a marker of
KSHYV latency. For eight days the cells were passaged, splitting to maintain representation
of the library. At each passage the dead cells in the supernatant of both the control and
KSHYV infected samples were pelleted. At the end of the 8 days, the live cells were harvested.
Genomic DNA was harvested from the live cell samples as well as the dead cell samples and
next-generation sequencing libraries were prepared and sequenced. gRNA abundances were
calculated and the changes in representation of guides targeting different genes between
infected and uninfected samples using MAGeCK [79]. sgRNAs depleted in the live cells
infected with KSHV relative to the uninfected population were identified (Figure 3.1B and
Supplementary Table 1). 146 genes were significantly depleted from the live cell population
of latently infected TIME cells as compared to the uninfected TIME cells using a false
discovery rate cut-off of 0.25 (Table3.1). Importantly, this list is enriched for genes whose
products localize to mitochondria, which will be addressed in chapter 4 of this thesis. In
addition to essential factors, two genes, KCTD10 and HSPA4, were significantly enriched in
our live cell screen during KSHV infection relative to mock infection. Their enrichment in
our live cell screen implies that these two genes restrict the growth of KSHV infected cells
but not mock infected controls. ~1600 genes were enriched in the dead cell population by
greater than 2.75 fold median log fold change across sgRNAs for each gene when comparing
the infected cells to the uninfected cells (Figure 3.2 and Supplemental Table 2). From the
whole genome screen, groups of possible essential genes can be identified and pursued with

targeted screening.
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Figure 3.1: CRISPR/Cas9 Whole Genome Screen to Identify Essential Host Factors During
KSHYV Infection of Endothelial Cells: (A) Schematic of TIME cell whole genome screen of
KSHYV infected cells. (B) Plot of the results of the live cell screen. The back line represents
the false discovery rate cut-off of 0.25. The size of the circles represents the magnitude of the
median log fold change for all sgRNAs for that particular gene. All red circles accompanied
by red text are genes whose gene products localize to mitochondria.
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Figure 3.2: Dead Cell Screen Histogram: Genes plotted using the median log-fold change
data from the dead cell screen. There is a bi-modal distribution where a subset of genes
in the library fall into a second peak where the median for those genes represents a 2.75 or
greater log2 fold change in KSHV infected cells when compared to uninfected controls.



Table 3.1: List of Genes Significantly Depleted
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Gene Glons Name sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

NDUFBT7 NADH:ubiquinone oxidoreductase 5 1 4 -2.1
subunit B7

DCHS1 dachsous cadherin-related 1 ) 2 4 -4.4

LSM11 LSM11, U7 small nuclear RNA as- 5 3 5 -3.0
sociated

SNX14 sorting nexin 14 ) 4 3 -4.2

VCAM1 vascular cell adhesion molecule 1 5 5 4 -2.4

FLIT FLII actin remodeling protein ) 6 2 -0.2

DNAJCS DnaJ heat shock protein family 5 7 4 -2.4
(Hsp40) member C8

MED10 mediator complex subunit 10 ) 8 ) -1.7

TBC1D9B  TBC1 domain family member 9B ) 9 4 -2.5

SMEK?2 protein phosphatase 4 regulatory 5 10 5) -2.1
subunit 3B

MAPKAPKS5 MAPK activated protein kinase 5 5 11 3 -0.5

RABL5 RAB5C, member RAS oncogene 5 12 3 -2.5
family

EPOR erythropoietin receptor 4 13 4 -4.3

TMEM39A transmembrane protein 39A 5 14 2 -0.2

AKIP1 A-kinase interacting protein 1 4 15 2 -0.8

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

ICT1 mitochondrial ribosomal protein 5 16 3 -1.5
L58

AP4B1 adaptor related protein complex 4 5 17 5 -1.7
subunit beta 1

PLXND1 plexin D1 4 18 4 -2.0

UBQLN1 ubiquilin 1 ) 19 ) -3.3

CHCHD5 coiled-coil-helix-coiled-coil-helix do- 4 20 2 -0.9
main containing 5

ARHGAP22 Rho GTPase activating protein 22 5 21 2 -0.3

CCDCT71L  coiled-coil domain containing 71 like 5 22 4 -3.5

GLG1 golgi glycoprotein 1 4 23 3 -1.1

NSF N-ethylmaleimide sensitive factor, 5 24 3 -0.9
vesicle fusing ATPase

coQ7 coenzyme Q7, hydroxylase 5 25 4 -3.9

POLRI1C RNA polymerase I and III subunit 5 26 5 -2.9
C

HEXB hexosaminidase subunit beta 5 27 5 -3.1

DCUNI1D5  defective in cullin neddylation 1 do- 4 28 3 -2.2
main containing 5

FAM171B  family with sequence similarity 171 5 29 5 -1.8
member B

CRLS1 cardiolipin synthase 1 ) 30 ) -2.1

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

BRD2 bromodomain containing 2 ) 31 4 -3.1

SYDE2 synapse defective Rho GTPase ho- 5 32 5 -1.8
molog 2

CAPS calcyphosine 5 33 4 -3.2

C4orf29 abhydrolase domain containing 18 5 34 1 0.2

CCNL2 cyclin L2 5 35 5 -2.7

SPC24 SPC24 component of NDC80 kine- 5 36 4 -1.8
tochore complex

PARP9Y poly(ADP-ribose) polymerase fam- 5 37 3 -1.2
ily member 9

CREBRF CREBS regulatory factor 5 38 5 -2.2

ZNF462 zinc finger protein 462 ) 39 4 -2.1

FKTN fukutin ) 40 4 -2.0

ZNF813 zinc finger protein 813 5) 41 2 -0.2

TXNRD2 thioredoxin reductase 2 ) 42 ) -1.6

CMKLR1 chemerin chemokine-like receptor 1 4 43 3 -2.0

KCNJ12 potassium inwardly rectifying chan- 5 44 1 -0.1
nel subfamily J member 12

ATL1 atlastin GTPase 1 5 45 5 -2.2

CACNBI1 calcium voltage-gated channel aux- 5 46 4 -1.1
iliary subunit beta 1

TORIAIP1 torsin 1A interacting protein 1 5 47 4 -1.4

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

PTRHD1 peptidyl-tRNA hydrolase domain 5 48 4 -1.8
containing 1

SLC6A15 solute carrier family 6 member 15 5 49 4 -1.5

RMI1 RecQ mediated genome instability 5 50 4 -2.5
1

PTCD3 pentatricopeptide repeat domain 3 5 o1 ) -1.7

DYNC1I2 dynein cytoplasmic 1 intermediate 5 52 4 -2.2
chain 2

ARHGEF18 Rho/Rac guanine nucleotide ex- 5 53 4 -2.0
change factor 18

PTPN14 protein tyrosine phosphatase non- 5 54 4 -2.4
receptor type 14

HECTD1 HECT domain E3 ubiquitin protein 5 55 4 -3.5
ligase 1

EFCAB13  EF-hand calcium binding domain 5 26 4 -0.9
13

DCUN1D2 defective in cullin neddylation 1 do- 5 57 3 -1.3
main containing 2

THEMIS2  thymocyte selection associated fam- 5 58 5 -1.5
ily member 2

ZNF382 zinc finger protein 382 5 59 4 -1.3

STK17A serine/threonine kinase 17a 5 60 3 -2.4

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC
ZNF483 zinc finger protein 483 ) 61 2 -0.2
OSTF1 osteoclast stimulating factor 1 5 62 2 -0.2
CRTC3 CREB regulated transcription coac- 5 63 3 -2.8
tivator 3
RBPMS RNA binding protein, mRNA pro- 5 64 4 -2.1
cessing factor
BCKDHB  branched chain keto acid dehydro- 4 65 3 -0.9
genase E1 subunit beta
SEC24B SEC24 homolog B, COPII coat 5 66 4 -2.6
complex component
RARS arginyl-tRNA synthetase 1 5 67 3 -0.9
ADD3 adducin 3 5 68 4 -2.1
GBP4 guanylate binding protein 4 5 69 5 -2.1
ATXN7L3  ataxin 7 like 3 5 70 2 -0.1
WNT9IA Wnt family member 9A 4 71 1 1.0
CTorf43 microtubule associated protein 11 5 72 4 -2.5
TFEB transcription factor EB 4 73 3 -2.5
GLCCI1 glucocorticoid induced 1 5 74 4 -2.2
EXOSC5H exosome component 5 ) 75 3 -0.7
ZNF438 zinc finger protein 438 ) 76 4 -1.8
IL15 interleukin 15 ) 7 ) -1.7
TDRD3 tudor domain containing 3 4 78 4 -2.2

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

ITSN2 intersectin 2 5 79 3 -3.0

BLMH bleomycin hydrolase ) 80 2 -0.3

ABCB1 ATP binding cassette subfamily B 5 81 5 -1.3
member 1

POU4F1 POU class 4 homeobox 1 ) 82 4 -1.6

MMS22L MMS22 like, DNA repair protein 5 83 4 -2.3

MXD3 MAX dimerization protein 3 5 84 4 -2.2

SP110 SP110 nuclear body protein 5 85 4 -1.8

MRPL40 mitochondrial ribosomal protein 5 86 4 -2.0
L40

POLE4 DNA polymerase epsilon 4, acces- 4 87 3 -2.4
sory subunit

ATP6V1F  ATPase H+ transporting V1 sub- 5 88 2 -0.6
unit F

IL17RA interleukin 17 receptor A 5 89 4 -1.6

HSPBP1 HSPA (Hsp70) binding protein 1 5 90 3 -2.7

NPFF neuropeptide FF-amide peptide 5 91 4 -1.1
precursor

DTWD?2 DTW domain containing 2 5 92 ) -1.7

AARS2 alanyl-tRNA synthetase 2, mito- 5 93 2 -0.1

chondrial

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

POLE DNA polymerase epsilon, catalytic 5 94 4 -2.7
subunit

FIGNL1 fidgetin like 1 4 95 4 -1.2

ITFG2 integrin alpha FG-GAP repeat con- 5 96 4 -1.8
taining 2

HIP1R huntingtin interacting protein 1 re- 5 97 1 0.2
lated

ZNF837 zinc finger protein 837 5 98 4 -2.5

TEX2 testis expressed 2 5 99 2 0.0

CROT carnitine O-octanoyltransferase 4 100 4 -2.3

ATP11C ATPase phospholipid transporting 4 101 4 -1.5
11C

RRNADI1 ribosomal RNA adenine dimethy- 5 102 2 -0.3
lase domain containing 1

SRFBP1 serum response factor binding pro- 5 103 2 -0.6
tein 1

EIF3L eukaryotic translation initiation fac- 5 104 ) -1.3
tor 3 subunit L

MAGI1 membrane associated guanylate ki- 5 105 3 -0.6

nase, WW and PDZ domain con-

taining 1

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

SDCCAGS8  serologically defined colon cancer 4 106 3 -2.1
antigen 8

CUL7 cullin 7 5 107 3 -1.2

SDHD succinate dehydrogenase complex 5 108 3 -1.2
subunit D

SLC7A1 solute carrier family 7 member 1 4 109 4 -1.6

ZNF566 zinc finger protein 566 ) 110 1 0.0

ZNF343 zinc finger protein 343 ) 111 3 -2.0

SULT1E1 sulfotransferase family 1E member 5 112 4 -2.7
1

DHRS13 dehydrogenase /reductase 13 5 113 2 -0.2

PPP1R37 protein phosphatase 1 regulatory 5 114 3 -0.8
subunit 37

MEIS1 Meis homeobox 1 5 115 5 -2.0

CBX8 chromobox 8 5 116 2 -0.4

TMEM45A  transmembrane protein 45A 5 117 4 -1.8

FUK fucose kinase 5 118 4 -2.8

JAK2 Janus kinase 2 5 119 5 -2.0

HOOK2 hook microtubule tethering protein 5 120 2 -0.5
2

MED9 mediator complex subunit 9 4 121 3 -1.3

SLC48A1 solute carrier family 48 member 1 4 122 4 -1.7

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC

LYAR Ly1 antibody reactive 5 123 5 -1.6

SKIL SKI like proto-oncogene 5 124 3 -0.8

FOXJ3 forkhead box J3 5 125 2 -0.1

SH3RF2 SH3 domain containing ring finger 5 126 3 -2.3
2

PLCB1 phospholipase C beta 1 5 127 4 -2.8

MEAFG6 MYST/Esal associated factor 6 > 128 5 -1.5

TAZ tafazzin 5 129 3 -0.9

NCAPH non-SMC condensin I complex sub- 5 130 2 -0.4
unit H

IL1IRL1 interleukin 1 receptor like 1 ) 131 ) -1.2

NECAP2 NECAP endocytosis associated 2 5 132 3 -3.2

CKAP4 cytoskeleton associated protein 4 5 133 4 -1.4

ZNFT736 zinc finger protein 736 5 135 5 -1.6

ChHorf22 chromosome 5 open reading frame 5 136 3 -2.2
22

NPRL2 NPR2 like, GATOR1 complex sub- 5 137 5 -2.3
unit

CIAO1 cytosolic iron-sulfur assembly com- 5 138 2 -0.2
ponent 1

ZNF358 zinc finger protein 358 ) 139 3 -0.8

PRRC2B proline rich coiled-coil 2B 5 141 2 -0.2

Continued on the next page
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Gene e e sg Rank sgRNAs | Median
Symbol RNAs Depleted | Log FC
ATP6V1C2 ATPase H+ transporting V1 sub- 5 140 1 0.0
unit C2
UCHL1 ubiquitin C-terminal hydrolase L1 5 143 4 -2.0
KIF11 kinesin family member 11 ) 145 2 0.5
GLI2 GLI family zinc finger 2 ) 144 4 -1.6
AHR aryl hydrocarbon receptor 5 146 4 -2.0
FUT1 fucosyltransferase 1 (H blood 5 147 5 -1.7
group)
CPE carboxypeptidase E 5 148 3 -1.0

3.3.2  Sub-pool Validation Screen Results

To validate the whole genome screen detailed above, the top 350 genes by MAGeCK
rank in the live cell screen, the top 350 genes by median log fold change from the dead cells
screen, and 100 genes whose median log fold change values were near zero in both the live
cell and dead cell screens were complied into a list of targets for the sub pool. We used
gRNAs from the half of the Human Activity-Optimized CRISPR/Cas9 lentivirus library
that was not used from the initial screen as well as gRNAs from two other commonly used
CRISPR/Cas9 libraries, the Toronto Knockout Library [52], and the Brunello Library [29].
After duplicates were eliminated, this left us with approximately 13 gRNAs per gene and 500
gRNAs which were non-targeting to use as controls. The library was synthesized, cloned,
and virus particles made as described by the Zhang lab [66]. Cells were transduced and
selected as was done in the whole genome screen above. Two replicate experiments were

run and their results were compared to confirm gene essentiality. Both the mock infected
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and KSHV infected cells showed a decrease in abundance of sgRNAs targeting genes which
are considered generally essential in the Cancer Dependency map [126] when compared to
the initial population of transduced cells (Figure 3.3A for mock, 3.3B for KSHV). sgRNAs
targeting nonessential genes remained at relatively similar levels between initial and final
transduced cells populations. The selective depletion of gRNAs targeting essential genes
indicates that our screen was functioning as expected over the course of the experiment.
The weaker relative MAGeCK scores in the KSHV infected population is likely due to the
reduced proliferation rate in KSHV infected cells causing slower depletion of essential alle-
les relative to controls and non essential genes. Comparison of mock infected and KSHV
infected live cell populations at the end of the experiment showed little correlation between
replicates (Figure 3.4A, Table 3.2). Similarly, the sequenced dead cell populations did not
show a strong correlation between replicates. However, there are a number of genes whose
scores correlated between samples (Figure 3.4B). A number of mitochondrial localizing genes
have well correlated scores in the live cell screen, including MRPS34 which will be exam-
ined in chapter 4 of this thesis. The anti-apoptotic, mitochondrial dysfunction responsive
BCL2L1 had the highest combined score in the two replicates and viability assays confirmed
that two sgRNAs selectively induced cell death following KSHV infection when compared to
a non-targeting control sgRNA (Figure 3.5). 8 of the 12 sgRNAs tested were significantly
depleted across both replicates, while the other four sgRNAs unchanged. While far from
saturation, sgRNA target sequences were spread out across the coding sequence. The two
sgRNAs showing the largest change in both replicates target the BH3 domain of BCL2L1,
with one of the guides being completely absent in the KSHV sample of both replicates while
remaining present in the initial and mock infection samples. The high intolerance for loss
suggests an essential function for this domain, such that in-frame mutations still result in loss
of the cell from the infected population. This is of interest as the BH3 domain is essential

for sequestering pro-apoptotic factors, and a paralog of BCL2L1, MCL1 was one of the top
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scoring genes in a screen of PELs [88]. These two factors have been describes as being the
primary BCL2-family proteins which sequester the pro-apoptotic protein BAK [137], indi-
cating there may be a shared pathway through which both KHSV infected endothelial cells
and KSHV infected PELs may be dependent. Sub-pool screening informed by whole genome
screening enabled more precise identification of genes on which KSHV infected endothelial

cells are dependent for survival.

3.4 Discussion

While traditional chemotherapies and newer personalized medical approaches have im-
proved clinical outcomes for KS in the developed world, cost and availability limit their
utility in developing countries (Cesarman et al., 2019). As KS is the third most common
cancer in Sub-Saharan Africa, there is a need for readily available therapies. Whole genome
essentiality screens have already been applied to a number of different cancers [51, 5] as well
as human viral infections [103, 80, 145]. These screens are an effective source of potential
therapeutic targets in preclinical work. We used CRISPR/Cas9 lentiviral library screening
to identify cellular genes whose function is essential for the survival of human endothelial
cells latently infected with KSHV, the cell type most relevant for KS spindle cells. We found
146 potential targets in our initial whole genome screen, a number of which can be targeted
with approved drugs or drugs which are in clinical trials. Our initial screen was limited by
physical and practical constraints. TIME cells are large relative to many other cultured cell
types, for example 293T cells reach approximately 3x10° per cm? at confluence while TIME
cells only reach roughly 5x10* per cm?, meaning around seven times the culture surface area
would be needed to achieve the same representation in a transduced population. For this
reason we chose to transduce just half of the CRISPR/Cas9 library, and do so at an MOI of
~0.6. Even with these compromises, nearly the entire cell culture capacity of the laboratory

was taken for several weeks. For these reasons, we decided against an additional replicate
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Figure 3.3: Sub-pool Screen Depletion of sgRNAs Targeting Essential Genes: Separation of
the target genes in the sgRNA library into either generally essential (blue) or nonessential
(red) categories to confirm successful implementation of the CRISPR library and screening
protocol. -Log MAGeCK scores for separate replicate experiments are represented on each
axis. The final mock population of live cells is compared to the initial population in panel
”A” showing selection for essential genes over the course of the 8 day experiment. In panel
”B” the final KSHV infected population is compared to the initial population, also showing
depletion of generally essential genes while nonessential genes are relatively unchanged over
the course of the experiment.
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-log MAGeCK scores from an independent experiment. Plots examining the correlation
between replicates of both the live cell (A) and dead cell (B) screens. Each point represents
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green being from the whole genome live cell screen, orange from the whole genome dead cell
screen, and blue from the unchanged control gene set.
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Figure 3.5: BCL2L1 is essential for Infected Endothelial Cells: TIME cells transduced with
a non-targeting control (NTC) sgRNA or one two sgRNAs from the sub-pool library target-
ing BCBL1 were infected and cell viability was measured after 48 hours using trypan blue
staining. (Paired t-test, ***P ;0.001, ****P ;0.0001, n=3

of the initial screen, and instead to use the results of the first screen to generate a second,
smaller library for more powerful determination of essentiality during KSHV infection. While
the initial screen was sufficient for the generation of useful hypotheses, including mitochon-
drial translation which is the subject of chapter 4, sub-pool screening illuminated the short

comings of the whole genome screen and pinpointed a few targets on which KSHV infected

endothelial cells are more likely to be dependent.



Table 3.2: List of Genes Depleted In Subpool Screening

Gene Symbol | sgRNAs | FDR Rank | sgRNAs Depleted | Median Log FC
DUSP5 11 0.011719 1 9 -0.48799
FAM43A 12 0.052734 2 11 -0.41284
CHD1 12 0.061198 3 9 -0.38813
ACADS 12 0.07666 4 11 -0.28479
BCL2L1 12 0.07666 5 10 -1.1755
CYP27A1 12 0.07666 6 10 -0.38773
YLPM1 13 0.07666 8 4 -0.46381
ZNF579 12 0.136719 9 7 -0.49551
CCDC85B 12 0.145703 10 9 -0.46149
CMKLR1 12 0.154474 11 9 -0.33901
FKRP 11 0.170373 12 10 -0.4214
SH2D5 13 0.170373 13 10 -0.31978
NECAP2 11 0.182199 14 9 -0.41605
MSX1 11 0.189844 15 9 -0.35147
XPO6 13 0.195068 16 9 -0.37927
WWC3 13 0.224609 17 9 -0.4009
SCAF1 13 0.224609 18 4 -0.369
CERK 10 0.224712 19 5 -0.74361

64
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Chapter 4

THE ESSENTIALITY OF MITOCHONDRIAL TRANSLATION
DURING LATENT KSHV INFECTION

This chapter is adapted from a manuscript in preparation [57]

4.1 Abstract

Among the many host genes identified in our whole genome CRISPR/Cas9 Screen, there
was an enrichment in genes localizing to the mitochondria, including genes involved in mi-
tochondrial translation. Antibiotics which inhibit bacterial and mitochondrial translation
specifically inhibited the expansion of latently infected endothelial cells and caused increased
cell death in patient derived PEL cell lines. Direct inhibition of mitochondrial respiration or
ablation of mitochondrial genomes induced increased death in latently infected cells. KSHV
latent infection decreases mitochondrial numbers but there are increases in mitochondrial
size, genome copy number, and transcripts. However, there is no increase in mitochondrial
protein levels. The latent locus alone is sufficient to suppress mitochondrial translation and
multiple gene products of the latent locus at least partially localize to the mitochondria
when exogenously expressed. During latent infection, KSHV significantly alters mitochon-
drial biology leading to enhanced sensitivity to the inhibition of mitochondrial respiration,

providing a potential therapeutic avenue for KSHV associated cancers.
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4.2 Introduction

The observation of increased glycolysis and decreased aerobic respiration in cancer cells
relative to normal tissue was first observed by Otto Warburg in the early 20th Century
[134]. Warburg’s findings led him to hypothesize that cancer is a metabolic disease which
is driven by mitochondrial dysfunction [135]. Contradictory to Warburg’s hypothesis, it is
now thought that the metabolic changes observed during cancer metabolism are a phenotype
observed in proliferating cells, whether transformed or not [104]. Additionally, mitochondrial
function is often essential for the proliferative success of cancer cells [122]. The induction
of metabolic changes during viral infection, including infection by oncogenic viruses, has
been well studied over the past 15 years [109, 99]. Since mitochondria serve central roles
in metabolism, apoptosis, and innate immunity, a number of viruses encode proteins which
localize to mitochondria and many of them alter mitochondrial function. While alteration of
metabolic function is important for virus production, the role of altered metabolism during
latent infection is less clear. Oncogenic viruses provide a unique context to study alteration

of metabolism in the absence of somatic mutations.

4.3 Results

4.3.1 Components of the Mitochondrial Translation Machinery are Essential for Latent
KSHYV Infection

Approximately 10% of the genes depleted from our live cell screen encode proteins that
localize to the mitochondria (Figure 3.1B, red labeled genes). This represents an enrich-
ment from ~6% of the total nuclear genes whose products localize to the mitochondria. The
largest subset of mitochondrial genes identified in the screen have functions in mitochondrial
translation and respiration (Figure 4.1A). The mitochondrial ribosomal subunits MRPS39
and MRPL40 had mean counts roughly four times lower in the KSHV infected population
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relative the uninfected control in the live cell screen (Figure 4.1B). The mitochondrial ribo-
somal subunits MPRS34, MRPL20, and MRPL41 were counted in our dead cell screen while
having little to no counts in our mock infected population (Figure 4.1C). In an independent
set of experiments, two sgRNAs targeting MRPS34 were able to knock-out MRPS34, and
lead to a reduction in protein levels of a mitochondrial genome encoded gene COXII (Figure
4.1D). TIME cells lacking MRPS34 displayed reduced proliferation during KSHV infection
when compared to TIME cells transduced with a non-targeting control (NTC) sgRNA at 72
hours post infection (Figure 4.1E). Overall, the screen implicated mitochondrial translation
as a potential vulnerability which can be used to inhibit the proliferation and survival of

latently infected TIME cells.

4.83.2  Antibiotics Interfere with Proliferation and Survival of KSHV Infected Cells

Since mitochondrial ribosomes are structurally more closely related to bacterial ribosomes
than eukaryotic ribosomes, antibiotics which target bacterial ribosomes can be used to selec-
tively inhibit mitochondrial translation [20]. To test for sensitivity to antibiotics that inhibit
mitochondrial translation also inhibit cells latently infected with KSHV, chloramphenicol,
which interferes with the large mitochondrial ribosomal subunit, and tigecycline, which in-
hibits the small subunit were used to treat latently infected cells. KSHV infected TIME cells
showed a dose-dependent decrease in cell confluence relative to mock infected controls for
both chloramphenicol (Figure 4.2A) and tigecycline (Figure 4.2B) after 48 hours of treat-
ment. Therefore, treatment of infected TIME cells with tigecycline or chloramphenicol leads
to an inhibition of cell expansion. To determine if this sensitivity is unique to infected en-
dothelial cells, KSHV negative and KSHV positive B-cell lymphomas were also tested for
sensitivity. KSHV positive B-cells show a dose dependent sensitivity to treatment with either
antibiotic at 48 hours post treatment (Figure 4.2C&D). The B-cells show a strong induction

of cell death, not just limitation of proliferation. To confirm that the antibiotic is having the
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Figure 4.1: CRISPR/Cas9 Screen Identifies Mitochondrial Translation as an Essential Pro-
cess for KSHV Infected Endothelial Cells: (A) Gene set enrichment analysis for the mito-
chondrial localizing genes from the live cell CRISPR/Cas9 screen in chapter 3. Average
sgRNA values relative to mock infection were plotted for non targeting controls (NTCs) and
guides targeting MRPS39 and MRPL40 from the live cell screen (B) and MRPS34, MRPL20,
and MRPL41 from the dead cell screen (C). Western blot showing depletion of MRPS34 with
two separate sgRNAs and simultaneous reduction in COXII expression (D), GAPDH shown
for loading control on two separate blots). The transduced cell lines from D have suppressed
growth rates during KSHV infection relative to mock infection (E)
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expected effect at the given concentrations, we performed a western blot comparing levels of
nuclear and mitochondrial encoded gene products with and without treatment with either
chloramphenicol or tigecycline. At 36 hours post treatment, before large scale cell death
is observed, there is a visible suppression of COXII by antibiotics selectively in the KSHV
infected B-cells but not a substantial decrease in the nuclear encoded mitochondrial proteins

(Figure 4.3A&B).

4.8.8  Mitochondrial Respiratory Function is an FEssential Process During Latent KSHV

Infection

If suppression of mitochondrial translation is essential due to the loss of expression of res-
piratory complex components, then inhibitors of respiration should also lead to increased cell
death and decreased proliferation in KSHV infected cells. KSHV infected TIME cells were
treated with the complex I inhibitor rotenone but showed no difference in cellular proliferation
when compared to uninfected controls (Figure 4.5). However, endothelial cell media contains
pyruvate, which is known to rescue cells from rotenone sensitivity and there is no available
pyruvate free endothelial media [70]. Therefore, we tested KSHV infected PELs in media
lacking pyruvate and found a dose-dependent increase in cell death (Figure 4.4A), similar to
the increase in cell death from chloramphenicol and tigecycline treatment. As an alternative
way to test for the essentiality of respiration during KSHV infection of endothelial cells, mi-
tochondrial genomes were eliminated from TIME cells using a genetic, inducible mutagenesis
system [115]. The mutagenesis system use a mutant uracil N-glycosylase (mtUNG) which
removes thymine from DNA. The enzyme has a mitochondrial targeting sequence added and
is placed under the control of a tet-inducible promoter. As a control, the wild type enzyme
(wtUNG) which can only remove uracil from RNA is placed in an identical expression system.
After two weeks of induction, cells were removed from doxycycline and loss of expression of

the mitochondrial genome encoded COXII was confirmed by western blot (Figure 4.6A).
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Figure 4.2: Antibiotics Targeting Bacterial Translation Inhibit the Growth and Survival of
Cells Latently Infected with KSHV: Treatment of KSHV infected TIME cells suppresses
cell growth in a dose dependent manner with both chloramphenicol (A) and tigecycline (B)
(Mean with SEM of 3 replicate experiments). KSHV Infected PELs exhibit a dose-dependent
induction of cell death for both chloramphenicol (C) and tigecycline (D) which is not seen
in B-cell lymphomas lacking KSHV (BJAB and RAJI).
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Figure 4.3: Antibiotic Treatment Suppresses Expression of Mitochondrial Encoded Genes:
KSHYV negative (BJAB) B cell lymphoma is compared to two KSHV positive PELs (BCBL-1
and BC-1) after treatment with either chloramphenicol (A) or Tigecycline (B). Cells were
lysed 36 hours post treatment and lysates ananlyed by western blot for mitochondrial pro-
teins. COXII (in red) is encoded in the mitochondiral genome, and its suppressed by an-
tibiotic treatment in all cells, but the levels of the protein are the lowest in treated KSHV
infected B cells.



72

Cell proliferation was compared between cells with intact mitochondria and those without
functioning mitochondrial genomes in both the presence and absence of KSHV infection.
Cells were plated to 24 well plates an imaged on an Incucyte for 6 days with media changes
every two days. The resulting curves show that depletion of mitochondrial genomes leads to
a decrease in proliferation during KSHV infection (Figure 4.4B) and an increase in log phase
doubling time (Figure 4.6B). Additionally, KSHV infection selectively induces death in cells
lacking functional mitochondrial when compared to mock infected controls (Figure 4.4C).
Taken together, these results show that inhibitors of respiration or elimination of functional
mitochondrial genomes from cells leads to inhibition of cellular proliferation in the case of
TIME cells, and induction of cell death in KSHV infected PELs. These results suggest that
inhibition of mitochondrial respiration is required for the proliferation and survival of cells

latently infected with KSHV.

4.8.4  Latent KSHV Infection Increases Mitochondrial Transcripts and Genome Copy Num-

ber

Previous work from our lab established that mitochondrial function is decreased during
KSHYV infection [25]. One possible explanation which is consistent with both the decreased
mitochondrial function and sensitivity to antibiotic treatment is that mitochondria are phys-
ically defective in cells latently infected with KSHV. Defects in mitochondrial function can
lead to a fragmented mitochondrial network, a previously observed characteristic of certain
cancers exhibiting Warburg metabolism [38]. To better characterize the state of the mi-
tochondrial network during KSHV infection, mock and KSHV infected and mock infected
endothelial cells were fixed to slides and probed for COXIV as a marker for mitochondria.
Images were analyzed using an ImageJ plugin for examining mitochondrial networks [91].
There was a decrease in the average number of mitochondria per cell (effect size of ~47.9),

and increases in the average size and length of mitochondria (effect sizes of 38.6% and 25.1%
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Figure 4.4: Inhibition of Respiration or Loss of Mitochondrial Genomes Suppresses Prolifer-
ation and Survival of KSHV Infected Cells: (A) Rotenone induces cell death in PELs in a
dose-dependent manner while BJAB and RAJI cells show no sensitivity at the tested con-
centrations. (B) After ablation of functional mitochondrial genomes, KSHV infected cells
lacking mitochondria grow at a slower rate when compared to mock infected cells lacking mi-
tochondria. (C) Additionally, KSHV infected cells lacking mitochondrial show an induction
in cell death upon infection relative to controls (Paired t-test *P <0.05, n=3).
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Figure 4.5: KSHV Infected TIME Cells are insensitive to Rotenone Treatment: TIME cells
latently infected with KSHV were treated with increasing concentrations of rotenone from
24 to 72 hours post infection. They were then fixed stained with crystal violet and the dye
was re-suspended and read on a plate reader to quantify changes in cellular proliferation.
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Figure 4.6: Loss of Mitochondrial DNA Eliminates Expression of Mitochondrial Genes and
Increases Doubling Time During Infection: Two weeks of induction using a mutagenesis sys-
tem to catastrophically mutate michondiral genomes eliminates expression of cells expressing
mtUNG, but not the control wtUNG (A). Infection of the cells lacking mitochondrial genomes
increases the cellular log phase doubling time relative to controls (B).

in KSHV infected cells relative to mock cells, respectively) (Figure 4.7A-C).

Mitochondrial function can be altered at the level of mitochondrial gene transcription.
Our previously published RNA-Seq data set [121] was analyzed to look at average gene ex-
pression across each chromosome, including the mitochondrial chromosome. While the mean
change in transcript level for all genes on a given chromosome was near zero for every nu-
clear chromosome, the mitochondrial genome showed a ~1.29 fold average increase during
KSHYV infection (Figure 4.8A). This increase in expression is primarily from tRNAs (Fig-
ure 4.8, which are the only transcripts stabilized by polyadenylation in mitochondria and
our cDNA library was poly-dT primed. To confirm that transcription of the entire mito-
chondrial genome is increased during KSHV infect, RT-qPCR primed with random primers
showed that transcripts of both strands of the mitochondrial genome are increased during
KSHYV infection (Figure 4.7). To determine if the increase in transcript levels was related

to genome copy number, qPCR of mitochondrial genome copy number showed that KSHV
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infected TIME cells possess approximately twice as many mitochondrial genomes as mock
infected cells (Figure 4.7). Overall, KSHV infection of TIME cells leads to an increase in
the size, length, transcript levels, and genome copies per cell of mitochondria, while de-
creasing the overall number of mitochondria. These results are not consistent with defective
mitochondria, therefore the reduction in oxygen consumption observed during KSHV in-
fection is independent of mitochondrial network structure, mitochondrial transcription, and

mitochondrial genome copy number.

4.3.5 KSHV Latent Locus Decreases Fxpression of a Mitochondrial Genome Encoded Pro-

tein

To determine if increased levels of mitochondrial genomes per cell and transcript lead to
increased protein levels, the levels of mitochondrial encoded protein cytochrome C oxidase
IT (COXII) were checked by western blot of cell lysates alongside human genome encoded
proteins which localize to the mitochondria. TIME cells infected with wild type KSHV
derived from BCBL-1 cells showed no significant decrease in COXII expression compared to
mock infected TIME cells (Figure 4.9A). It is possible that an increase in mitochondrial copy
number and transcript levels is counteracted by another mechanism suppressing expression
of mitochondrial proteins during infection. To test for suppression of mitochondrial proteins,
293T cells were infected with BAC16 derived deletion viruses and compared to mock and
wild type infected 293T cells to find changes in COXII expression. While wild type BAC16
KSHYV shows a similar slight suppression of COXII compared to mock infection, deletion
viruses lacking vFLIP show an increase in COXII expression relative to mock infected cells
(Figure 4.9B). Importantly, the increase in COXII expression observed is similar to the
roughly 30% increase observed in mitochondrial transcript levels. To test if the latent locus
of KSHYV is sufficient for suppression of COXII, a plasmid carrying the entire latent locus

was transfected into 293T cells at increasing concentrations and cells were harvested for
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Figure 4.7: KSHV Infection Induces Changes in the Mitochondrial Network and Increases
Mitochondrial Transcription and Genome Copy Number: KSHV infected cells were analyzed
by immunofluorescence for changes in the mitochondrial network in single cells. The average
mitochondrial number decreased per cell (A) while the average area (B) and length (C) of
mitochondrial increased (Unpaired t-test * <0.05, **<0.01, **<0.001, n=50 per sample).
(D) RT-qPCR shows that transcript levels from the mitochondrial genome increase during
KSHYV infection (Paired t-test *P <0.05, n=3). (E) qPCR for mitochondrial genome copies
relative to host genome copies shows an increase in mitochondrial genome copy number
during KSHV infection of TIME cells (Paired t-test ***P <0.001, n=6).
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Figure 4.8: RNA-Seq Reveals Mitochondrial Transcription to be Increased: Average log
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tochondrial transcription to be elevated (A). The genes increasing the average transcription
level are mostly tRNA genes, which are the only mitochondrial transcripts stabilized by
polyadenylation (B).
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western blot after selection. There is dose-dependent decrease in COXII expression relative
to transfection of a control plasmid (Figure 4.9C). However, single gene over-expression in
293T cells did not show suppression of COXII with the possible exception of expression of
a codon-optimized vFLIP (vFLIP_HS) that expresses vFLIP to high levels (Figure 4.10A).
However, expression of vELIP_HS alone using a lentivirus construct was not sufficient, even
when a strong mitochondrial targeting sequence (MTS) was added to the N-terminal end of
the protein (Figure 4.10B). Taken together, it appears that no single latent gene is sufficient
to reduce expression of COXII. These results demonstrate that the KSHV latent locus is
sufficient to suppress expression of mitochondrial proteins, but it is possible that increased

mitochondrial genome number overcomes this suppression during infection.

4.3.6 KSHV Latency Gene Products Localize to Mitochondrial Fractions

To determine if any KSHV latent genes could play a direct role in the alteration of
mitochondrial biology, the localization of latent proteins to the mitochondria was examined.
Plasmids for transient overexpression of each of the latent proteins with 3xFLAG tag on
the N-terminal end were transfected into 293T cells. 48 hours later, the cytoplasmic and
mitochondrial fractions of the cells were separated using differential centrifugation. Western
blot analysis of whole cell lysates and the mitochondrial and cytoplasmic fractions of the cells
was used to identify localization of the viral proteins. GAPDH was used as a marker for the
cytoplasmic fraction and ATP5A as a marker for the mitochondria. Kaposin B was present at
low levels in the mitochondrial fraction as well as the cytoplasmic fraction and a small portion
of the vCyc was also present in the mitochondrial fraction. The vFLIP construct with an N-
terminal tag could not be detected. However, a lentiviral based vector with a C-terminal V5
tag was detected and indicated a proportion of vFLIP localizes to the mitochondrial fraction.
Kaposin C and LANA did not display localization to the mitochondrial fraction (Figure 4.11).

The presence of multiple latent genes in the mitochondrial fraction is consistent with the
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Figure 4.9: KSHV Infection Does Not Lead to a Significant Change in Mitochondrial Protein
Levels: (A) COXII levels are not significantly changed during KSHV infection of TIME cells
when assessed by western blot (Paired t-test, n=3). (B) Infection of 239T cells with BAC16
derived viruses displayed a similar phenotype as BCBL-1 derived virus in panel A. Deletion
viruses lacking vFLIP showed a moderate increase in COXII expression. (C) Expression of
the latent locus from a plasmid in 293T cells shows a dose-dependent decrease in COXII
expression relative to a control plasmid.
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ability of the entire latent locus to suppress COXII expression, while none of the individual

proteins can suppress COXII expression in isolation.

4.4 Discussion

A large number of genes identified by our live cell screen encode proteins that localize
to the mitochondria, leading to the hypothesis that mitochondrial translation is essential for
proliferation or survival of cells latently infected with KSHV. Mitochondrial ribosomes can
be targeted therapeutically using antibiotics due to the shared ancestry between bacterial
ribosomes and eukaryotic mitochondrial ribosomes. This aspect of mitochondrial biology
has been exploited for other cancers [67, 75]. Importantly, many of these antibiotics are
readily available and on the WHO List of Essential Medicines [136]. We showed that both
chloramphenicol and tigecycline are able to suppress proliferation of infected endothelial
cells and induce cell death in KSHV infected B-cells. The effective doses of chloramphenicol
used are roughly ten times higher than serum levels where serious adverse effects, such
as aplastic anemia, begin to occur [144]. Similarly, the effective doses of tigecyline are
greater than 15 times the maximum observed serum levels during treatment of bacterial
infections [118]. While these antibiotics themselves are not likely therapeutic candidates,
their effectiveness highlights a previously underappreciated requirement for mitochondrial
function during KSHV infection. Since the mitochondrial ribosome is primarily responsible
for synthesizing components of the respiratory chain, our findings suggest that KSHV infected
cells require some mitochondrial function despite having lower basal levels of mitochondrial
function. Interestingly, while antibiotics inhibited both endothelial cells latently infected
with KSHV and PELs, there were slightly different outcomes. The infected endothelial
cells were unable to reach confluence as quickly as mock infected controls but there was
not obvious large-scale cell death while in the PELs there was wide-spread cell death. It is

unknown why latent infection in endothelial cells versus B-cells produce different effects but
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Figure 4.11: KSHV Latent Proteins Localize to the Mitochondrial Fraction: Mitochondrial
fractionation by differential centrifugation was used to separate cytosolic and mitochondrial
fractions of 293T cells 48 hours after transfection (in the case of all but vFLIP where lentivirus
transduction was used). Whole cell lysates were run along with the reduced cytosolic and
mitochondrial fractions. Blots were probed for the indicated tag depending on the construct
as well as ATP5A and GAPDH. vCyc, vFLIP, and KapB are partially localized to the
mitochondria, while LANA and KapC are absent.
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could be due to the presence of pyruvate in the endothelial cell media that rescues TIME
cells from cell death due to loss of mitochondrial function, but fails to make up for the loss

of cellular proliferation.

Our lab and others have shown that KSHV infected cells display characteristics of War-
burg metabolism [25, 8, 142, 84]. The KSHV induced metabolic changes include increased
glucose consumption, increased production of lactate, and decreased oxygen consumption
[134]. These metabolic characteristics are consistent with the presence of mitochondrial de-
fects within cells, which is an observation made by Otto Warburg himself [135]. We sought
to confirm the presence of mitochondrial defects by looking for changes in mitochondrial
network structure, transcript levels, genome copy number, and protein levels in infected
endothelial cells. However, the changes we observed in network structure, transcripts, and
genomes were not consistent with mitochondrial dysfunction which usually produces frac-
tured mitochondrial networks, fewer genomes, and lower RNA levels [125, 100]. While the
level of a mitochondrial DNA encoded protein was not significantly changed during infec-
tion, there was an increase in the mitochondrial DNA copy number and transcript levels.
These data suggest that mitochondrial translation is suppressed during latent infection in
the presence of increased transcript levels. Interestingly, despite the increase in mitochon-
drial DNA copy number and transcript levels, there was a decrease in overall mitochondrial
number in latently infected endothelial cells. At the same time, there was an increase in
mitochondrial size. These results are consistent with, but not definitive proof of, increased
mitochondrial fusion. Further experiments will be needed to examine changes in mitochon-
drial fusion dynamics during KSHV infection and determine the role latent genes might be
playing to facilitate or counteract mitochondrial changes during latently infection of human

endothelial cells.

Many viruses encode proteins which modify mitochondrial function for a variety of dif-

ferent reasons. Among the observed functions are preventing apoptosis, inducing changes in



85

metabolism, and avoiding innate immune activation. Some viruses encode proteins which
interact with mitochondrial ribosomes in large-scale protein interaction studies. These in-
clude the capsid proteins of flaviviruses [113], and Nsp8 of MERS-CoV-2 [41]. A previously
published KSHV protein interaction network identified potential interactions between KSHV
latent genes and mitochondrial proteins [23]. 92 mitochondrial genes were within vELIP’s
interaction network, representing 19.1% of all proteins in the interaction network. 5% of
vFLIP’s interaction network is made up of proteins involved in mitochondrial translation.
Consistent with these findings, we found that vFLIP physically localizes to the mitochondria,
and overexpression of the latent locus of KSHV can suppress expression of a mitochondrial
genome encoded protein. However, we were unable to demonstrate sufficiency with individ-
ual KSHV protein expression. Further studies expressing combinations of proteins will be
necessary to determine which proteins are sufficient for KSHV alteration of mitochondrial

biology.

While KS is a multi-factorial disease, the fact that the proliferating component is a
latently infected endothelial cell has prevented direct targeting of the viral infection. Identi-
fying host genes whose inhibition can selectively eliminate KSHV infected cells has potential
for clinical application. While previous work has demonstrated that specific metabolic pro-
cesses can be used to kill latently infected cells, the central nature of many of the those
metabolic pathways limits their utility. Narrowing of the target range to even more specific
cellular pathways can make a therapeutic more attractive than broad metabolic inhibitors.
While inhibition of mitochondrial translation is an intriguing possibility, the concentrations
of antibiotics used in this study to inhibit KSHV infected cell proliferation were relatively
high. Future work will determine if antibiotic combination or other antibiotics known to
interfere with the mitochondria better than chloramphenicol and tigecycline could identify
effective treatments at more reasonable concentrations of antibiotic. While targeting mito-

chondrial translation is likely still problematic, this work encompasses a step towards gaining
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a better understanding of viral alteration of a cellular metabolic hub which can then enable

targeting more precise pathways.
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Chapter 5

CONDITIONAL LETHALITY FOR METABOLIC PATHWAYS
DURING KSHV INFECTION

Daniel L. Holmes, Jie Yin, Michael Lagunoff

Department of Microbiology, University of Washington, Seattle, Washington, USA.

5.1 Abstract

Many viruses induce dramatic changes in cellular metabolism for replication, however,
we have shown that Kaposi’s Sarcoma-associated Herpes Virus (KSHV) induces cancer-like
metabolic changes during latent infection. The proliferating component of KS tumors is
a cell of endothelial origin, termed the spindle cell. Over 90% of spindle cells are latently
infected, with only a small fraction of cells expressing lytic transcripts. In culture of human
endothelial cells, latent infection leads to increased glycolysis, decreased oxidative phospho-
rylation, and increased accumulation of fatty acids in lipid droplets. Importantly, chemical
inhibition of glycolysis, glutaminolysis, and fatty acid synthesis leads to higher cell death
in latently infected cells than in mock infected controls. We recently found that KSHV la-
tent infection is sensitive to chemical inhibition of lipid droplet formation. Interestingly, a
bacterial artificial chromosome (BAC) derived virus lacking the 3kb latent miRNA cluster
loses the requirement for lipid droplet formation while retaining the requirement of glycol-
ysis, glutaminolysis, and fatty acid synthesis. As the miRNA cluster has previously been
shown to be sufficient for induction of glycolysis, these results suggest conditional lethality

for lipid droplet synthesis for infected cells in response to induction of glycolysis. Therefore,
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we propose that glycolysis, glutaminolysis, and fatty acid synthesis are essential for survival
of latently infected cells due to requirements for specific products of those reactions, while
lipid droplet synthesis is essential to ameliorate the effects of increased glycolysis during
infection. As lipid droplets are required in situations of increased lipid accumulation, the
loss of sensitivity to this pathway suggests that increased glycolysis is directly or indirectly
facilitating the accumulation of lipids during latent KSHV infection. Future experiments
are focused on coupling the requirements for metabolic pathways to identify why specific

metabolic changes are required for the survival of latently infected cells.

5.2 Introduction

The nature of viruses as obligate intracellular parasites necessitates appropriating many
host pathways for viral persistence. Kaposi’s Sarcoma-associated herpes virus (KSHV) is
the etiologic agent of a highly vascularized endothelial cell tumor termed Kaposi’s Sarcoma
(KS) in immunocompromised patients [18]. KSHV has both latent and lytic life cycles, but
latency is the primary program carried out in cells within a KS tumor, as well as in cul-
tured endothelial cells. KSHV induces metabolic changes during latent infection which are
considered a hallmark of cellular transformation into cancer [50]. While most tumor cells
express only latent programs, a small fraction of cells display expression of lytic genes in vivo
and in culture. While both latent and lytic genes play a role in the pathogenesis of KSHV,
the concurrent presence of cells displaying one program or the other has made it difficult to
identify which genes are responsible for specific phenotypes. As latency is predominant in
spindle cells, this chapter focuses on the latent program to identify the viral determinants
of oncogenic phenotypes. The latent locus consists of the genes vFLIP, vCyc, LANA, and
the Kaposins. Additionally, there is a cluster of 12 miRNAs expressed during latency [108].
Reconfiguration of host metabolism is a common characteristic of viral infection which is

observed across many virus families, including the herpes viruses [110]. Our lab previously
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found that endothelial cells which are latently infected with KSHV display increased gly-
colysis in the presence of oxygen, termed aerobic glycolysis, and increased production of
lactate [25]. This alteration in metabolism is observed in many cancers and is referred to
as the Warburg effect. Following up on this discovery, another group found that the cluster
of latently expressed miRNAs is sufficient for the induction of the Warburg effect in human
endothelial cells [142]. To better characterize these metabolic changes on a global scale, we
carried out a global metabolomics screen during KSHV infection [26]. Over 50% of the fatty
acids identified were significantly increased during infection while none were decreased. Ad-
ditionally, we observed the increased formation of lipid storage organelles called lipid droplets
during infection. The lab went on to show that chemical inhibitors of fatty acid synthesis
induce apoptosis in KSHV infected cells, but not uninfected controls. Alterations in fatty
acid metabolism are increasingly recognized as important aspects of cancer biology and viral
infection. However, the reasons for the requirement of fatty acids for the survival of KSHV
latently infected cells remain unclear. We found that the latent locus of KSHV is sufficient
for the accumulation of lipid droplets during latent KSHV infection of human endothelial
cells. Additionally, we show that latent KSHV infection actually requires the accumulation
of lipid droplets, but this requirement is dependent on the presence of the miRNA cluster. In-
terestingly, we did not observe a complete loss of the requirement for lactate synthesis, fatty
acid synthesis or glutaminolysis. Taken together, these results suggest that lipid droplet
accumulation exists to ease stress put on the cell by Warburg induction, but the other three
pathways are required independent of Warburg status. Lastly we found that the BAC16
derived KSHV lacking the latent miRNA cluster has defects in the expression of the other

genes in the latent locus, complicating the interpretation of our results.
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5.3 Results

5.8.1 The Latent Locus of KSHV is Sufficent for the Accumulation of Lipid Droplets in
Human Endothelial cells

To determine if the latent locus of KSHV (KLAR) is sufficient for lipid droplet accumu-
lation, we used a gutted adenovirus vector, which expresses no adenovirus genes, to exoge-
nously express the 13kbp latent locus in TIME cells. TIME cells were separately treated
with wild-type KSHV, the KLAR adenovirus, and a mock infection control. After 48 hours
the cells were fixed and stained using the Lipid Droplets Fluorescence Assay Kit (Cayman
Chemical). The fixed and stained cells were run on an LSRII flow cytometer (BD) to mea-
sure fluorescence. Wild-type KSHV displayed a higher level of lipid droplet accumulation
when compared to mock infection. The KLAR adenovirus showed an accumulation of lipid
droplets similar to what was observed in wild-type infection (Figure 5.1). This was repeated
three times and the geometric means for all three experiments were plotted. While it was
previously shown that KSHV infection increased the volume of lipid droplets in endothelial

cells, I found that the latent region alone is sufficient for the accumulation of lipid droplets.

5.3.2  Lipid Droplet formation is Essential in Latently Infected Endothelial Cells but depen-
dent on the Latent miRNA Cluster

It was previously established that KSHV requires fatty acid synthesis for cellular survival
during latency, and cell death from chemical inhibition can be partially rescued by treatment
with the long chain fatty acid palmitate. However, why fatty acids are essential to cellular
survival remains unclear. We hypothesized that lipid droplets themselves might be important
for the survival of latently infected cells. To test for the requirement of lipid droplets, we
used the long chain fatty acyl CoA synthetase inhibitor triacsin C on TIME cells from 48
to 96 hours after KSHV infection. After 72 hours cells were stained with trypan blue and
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Figure 5.1: KSHV Latent Locus is Sufficient for Lipid Droplet Accumulation: TIME cells
were infected with either PEL produced KSHV (red) or helper-dependent Ad5 expressing
KLAR (green) and compared to mock infection (black) at 48 hours post infection. A single
representative histogram is pictured on the left, on the right is the average of the geometric
means from three experiments (paired t-test n=3, * p <0.05)
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counted for cell viability. We found that latently infected cells require lipid droplet formation
for survival (Figure 5.2). This requirement adds an additional, essential step in the synthesis
and storage of fatty acids during KSHV infection.

In light of another group’s work demonstrating that the miRNA cluster in the latent locus
is responsible for induction of the Warburg effect in endothelial cells, metabolic inhibitors
were tested in the presence and absence of the miRNA cluster. A bacterial artificial chro-
mosome based recombinant KSHV (BAC16) [15, 60] lacking a 3 kpb segment of the latent
locus which contains 10 of the 12 miRNAs expressed during latency was used to examining
the effects of miRNA loss on sensitivity to metabolic inhibitors. Cells infected with this
deletion virus lost sensitivity’s to triacsin C treatment (Figure 5.2). The loss of sensitivity to
triascin C in the absence of the miRNA cluster suggested a previously unknown connection
between glucose metabolism and the accumulation of fatty acids in lipid droplets during

KSHYV infection.

5.8.8 A Deletion Virus Lacking Latent miRNAs retains sensitivity to ACC

We next wanted to examine the requirement for fatty acid synthesis during infection with
the AmiRNA virus. We hypothesized that the requirement for FAS would also be reduced
during infection with the miRNA deletion virus, given that the two enzymes are in the
same pathway. TIME cells were infected with the parent, wild-type BAC16 KSHV (WT)
or the AmiRNA BAC16 KSHV (AmiR) and were treated with and acetyl-CoA carboxylase
inhibitor TOFA from 48 to 96 hours post infection. WT infection displayed the same sensi-
tivity previously shown to TOFA treatment (Figure 5.3). Interestingly, the AmiR infected
TIME cells retained sensitivity to TOFA treatment. The precise reason for the genetically
separable difference between the requirement for FAS and the requirement for lipid droplets
is unclear. A reasonable interpretation is that latent KSHV infection only requires lipid

droplets in the presence of Warburg metabolism, but latent cells require a product of FAS
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Figure 5.2: Sensitivity to Inhibition of Lipid Droplet Formation is Dependent on the miRNA
Cluster: TIME cells were infected with either WT BAC16 or AmiRNA BAC16 and compared
to mock infection. The cells were treated at 48 hours post infection and counted with trypan
blue 48 hours later (paired t-test, * p <0.05).
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for an independent, as yet unidentified reason.

5.8.4 AmiRNA Virus Infected Cells Retain Addiction to Lactate Production but Lose Ad-

diction to Glutaminolysis

Previous publications from our lab demonstrated that chemical inhibition of lactate de-
hydrogenase with oxamate and chemical inhibition of glutaminase with BPTES selectively
killed KSHV infected TIME cells. The requirement for these two pathways is thought to
be in support of Warburg metabolism by regeneration of NAD+ and restoration of car-
bon to the TCA cycle, respectively. To determine if the lack of viral miRNA expression in
the AmiRNA virus changes responses to both of these drugs, we confirmed sensitivity dur-
ing wild-type BAC16 infection and compared those responses to treatment during deletion
virus infection. We found that AmiRNA virus infection retains at least some sensitivity to
the inhibition of lactate production. Glutaminolysis inhibition also showed an intermediate
phenotype and AmiRNA virus infection appears to retain at least some sensitivity. These
results suggest that the reliance on these two pathways is not simply just supporting War-
burg metabolism and that the products of these reactions are required for survival of latently

infected cells.

5.8.5 KSHV Infected Cells are not Addicted to the Mevalonate Pathway

Since fatty acid metabolism is essential regardless of the supposed Warburg status of the
cell, we hypothesized that cholesterol metabolism, more formally know as the mevalonate
pathway, was related to the essentiality of FAS. The potential requirement of the mevalonate
pathway is supported by the sensitivity of a number of viruses to treatment with statins
(141, 130], which inhibit HMG-CoA reductase. We treated TIME cells with pravastatin
24 hours post infection and measured cell death 48 hours after treatment. KSHV infected

cells showed only a slight, non-significant increase in cell death with pravastatin treatment
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Figure 5.3: AmiRNA KSHV Retains Sensitivity to TOFA Treatment: TIME cells were
infected with either WT BAC16 or AmiRNA BAC16 and compared to mock infection. The
cells were treated with at 24 hours post infection and counted with trypan blue 48 hours
later (paired t-test, * p <0.05, ** p <0.01, *** p <0.001).
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in comparison to mock infected controls (Figure 5.5). This suggests that the mevalonate

pathway is a relatively minor contributor to the need for FAS during KSHV infection.

5.3.6  Suppression of Entire Latent Region with miRNA Cluster Deletion

In attempting to confirm the above results, we sought to complement loss of the miRNA
cluster. Several different attempts at either whole complement or partial complement with
the 3 kbp cluster or fragments of the cluster were not successful (data not shown). To check
to make sure that the deletion of the miRNA cluster was not affecting expression of other
latent genes, we performed RT-qPCR to analyze transcript level differences between wild
type KSHV BACI16 infection, and AmiRNA BACI16 infection. Importantly, infection rates
were confirmed by IFA and measuring GFP fluorescence to ensure that the levels of cellular
infection were close between viruses. We found that levels of transcripts containing the latent
protein coding regions were all suppressed during latent KSHV infection (Figure 5.6A&B).
This raises problems with the association of the AmiRNA virus with the phenotypes above.
We can generally associated changes in drug sensitivities above to suppression of the en-
tire latent locus, but individual determinants will need to be found with additional genetic

experiments.

5.4 Discussion

The induction of metabolic restructuring in endothelial cells by latent KSHV infection
creates exploitable vulnerabilities. Our lab and others have described the alterations by
performing detailed metabolomic analyses. These studies identified chemical inhibitors which
can be used to selectively target latent infection in vitro. However, the potential benefit for
these alterations, the mechanism for their induction, and the reason for their essential nature
have not been identified. In this chapter, we sought to narrow the genetic determinants

around the induction of lipid droplet formation, as well as the determinants of susceptibility
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Figure 5.5: The Mevalonate Pathway is not Required for Latent KSHV Infection: TIME
cells were either mock infected or infected with wild type KSHV BAC16 and treated with
DMSO or pravastatin at 24 hours post infection. Cells were counted for viability with trypan
blue at 72 hours post infection. (paired t-test, ns p >0.5)
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Figure 5.6: miRNA Cluster Deletion Leads to Suppression of Latent Locus Expression: RT-
qPCR was used to compare gene expression between wild type KSHV infection and infection

with the miRNA deletion virus in

TIME cells. (A) includes the LANA, vCyc, and vFLIP

which are transcribed from a shared promoter, as well as a pair of primers targeting the
miRNA cluster (n=3), (B) uses primers targeting the kaposin locus in a seperate set of
experiments (n=3). These experiments were done by Jie Yin.
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to chemical inhibition of specific metabolic pathways.

We found that the latent locus of KSHYV is sufficient for the accumulation of lipid droplets,
and that chemical inhibition of lipid droplet formation during latent KSHV infection leads
to cell death. Given the publication that the latent miRNA cluster is sufficient for the
induction of the Warburg effect in endothelial cells, we tested a set of metabolic inhibitors to
determine the effect of Warburg status on the dependence of other pathways. Perhaps the
most surprising finding is that infection with the AmiRNA virus loses sensitivity to inhibition
of lipid droplet formation while retaining sensitivity to inhibition of fatty acid synthesis. The
simplest interpretation of this observation involves the idea of lipotoxicity [54], where the
accumulation of fat requires lipid droplets to sequester toxic lipids which would otherwise
accumulate in the cytoplasm and kill the cell. However, if fat is not accumulating in a
cell, the successful storage of fat in lipids is less important for cell survival. If the miRNA
induced Warburg metabolism is stimulating FAS, either by providing carbon and or providing
reducing equivalents, then loss of the miRNA cluster would lead to less FAS, and less of a
requirement for lipid droplets. It is also interesting that at least some of the requirement for
FAS remains, suggesting that there may be a downstream product of FAS which is essential

for latent KSHV infection independent of the Warburg effect.

We next tested inhibitors of lactate production (oxamate) and glutaminolysis (BPTES),
which are both known to be necessary for amelioration of the consequences of Warburg
induction. AmiRNA KSHYV infected cells showed a decrease in sensitivity to oxamate, but
still retains some requirement for the pathway. Glutaminolysis was slightly less clear due to
the small effect size, but it appears to be required even in the absence of the miRNA cluster.
We also tested the sensitivity of KSHV infected cells to statin treatment. Recent publications
suggest that statins might prime cells to respond to viral infections through innate immune
pathways [143], and the interferon stimulated gene viperin inhibits infection by a number

of viruses by inhibition of an enzyme in the mevalonate pathway [10, 133]. Additionally,
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FAS and cholesterol biosynthesis are often linked to one another by transcription activation,
and utilize the same substrates in the same cellular compartments [140]. Contrary to our
expectations, endothelial cells latently infected with KSHV showed no significant sensitivity
to treatment with pravastatin.

Lastly, we sought to complement the loss of the miRNA cluster in triacsin C treatment.
However, we were not successful in our attempts to rescue cells by expression of the entire
cluster or with parts of the cluster. We were not able to confirm expression of mature miR-
NAs, but we were using lentiviral constructs similar to those used to demonstrate that the
miRNA cluster induces Warburg metabolism. We tested for the possibility that the 3 kbp
deletion in the latent locus had negative effects on the expression of the surrounding genes.
Using RT-qPCR we found that expression of the rest of the latent locus was reduced to
approximately half of the levels observed during wild type KSHV infection. The expression
defects caused by the deletion raise the question of whether it is only the loss of miRNA
cluster that results in loss of the requirement for lipid droplet formation or if other latent
genes may be involved. Future experiments expressing latent genes in isolation and in com-
bination while testing for triacsin C sensitivity will help to inform the above results of this

chapter.
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Chapter 6
SUMMARY AND FUTURE DIRECTIONS

6.1 Summary

KSHYV is the etiological agent of a few forms of cancer, with KS being the most well-
known due to its association with the AIDS epidemic [18]. KS incidence has increased
with the onset of the AIDS epidemic to the point of becoming one of the most common
cancers in Sub-Saharan Africa. While KS can be treated with some success with liposomal
anthracyclines [81], disease is not resolved in every patient and the cost of treatment means
it is not useful in resource limited environments. Additionally, KSHV also causes PEL, a
rare B cell cancer with a typically poor prognosis. There is a need for additional therapeutic
targets, preferably with chemical inhibitors that are inexpensive and widely available.

The main proliferating component of KS is the spindle cell. Though the exact origin of
the spindle cell is not known, it is currently believed to be of endothelial origin. Within
the KS tumor, over 90% of the cells are latently infected. Latency is a cellular state where
no virus production occurs and where few viral genes are actually expressed. The lack
of viral replication in spindle cells is troubling for intervention as traditional therapies for
herpesvirus caused diseases target lytic replication. While lytic replication is also likely
important for disease, the predominance of latent cells in a KS tumor suggests identifying
targetable functions in latently infected cells are necessary for successful treatment.

Our lab has previously demonstrated that latently infected cells can be selectively killed
using inhibitors to specific metabolic pathways. Initial work found that KSHV induces the
Warburg effect during latent infection of endothelial cells, which is a state of increased glu-

cose consumption, increased lactic acid production, and decreased oxygen consumption [25].
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The Warburg effect is understood to be a general program of metabolism in rapidly pro-
liferating cells which cancer cells co-opt. Of particular interest, the changes in metabolism
are targetable vulnerabilities for KSHV infected cells but not uninfected controls. Chemical
inhibition of glycolysis at glucose-6-phosphate isomerase with 2-DG or lactate production
with oxamate lead to apoptosis during latent KSHV infection. Since the glycolytic changes
induced by KSHV aided the identification of new therapies, our lab next published on a
large scale metabolomic screen which led to the identification of fatty acid synthesis and glu-
tamine metabolism as significantly altered during latent infection [26, 110]. These pathways
provided previously unknown targets for latent infection in fatty acid synthase, acetyl-CoA

carboxylase, and glutaminase.

The advent of CRISPR technology in high-throughput screening for essential genes after
the metabolomic studies provided a new approach to identifying new therapeutic targets.
Even just within the KSHV field, other groups have published on screens in PELs and the
murine MM cell line [88, 48]. However, a screen in cells which are relevant to KS spindle
cells had not been done prior to the work in this thesis. We performed a single replicate,
whole-genome screen using a lentivirus-based CRISPR/Cas9 sgRNA library followed by a
two replicate sub-pool screen to identify genes which are essential to latent KSHV infection.
In addition to comparing mock and KSHV infected cells at the end of the experiment, we
harvested the dead cells in the supernatant from each sample at each passage and sequenced
the dead cell pools as well. The rationale for collecting dead cells was to help us differentiate
between knockouts which suppress proliferation and knockouts which induce cell death. Our
initial screen produced a 146 KSHV essential gene list from the live cell screen and roughly
1600 genes which were enriched in our dead cell screen. Our follow up sub-pool screening
used the initial whole genome screen to define a list of high-likelihood targets as well as find
controls which are not expected to change. We generated a new library with ~13 sgRNAs

targeting each gene in this list and repeated our screening protocol. Overall, we found
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a relatively low level of reproducibility from our initial screen to our second, but we have
successfully been able to follow up on candidates from our initial screen. The sub-pool screen
allowed us to identify genes as essential which were not quite significant in our whole genome
screen. The most promising among these so far is the anti-apoptotic protein BCL2L1 (or
BCL-xL) which has been validated above using independently cloned sgRNAs in TIME cells.
The identification of BCL2L1 is of particular interest to our lab as it has been identified as
a sensor for metabolic stress [124]. Our lab’s work on the use of metabolic inhibitors during
latent infection frequently finds the pathway of cell death to be apoptosis, but the mechanism

triggering this response has not yet been identified.

Both the whole genome screen as well as the sub-pool screen contained a number of dif-
ferent genes involved in mitochondrial translation. Because mitochondrial ribosomes have a
shared ancestry with bacterial ribosomes, antibiotics which target bacterial translation can
also be used to inhibit mitochondrial translation. Other groups have successfully used antibi-
otics to selectively inhibit the proliferation of cancer cells in culture [75, 67]. Additionally,
many antibiotics are widely available and relatively inexpensive. For these reasons we identi-
fied mitochondrial translation as a possible pathway for therapeutic intervention. We found
that antibiotic treatment lead to the suppression of proliferation in latently infected human
endothelial cells, and induced cell death in PEL cell lines while cells lacking KSHV showed
reduced responses in both cases. The function of the mitochondrial ribosome is to trans-
late the proteins encoded in the mitochondrial genome which are essential for respiration.
To determine if respiration itself is essential, we treated cells with rotenone, an inhibitor of
complex I of the electron transport chain (ETC). Rotenone treatment led to the induction
of cell death in KSHV PELs, but not in uninfected B-cell lymphomas. Even though TIME
cells showed no response to rotenone, testing TIME cells lacking mitochondrial genomes

confirmed that these cells need the the entire ETC for optimal proliferation in culture.

We hypothesized that endothelial cells latently infected with KSHV are sensitive to the
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inhibition of mitochondrial translation because KSHV itself might be interfering with mi-
tochondrial function. As our lab has previously published that mitochondrial respiration is
reduced during KSHV infection [25], induction of mitochondrial defects seemed like a likely
possibility. We examined three possible points for the induction of defects in mitochondrial
function. The first was mitochondrial network architecture, where dysfunctional mitochon-
dria are expected to present in a fractured structure rather than an interconnected network
[115]. The second was mitochondrial transcription, where suppression of the expression of
mitochondrial gene expression leads to defective metabolism, known to occur during some
immune responses including NF- KB [64]. The last was the possibility that KSHV might be
suppressing mitochondrial translation itself. The possibility of KSHV mediated interference
with mitochondrial is supported by protein interaction data generated by the Glaunsinger
lab which suggested that the latent protein vFLIP has a physical interaction with the large
subunit of the mitochondrial ribosome [23]. Contrary to our expectations, we found no indi-
cation in any of the above points that KSHV was directly altering mitochondrial function.
However, we did find that three of the latent proteins partially localize to the mitochondriaa,
leaving the possibility that these genes are having a direct effect on mitochondrial function

through a currently unknown mechanism.

The last chapter of this thesis followed up on the requirement for fatty acid synthesis
and attempted to examine the relationship between metabolic pathway inhibitors and the
presence of the Warburg effect in endothelial cells. Work done by another group showing that
the latent miRNA cluster is sufficient for induction of Warburg metabolism in endothelium
[142] set the foundation for probing in involvement of KSHV genes in metabolism. We first
found that the latent locus is sufficient for inducing the accumulation of lipid droplets to a
level similar to KSHV infection. We also found that inhibition of lipid droplet formation with
the acyl-CoA synthetase inhibitor triascin C induced cell death in latently infected cells while

having little effect during mock infection. We next took advantage of a mutant virus lacking
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a 3 kbp region in the latent locus which contains 10 of the 12 miRNA loci. We compared
latent infection of endothelial cells with wild type virus to infection with the miRNA mutant
virus in regard to susceptibility to metabolic inhibitors. The inhibitors tested included
oxamate, TOFA which inhibits acetyl-CoA carboxylase, BPTES which inhibits glutaminase,
and triacsin C. We found that cells latently infected with the miRNA virus retained at least
some sensitivity to all inhibitors with the exception of triascin C. This suggests that the
production of lactate, breakdown of glutamine, and synthesis of fatty acids are essential
regardless of the Warburg status of the cell, while lipid droplet formation is essential only in
the presence of Warburg induction.

We believe the separation of the requirement of fatty acid synthesis and lipid droplet
formation reveals an important aspect of lipid biology during KSHV infection. The hypoth-
esis is that Warburg metabolism supports the accumulation fatty acids during infection, but
accumulation of fat in the cytosol results in lipotoxicity when cells can not store fat in lipid
droplets. However, if Warburg is not induced, there is less of a requirement for lipid droplet
formation. Lastly, after our attempts to complement the loss of triacsin C sensitivity with
exogenous expression of the miRNA cluster failed, we examined expression of the transcripts
from the latent locus for potential defects in transcription. We found that the transcription
of the entire latent locus is suppressed, suggesting that the 3 kbp deletion had a negative
effect on the rest of the latent genes. This complicates our findings, however we can attribute

the loss of triascin C to the absence of the latent locus.

6.2 Future Directions

6.2.1 CRISPR/Cas9 Screening

There is substantial application for CRISPR/Cas9 screening during KSHV infection.
Our lab has established the ability to implement full genome screens as well as carry out

custom screens to assay for essential genes during KSHV infection. One observation from
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our sub-pool screen was that the sgRNA level results from our whole genome screen were
a better predictor of whether or not a particular gene was essential than MAGeCK score.
Additional sub-pool screening with genes designed around the most depleted sgRNAs in our
original screen is likely to yield additional essential genes. Additional changes to protocols
might improve future screening efforts. Increasing the number of replicates where techni-
cally possible. The sgRNAs used for our whole genome screen are currently outdated, and
using more recent libraries with higher on-target efficiencies will improve essential gene dis-
covery. Finally, there is evidence that histone deacetylase (HDAC) inhibitors can increase
editing efficiency and the addition of an HDAC inhibition step may improve the effectiveness
of dropout screens [83]. In addition to knock-out screening, CRISPRi and CRISPRa [39]
systems can be used to further probe the biology of latency during infection with KSHV.
CRISPRI uses catalytically inactive Cas9 fused to a protein which induces heterochromatin
formation to silence gene expression. These constructs are targeted to RNA pol II binding
sites in the genome where they suppress gene expression. The CRISPRi system can be used
to probe the effect of knock-down rather than knock-out during KSHV infection which may
yield tractable therapeutic options. CRISPRa also uses catalytically inactive Cas9, but this
time it is fused to a strong transactivation domain which drives expression of downstream
genes. CRISPRa will enable us to examine the effect of increased expression of virtually
every protein coding gene in the human genome on KSHV infection. This will allow us to
identify novel restriction factors which may prevent KSHV from infecting certain cell types
and offer another potential way of restricting infection. While CRISPR/Cas9 Screening has
been far from perfect, it has been fruitful and the large toolbox of different types of sys-
tems readily available leaves many new avenues to take where the experimental protocol is

essentially identical to the ones used in this thesis.
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6.2.2 Mitochondrial Biology

It’s clear that endothelial cells latently infected with KSHV and PELs are sensitive to
inhibition of mitochondrial translation, but it is still unclear how this is happening and if it
is connected to the previously reported metabolic alterations. While the lab has previously
published that mitochondrial respiration is decreased during latent KSHV infection, it is
not clear if decreased respiration is due to an actual deficit in mitochondrial function or an
under-utilization of the cell’s mitochondrial capacity. Respiration can be assayed on a Sea-
horse XF analyzer by measuring oxygen consumption in response to a series of drugs. This
will measure how much oxygen is being consumed at a basal level and compare that to the
amount of oxygen consumed in the presence of a decoupling agent which disrupts the proton
gradient and induces maximum oxygen consumption. If mitochondrial function is indeed
disrupted, then the viral genes known to localize to the mitochondria can be tested individ-
ually and in combination to identify genes interfering with maximal oxygen consumption.
The hope is that with a viral gene identified and mass-spec determined protein interaction
networks available for each viral protein, the mechanism of the mitochondrial perturbation
will be relatively easy to find. If maximum oxygen consumption is unchanged during KSHV
infection, suppressed oxygen consumption is likely being governed by a change in substrate
availability. Substrate utilization can be assayed by coupling techniques previously used in
our lab to do metabolomics on isolated mitochondria in mock infected cells and cells la-
tently infected with KSHV. Metabolic screening of mitochondria will shed light on possible
mechanisms where viral genes interfere with substrate availability. As an example, decreased
respiration could be caused by a reduction in mitochondrial NADH. A lack of NADH would
suggest a defect in one of the shuttling pathways (e.g. the malate-aspartate shuttle). While
the latter direction is more open-ended, both of these alternatives will be useful for informing
our understanding of Warburg induction and the possible connection sensitivity to antibiotic

treatment during latent KSHV infection.
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6.2.3 Metabolic Pathway Inhibition

Work in this chapter made progress in identifying the viral determinant of fatty acid
accumulation, but the minimal set of latent genes still needs to be identified. The first step
is testing single genes and gene combinations to identify factors needed for lipid droplet
formation. One technical hurdle that will need to be addressed is how to express the miRNA
cluster. We can express the miRNAs well individually, but the literature suggests that single
miRNAs are not sufficient for most phenotypes. We need to develop and validate a better
expression system for non-coding RNAs to definitively test the necessity of the entire cluster.
We also need to confirm that the miRNA cluster is actually essential for Warburg induction,
and not just sufficient. Confirmation of Warburg induction can be done on the Seahorse
XF analyzer mentioned above, which our lab has used previously. The metabolic pathway
inhibition in chapter 5 only hints at a connection between glycolysis and FAS, but this can be
definitively shown using C13 tracing of glucose. C13 labeled glucose will enable the tracing
of carbon into specific pathways, including fatty acid synthesis. Because the phenotype of
triascin C induced cell death is relatively strong, that assay lends itself to functional analysis.
Each of the latent genes should be tested individually and in combination to the ability to
restore triacsin C sensitivity in endothelial cells infected with KSHV lacking the miRNA
cluster. The above experiments will inform the necessity for the miRNA cluster in Warburg
induction and clarify the relationship between the requirements for each of the pathways

tested in chapter 5 during Warburg induction.

6.3 Conclusion

CRISPR/Cas9 knock-out screening is a powerful new approach to identifying the genetic
requirements of cellular proliferation and survival. Our group and others have successfully
used this technology to identify genes which can be targeted to inhibit viral infection. In my

thesis, I performed the first of these screens in a human endothelial cell line infected with
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KSHV. As KS tumors are predominantly composed of latently infected endothelial cells,
this study sought to identify novel targets for potential therapeutic use. The whole genome

screen was followed up with sub-pool screening to generate a list of strongly selective hits.

I followed up on some of the suggested targets by focusing on mitochondrial translation.
The literature suggested that mitochondrial translation was a reasonable, targetable process
due to the shared ancestry between mitochondrial and bacterial ribosomes allowing the use
of widely available antibiotics to inhibit mitochondrial function. I found that antibiotics
were able to suppress the proliferation of latently infected endothelial cells and induce cell
death in latently infected primary effusion lymphomas while controls lacking KSHV were
less affected. In an attempt to explain why KSHV infection causes sensitivity to antibiotic
treatment, I sought to describe mitochondria during latency. I found that there are fewer
mitochondria during latent infection, but mitochondria take up more space in the cell and
are longer on average. In addition, I found that transcript levels of mitochondrial genome
encoded genes and mitochondrial genome copy numbers are both increased during infection.
The state of mitochondria I found is not consistent with mitochondrial dysfunction, though
I did not explore all possibilities. To determine if any viral genes were physically locating to
the mitochondria I isolated the mitochondria from cells expressing tagged version of latent
proteins and found that three of the proteins tested were present in the isolates. This leaves
open the possibility that one of these genes may be stressing the mitochondria to the point

that the addition of antibiotics is catastrophic.

Lastly, I showed that the latent locus of KSHV is sufficient for the accumulation of
lipid droplets, and that chemical inhibition of lipid droplets selectively kills infected cells.
I also found that a virus lacking the latent miRNA cluster loses the requirment for lipid
droplets requirement while retaining at least some of the requirement for lactate production,
glutaminolysis, and FAS. Due to an issue with the mutation in the deletion virus, expression

of the rest of the latent locus was suppressed, so it is possible that the phenotypes observed
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are not due to the loss of the miRNA cluster. Together, the studies in these chapters identified
new targets for KS treatment and provided direction for future inquiries into the changes of

cellular metabolism induced by KSHV.
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