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Abstract 
 

-associated herpesvirus (KSHV) causes several tumours and 

hyperproliferative disorders. Hypoxia plays an important role in KSHV lifecycle, as 

hypoxia-inducible factors (HIFs) are involved in the latent/lytic switch and affect other 

KSHV genes, and as KSHV infection can in turn enhance cellular levels of HIFs. Two 

KSHV-

(KS) often occurs in the lower extremities and primary effusion lymphoma (PEL) exists in 

pleural effusions. A better knowledge of the pathways that regulate KSHV infection in 

hypoxia is therefore essential for an improved understanding of viral infection and 

pathogenesis. MicroRNAs (miRNAs) have been shown to play important roles in regulating 

the expression of genes in oncogenesis, and herpesviruses, including KSHV, encode for 

miRNAs.  

This thesis describes a multidisciplinary approach toward understanding the mechanisms 

behind the hypoxia-regulated miRNA-mRNA networks in the context of KSHV infection. 

The question of miRNA and mRNA regulation through hypoxia, KSHV or both is addressed 

in this thesis by deep sequencing and gene expression assays as well as various transfection 

and functional assays. In chronically infected cells compared to uninfected controls, it is 

demonstrated that the majority of cellular miRNAs whose expression is affected are 

substantially down-regulated. A third of this down-regulation can be attributed to a single 

genomic region, 14q32 cluster, where miRNAs are lowly expressed in infected cells. In 

hypoxia, hsa-miR-210 is the only miRNA to be consistently up-regulated in the KSHV-

infected cell lines subjected to deep sequencing in this study. Computational approaches 

additionally allowed for the investigation of mRNA targets. Inversely correlated miRNA-

mRNA target pairs were identified and distributed into canonical pathways and biological 

networks.  

Taken together, these results suggest that miRNAs affected by hypoxic stress and/or viral 

infection are implicated in the pathogenesis of KSHV-related diseases. It is expected that the 

outcomes of these studies will change our understanding of how KSHV uses the host RNA 

silencing machinery to its advantage and how this intersects with the use of 

response to hypoxia. 
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1 

Introduction 

 

FIRST stated by Francis Crick in 1956, the central dogma of molecular biology is known  

, Without those three essential 

macromolecules, no living organisms can exist. Since then, the scientific understanding 

of this flow of genetic information, from DNA through RNA to protein, has made 

significant progress. Initially, RNA was believed to play three major roles  

photoco  or mRNA), as an adaptor molecule between the genetic 

code and the amino acids of a protein (transfer RNA, or tRNA), and as a structural 

component of the ribosome (ribosomal RNA, or rRNA). However, RNA was 

subsequently found to encompass numerous other dimensions. Like DNA, RNA can 

carry genetic information (RNA viruses). Like enzymes, RNA can catalyze biochemical 

reactions (ribozymes). Last but not least, like repressor factors, RNA can regulate 

protein synthesis (RNA interference, or RNAi).  

This thesis focuses on a new family of RNAi molecules called microRNAs (miRNAs), 

which are important negative regulators of eukaryotic gene expression, and their role in 
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-associated herpesvirus (KSHV) pathobiology. In order to put this 

thesis into context, this chapter covers (1) a review of the key aspects of miRNA biology 

(2) the background of the cellular understanding of oxygen deprivation (hypoxia), and 

finally (3) the historical and contemporary studies of KSHV pathogenesis. The chapter 

then concludes with an overview of the main aims of this thesis. 

1.1  MicroRNAs 

While microRNAs, abbreviated miRNAs, are one of the more recently discovered 

RNAs, the understanding of their biogenesis, their regulatory mechanisms, their role in 

biological processes and human diseases has rapidly evolved due to an efficient 

combination of high-throughput approaches for miRNA expression analysis and 

computational bioinformatics methods for miRNA target gene prediction. 

1.1.1  Discovery 

Found in plants, animals and some viruses, miRNAs are an abundant class of 

endogenous 18-25 nucleotide (nt) long non-coding RNA molecules that regulate the 

expression of multiple protein-coding genes. The first miRNA, cel-lin-4, was described 

in Caenorhabditis elegans two decades ago by Victor Ambros and his colleagues (Lee et 

al. 1993) who discovered that a small RNA had an antisense complementarity to a target 

mRNA gene involved in larval developmental. Seven years later, the Ruvkun lab 

reported the discovery of another C. elegans miRNA, let-7, that could also silence gene 

expression post-transcriptionally via base-pairing (Reinhart et al. 2000). Interestingly, 

let-7 was found to be conserved in many species, including vertebrates (Pasquinelli et al. 

2000). Together, these discoveries prompted the scientific community to explore the 

world of RNA interference, and more specifically, small RNA regulation. There are now 
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over 2500 mature miRNAs registered in the latest miRNA database miRBase (Version 

21, http://www.mirbase.org/) for Homo sapiens alone.  

1.1.2  Nomenclature 

The miRNA nomenclature follows the subsequent rules: (1) a three to four letter prefix 

is usually assigned to a miRNA to identify its species. For example, cel-miR (cel for 

Caenorhabditis elegans) or hsa-miR (hsa for Homo sapiens); (2) when discovered, 

miRNAs are given a numerical identifier. For example, if the last miRNA discovered is 

named miR-209, then the next will be named miR-210; (3) in a given organism, miRNA 

isoforms (isomiRs) with just one or two base difference are given an additional letter to 

their common numerical suffix (e.g. hsa-miR-210a and hsa-miR-210b in human); (4) if a 

given miRNA sequence is present in different species, miRNAs are given the same 

numerical suffix (e.g. hsa-miR-101 and cel-miR-101 for Homo sapiens and C. elegans 

respectively); (5) in a given organism, if the same miRNA is encoded by several genes, 

an additional numerical suffix is added to differentiate their origins (e.g. dme-miR-281-1 

and dme-miR-281-2 for Drosophila melanogaster). 

1.1.3  Classification 

MiRNAs, together with small interfering RNAs (siRNAs), Piwi interacting RNAs 

(piRNAs), repeat-associated small interfering RNAs (rasiRNAs), and small scan RNAs 

(scnRNAs) are part of a class of RNAs called small non-coding RNAs (small ncRNAs), 

with a length of up to 30 nucleotides (nt). The list of small ncRNAs is expanding 

quickly. There are also medium-size ncRNAs (30nt to 200nt) and long ncRNAs (up to 

100kb), as shown in Table 1.1. Small nuclear RNAs (snRNA), small nucleolar RNAs 

(snoRNAs) and guide RNAs (gRNAs) are all part of the family of medium-size 
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ncRNAs, whereas Xist and Tsix (an antisense regulator of Xist) are examples of long 

ncRNAs (Choudhuri 2010).!!

1.1.4  Canonical miRNA biogenesis !

The genes encoding miRNAs reside in regions of the genome as distinct transcriptional 

units as well as in clusters of polycistronic units, carrying the information of several 

miRNAs. Approximately 60% of miRNAs are expressed independently, 15% are 

expressed in clusters, and 25% are in introns. Most of the miRNA genes are present in 

areas of the genome associated with known genes (Lagos-Quintana et al. 2001; Lau et al. 

2001). The excision and the activation of single-stranded mature miRNAs from 

precursor transcripts occur through a multiple-step process that is detailed below and 

depicted in Figure 1.1. 

 Transcription of miRNA genes: 

The genes encoding miRNAs are transcribed by RNA Polymerase II, generating long 

primary transcripts  called pri-miRNAs. Pri- (A) 

tails. Within the primary transcript, the miRNA-encoding portion forms an imperfect 

stem-loop hairpin structure.  

 

Non-coding RNAs 

Small ncRNAs 

(~20 - 30nt) 

Medium-size ncRNAs  

(30nt  200nt) 

Long ncRNAs  

(>200nt and <100kb) 

miRNA, siRNA, piRNA, 

rasiRNA, scnRNA 
snRNA, snoRNA, gRNA Xist, Tsix 

 

Table 1.1: Non-coding RNA classification. 

!
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Figure 1.1: MicroRNA biogenesis and activity. NPC: Nuclear pore complex, miRNP: 

miRNA ribonucleoprotein complex, and miRISC: miRNA-incorporated RNA-induced 

silencing complex. Image adapted with permission from Kim (2005). 
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The microprocessor complex composed of the ribonuclease type III enzyme Drosha and 

the RNA binding protein, DiGeorge syndrome critical region 8 (DGCR8), processes the 

long primary transcript (pri-miRNA), yielding a hairpin precursor (pre-miRNA) 

consisting of approximately 70nt (Figures 1.1 and 1.2).    Pre-miRNA export to the cytoplasm:  

Exportin-5 (Exp5 or Xpo-5) together with its cofactor Ran (the GTP-bound form) is 

responsible for the export of pre-miRNA from the nucleus to the cytoplasm.    

Once in the cytoplasm, a protein complex containing the Dicer type III RNase that 

cleaves the miRNA to its mature size further processes the pre-miRNA. The resulting 

miRNA duplex (miRNA/miRNA*) is composed of two strands, one of which will be the 

mature miRNA. The other strand, called the passenger strand due to its lower levels in 

the steady state, is denoted with an asterisk (*) and is usually degraded. In some cases, 

both strands of the duplex are viable and become functional miRNAs that target different 

mRNA populations. -miRNA is thought to be 

coupled with unwinding of this duplex. 
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Figure 1.2: Pre-miRNA secondary structures. This illustrates examples of miRNA 

stem-loops. The mature miRNAs are indicated in red with cel-lin-4-5p at the top and cel-

lin-4-3p at the bottom; and hsa-miR-210-3p at the top and hsa-miR-210-5p at the 

bottom. 

 

  Selection of the active strand by RISC:  

Generally, only one strand is incorporated into a final protein complex called RISC 

(RNA-induced silencing complex), which contains an Argonaute (AGO) family protein 

(Argonaute 2 for instance in mammals) and many other associated proteins such as the 

trans-activation response RNA-binding protein, TRBP (Chendrimada et al. 2005). RISC 

is also referred to as miRNP (microRNA ribonucleoprotein complex) and when a 

 (Figure 1.1). The selection of the 

active miRNA strand over its miRNA* counterpart depends on the thermodynamic 

instability of the miRNA/miRNA* duplex. Several proteins including DICER, AGO, 
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TRBP and protein-activator of dsRNA-dependent protein kinase (PACT) can sense 

weaker base-pairing  relative to the other strand. The strand with the 

most favourable thermodynamic features will be selected to become the guide strand 

(Meijer et al. 2014). The position of the stem-loop may also influence strand choice.  

1.1.5  Mechanisms of miRNA interference: degradation or translation arrest!

MiRNAs bind target sites within the mRNA target sequence. Target sites on mRNA 

typically contain seven nucleotides and 

regions (UTRs); but target sites have also been found in the coding region or  of 

mRNAs. mRNA target sites match a key feature of recognition within the miRNA called 

seed region (miRNA nucleotides 2 to 8). The miRNA-mRNA binding involves Watson-

Crick base pairing. A single miRNA may have multiple target sites within a single 

mRNA and may target several mRNAs (up to a few hundred). Therefore, miRNAs 

regulate a large proportion of mammalian genes. 

Once a miRNA binds to its target mRNA sequence, the degree of complementarity 

between the miRNA and the target mRNA sequence generally determines the fate of the 

target mRNA  either mRNA decay or translation regulation will be involved, depending 

on perfect or imperfect base-pairing, respectively. Once incorporated into a RISC, the 

single-stranded miRNA is poised to regulate the targeted genes by degrading the mRNA 

transcripts through direct cleavage or by inhibiting protein synthesis. Most plant 

miRNAs have 100% homology (~20nt) to the mRNA; in this case, the latter is usually 

directly degraded. By contrast, most animal miRNAs bind with an imperfect homology 

that typically results in repressing the mRNA translation into a protein.  

The detailed mechanisms by which miRNAs regulate translation remain unclear. 

Regulation may occur either at the translation initiation, at the post-initiation step, or at 
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both simultaneously (Figure 1.3). At the beginning of translation initiation, the elF4F 

elF4F also circularises the mRNA by binding to poly(A)-binding protein 1 (PABP1), a 

protein associated with the poly(A) 

subunit is then recruited by elF6 and the elongation may begin 

end (top, Figure 1.3). 

 

 

 

 

 

Figure 1.3: Possible mechanisms of miRNA target regulation. Image adapted with 

permission from Carthew & Sontheimer (2009). 
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Messenger RNAs that are not repressed recruit initiation factors and ribosomes to form 

circular structures in order to enhance their own translation. However, when under 

miRNA repression, mRNAs are inhibited via a variety of biological processes including 

deadenylation and decapping. miRNA-mediated deadenylation is orchestrated by the 

CCR4-NOT complex which consists of the proteins CCR4, CAF1 and NOT1 to NOT5. 

Deadenylation blocks mRNA circularisation and ultimately leads to translational 

repression. Decapping may occur after deadenylation and involves the eukaryote mRNA 

decapping protein DCP1, which then promotes mRNA degradation (Behm-Ansmant et 

al. 2006). 

There are different models explaining the overall mechanisms of miRISC-mediated 

repression (Figure 1.3). First, miRISC may act at the initiation level and compete for the 

, Figure 1.3). Second, 

miRISC may prevent the assembly of the two ribosomal subunits by recruiting elF6 

(lower left). Third, miRISC may initiate linearization and promote mRNA degradation 

by inducing deadenylation followed by decapping (bottom and upper right, Figure 1.3, 

respectively). Finally, miRISC may trigger the ribosome drop off after the subunit 

assembly (lower right, Figure 1.3). 

A better understanding of the complex gene-silencing mechanisms of miRNA 

interference has offered insightful guidance for the development of powerful 

bioinformatic pipelines able to predict miRNA targets as well as new protocols to isolate 

miRNAs and mRNA targets from miRNPs such as Argonaute co-immunoprecipitation 

(AGO co-IP). 
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1.1.6  Cellular functions!

The primary function of miRNAs in cells appears to be in gene regulation. There is an 

ongoing debate about the relative role of miRNAs as compared to transcriptional factors. 

By virtue of interfering with multiple transcripts, often hundreds, miRNAs have the 

potential to regulate all cellular mechanisms. Research suggests that as many as one-

third of all human genes may be regulated by miRNAs (Lim et al. 2003).  

Most miRNAs that have been studied in animals reduce steady state protein levels for 

the targeted mRNAs. Powerful regulators of gene expression, miRNAs play a role in a 

range of cellular processes from stem cell differentiation to tumourigenesis and host-

pathogen interactions. Evidence has been provided that miRNAs are key regulators in 

processes such as early development (Reinhart et al. 2000), cell proliferation, cell death, 

apoptosis, fat metabolism (Brennecke et al. 2003), and cell differentiation (Chen et al. 

2004). As such, miRNAs have been linked to a number of diseases including cancer, 

neurodevelopment diseases and viral infections. 

1.1.7  Carcinogenesis and miRNAs!

When human miRNAs were initially discovered, it was noted that many were located at 

fragile sites in the genome or in regions that are commonly amplified or deleted in 

human cancer, such as chromosome 11 (Calin et al. 2004). Since then, the dysregulation 

of miRNAs has been shown to frequently be associated with cancer and other complex 

genetic diseases. Malignant tumours and tumour cell lines were found to have unique 

widespread dysregulated miRNA expression compared to normal tissues (Lu et al. 

2005), suggesting that changes in miRNA expression profiles contribute to tumour 

formation and that miRNA profiling could help diagnose human cancers. Kumar et al. 

(2007) also showed that global miRNA loss contributes to tumourgenesis. Endogenous 



1.   Introduction 

!
12!

miRNAs are implicated in diverse fundamental biological processes such as 

development, cell proliferation, differentiation and apoptosis (Bartel et al. 2004). 

Accordingly, altered miRNA expression plausibly contributes to human disease, 

including cancer. The implication of miRNAs in diseases is today supported by evidence 

from research conducted by human geneticists, biochemists and clinicians. Some 

bioinformaticians even claim that more than 60% of human protein-coding genes are 

regulated by miRNAs (Friedman et al. 2009). 

A global decrease in miRNA levels has been observed in human cancers, indicating that 

small RNAs may have an intrinsic function in tumour proliferation. For example, hsa-

miR-145, which is down-regulated in lung cancer, targets c-Myc, a strong proto-

oncogene (Chen et al. 2010). Additionally, it has been shown that hsa-miR-145 also 

targets both EGFR (epidermal growth factor receptor) and NUDT1 (nucleoside 

diphosphate linked moiety X-type motif 1), which promote cell proliferation (Cho et al. 

2011). Similarly, Jian et al. (2011) show that several miRNAs (miR-663, miR-107, miR-

223) are down-regulated in acute myeloid leukaemia (AML).  

However, not all miRNAs are down-regulated in cancer. Some miRNAs promote the 

development of cancer and those are often up-regulated in cancers and cancer cell lines. 

For instance, hsa-miR-21 is over-expressed in most tumour types and targets tumour 

suppressor PDCD4 protein (Programmed Cell Death 4). miR-21 also targets PTEN 

(Phosphatase and Tension homolog) and reversion-inducing-cystein-rich protein with 

Kazal motifs (RECK), which contribute to cell growth arrest and metastasis inhibition 

respectively (Frankel et al. 2008).  

Typically, miRNAs targeting tumour suppressor genes function as oncogenes and are 

called oncogenic miRNAs or oncomiRs. Conversely, miRNAs targeting oncogenes are 
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typically repressed in cancer. They can be classified as tumour suppressor miRNAs 

because their induction negatively regulates genes promoting the development of cancer 

. They may turn out to be potential leads for cancer therapy. It has 

been generally observed that the development of cancer is associated with either a down-

regulation of tumour suppressor miRNAs and/or an up-regulation of oncomiRs, as seen 

in Table 1.2. 

1.2  Hypoxia 

While gene regulation mechanisms by miRNAs have been well-documented for years, 

relatively little is known about external factors influencing these important non-coding 

RNAs. One of the first breakthroughs was reported in 2007 when hypoxia, a 

microenvironmental factor typical of solid tumours, was shown to affect miRNA 

expression (Kulshreshtha et al. 2007). This state of widespread low-level oxygenation 

and its involvements with cancer and miRNAs are described hereafter.  

 

 

 miRNAs miRNA target genes 

 

OncomiRs 
Tumour-

suppressive 

miRNAs 

OncomiR targets: tumour 

suppressor genes (cell 

differentiation, pro-

 

Targets of tumour-

suppressive 

miRNAs: oncogenes 

(cell growth, anti-

 

Cancer     

Therapy - + + - 

 

Table 1.2: Example of miRNA regulation in cancer and anti-cancer therapies. Anti-

cancer treatments aim at either inhibiting oncomiRs (-) or introducing tumour suppressor 

-regulated -regulated. 
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1.2.1  Hypoxic response: HIF pathway 

Hypoxia describes the state in which the oxygen supply is insufficient. Unusually low 

oxygen concentrations may affect the whole body (generalised hypoxia), or a region of 

the body (tissue hypoxia). Generalised hypoxia typically occurs in individuals that climb 

at high altitude where oxygen becomes scarce. It causes altitude sickness and can 

potentially lead to fatal complications such as high altitude pulmonary oedema (HAPE) 

or high altitude cerebral oedema (HACE). Generalised hypoxia can also result from lung 

disease or anaemia. Tissue hypoxia, on the other hand, occurs locally in the extremities 

of the body but also during cancer, vascular diseases and pulmonary disorders (Ubbink 

et al. 1997). In order to cope with this reduction in oxygen tension and create better 

oxygenation, healthy tissue induces a cascade of molecular and physiological responses 

including angiogenesis (a process involving growth of new blood vessels from pre-

existing vessels), erythropoiesis (a process by which red blood cells are produced), and 

vascular cellular proliferation (Höckel & Vaupel 2001). When the latter mechanisms to 

restore normal oxygenation are insufficient, severe or prolonged tissue hypoxia occurs, 

which ultimately leads to cell death.  

At the cellular level, cells respond to fluctuations in oxygen concentration primarily 

through transcription factors called hypoxia-inducible factors (HIFs). There are two 

primary players in the HIF pathway, HIF-1 and HIF-2, each a heterodimer composed of 

an alpha and a beta subunit. These proteins are constantly produced, regardless of 

oxygen concentration. However, their degradation or accumulation, as well as the 

suppression or expression of their target genes, are directly correlated with the presence 

or the absence of oxygen, respectively.  
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Under normoxia (normal oxygen concentration), HIF-  undergoes post-translational 

hydroxylation of two proline residues leading to its rapid degradation by the ubiquitin-

proteasome complex (Semenza 2010). Although HIF is constantly produced in the 

presence of oxygen, it is degraded post-translationally, preventing it from entering the 

nucleus and triggering the enhanced transcription of its target genes (Figure 1.4). Under 

hypoxia, these cellular degradation mechanisms are suppressed, thereby inducing HIF-

accumulation in the nucleus. There, HIF- dimerises with HIF-  and binds hypoxic 

response elements (HREs) that are typically located within the promoter region of genes 

coding for proteins such as pro-angiogenic growth factor vascular endothelial growth 

factor (VEGF), erythropoietin (EPO) and glycolytic enzymes (Harris 2002) (Figure 1.4). 

Hence cells under hypoxia promote the expansion of the vascular system, the formation 

of blood vessels, the switch to an oxygen-independent metabolic pathway (anaerobic 

glycolysis), and other changes, in order to cope with a lack of oxygen.  

Interestingly, the ability to not only adapt but even to benefit from this limit in oxygen 

diffusion is one of the fundamental characteristics of tumour cells. In fact, it was shown 

that hypoxia-inducible genes not only mediate the adaptation and behaviour of normal 

tissues but also help the growth and survival of cancer cells (Pocock 2011). Because 

hypoxia-inducible genes regulate several biological processes mentioned above, 

targeting their transcription factor, HIF, represents a potentially new therapeutic strategy 

to treat cancer.  
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Figure 1.4: Representation of HIF regulation under hypoxic and normoxic 

conditions. In normoxia, hydroxylation at two proline residues promotes HIF-

association with the von Hippel-Lindau protein (pVHL). This triggers the degradation of 

HIF via ubiquitin/proteasome pathways. In hypoxia, these processes are suppressed, 

allowing HIF- escape proteolysis, dimerise with HIF-

activate transcription via HREs. Platelet-derived growth factor beta (PDGF-

division and cell growth, while transformation growth factors (TGF-

proliferation and cell differentiation. Image adapted with permission from George & 

Kaelin (2003). 
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1.2.2  Hypoxia and cancer!

Eukaryotic cells depend on a constant supply of oxygen to synthesise energy-rich 

adenosine triphosphate (ATP) molecules needed for nearly every aspect of normal 

cellular function. However, many pathological conditions including cardiovascular 

disease, stroke, and cancer, are associated with depletion of oxygen availability to cells 

(Simmons 2009). 

Tumour hypoxia, for example, occurs when cells proliferate and grow at such a high rate 

that they starve themselves of oxygen. Whereas normal vasculature is structured with 

vessels that are organised in a way that ensures adequate oxygen supply, tumour vessels 

are chaotic, dilated and tortuous (Figure 1.5). Therefore, solid tumours contain regions 

of hypoxia, often surrounding areas of necrosis, because their vasculature cannot 

adequately supply oxygen and nutrients to all the cells (Höckel & Vaupel 2001). Blood 

supply in cancer tissues becomes insufficient, leaving regions of the tumour where the 

oxygen concentration is significantly lower than in healthy tissues. It was observed that 

oxygen tension in hypoxic tumour areas can be as low as 0mmHg with a mean of 

10mmHg, which corresponds to 1.5% of oxygen. In normoxic tissue, oxygen tension 

varies between 20 and 100mmHg with a mean of 50mmHg, which corresponds to 7% of 

oxygen (Gabalski et al. 1998). 

Tumour hypoxia is therefore - mours. Although 

hypoxia is a source of stress for both cancer and normal cells, cancer cells often undergo 

advantageous genetic and adaptive changes that allow them to survive and even 

proliferate under hypoxic conditions (J Martin Brown & Giaccia 1998). These adaptive 

processes include variations in cell division, survival, motility, or differentiation. In fact, 

cancer cells adapt so well to hypoxic stress compared to normal cells that they can show 
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an increase in tumour angiogenesis, vasculogenesis, metastasis, and genome instability 

(Liao & Johnson 2007; Kioi et al. 2010; Chang et al. 2011; J Martin Brown & Giaccia 

1998; Höckel & Vaupel 2001). Additionally, hypoxic tumour cells exhibit both a 

decrease in immune reactivity and a resistance to cell death (Yotnda et al. 2010; Erler et 

al. 2004). Consequently, tumour hypoxia is related to a poorer prognosis in cancer 

(Harris 2002). 

Hypoxia leads to both radiotherapy and chemotherapy resistance via different biological 

mechanisms. Radioresistance of hypoxic cells is mediated by HIF-1, which has been 

shown to promote cell survival and regulate vascular radiosensitivity in tumours 

(Semenza 2004; Moeller et al. 2004). Chemotherapy resistance, on the other hand, is 

directly due to the nature of a hypoxic tumour (Shannon et al. 2003). Anti-cancer drugs 

cannot easily reach the site of action due to its tortuous vasculature (Figure 1.5).  

Remarkably, even in the presence of oxygen, cancer cells maintain anaerobic glycolysis, 

using glucose to produce lactate instead of pyruvate in aerobic glycolysis. This is known 

as the Warburg effect, where lactic acid fermentation is used to produce energy, rather 

than oxidative breakdown of pyruvate (Warburg 1956). 
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Figure 1.5: Tumour physiology under hypoxia versus normoxia. A tumour clearly 

lacks the network of blood vessels needed to maintain homogenous oxygen levels 

throughout the tissue. Image adapted with permission from J M Brown & Giaccia 

(1998).  

 

1.2.3  Hypoxia-regulated miRNAs 

Hypoxia is known to cause changes in the expression of a number of mRNAs, and there 

is recent evidence that it can also affect miRNAs. Indeed, miRNAs can be induced by 

hypoxic stress in various cells or cell lines, either through HIF-dependent mechanisms or 

through other hypoxic pathways. The induction of hypoxia-regulated miRNAs (HRMs) 

in turn affects target - the hypoxic gene expression pattern 

(Gorospe et al. 2011). Certain HRMs such as hsa-miR-155, hsa-miR-210 and hsa-miR-

373 have enhancer HREs in their promoter region where HIF-1 can bind (Crosby et al. 

2009; Kulshreshtha et al. 2007; Bruning et al. 2011). Also, some HRMs can be induced 

by other hypoxia-response transcription factors. For example hsa-miR-21, a frequently 
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up-regulated oncomiRs in cancer, is up-regulated by hypoxia-inducible activation 

protein 1 (AP-1; Fujita et al. 2008) and has been shown to have anti-apoptotic properties 

in hypoxia (Cheng et al. 2010). On the other hand, certain HRMs such as miR-20b and 

miR-200b, are down-regulated by hypoxia to enhance the angiogenic response (Cascio 

et al. 2010; Chan et al. 2011). HRM target genes have been shown to be involved in a 

number of cellular processes such as apoptosis, invasion, metastasis, glycolysis, and cell 

migration. Interestingly, a high proportion of hypoxia-regulated miRNAs are associated 

with cancer (i.e. miR-21). Therefore, matching the changes in target mRNAs in hypoxic 

cancer to changes in miRNAs may help delineate which miRNAs are cancer-promoting. 

Also, the inactivation of such hypoxia-induced oncomiRs may represent an encouraging 

therapeutic strategy for the treatment of some forms of cancer.!

One of the only miRNAs consistently up-regulated under hypoxia in a wide variety of 

human cell lines is miR- miRNA hypoxic marker (Chan 

et al. 2012). In breast cancer cells, for instance, Camps et al. (2008) reported that 

hypoxia results in an increased production of miR-210. This over-expression of miR-210 

was strongly associated with poor prognosis in breast cancer. It was also shown that 

miR-210 contains an HRE allowing HIF binding and is therefore a direct downstream 

target of HIF- (Kulshreshtha et al. 2007).  

To date, nine miR-210 target genes have been validated experimentally in the literature. 

They are involved in cellular processes such as apoptosis, angiogenesis inhibition, stem 

cell biology, cell cycle regulation, DNA damage response (DDR), mitochondrial 

metabolism and tumour growth inhibition (Huang et al. 2010). Using a combined 

approach of bioinformatics tools and experimental checks, it was reported that the iron-

sulphur cluster scaffold homolog (ISCU) is a miR-210 target and is significantly down-

regulated in hypoxic conditions with respect to normoxia. miR-
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of the ISCU transcript leading to a decrease in mRNA levels (Favaro et al. 2010; Chan et 

al. 2009). ISCU is needed to assemble critical components of enzymes that are important 

for a range of functions in the cell, including energy oxygen-dependent energy 

production and mitochondrial respiration. It is an important factor of the mitochondrial 

electron transport chain (ETC) (Tong & Rouault 2006). This metabolic shift between 

mitochondrial ETC and glycolysis is characteristic of hypoxic cells, as they need to 

develop ways to produce adenosine triphosphate (ATP) without oxygen. Repressing 

mitochondrial biogenesis via ISCU is therefore part of the hypoxia-induced miR-210 

pathway. Consequently, down-regulation of ISCU by miR-210 is likely to contribute to 

the tumour cell survival under hypoxic conditions.  

Moreover, miR-210 was reported to target the ligand for ephrin-related receptor tyrosine 

kinase Ephrin-A3 (EFNA3) which plays a role in endothelial cell apoptosis (Fasanaro et 

al. 2008). Because miR-210 effects range from induction of angiogenesis, cell 

proliferation, and cancer metastasis, to inhibition of apoptosis and DDR, it is no surprise 

that its suppression correlates with increased radiosensitivity of hypoxic cancer cells 

(Yang et al. 2012). 
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1.3  sarcoma-associated herpesvirus !

-associated herpesvirus (KSHV) is a tumour virus responsible for 

(PEL), both of which tend to develop in settings of relative hypoxia. Moreover, KSHV 

can modulate cellular HIF and miRNA levels, and it encodes its own set of viral 

miRNAs. While the previous sections provided an overview of our current 

understanding of miRNAs and hypoxia, and highlighted how those two entities 

overlapped, this section focuses on the putative roles of both miRNAs and hypoxia in 

KSHV biology.!

1.3.1  A short history of KSHV biology and oncogenicity!

Discovered in 1994 (Chang et al. 1994), KSHV was originally isolated from KS lesions 

in an AIDS patient. Also known as human herpesvirus 8 (HHV8), it is one of seven 

known human oncoviruses. Together with Epstein-Barr Virus (EBV), KSHV is part of 

the -herpesvirus family. Specifically, it is a member of the 2-lymphotropic oncogenic 

herpesviruses, while EBV belongs to the -1 lineage. Its 165kb-long genome shows 

homologies to both EBV and Herpes virus Saimiri (HVS), another 2-herpesvirus. !

EBV, , is known to infect the majority (>90%) of the 

(Thompson & Kurzrock 2004). However, unlike most herpesviruses 

such as EBV, the seroprevalence of KSHV infection is not as high and varies 

considerably among countries. While KSHV overall seroprevalence is less than 10% in 

the United States, northern Europe and Asia, seroprevalence rates increase to more than 

40% in many sub-Saharan African countries and Peru (Mesri et al. 2010) (Figure 1.6). 

Therefore, sub-Saharan Africa is a major endemic region for KSHV infection. KSHV 
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infection is more common in men than in women and some experts think this might be 

related to hormones. There is a genetic predisposition for certain populations such as 

Mediterranean males and certain areas of Italy, as well as an increased risk in some 

African populations regardless of HIV status.!

KSHV is a necessary, albeit not sufficient, causative agent of KS and two B-cell 

(Greene et al. 

2007). In addition, KSHV infection has recently been associated with an inflammatory 

symptom complex called KSHV inflammation cytokine syndrome (KICS), which is 

characterised by an increase in cytokine production (Uldrick et al. 2010). Interestingly, 

these KSHV-associated diseases often occur in immunocompromised patients, such as 

HIV-infected individuals or organ transplant patients. !

!

Figure 1.6: Seroprevalence of KSHV. This map represents data derived from the 

International Agency for Research on Cancer and is adapted with permission from Mesri 

et al. (2010).!

!
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At the onset of the AIDS epidemic in the 1980s, KS, a hypervascular endothelial tumour, 

was the most common HIV-associated malignancy and it became the fourth most 

common cancer caused by an infectious agent worldwide (Beral et al. 1990). The 

epidemiological data for the incidence of KS generally mirrors those of KSHV 

seroprevalence, shown in Figure 1.6, suggesting a strong correlation between viral 

infection and the development of KS lesions. The contribution of KSHV to the 

development of KS is supported by strong evidence including the clinical observations 

that virtually all cases of KS are KSHV positive (Chang et al. 1994; Schulz 1999). 

Furthermore, KSHV DNA is detectable in peripheral blood mononuclear cells of 

homosexual men prior to the development of KS (Engels et al. 2003) and antibodies to 

KSHV antigens can be detected in AIDS patients prior to the KS diagnosis (Davis et al. 

1997). 

There are four epidemiologic subtypes of KS  classical KS, endemic KS, iatrogenic KS 

and epidemic KS (Antman & Chang 2000). All of them exhibit the same characteristic 

purple, brown, red nodules on the skin, oral cavities and/or internal organs such as the 

gastrointestinal tract, lungs, liver, lymph nodes, etc. If disseminated, KS may become 

life-threatening. The classical KS subtype affects predominantly older men of 

Mediterranean, Eastern European, and Middle Eastern descent. Endemic KS, sometimes 

called African KS, mainly occurs in people from Equatorial Africa. Iatrogenic KS may 

follow organ transplant surgery in patients on immunosuppressive therapy. Finally, 

epidemic or AIDS-related KS refers to the KS found in AIDS patients. It is the most 

common type of KS in the United States and the most frequently reported cancer in 

many African countries (e.g. Zimbabwe), in part because of the high HIV occurrence 

and the lack of access to antiretroviral therapy (ART). Fortunately, significant regression 

of AIDS-related KS can be observed when immunocompromised patients are 
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administered ART. Sometimes referred to as highly active antiretroviral therapy 

(HAART) or effective combination ART (cART), it is a cocktail of HIV drugs that can 

suppress HIV to essentially undetectable levels (Cattelan et al. 2001). cART is a first-

line treatment for AIDS-associated KS, and it is believed to work largely through the 

reconstitution of the immune system. Both KSHV and HIV-1 viral loads decrease upon 

reception of cART (Wilkinson et al. 2002). 

Histologically, there is no distinction between the four subtypes of KS lesions. They are 

composed of various cell types comprising endothelial cells, fibroblast, inflammatory 

cells, and smooth muscle cells (Kaaya et al. 1995). KS typically develops in the 

cutaneous or dermal region of the skin and is characterised by dilated, irregularly shaped 

blood vessels and proliferating spindle endothelial cells. Research in the area can greatly 

benefit from the availability of valid KS cell culture model systems; hence there were 

many attempts to establish immortalized cell lines from KS-derived cells (Nakamura et 

al. 1988; Roth et al. 1988). Unfortunately, only the KSImm cell line was successfully 

isolated thus far but is not widely used (Albini et al. 1997). SLK and KS Y-1 cell lines 

were originally thought to be of KS origin, when in fact they were a contaminant from 

renal carcinoma and bladder cancer cell lines, respectively (Stürzl et al. 2013). 

Often diagnosed in the course of HIV infection, PEL is the second malignancy causally 

associated with KSHV and is a type of B-cell non-Hodgkin  lymphoma (NHL). 

Although rare, PEL is highly aggressive with a median survival rate of 6 months 

following initial diagnosis (Boulanger, Gérard, et al. 2005; Boulanger, Duprez, et al. 

2005). In most cases, PEL cells are co-infected with KSHV and EBV and are located in 

body cavities, hence its former name body cavity-based lymphoma (BCBL; reviewed in 

Chen et al. 2007). The degree to which EBV contribute to the disease pathogenesis is 

unclear. However, it is known that KSHV latent genes drive the development, survival 
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and maintenance of infected PELs. Indeed, in vitro generation of KSHV-negative PEL 

cells was unsuccessful and inhibition of KSHV latent genes leads to apoptosis or cell 

cycle arrest (Guasparri et al. 2004; Nishimura et al. 2001). KSHV-infected PEL cells, 

derived from patient clinical samples, rapidly became a KSHV cell model (Drexler et al. 

1998). A distinction can be made between KSHV-positive EBV-negative cell lines such 

as BCBL-1 or BC-3 cells, and KSHV- and EBV-positive cell lines such as BC-1 or JSC-

1 cells. 

The third type of KSHV-associated disease, although technically not a lymphoma, is 

MCD. This lymphoproliferative disorder develops mainly in lymph nodes and spleen. 

Factors released from infected cells cause hyperactivation of the immune system 

together with proliferation of B-cells and severe inflammatory symptoms (Judde et al. 

2000). Approximately half of all MCD cases are caused by KSHV. However, what 

triggers the immune activation in the other half remains unknown. If untreated, the 

survival of patient with KSHV-MCD is about 2 years or less. The general consensus is 

that KSHV-associated MCD is driven by the activation of cellular cytokines such as 

interleukin 6 and 10 (IL-6 and IL-10), and lytic genes such as the viral homologue of IL-

6 (vIL-6; Parravicini et al. 1997; Aoki et al. 2000; Staskus et al. 1999). Moreover, high 

levels of KSHV DNA is detected in MCD patients, indicative of active lytic replication 

(Grandadam et al. 1997). KSHV-infected cells in the mantle zone of affected MCD 

lymph nodes exhibit significantly more lytic markers than in KS spindle cells and PELs 

(Parravicini et al. 2000; Katano et al. 2000). Together, these observations suggest that 

KSHV-positive cells in MCD patients mediate the release of pro-inflammatory cytokines 

and other lytic factors that in turn promote survival, differentiation and proliferation of 

B-cells, and thus the development of systemic inflammatory symptoms.  
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1.3.2  An overview of KSHV gene expression!

The linear, double-stranded DNA genome of KSHV is encapsulated in an icosahedral 

capsid of ~125nm in diameter, which is surrounded by a layer of tegument proteins and a 

lipid bilayer envelop containing viral glycoproteins. Upon primary infection, KSHV 

DNA is delivered to the cell nucleus and circularises into an episome. The KSHV 

genome is not integrated into the human genome but rather remains in the infected 

nuclei as full viral DNA episome and utilises the host cellular machinery to replicate. 

The KSHV genome consists of (i) a 140kbp long unique region (LUR) that encodes >90 

open reading frames (ORFs), and (ii) a number of GC-rich terminal repeat (TR) 

elements of 801bp each (Neipel et al. 1998). KSHV genes are involved in signal 

transduction, immune evasion, inhibition of apoptosis, and cell cycle regulation. Many 

KSHV ORFs are conserved in - and -herpesviruses. However some genes are unique 

to KSHV and are annotated from K1 to K15, according to their location on the genome 

(from left to right, Figure 1.7). An estimated 25% of KSHV genes are viral homologues 

of human genes.  KSHV 

has borrowed many oncoproteins from the host cell, such as interleukin 6, Bcl-2 family 

protein, cyclin, or G protein coupled receptor. These KSHV genes control cellular 

growth, angiogenesis, cell replication, escape from the host immune response, and anti-

apoptotic pathways. 

Like all herpesviruses, KSHV has both latent and lytic cycles. During latency, KSHV 

expresses only a restricted number of genes associated with partitioning and genome 

replication. The KSHV latency locus is comprised of four genes within 10kb of each 

other: the latency associated nuclear antigen (LANA, or ORF73), v-cyclin (ORF72), v-

FLIP (K13 or ORF71) and kaposin (K12). Although located outside of the latency locus, 

v-IRF3 (LANA-2, or ORF10.5) can be detected in certain latent cells (Parravicini et al. 
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2000). In addition, KSHV encodes 25 viral miRNAs derived from 12 pre-miRNAs (Cai 

et al. 2005), 10 of which are found in the latency locus between K12 and K13. During 

the lytic phase, more than 90 viral genes are expressed in a choreographed manner, from 

immediate-early to early, to late transcripts, which ultimately results in the active 

replication of the linear KSHV genome and the production of infectious virions (Figure 

1.7). One of the most important immediate-early ORFs is RTA (ORF50), the replication 

and transcription activator. RTA plays a major role in KSHV reactivation, while LANA 

is the main hallmark of KSHV latency. These two important KSHV proteins are 

discussed in more detail hereafter. Of note, the lytic phase is marked by the high 

expression of a long non-coding RNA (lncRNA) called polyadenylated nuclear RNA 

(PAN RNA), which is believed to facilitate the induction of viral gene expression via 

direct binding to the viral chromosome (Sun et al. 1996; Rossetto & Pari 2012). Also 

expressed during chronic latent infection in cell culture, PAN RNA has been shown to 

disrupt the transcription of cellular genes involved in immune response, inflammation 

and cell cycle.  

The 134 kDa LANA protein plays a major role in latency and is ubiquitously expressed 

in all latently infected cells (Rainbow et al. 1997; Ballestas et al. 1999). It contains three 

distinct domains: an N-terminal domain rich in serine and proline, a central domain, and 

a proline-rich C-terminal domain presenting charged and hydrophobic regions. Two 

LANA proteins can dimerise via their C-terminus. Additionally, the N-terminus of 

LANA can bind chromosomal DNA and nucleosomes via core histone; this is required 

for the persistence of the KSHV episome (Shinohara et al. 2002; Barbera et al. 2006). 

Moreover, both N- and C-terminal domains interact with chromatin-binding protein 

Methyl-CpG-

(Matsumura et al. 2010). LANA can both negatively and positively regulate biological 
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processes in order to drive cell proliferation (Lu et al. 2012). One of the pathways 

negatively affected by LANA is the central pro-apoptotic p53 pathway. LANA directly 

interacts with p53 to inhibit its transcriptional activity and its ability to induce apoptotic 

cell death (Friborg et al. 1999). In addition to p53, LANA also regulates genes that are 

part of the tumour necrosis factor (TNF) and IFN-

survival of latently infected cells and suppressing antiviral responses, respectively 

(Cloutier & Flamand 2010). 

The replication and transcription activator RTA is an immediate-early KSHV gene that 

governs the transition from latency over to the productive transcriptional programme 

leading to viral spread. In KSHV biology, RTA is often referred to as the master lytic 

switch, alone responsible for the induction of the cascade of cellular and viral responses. 

Targeting its own promoter via a positive feedback loop, RTA also binds RTA-

responsive element (RRE) within other downstream lytic genes including K1, K2 (vIL-

6), K3, and v-IRF1 (Song et al. 2003). Interestingly, LANA has been shown to inhibit 

RTA-mediated autoactivation as well as RTA-mediated KSHV replication and virion 

production (Lan et al. 2004). This shows that the latent-lytic switch is tightly controlled 

and highly dependent on external stimuli responsible for RTA up-regulation, such as 

oxidative stress, hypoxia, inflammatory cytokines, or secondary infection by bacteria 

and viruses.!
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Figure 1.7: KSHV Genome. This map displays 75 ORFs and 21 distinct KSHV-specific genes (K genes). Genes belonging to the latent 

programme are indicated in green, while genes belonging to the immediate-early, early and late lytic programme are indicated in purple, orange, 

red, respectively. Image adapted with permission from Coscoy (2007).  
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1.3.3  KSHV miRNAs 

Being non-immunogenic, virally encoded miRNAs are potentially attractive tools for 

viruses to both avoid detection by the immune system and interfere with the host 

machinery. A decade after the discovery of KSHV in 1994, Pfeffer et al. (2004) 

discovered that KSHV encodes its own miRNAs. Thus far, 12 pre-miRNAs have been 

-miR-

of Kaposin (K12 gene). Ten pre-miRNAs are located within the intron of K12 (i.e. 

between K12 and K13), while the remaining two, KSHV-miR-K12-12 and -10 are 

and are expressed in a different transcript. 

KSHV miRNAs are numbered from 1 to 12, and are ordered from left to right on the 

KSHV genome, as follows: miR-K12-12, -10, -9, -8, -7, -11, -6, -5, -4, -3, -2 and -1 

(Figure 1.8). !

KSHV miRNAs are not all equally expressed. miR-K12-10 and -12 are expressed during 

both latency and lytic replication while the rest, miR-K12-1 to -9 and -11, are expressed 

solely during latency (Pfeffer et al. 2005; Cai & Cullen 2006). Taken together, they yield 

the production of 25 mature KHSV miRNAs whose individual expression varies from 

one cell line to another. For example, three different PEL lines, BCBL-1, BC-1 and BC-

3, express these miRNAs in significantly different levels (Cai et al. 2005). Some 

miRNAs including miR-K12-1, -3, -8, -10, -11, and -12, are highly conserved, while 

others, such as miR-K12-2, -4, -5, -6, -7, and -9 show significant sequence disparities, 

which could alter their processing and function, although this postulate demands further 

investigation (Marshall et al. 2007).!

!
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!

Figure 1.8: KSHV latency locus. This schematic of KSHV major latency locus 

illustrates the open reading frames (ORFs) of Kaposin, v-FLIP, v-cyclin and LANA 

(black arrows) and the 12 pre-miRNAs (red arrows).!

!

Following their discovery, putative functions for KSHV miRNAs have rapidly 

immerged thanks to bioinformatics, miRNA target prediction tools, and genome-wide 

analysis of candidate cellular targets. Using photoactivable-ribonucleoside-enhanced 

crosslinking and immunoprecipitation (PAR-CLIP), more than 2000 potential cellular 

targets have been identified (Gottwein et al. 2011; Samols et al. 2007) and KSHV 

miRNAs have been shown to regulate both host and viral gene expressions in order to 

maintain latency (Lu et al. 2010), induce angiogenesis (Samols et al. 2007) and evade 

the immune system (Table 1.3; Nachmani et al. 2009). !

One of the KSHV miRNAs in particular, miR-K12-11, has been the focus of much 

scrutiny. Its homology to cellular oncomiR miR-155 was reported in 2007 (Gottwein et 

al. 2007). Its role in KSHV cell entry was later established by a study showing that miR-

K12-11-mediated repression of BACH-1 leading to the up-regulation of xCT, a fusion 

entry receptor for KSHV (Qin et al. 2010). In addition, miR-K12-11 targets a 

transcriptional regulator of IL-6, C/EBP , and induces both splenic B-cell expansion and 

KSHV-associated lymphomagenesis (Boss et al. 2011). Furthermore, miRNAs miR-
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K12-7 and 9 have been shown to play a role in the latent/lytic switch by targeting RTA 

and preventing lytic reactivation (Lin et al. 2011; Bellare & Ganem 2009). In addition, 

miR-K12-5 has also been shown to prevent apoptosis via repression of BCL-2-

associated factor (BCLAF1; Table 1.3; Ziegelbauer et al. 2009).!

While numerous studies have investigated the roles of KSHV miRNAs, the exact 

mechanisms governing the regulation of KSHV miRNA expression remain unclear. 

Cellular miRNAs, as well as viral miRNAs, are quick responders and therefore have the 

ability to react rapidly to microenvironmental changes such as oxidative or hypoxic 

stress. However, it is not known if either of those microenvironmental changes affects 

KSHV miRNAs. !

!

!

!

!

!

!

!

!

!

!
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Table 1.3: Putative functions and targets of KSHV miRNAs. Table adapted with 

permission from Qin et al. (2012).  
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1.3.4  The relevance of hypoxia in KSHV life cycle !

Hypoxia and HIFs play an important role in KSHV pathogenesis. Several KSHV 

proteins are indeed known to it induce or otherwise affect HIF. KSHV-encoded G 

protein-coupled receptor (v-GPCR) is an IL-8 chemokine receptor homologue expressed 

during the lytic cycle and induces several signalling pathways including angiogenesis via 

indirect stimulation of HIF-  and its target gene, VEGF (Sodhi et al. 2000). Viral 

interferon regulatory factor 3 (v-IRF3) also promotes HIF-

VEGF and angiogenesis (Shin et al. 2008). Additionally, not only can LANA act as an 

inhibitor of HIF- suppressor proteins pVHL and p53, but it can also trigger HIF-

accumulation in the nucleus (Cai et al. 2006; Cai et al. 2007), even in normoxic 

conditions. It is worth mentioning that other KSHV proteins, such as vIL-6 and K1, can 

also stimulate tumour growth and angiogenesis via HIF-independent mechanisms 

(Figure 1.9; Aoki et al. 2011; Wang 2004).!

Remarkably, hypoxia can in turn activate lytic and latent KSHV genes such as LANA 

 (Veeranna 

et al. 2012; Cai et al. 2006). In PEL cells, a whole lytic gene cluster in the KSHV 

genome, ORF34 through 37, is up-regulated by hypoxia via functional HREs (Haque et 

al. 2006). This is consistent with the observation that HIFs up-regulate both latent and 

lytic KSHV genes. Therefore, the presence of HIFs in lesions may have implications for 

the pathogenesis of KSHV-associated diseases PEL and KS. Both disorders tend to 

develop in settings of relative hypoxia, and HIF-1  is up-regulated in HIV-associated 

KS lesions (Long et al. 2009). !

Despite hypoxia being such an important feature of KS and PEL pathogenesis, no study 

has investigated the effects of KSHV infection on the hypoxic pathway, and vice versa, 
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through miRNA regulation. Hence this thesis is focused on understanding the underlying 

miRNA-mediated mechanisms between hypoxia and KSHV pathogenesis.!

!

!
 

Figure 1.9: Development of KSHV-related malignancy under microenvironmental 

stress. (A) Hypoxia is induced by the proliferation of KSHV-infected cells. (B) 

Apoptosis and mutations occur under hypoxic stress inducing an increase in HIF-

VEGF levels, while (C) reoxygenation and overproduction of ROS induce oxidative 

stress. (D) Combined oxidative and hypoxic stress induces the survival of malignant 

cells and KSHV lytic replication, which promote angiogenesis and tumour progression. 

(E) KSHV is reactivated from latency due to microenvironmental stresses and produces 

new virion particles. Image adapted with permission from Cai et al. (2010). 
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1.3.5  KSHV entry into target cells 

KSHV infects a wide variety of human cell types including B cells, endothelial cells, 

epithelial cells, fibroblasts, monocytes and keratinocytes (Ganem 2007). Initial 

attachment of the virion and internalisation into target cells are critical steps in any viral 

infection. Multiple interactions are required for an efficient attachment of the envelope 

proteins on KSHV virions to the host cell, and viral entry. Heparin sulphate is one of the 

host cell surface receptors KSHV binds to and is a common target receptor for many 

herpesviruses. At least two envelope proteins, glycoprotein B (gB) and K8.1, mediate 

have been 

shown to also play a role in the attachment and entry of KSHV into host cells (Spear & 

Longnecker 2003; Akula, Pramod, et al. 2001). Besides heparin sulphate, ephrin type A-

receptor 2 (EPHA2) has recently been identified as another target receptor essential for 

KSHV entry into endothelial and epithelial cells, and it is likely to bind KSHV 

glycoproteins H and L (Hahn et al. 2012; Chakraborty et al. 2012). In addition to heparin 

sulphate and EphA2, xCT has been shown to enable KSHV-cell fusion and viral entry 

and is coincidently up-regulated by KSHV-encoded miRNAs (Kaleeba & Berger 2006; 

Qin et al. 2010). Notably, hypoxia also up-regulates the cell-surface expression of xCT 

in glioma cells although it remains unclear if hypoxic induction has an effect on KSHV 

uptake via xCT up-regulation.  

Regarding internalisation, KSHV utilises a combination of two endocytic pathways that 

varies depending on the cell type: clathrin-mediated endocytosis, which has been shown 

to occur in embryonic kidney epithelial cells (HEK-293; Akula, Wang, et al. 2001) and 

human foreskin fibroblast cells (HFF; Akula et al. 2003); and actin-dependent 

macropinocytosis in human microvascular dermal endothelial cells (HMVEC-d) and 

human umbilical vein endothelial cells (HUVEC; Raghu et al. 2009). 
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Macropinocytosis is typically associated with the uptake of solutes from the extracellular 

milieu and vesicles are formed by the cell surface rufflings. Similarly to KSHV, HIV-1 

entry into macrophages is mediated by macropinocytosis (Maréchal et al. 2001). 

- -1 

(Wojtowicz et al. 2002) but it has not been described if that was through a 

macropinocytic mechanism at that point. Seven years later, Mandrekar et al. (2009) 

reported that macropinocytosis is the mechanism used by microglia

macrophages, to -amyloid . Recently, Daniels et al. described 

how an engineered peptide, p27, enhances HIV infection (Daniels et al. 2014). Further 

studies are needed to draw conclusions KSHV uptake 

via macropinocytosis. 

Within 8hrs of entry into primary endothelial cells, each KSHV virion releases its double 

stranded viral DNA genome into the cell nucleus for it to be circularised. The production 

of virions and lysis of most host cells occur within 72hrs post-infection. By 8dpi (days 

post infection), lytic replication usually comes to a halt, leaving latently infected cells 

(Dezube et al. 2002). Of note, this model might not be reflective of KSHV-infected B-

cells. 
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1.4  Thesis aims 

Background summary 

Over the last two decades, KSHV pathogenesis has been extensively studied and crucial 

discoveries in the fields of cellular as well as virus-encoded miRNAs and hypoxic 

regulation have been made (Sections 1.1 and 1.2). There is compelling evidence that 

KSHV  hypoxia to its advantage (Section 1.3). While it is 

clear that (i) hypoxia-induced angiogenesis is instrumental to the survival and 

proliferation of KSHV infected cells and (ii) some cellular miRNAs are induced by 

hypoxia, the functional relationship between miRNAs and KSHV infection, especially in 

the context of hypoxia, has not been explored. 

Specifically, there is very little information regarding the regulation of cellular miRNAs 

by KSHV, hypoxia or both, the regulation of viral miRNAs by external stimuli such as 

hypoxic stress, and how these miRNAs may contribute to KSHV pathogenesis. Broadly 

put, this thesis project focuses on the interplay between three major axes: KSHV, 

miRNAs and hypoxia.  

Hypothesis 

This thesis will address the hypothesis that dysregulation of miRNAs due to hypoxia, 

KSHV infection or the interaction of the two processes, plays a significant role in KSHV 

pathogenesis. Consequently, the overall goal of the research set out in this thesis is to 

understand how KSHV uses the host miRNA silencing machinery to its advantage and 

how this intersects with its o hypoxia. 

Aims 

This thesis aims to address the miRNA-mediated mechanisms associated with KSHV 

infection and/or hypoxia induction by: 
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1. Profiling the cellular miRNA and mRNA responses to KSHV infection  

2. Evaluating the interplay between KSHV infection and the hypoxic cellular 

response. 

3. Examining the role of hypoxia-regulated miRNAs in KHSV-infected B-cells. 

4. Assessing the response of KSHV miRNAs to external stimuli. 

This thesis does not only address miRNA dysregulation, but also relates it to the mRNA 

target changes in order to decipher the relevant miRNA-mRNA pairs that have the 

greatest impact on KSHV pathogenesis. In the subsequent chapters, after an explanation 

of the materials and methods (Chapter 2), these goals are pursued by first profiling the 

differential expression of cellular miRNAs and mRNAs in response to KSHV infection 

(Chapter 3), profiling the differential expression of miRNAs and mRNAs in response to 

hypoxic induction using an infected/uninfected KSHV cell model (Chapter 4), 

investigating the cellular response to hypoxia in chronically infected B-cells (Chapter 

5), and lastly evaluating how KSHV miRNAs may be influenced by external stimuli, 

such as hypoxia, oxidative stress or drug treatment (Chapter 6). This thesis finally 

provides an overall summary and discussion of the reported findings (Chapter 7). 
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2 

Materials and methods  

 

 

 

THIS   chapter  is   a   collection  of   the  materials   and  methods  used  in  experiments 

conducted either in the laboratory of Dr. Robert Yarchoan at the National Cancer 

Institute of the U.S. National Institutes of Health, or in the laboratory of Dr. Jiannis 

Ragoussis at the Nuffield Department of Medicine of the University of Oxford, now at 

McGill University in Canada. 

2.1  Reagents, suppliers and instruments 

Tissue culture flasks, plates and dishes were obtained from Corning (Tewksbury, MA, 

USA). Unless otherwise stated, any additional reagents not provided by a standard kit 

were supplied from Sigma-Aldrich (UK and USA). The principal instrumentation has 

been divided by lab location as follows.  
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RAGOUSSIS LAB, NUFFIELD DEPARTMENT OF MEDICINE, UNIVERSITY OF OXFORD 

 Microfuge 22R [Beckman Coulter]  IQ5 iCyclerTM Multicolor Real-Time PCR detection system instrument 

[Bio-Rad Laboratories]  CFX96 Real-Time System C1000 thermal cycler [Bio-Rad laboratories]   2100 Bioanalyzer microfluidics-based platform [Agilent Technologies]  Dark reader blue light transilluminator [Clare Chemicals]  PowerPacTM HC high-current power supply  NanoDrop spectrophotometer ND-1000 [NanoDrop Technologies]  QuBit® Fluorometric Quantitation device [Life Technoogies]  Countess® automated cell counter [Invitrogen]  Stackable incubator shakers Innova® 44 [New Brunswick Scientific]  LabGard® ES NY-425 class II, type A2 biosafety cabinet [NuAire]  Air-jacketed CO2 incubators, model 5.3A and 8.5A [VWR Laboratories]  Invivo2 hypoxia workstation [Ruskinn Technology]  LSF151 under-counter Laboratory freezer [Lec Medical]  FormaTM -86°C ultra-low temperature freezer [Thermo Scientific] 

YARCHOAN LAB, NATIONAL CANCER INSTITUTE, NATIONAL INSTITUTES OF HEALTH 

 Microfuge 18 centrifuge [Beckman Coulter]   SorvallTM Legend XTR refrigerated centrifuge [Beckman Coulter]  T100TM thermal cycler [Bio-Rad Laboratories]  Vortex-Genie 2 variable speed laboratory mixer [Daigger Laboratories]  StepOnePlus Real-Time PCR systems [Applied Biosystems]  Gyrotory shaker model G2 [New Brunswick Scientific] 
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 Eclipse T1 microscope system [Nikon] with QImaging Retiga 4000R Fast 

1394 digital camera features [QImaging]  PowerEase® 300W power supply [Life Technologies]  iBlot® blotting system [Invitrogen]  SorvallTM Legend Micro 17R microcentrifuge [Thermo Scientific]  NanoDrop spectrophotometer ND-1000 [NanoDrop Technologies]  SpectraMax® 190 UV-Vis microplate spectrophotometer [Molecular 

Devices]  Odyssey® CLx infrared imaging system with the Image StudioTM 

software [Li-Cor Biosciences]  Class II, type B1 biosafety cabinet [NuAire]  HeracellTM 150 CO2 incubator [Thermo Scientific]  FormaTM Laboratory pharmacy freezer [Thermo Scientific]  K series Cryostorage system with Kryos controller [Taylor-Wharton]  FormaTM -86°C ultra-low temperature freezer [Thermo Scientific] 

 

2.2  Cell culture methods 

2.2.1  Cell lines 

Human epithelial SLK and SLKK cells (also known as SLK+rKSHV.219) (Ziegelbauer 

 were a gift 

from Dr. Don Ganem (UCSF, CA, USA). Cells were expanded on receipt, frozen in 

liquid nitrogen, and stored until used in the experiments described. 
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PEL-derived KSHV-infected BC-3 and BCBL-1 cells were previously described 

(Arvanitakis et al. 1996; Renne et al. 1996) and were, for the purposes of this thesis, 

obtained from cryogenic storage of the Yarchoan Lab at the National Cancer Institute, 

NIH (National Institutes of Health AIDS Research and Reagent Program, Rockville, 

MD). Vero cells were either cultured uninfected as a control, or infected with 

puromycin-resistant rKSHV.219. They were transfected with a doxycycline inducible 

plasmid encoding for KSHV lytic protein RTA. All cell lines were originally obtained 

from the American Type Culture Collection (ATCC) (Manassas, VA, USA) and are 

described in Table 2.1.  

rKSHV.219 differs from wild type KSHV in that green and red fluorescent proteins are 

promoter, respectively. It also contains a puromycin resistance gene as a selectable 

marker . 

SLKK cells containing the rKSHV.219 were found to grow slower than SLK cells, 

probably due to the presence of puromycin in the growth media to select for cells 

expressing the viral episome. 

2.2.2  Cell maintenance 

All experiments were established in a minimum of three independent cell cultures at 

37 C in humidified 5% CO2, unless otherwise stated. 

Adherent cells were maintaine edium (DMEM, Gibco, 

Carlsbad, CA, USA) supplemented with 10% v/v foetal bovine serum (Sigma-Aldrich, 

St Louis, Missouri, USA) and 1% Penicillin/streptomycin/glutamine solution (Gibco). 

When confluent (~80%), adherent cells were rinsed with sterile PBS, detached using 
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0.25% trypsin-EDTA (Gibco), centrifuged at 1500rpm for 5 minutes, resuspended in 

10mL DMEM (Gibco) and diluted into a new container 10x to 20x depending on the cell 

type and the experiment conducted at the time. Additionally, KSHV-positive SLK 

(known as SLKK) cells were periodically grown under selection with 10 g/mL 

puromycin to maintain the viral episome. 

Suspension cells were maintained in RPMI 1640 medium (Gibco) supplemented with 

10% v/v foetal bovine serum (Sigma-Aldrich) and 1% Penicillin/streptomycin/glutamine 

solution (Gibco) (Table 2.1). Cells were split every 5 to 7 days depending on the cell 

type.  

2.2.3  Cell counting 

Cells were counted before being plated or resuspended for experiments that required a 

specific cell concentration such as hypoxic treatment, oxidative stress, prior RNA 

extraction for RNA-Seq analysis, transfection experiments, or pomalidomide treatment. 

Cells were washed and trypisinized (if adherent cells), centrifuged and resuspended in 

the adequate cell culture medium. An equal volume of cell suspension and trypan blue 

loaded onto a disposable Countess 

chamber slide (Invitrogen, Life Technologies, Carlsbad, CA, USA). The device then 

takes 16 live pictures, process the live and dead cells and averages the number of cells in 

order to provide the total cell concentration per mL, the live cell concentration per mL, 

the dead cell concentration per mL and the viability (as a percentage of live cells to total 

cells).  
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Table 2.1: Cell line characteristics. WT : wild type, rKSHV.219 : recombinant KSHV.219, TPA : 12-O-tetradecanoylphorbol-13-acetate.

Cell line Organism Tissue Morphology 
Culture 
Properties 

Disease 
Lytic 
replication 
inducibility 

Culture medium 

SLK Homo sapiens Kidney:skin Epithelial Adherent Clear cell carcinoma no DMEM complete 

SLKK Homo sapiens Kidney:skin Epithelial Adherent 

Clear cell carcinoma 
infected by recombinant 
puromycin-resistant 
rKSHV.219 

no 
DMEM complete + 

 

iSLK.219 Homo sapiens Kidney:skin Epithelial Adherent 

Clear cell carcinoma 
infected by recombinant 
puromycin-resistant 
rKSHV.219 

RTA inducible 

doxycycline  

DMEM complete + 

(Geneticin) 

Vero 
Cercopithecus 
aethiops 

Kidney Epithelial Adherent Normal no DMEM complete 

Vero + 
KSHV 

Cercopithecus 
aethiops 

Kidney Epithelial Adherent 
infected by recombinant 
puromycin-resistant 
rKSHV.219 

no 
DMEM complete + 
10ug/mL puromycin 

Vero/RTA 
+ KSHV 

Cercopithecus 
aethiops 

Kidney Epithelial Adherent 
infected by recombinant 
puromycin-resistant 
rKSHV.219 

RTA inducible 

doxycycline  

DMEM complete + 

(Geneticin) 

BCBL-1 Homo sapiens 
B 
lymphoblast 

Lymphoblast Suspension 
Body cavity based 
lymphoma infected by 
WT KSHV  

TPA or 0.5mM 
butyrate  

RPMI compete 

BC-3 Homo sapiens 
B 
lymphoblast 

Lymphoblast Suspension 
Body cavity based 
lymphoma infected by 
WT KSHV  

TPA or 0.5mM 
butyrate 

RPMI compete 
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2.2.4  Cryogenic preservation, storage and thawing of cells 

For research purposes, cell lines were frozen and stored away in a liquid nitrogen tank 

(approximately -150°C) at the Wellcome Trust Centre for Human Genetics at the 

University of Oxford, or at the National Cancer Institute at the NIH. 2mL cryogenic 

tubes were used for long-term storage (1 million cells per vial). After cell counting, cells 

were resuspended in freezing medium (FBS+10% dimethyl sulfoxide) and aliquoted into 

labelled vials that were gradually frozen, first for an hour on dry ice, then for an hour at -

80°C, and finally in the cryogenic storage. To retrieve cells from long-term storage, vials 

were rapidly thawed in a 37°C water bath, slowly diluted in 48mL medium (either 

DMEM or RPMI 1640), centrifuged for 5 minutes at 1000rpm and resuspended in 10mL 

medium. In the case of SLKK cells, 10 g/mL puromycin was added to the medium 

which would slow growth slightly. Cells were then incubated in a T25 flask and 

typically reached confluence within a week of being thawed.  

2.2.5  Hypoxic treatment 

Exposure of cell cultures to hypoxia (1% O2) was undertaken in either an InVivo2 

Hypoxia Work Station (Ruskinn Technology, UK). This was undertaken in parallel with 

cells maintained in normoxic conditions (21% O2). As an alternative way to induce HIF, 

cobalt chloride (CoCl2  concentration) to 

trigger HIF-1  accumulation. CoCl2-treated cells were then incubated in normoxic 

conditions. All cells were harvested for protein and RNA 24hrs post-treatment. All 

experiments were done at least in triplicate from independent cell cultures. 

Hypoxia induces lytic replication in KSHV-infected B-cells BCBL-1 (Davis 2001), but 

not in SLKK cells where latency is under tight control. 
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2.2.6  Oxidative stress treatment 

The day prior to oxidative stress treatment, BCBL-1 or BC-3 cells were plated at 

4x105cells/mL. 25 M hydrogen peroxide (H2O2) was used to treat cells. PBS was used 

for the untreated controls. Cells were harvested for protein and RNA at various time 

points unless specified otherwise (e.g. 3hrs, 6hrs, 9hrs, 12hrs, 24hrs or 48hrs post-

treatment). 

2.2.7  Pomalidomide treatment 

Stocks of immunomodulatory agent pomalidomide (Celgene Corporation) were 

dissolved in DMSO and used to treat BCBL-1 cells at varying final concentrations: e.g. 

Vehicle controls (DMSO) were used as a negative control 

for normalisation. Cells were incubated for 72hrs before being harvested for protein and 

RNA.  

2.2.8  De novo infection of SLK cells by KSHV 

KSHV was harvested from BCBL-1 cultures 6 days after induction with valproic acid 

and purified by centrifugation. The day prior to de novo KSHV infection, SLK cells 

were plated at 1x105 cells per well in a 6 well-plate to obtain 50% confluence. Cells 

were incubated for 6hrs at 37 C with DMEM containing 2% FBS, wild-type KSHV, and 

8 g/mL Polybrene (Hexadimetrhine bromide; Sigma-Aldrich). After incubation, cells 

were washed twice with PBS and normal growth medium was changed every other day 

throughout the course of infection. Cell lysates and RNA were harvested at various time 

points including 3 days post-infection (3dpi) and 5 days post-infection (5dpi).   

!
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2.2.9  Transfection of miR-210 mimics and anti-miR-210 inhibitors 

SLK and SLKK cells were seeded at a concentration of ~2.5x104 to 2.8x104 cells per 

well in a 96-well plate in DMEM medium with 10% FBS containing no antibiotics; this 

allowed cells to achieve 70%-80% confluence the following day. The culture medium 

was then removed and the cells were transfected with the miRNA mimics (i.e. miR-210), 

miRNA inhibitors (i.e. anti-miR-210) (Dharmacon, 

Lafayette, CO, USA) at 2nM and 10nM final concentration, using Lipofectamine 2000 

(0.4µL per well) (Invitrogen). Lipofectamine is a routinely used transfection reagent that 

allows the negatively charged membrane to interact with the liposome/nucleic acid 

complex. The miRNA transfection experiments were performed in 50µL Opti-MEM 

medium (Invitrogen). Five hours post-transfection, the medium was supplemented with 

50µL Opti-MEM with 20% FBS (10% final concentration) and the cells were incubated 

overnight at 37°C/5% CO2 for RNA isolation. 

2.2.10  Transfection of miRNA mimics (miR-708-5-p, miR-409-3p and miR-409-5p) 

The day prior to transfection, SLK and SLKK cells were plated at 1x105 cells per well in 

a 6 well-plate to obtain 50% confluence. The control scramble sequence  (Negative 

control #1, Cat. No. 4464051, Ambion, Life Technologies) and the double-stranded 

miRNA mirVana mimics for miR-708-5p, miR-409-5p and miR-409-3p (assay ID 

MC11161, MC13028, and MC12446, respectively; Ambion, Life Technologies) were 

transfected at a final concentration of 10nM using DharmaFECT 1 (Dharmacon, GE 

1 and Opti-MEM (1:50 v/v ratio) were incubated at room temperature for 10 minutes. 

Separately, Opti-MEM and 10pmol of miRNA mimics or miR-scramble were also 

incubated at room temperature for 10 minutes. 400 L of these two mixtures (1:1 v/v 
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ratio) were then incubated at room temperature for 20 minutes and subsequently added 

to the cells with 1.6mL of DMEM containing 10% FBS. Cells were harvested for RNA 

48hrs after transfection. 

 

2.3  DNA methods 

2.3.1  DNA extraction and quality control 

Genomic DNA was isolated from cells using the PureLink Genomic DNA Mini kit 

were determined after isolation using a Nandrop-ND-1000 spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA). All samples were stored at -20°C.  

2.3.2  Primer design 

Primers for DNA amplification were designed using NCBI 

(http://www.ncbi.nlm.nih.gov/) to retrieve the gene sequence (Genome database) and 

Primer3Plus (http://primer3plus.com/) to generate the primers (standard settings). 

Forward and reverse primer sequences were then checked for specificity against the 

human genome assembly GRCh37/hg19 using UCSC In-silico PCR tool 

(www.noncode.org/cgi-bin/hgPcr). Reverse Phase Cartridge (RPC) purified custom-

made oligonucleotides were then synthesised by either Lofstrand Labs Limited (USA) 

when at the NIH, or by Metabion (Germany) when at the University of Oxford.  

2.3.3  Polymerase chain reaction 

Eight individual regions of the 14q32 genomic locus were probed using a set of custom-

designed primers at Table 2.2) and AmpliTaq Gold 360 Master Mix (Applied 
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100ng of DNA template. The cycling conditions were as follows: 10 minutes at 95 C, 35 

cycles of amplification at 95 C for 30 seconds, 60 C for 30 seconds and 72 C for 1 

minute, followed by 7 minutes at 72 C. 

2.3.4  DNA gel electrophoresis 

The final PCR products were mixed with 6X orange DNA loading dye (Thermo Fisher 

Scientific) and introduced into the wells of an 

or 1kb ladder (NEB) depending on the size of the DNA fragments. The DNA samples 

were electrophoresed on a 1-2% agarose gel in Tris-Borate-EDTA (TBE) at 100V for up 

to 50 min, then stained with ethidium bromide and visualize under ultraviolet (UV) light. 
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Region Primer names Amplicon size Sequence (Forward and Reverse) 

1 Upstream DLK1 394bp 
TGGGAGCTCAAGGTCAGTCT 

AAAAGTAGGGAAGCACCCGT 

2 DLK1 403bp 
CCATCAACACAACGTTCAGG 

TCTCTGATGATGGAGACCCC 

3 Methylation Region 469bp 
ACCACCTTAGATGCCGTGTC 

TGCTCAGCTCTGTCTCCTGA 

4 MEG3 365bp 
GGATGCTGAGATTCGGGATA 

TAGGAACACAACGGGACACA 

5 RTL1 494bp 
AAGTTCGCCCAAGAGCACTA 

TCGCTGTGATCACTGTCTCC 

6 miRNA Cluster 547bp 
TCCTTGGAGAGTGTGAGGCT 

CCTACCCTCAAAAGGGCTTC 

7 DIO3 475bp 
TGTTTCCTGTCCCTGGTAGG 

ACACTCACCAAATGGCCTTC 

8 Downstream DIO3 431bp 
AGGGGAACAACAGTGTGGAG 

TGGAGCTGGGAGAAGACACT 

 

Table 2.2: Primer sequences for PCR amplification of the 14q32 region. Eight 

individual regions (~450bp) of the genomic DNA at 14q32 were probed using these 

custom-designed primers. Columns identify the primer name, direction, sequence as well 

as amplicon size. 

!
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2.4  RNA methods 

2.4.1  Total RNA extraction and quality control 

Total RNA was extracted from cells using miRVana miRNA isolation kit (Ambion, Life 

Technologies, Carlsbad, CA, USA) according to manufacturer instructions. RNA 

abundance and integrity were determined after isolation using a Nanodrop-ND-1000 

spectrophotometer (Thermo Fisher Scientific) and an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA), respectively. Only total RNA samples with RNA 

integrity number (RIN) >9 were further used for RNA-Sequencing and small RNA-

Sequencing. All samples were stored at -80 C. 

2.4.2  Primer design 

Primers for quantitative real-time PCR were designed using NCBI to retrieve the mRNA 

Fasta sequence (Genome database). Whenever possible, primers were generated by 

Primer3Plus so that they span the exon-exon boundary to avoid DNA amplification. 

Forward and reverse primer sequences were then checked for specificity against the 

human genome assembly GRCh37/hg19 using UCSC In silico PCR tool 

(www.noncode.org/cgi-bin/hgPcr). Additionally, primer specificity was assured by the 

quality of the melting curve profiles at the end of the qPCR (a single sharp dissociation 

peak). Reverse Phase Cartridge (RPC) purified custom-made oligonucleotides were 

synthesised by either Lofstrand Labs Limited (USA) when at the NIH, or by Metabion 

(Germany) when at the University of Oxford.  
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2.4.3  Reverse transcription 

2.4.3.1  Messenger RNA 

For gene expression, cDNA synthesis was performed on total RNA (RIN >9) using the 

Superscript II reverse transcriptase kit, 0.5mM dNTP set and 50ng/µL random hexamer 

(Invitrogen). cDNA products were stored at -20°C for further measurements. 

2.4.3.2  MicroRNA 

For miRNA expression, cDNA synthesis was performed on total RNA (RIN >9) using 

TaqMan MicroRNA reverse transcription kit (Applied Biosystems) and the following 

Reverse Transcription microRNA assays (Table 2.3).  cDNA  products  were  stored  at 

-20°C for further measurements. 

2.4.4  Quantitative real-time polymerase chain reaction (qPCR) 

2.4.4.1  Messenger RNA 

qPCR was performed using the FastStart Universal SYBR Green/ROX master mix 

(Roche Applied Science, Mannheim, Germany) and cDNA templates diluted 1:8 in 

nuclease-free water. Thermal conditions included an enzyme activation step (95 C for 

10 minutes), 40 cycles of amplification at 95 C for 15 seconds and 60 C for 1 minute, 

and melting curve analysis following instrument standard instructions. The 18S or 

RPL11 transcript levels were used as endogenous control to normalise expression of the 

genes of interest (Table 2.4). All qPCR reactions were performed on a StepOnePlus 

real-time PCR system (Applied Biosystems). Each experiment was performed in 

triplicate. Change in mRNA expression was determined based on the delta Ct method 

(Livak & Schmittgen 2001). 
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miRNA  RT and qPCR Assay number 

miR-193b-3p 002367 

miR-210-3p 000512 

miR-224-5p 002099 

miR-409-5p 002331 

miR-409-3p 002332 

miR-410-3p 001274 

miR-708-3p 002342 

miR-708-5p 002341 

miR-3614-5p 461775 

let-7c 000379 

RNU43 001095 

kshv-miR-K12-1-5p 197204_mat 

kshv-miR-K12-2-5p 197192_mat 

kshv-miR-K12-3-5p 008316 

kshv-miR-K12-4-3p 197240_mat 

kshv-miR-K12-6-3p 008459 

kshv-miR-K12-7-3p 243633_mat 

kshv-miR-K12-8-3p 241994_mat 

kshv-miR-K12-10a-3p 008504 

kshv-miR-K12-11-3p 008562 

 

Table 2.3: Single tube Taqman miRNA assays for reverse transcription and qPCR. 

!

!
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Gene Primer sequence (Forward and Reverse) 

VEGF 
CCTTGCTGCTCTACCTCCAC 

AGCTGCGCTGATAGACATCC 

ISCU 
AATGGGTGAAAGGAAAGACG 

GCTCCTTGGCGATATCTGTG 

LANA 
CGCGAATACCGCTATGTACTCA 

GGAACGCGCCTCATACGA 

RPL11 
CTTTGGCATCCGGAGAAAT 

TCCAAGATTTCTTCTGCCTTG 

18S 
GCCCGAAGCGTTTACTTTGA 

TCCATTATTCCTAGCTGCGGTATC 

EFNA3 
GTGCCCAAGCTTGAGAAGAG 

GCGGACACAGATGTATGGTG 

FGB 
AATTACTGTGGCCTACCAGGTGAATA 

AAGCTGGCTAATTTTATCATTTCCA 

ANG 
TGGGCGTTTTGTTGTTGGTCTTC 

CGTTTCTGAACCCCGCTGTGG 

CASP2 
TTGCCGAAGATGAGACTGC 

GCGTTCACCTTAACCAGCA 

MDM2 
GCAGTGAATCTACAGGGACGC 

ATCCTGATCCAACCAATCACC 

LIF 
GGCCCGGACACCCATAGACG 

CCACGCGCCATCCAGGTAAA 

H19 
GGCTCCCAGAACCCACAAC 

GGGTTTTGTGTCCGGATTCA 

 

Table 2.4: Primer sequences used for qRT-PCR. 

!
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2.4.4.2  MicroRNA 

6-carboxyfluorescein(FAM)-based qPCR was performed using the Taqman Universal 

Master Mix II (no UNG) (Applied Biosystems), cDNA miRNA templates, and qPCR 

miRNA primers (Ambion, Life Technologies, Table 2.3

instructions. Each PCR reaction contained 1.33µL of reverse transcription product, 

7.67µL nuclease-free H2O, 10µL TaqMan Fast Universal PCR Master Mix, and 1µL 

TaqMan MicroRNA Assay (20X) primer.  

qPCR reactions were performed on the IQ5 Multicolor Real-Time PCR Detection 

System instrument (iCycler, Bio-Rad), the CFX96 Real-Time System C1000 Thermal 

Cycler (Bio-Rad), or the StepOnePlus real-time PCR system (Applied Biosystems) as 

follows: enzyme activation step at 95 C for 10 minutes, 40 cycles of amplification at 

95 C for 15 seconds followed by 60 C for 1 minute. Reference snoRNA RNU43 was 

used as endogenous control to normalise expression. Each experiment was performed in 

triplicate. Change in miRNA expression was determined based on the delta Ct method 

(Livak & Schmittgen 2001).  

 (i) =  (Ct, miRNA  Ct, RNU43) Hypoxia (i)   (Ct, miRNA  Ct, RNU43) Normoxia  

For experiment (i) Hypoxia (i)

hypoxic sample (i) internal reference RNU43 and the miRNA of interest; and 

Normoxia the 6 raw results for all normoxic control samples of the 

experiment. The relative expression levels are then calculated from these normalised Ct 

values:  

 Relative expression miRNA = 2    Results were considered significant at P  
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2.4.5  Preparation of polyadenylated mRNA libraries for deep sequencing 

Total RNA samples used for RNA-Sequencing were treated with Turbo DNA-free 

DNase I and Dynabeads (both from Ambion, Life Technologies) to deplete samples 

from the residual DNA and to isolate the polyadenylated mRNA transcriptome, 

respectively. Poly(A) enriched RNA libraries were then prepared with the ScriptSeq v2 

RNA-Seq kit (Epicentre, Madison, Wisconsin, USA). The final concentration and size 

distribution of the RNA libraries were measured using a Nanodrop-ND-1000 

spectrophotometer (Thermo Fisher Scientific), and running a DNA 100 chip on an 

Agilent 2100 Bioanalyzer (Agilent Technologies). Finally, a total of 18 polyadenylated 

mRNA libraries (hypoxic and normoxic SLK, hypoxic and normoxic SLKK, and 

hypoxic and normoxic BCBL-1 samples; n=3) were sequenced using the Illumina HiSeq 

platform at the Wellcome Trust Centre for Human Genetics (University of Oxford). 

2.4.6  Preparation of miRNA libraries for deep sequencing 

Small RNA libraries were constructed as previously described (Camps et al. 2014) using 

the TruSeq RNA Sample Prep kit (Illumina inc., San Diego, California, USA). Briefly, 

after running 2 g of total RNA in a 15% urea-TBE gel (Invitrogen, Life technologies, 

Carlsbad, California, USA) for 1hr at 200V, the 20 to 30nt RNA fraction was excised 

and eluted in 0.3M NaCl.  Following separation of the elute from the gel debris using a 

Spin-X-column (Thermo Fisher Scientific), the small RNA samples were precipitated in 

100% ethanol and 1mg/mL glycogen, incubated at -80 C for 30 minutes, centrifuged at 

14,000rpm for 25 minutes, washed with 75% ethanol, air dried and resuspended in 

RNase-free water. Illumina TruSeq libraries were then prepared according to the 

easured by a 

Qubit 2.0 fluorometer using Qubit dsDNA HS Assay kit (Life Technologies). The size of 
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the products contained in the libraries were verified using a high sensitivity DNA chip 

and an Agilent 2100 Bioanalyzer (Agilent Technologies). Finally, a total of 18 miRNA 

libraries (hypoxic and normoxic SLK, hypoxic and normoxic SLKK, and hypoxic and 

normoxic BCBL-1 samples, n=3 each) were sequenced using the Illumina HiSeq 

platform at the Wellcome Trust Centre for Human Genetics (University of Oxford). 

2.4.7  Illumina Solexa mRNA-Seq analysis 

For mRNA sequencing, adapter sequences were trimmed using the Fastx toolkit. Reads 

were aligned against two target genomes, human (hg19) and KSHV (Genbank accession 

number NC_009333.1) using TopHat (Trapnell et al. 2009) to generate spliced 

alignments. Transcripts were assembled using Cufflinks and Cuffdiff (Trapnell et al. 

2010) in order to reveal differentially expressed genes. The significance of mRNA fold 

changes was determined using the cut-off of an adjusted P-value lower than 0.05, based 

on the Benjamini and Hochberg multiple testing correction. Dr. Martin Reczko 

contributed to the raw sequencing analysis presented in this thesis. R suite software 

(http://www.R-project.org) was used for statistical analyses, heatmaps and scatter plots. 

Raw mRNA data for normoxic SLK and SLKK experiments are available on the NCBI 

Gene Expression Omnibus (GEO) database under the series accession identifier 

GSE62830. 

2.4.8  Small RNA-Seq analysis 

For small RNA sequencing, reads were aligned against known miRNAs from miRbase 

(version 19.0) using the software package SHRIMP (Rumble et al. 2009) 

(http://compbio.cs.toronto.edu/shrimp/README) with miRNA specific settings (-o 1 -n 

2  -r 30% -h 50% --local -Q --qv-offset 32 --sam). As paired-end sequencing, reads were 

aligned separately covering the mature miRNA both on the forward and reverse read and 
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the obtained number of matches were averaged. The match counts were normalised and 

tested for differential expression using the edgeR package (McCarthy et al. 2012) with 

default settings. In order to visualize miRNA-Seq profiles, sequencing reads were 

converted to bedGraph format using BEDtools. The output files were then uploaded and 

displayed using the UCSC Genome Browser (http://www.genome.ucsc.edu). R suite 

software (http://www.R-project.org) was used for statistical analyses, heatmaps and 

scatter plots. Raw miRNA data for normoxic SLK and SLKK experiments are available 

on the NCBI Gene Expression Omnibus (GEO) database under the series accession 

identifier GSE62830  

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=gdkpceecbrcxhaj&acc=GSE628

30). 

 

2.5  Protein methods 

2.5.1  Protein extraction 

At the end of an incubation period, adherent cells were rinsed with cold, sterile PBS 

twice. Suspension cells were centrifuged, and resuspended in cold, sterile PBS twice. All 

cells were then lysed and nuclear/cytoplasmic extracts were prepared using either the 

NE-PER Nuclear and Cytoplasmic Extraction reagents kit with 1X halt-protease 

inhibitors cocktail (both Pierce, Waltham, MA, USA) and EDTA. Alternatively, whole 

cell lysates were prepared using radioimmunoprecipitation assay RIPA buffer [0.1% 

sodium deoxycolate, 25mM Tris-HCl (pH 7.5)] (Millipore, Billerica, MA, USA) with 

1X halt-protease inhibitors cocktail (Pierce). Protein extracts were stored at -80°C. 
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2.5.2  Protein quantification 

Protein concentrations were determined using a bicinchoninic acid (BCA) colorimetric 

assay (Pierce). For calibration purposes, bovine serum albumin (BSA) was serially 

diluted and used to generate a standard curve. Only standard curves with R2 0.98 were 

selected. Flat-bottom, transparent 96-well plates were used for the assay. While protein 

extractions were thawing on ice, BCA working reagent was prepared using a (1:50) 

mixture of BCA solution B and BCA solution A (v/v). Nine wells were used for the 

assay calibration using varying concentrations of BSA (0mg/mL, 50mg/mL, 150mg/mL, 

of BSA 

added using a multi-channel pipette. After homogenisation, the plate was incubated at 

37°C for 30 minutes. The plate was then read by a SpectraMax 190 spectrophotometer at 

562nm (Molecular Devices, Sunnyvale, CA, USA) using the SoftMaxPro software. 

Absorbance values were recorded and adjusted against the BSA standards by least-

squares linear regression. 

2.5.3  Antibodies 

Primary antibodies and secondary antibodies used in experiments are listed hereafter in 

Tables 2.5 and 2.6, together with antibody dilutions, host species, sources and 

developing methods. Optimisation for antibody dilution and blocking buffers were 

routinely made. 

 

 

 



2.   Materials and methods 

!
62!

 

 

 

Primary antibody 

Description Host Source Dilution 
Molecular 

Weights 

Anti-LANA, mAb Rat 
Leica 

Biosystems 
1:5000 130-135kDa 

Anti-LANA Clone 13B10, 

mAb 
Mouse 

Leica 

Biosystems 
1:2000 130-135kDa 

Anti-HIF-  Mouse 
BD 

Biosciences 
1:1000 93kDa 

-actin Clone AC-74, mAb Mouse Sigma-Aldrich 1:10,000 42kDa 

Anti-HIF-2 pAb  Rabbit 
Novus 

Biologicals 
1:1000 96kDa 

 

Table 2.5: Primary antibody usage. mAb: monoclonal antibody; pAb: polyclonal 

antibody. The molecular weight of LANA and the apparent molecular weight on the gel 

system used in this thesis are different. The apparent molecular weight of LANA is 

between 98kDa and 191kDa.  

!

!

!

!
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Secondary antibody 

Description Source  Dilution  

Developing 

methods  

 Promega 1:10,000 Colorimetric 

 Promega 1:10,000 Colorimetric 

 Promega 1:10,000 Colorimetric 

 Promega 1:10,000 ECL 

 Promega 1:10,000 ECL 

 Promega 1:10,000 ECL 

(green) Li-Cor 1:10,000 Li-Cor scanner 

(red) Li-Cor 1:10,000 
Li-Cor infrared 

scanner 

(green) Li-Cor 1:10,000 
Li-Cor infrared 

scanner 

(red) Li-Cor 1:10,000 
Li-Cor infrared 

scanner 

800CW 

(red) Li-Cor 1:10,000 
Li-Cor infrared 

scanner 

0CW 

(green) Li-Cor 1:10,000 
Li-Cor infrared 

scanner 

 

Table 2.6: Secondary antibody usage. AP: alkaline phosphatase; HRP: horseradish 

- -rabbit; -mouse; M: goat anti-mouse; R: 

goat anti-ra Rt: goat anti-rabbit. 

!
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2.5.4  Western immunoblot 

Ten warm 2X lithium dodecyl sulfate (LDS) such 

that the LDS to sample ratio was 1:4 (v/v). Samples were denatured for 5 minutes at 

95°C and subjected to SDS-PAGE (4 12% NuPAGE Bis-Tris) with 1X MOPS running 

buffer diluted with dH2O. Approximately 200

the buffer in the inner chamber of the electrophoresis unit. A voltage of 200V was 

applied until the bromophenol blue loading dye had reached the bottom of the gel (~1hr). 

The gel cassette was then disassembled and the gel was left in 1X transfer buffer, 10% 

Methanol, and 1:10,000 antioxidant mixture for 20 minutes (all NuPAGE). The gel was 

then transferred onto a nitrocellulose membrane by an iBlot apparatus for 8 minutes (all 

Invitrogen). The membrane was blocked with either 5% w/v nonfat dry milk in 1X 

TBST (10mM Tris-Hcl, pH 80, 150mM NaCl, and 0.05% Tween 20) or 1:1 (v/v) 

Odyssey blocking buffer and TBST (Li-Cor Biosciences, Lincoln, NE, USA) overnight 

at 4 C. Blots were incubated with the appropriate primary and secondary antibodies for 

varying lengths of time; being washed twice with TBS or TBST in between incubations. 

Typically, secondary antibody incubations were carried out in TBST or in a 1:1 (v/v) 

mixture of Odyssey blocking buffer and TBST, for no more than an hour at room 

temperature. 

Over the course of this thesis, several methods were used to develop immunnoblots so 

protein bands could be visualised: horseradish peroxidase (HRP)-based enhanced 

chemiluminescence (ECL), alkaline phosphatase (AP)-based colorimetry, or infrared 

(IR)-based scanning. For ECL, the working solution was prepared using a stable 

peroxide solution and a lumino/enhancer solution in equal parts provided by the 

SuperSignal West chemiluminescent kit (Pierce). The HRP substrate mixture was then 

added to the membrane and incubated for 5 minutes in the dark to obtain either pico- of 
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femtogram-level detection. Autoradiography film was finally exposed to the membrane 

and protein bands were visualised. For the colorimetric method, a mixture of 5-bromo-4-

chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium (NBT) was used as AP 

substrate (Western Blue stabilized substrate for alkaline phosphatase, Promega). 

Typically, the blot was allowed to develop for 15 minutes before being scanned. For the 

IR-based scanning method, the blot was rinsed twice and stored in TBS away from the 

light at 4°C. Scanning was performed using the Li-Cor Odyssey CLx imaging system 

coupled with the Image Studio software. Images were later adjusted for contrast and 

intensity. Of those three different types of developing methods, the Li-Cor system came 

out on top with an easy experimental set up which does not require additional substrate 

incubation and allows for accurate, normalised quantitation. Additionally, a blot can be 

simultaneously imaged using both the red (680nm) and green (800nm) channels, which 

means that two antibodies can be detected at once and no further blot stripping is 

required.  

 

2.6  Statistical methods 

2.6.1  Gene Set Enrichment Analysis (GSEA) 

GSEA (Subramanian et al. 2005) was performed by the JAVA program using the c3 

collection of Molecular Signature Database, MSigDB 

(http://www.broadinstitute.org/gsea/msigdb/index.jsp). Briefly, 221 miRNA families are 

each linked to a separate gene set consisting of putative targets containing a 

-UTR miRNA binding motif. The input gene list was generated by our 

mRNA-Seq differential expression analysis and was tested for enrichment in targets 

belonging to individual miRNA target genesets. A P-value and a false discovery rate 
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(FDR), estimating the statistical significance of enrichment, were calculated for each 

miRNA gene set.  

2.6.2  Ingenuity Pathway Analysis (IPA) 

Pathway analysis and inverse correlations between expression levels of differentially 

expressed miRNAs and their respective target mRNAs were analysed using Ingenuity 

Pathway Analysis (IPA, Ingenuity Systems, Redwood City, CA, USA; 

www.ingenuity.com). This in silico analysis software reveals enrichment for molecular 

networks and signalling pathways. IPA combines different target prediction algorithms 

such as TargetScan, TarBase, miRecords and the Ingenuity Knowledge Base, to provide 

medium to high confidence predictions and experimentally observed interactions. 

Importantly

with mRNA targets that were both differentially expressed. Inverse expression pairing 

between miRNA and mRNA expression levels was implemented to refine the analysis. 

Further filtering options were applied such as a confidence parameter.  

2.6.3  t-Test 

All experiments were performed at least in triplicate biological replicates, and in some 

cases (qPCR) in triplicate technical replicates, unless otherwise specified. Error bars 

represent the standard deviation for these replicates. P-values were computed using a 

two- -Test. 

!
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3 

Profiling the cellular miRNA and mRNA 

responses to KSHV infection 

 

 

 

3.1  Introduction 

Studying how -associated herpesvirus (KSHV) infection affect cellular 

miRNA expression is important in understanding the way the virus manipulates the host 

cells, as well as the cellular responses to KSHV. However, the mechanisms of this 

regulation have not been fully explored, in part because of the lack of KSVH 

infected/uninfected cell models. This chapter addresses promising avenues for 

evaluating effects of KSHV infection on the host cell, both at the miRNA level, and the 

mRNA level, using the SLK/SLKK model.  
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3.1.1  Gene expression profiling of KSHV infected cells to date 

As with other chronic viruses, infection with KSHV results in a number of changes in 

the host cells. Many of these are mediated by KSHV to evade the innate and adaptive 

immune responses, prevent cell cycle arrest, inhibit apoptosis, modulate cellular 

signalling pathways, and facilitate lifelong infection in the host. Conversely, other 

changes occur as a result of the host defence response to viral infection. 

The human genome encodes thousands of miRNAs (Kozomara & Griffiths-Jones 2011). 

A limited number of viruses, including KSHV, also encode their own miRNAs (Pfeffer 

et al. 2004). Similar to other herpesviruses, KSHV expresses 12 viral precursor miRNAs 

(pre-miRNAs) located within the latency-associated region and these yield 25 mature 

miRNAs known to play a role in viral pathogenesis (Samols et al. 2007; Gottwein & 

Cullen 2008). Being non-immunogenic, virally encoded miRNAs are potentially 

attractive tools for viruses as they can interfere with the host machinery without being 

detected by the host immune system.  

In addition, a number of KSHV-encoded proteins can effect substantial changes in host 

cell gene expression, either by directly acting on one or more steps in protein expression, 

or by indirect mechanisms (e.g. cell signalling pathways). In particular, KSHV proteins 

expressed during viral latency, such as latency-associated nuclear antigen (LANA) or 

viral FLICE inhibitory protein (v-FLIP), can directly induce changes in expression of 

certain mRNAs or miRNAs to facilitate the latent infection. These changes in cellular 

miRNA expression can in turn affect the expression of target genes. In addition, changes 

in cellular miRNAs may occur as part of the host response to viral infection. 

Transcriptome profiling techniques such as RNA-sequencing and microarrays have been 

used to study PEL cells, which are a valuable model system for latent KSHV infection 
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(Gottwein et al. 2011). However, a limitation of this approach is the lack of otherwise 

identical uninfected control lines. To bypass this restriction, differential expression 

studies using microarrays or high-throughput sequencing techniques have explored other 

KSHV infection models, such as KS lesion samples and normal skin tissues (Catrina Ene 

, mock and KSHV-infected primary 

lymphatic endothelial cells (T.-Y. Chang et al. 2011; Lagos et al. 2010), or the human 

epithelial SLK/SLKK (SLK+rKSHV.219) model (Abend et al. 2012; Arias et al. 2014; 

.  

3.1.2  Approach to investigate miRNA-mRNA changes in KSHV infected cells 

Although previous studies have provided useful insights into KSHV infection and 

disease pathogenesis, to date there has been no report of a next-generation sequencing 

study combining both mRNA and miRNA expression profiles in KSHV-infected and 

uninfected control cells. Here, this chapter presents the outcome of a comprehensive 

analysis comprised of both small RNA-sequencing and poly(A) enriched mRNA-

sequencing in latently infected SLKK cells and uninfected control SLK cells. While 

these cells are derived from renal cancer and differ somewhat from the principal target 

cells in KSHV malignancies, advantages of this cell system are that SLKK cells can be 

compared to an uninfected counterpart and also that they have very low levels of 

spontaneous lytic KSHV replication. Thus the results reported here focus on changes 

induced by latent infection, rather than those induced by an acute host response or 

expression of lytic KSHV genes.  

Furthermore, the combined analysis of miRNA and mRNA differential expression of 

SLK and SLKK cells has enabled the identification of a number of viral-induced 

miRNA changes that were associated with expected inverse changes in the predicted 
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target mRNAs, suggesting that miRNAs were mediating many of these changes. This 

chapter further investigates the functions and pathways in which those miRNA-mRNA 

pairs were involved and highlights their potential role in pathogen-influenced 

mechanisms. Overall, these findings provide evidence for a broad posttranscriptional 

regulatory network of miRNAs and their mRNA targets that will deepen the 

understanding of KSHV effects on the host cellular machinery and may inform further 

studies of specific miRNA-mRNA interactions in KSHV-infected cells. 

 

3.2  Comparison of miRNA expression profiles reveals more down-

regulated than up-regulated cellular miRNAs in KSHV-infected cells!

Differential analysis was performed on the cellular miRNA expression levels between 

the small RNA libraries of non-infected and KSHV-infected cell cultures. For the 

purpose of this analysis, thresholds of 2 times fold change (FC) in expression (log2 FC 

-1 and 1) and a P- 0.05 were applied. Overall, 153 human mature miRNAs 

were found significantly altered by KSHV infection in SLKK vs. SLK cells (Figure 3.1 

A-B). Interestingly, there were substantially more suppressed than induced miRNAs: 

111 vs. 42 respectively. In terms of expression fold change, this tendency was also 

apparent amongst the miRNAs with the greatest changes, which extended to an 11-fold 

down-regulation but only to a 4-fold up-regulation in log2 scale (Figure 3.2 A).  

Amongst the most dysregulated miRNAs that were expressed in relatively high amounts 

(threshold of mean miR count >10), miR-224-5p (-11 log2 FC), miR-452-5p and miR-

887 (both -9 log2 FC), were significantly down-regulated, whereas the greatest relative 

induction was seen for miR-708-5p/3p and 3614-5p (all ~2 log2 FC) (Figure 3.3). It is 

noteworthy that 42 of the 111 miRNAs that were observed to be repressed by KSHV 
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infection are located in the same genomic region, the 14q32 miRNA cluster (Figure 

3.4). For example, 14q32 miRNAs, miR-410, and miR-409-5p/3p, were significantly 

repressed -6 log2 FC upon KSHV infection (Figures 3.2A and 3.3). Of note, while both 

arms of the miR-409 stem-loop were down-regulated, miR-409-3p had a higher relative 

abundance than miR-409-5p. Interestingly, there has been a previous report of frequent 

loss of 14q32 in PEL cell lines (Luan et al. 2010), which suggests that down-regulation 

of this region at the DNA level may be beneficial for the survival of KSHV-infected 

cells. To test whether SLKK cells were missing 14q32 DNA, eight individual regions of 

the genomic DNA of SLK and SLKK cells were interrogated by PCR (Figure 3.5). It 

was found that all tested portions of the 14q32 cluster were present in uninfected as well 

as KSHV-infected cells, suggesting post-transcriptional mechanisms lead to the 

substantial down-regulation of 14q32 miRNAs. 
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Figure 3.1: Expression of miRNAs in the analysed small RNA libraries 
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Figure 3.1: Expression of miRNAs in the analysed small RNA libraries.  

A. Scatterplot of the transcriptome of KSHV-infected versus uninfected cells. The X-

axis represents the average of the normalised miR read counts across all samples. The Y-

axis represents the log-transformed expression fold change between SLKK and SLK 

cells. Blue dots are differentially expressed genes with a P 0.05, while grey dots are 

those with a P >0.05. 

B. Heatmap of miRNA changes between SLK and SLKK cells in the six individual 

replicates (three SLK and three SLKK). Presented is the relative expression of 153 

significantly deregulated cellular miRNAs in KSHV-positive vs. KSHV-negative cells 

(P-value 0.05, log2 -1 or ). Using uncentered Pearson correlation as the distance 

metric, an unsupervised hierarchical heatmap was generated, with each row representing 

a miRNA and each column representing a biological replicate. Red, black and green 

denote low, median and high relative miRNA expression, respectively.  
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Figure 3.2: Volcano plots of miRNA and mRNA differential expression. 
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Figure 3.2: Volcano plots of miRNA and mRNA differential expression. 

A. Volcano plot of differentially expressed human mature miRNAs in KSHV-infected 

vs. uninfected cells. Vertical red lines indicate the threshold for a relative expression fold 

change (FC) of 2 or -2 compared to uninfected controls. The horizontal red line 

represents the threshold of a 0.05 P-value. Thus, the blue points lying in the top right 

and top left sectors are significantly up-regulated and down-regulated, respectively, in 

KSHV-positive vs. KSHV-negative cells (P 0.05, FC -2 or 2). Selected miRNAs that 

have been validated by qRT-PCR are labelled. Individual data points that are not 

significant (P >0.05) are shown in grey. 

B. Volcano plot of differentially expressed mRNAs in KSHV-infected vs. uninfected 

cells. The plot is depicted as in Figure 3.2A, with vertical and horizontal red lines 

similarly representing the thresholds of a fold change of 2 or -2, and of a false-discovery 

rate (FDR) of 0.05, respectively.  
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Figure 3.3: Top 15 repressed and induced miRNAs in KSHV-positive vs. uninfected 

cells. Bars below and above the y-axis show the top 15 repressed and induced miRNAs, 

respectively, in KSHV-positive cells compared to uninfected controls (P 0.05). 

Presented here are only the medium to highly expressed miRNAs (an average miR count 

of 10 or more across all replicates; i.e. threshold of miR counts sum higher than 60). 

 

 

!
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Figure 3.4: Genomic map of the cluster of miRNAs at the 14q32 locus. 

The miRNA cluster B of the 14q32 imprinted region is illustrated here. 34 out of 41 (83%) miRNAs from the 14q32 miRNA cluster have at least 

one arm that is down-regulated. Also, counting the 3p and 5p arms separately, 42 out of 111 (38%) miRNAs that are down-regulated by KSHV 

infection are located within this miRNA cluster. Below the line, in black are miRNAs that are significantly down-regulated by at least -1 log2 FC 

(P 0.05). miRNAs above the line in grey are not significantly altered by KSHV infection. Those above the line in black are not expressed in the 

SLK/SLKK cell model.  
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Figure 3.5: DNA presence across the 14q32 cluster. Several regions of the genomic 

DNA of KSHV-infected and uninfected samples were interrogated. This qualitative 

assessment shows that all regions were present in both infected and uninfected samples.  
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3.3  mRNA-Seq analysis of SLKK cells 

In parallel with these miRNA studies by deep sequencing, the global changes in gene 

expression associated with chronic latent KSHV infection was investigated in order to 

assess the effects of the miRNA changes on their predicted targets. The cellular mRNA 

expression levels of the poly(A) enriched RNA libraries of non-infected SLK cells were 

compared to those of infected SLKK cells. In all, 1,570 cellular genes, ~5% of all 

expressed genes, were significantly altered with either -1 or 1 log2 FC (linear FC 2) 

and an adjusted P-value (FDR) 0.05 (Figures 3.2 B and 3.6 A-B). This included 980 

repressed and 590 up-regulated mRNAs.  

Some of these differentially expressed genes have been previously reported to be 

associated with KSHV infection. For example, in concordance with previous findings, 

DUSP1, JUN, PLAUR and TWEAKR (TNFRSF12A) were repressed whereas MDM2, 

CD55, CXCL1, IL6ST and ITGB4 were induced by KSHV infection (Abend et al. 2010; 

Carroll et al. 2004; Q. Chang et al. 2011; Ueda et al. 2011). Also, KSHV infection 

induced VCAM-1 (3 log2 FC), which is a vascular endothelial marker that has been 

linked to tumour angiogenesis and oncogenesis (Ding et al. 2003) (Figure 3.2 B). 
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Figure 3.6: Expression of mRNAs in the poly(A) enriched RNA libraries.  
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Figure 3.6: Expression of mRNAs in the poly(A) enriched RNA libraries.  

A.  Scatterplot of the transcriptome of KSHV-infected versus uninfected cells. The X-

axis represents the average of the normalised read counts across all samples. The Y-axis 

represents the log2-transformed expression fold change between SLKK and SLK cells. 

Blue dots are differentially expressed genes with a FDR 0.05, while grey dots are those 

with a FDR >0.05. 

B.  Heatmap of mRNA changes between SLK and SLKK cells in the six individual 

replicates (three SLK and three SLKK). Presented is the relative expression of 1,570 

significantly deregulated cellular mRNAs in KSHV-positive vs. KSHV-negative cells 

(FDR 0.05, log2 -1 ). Using uncentered Pearson correlation as the distance 

metric, an unsupervised hierarchical heatmap was generated, with each row representing 

a mRNA and each column representing a biological replicate. Red, black and green 

denote low, median and high relative miRNA expression, respectively.  
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3.4  Validation of miRNA differential expression patterns by Taqman 

assay 

To validate the results observed in our miRNA sequencing data, Taqman assays (qRT-

PCR) were performed on several human miRNAs, with a focus on those with the 

greatest fold changes. Amongst the most significantly down-regulated miRNAs with 

high read counts were miR-224-5p, miR-410, miR-409-3p and -5p, whilst the most up-

regulated miRNAs were miR-3614-5p, miR-708-3p and -5p. Because of the prominence 

of the miRNA repression, the differential expression of miR-212-3p, a miRNA that was 

less strikingly down-regulated, was also verified. Additionally, the expression of miR-

210 was verified by qRT-PCR. This miRNA is of particular interest because it is a HIF-

inducible miRNA and because KSHV infection increases HIF levels (Carroll et al. 

2006). The levels of miR-210 by miRNA-Sequencing were slightly increased during 

KSHV infection, although the change did not achieve the experimental significance cut-

off (FC =0.65 and P =0.13). Figure 3.7A shows the log2-transformed expression fold 

change of these miRNAs between SLKK and SLK cells, assessed by both miRNA-

Sequencing and Taqman assay. The differential expression of all nine miRNAs tested by 

Taqman assay was significant and consistent with our sequencing data. Pearson 

correlation coefficient (r) between the two measurement methods of the selected 

miRNAs indicates strong and significant positive correlation (r=0.98, P <10-5).  

The relative expression of the four most down-regulated miRNAs seen in latently 

infected SLKK cells, three of which belong to the 14q32 cluster, was also examined 

following de novo KSHV infection of SLK cells. At five days post infection (5dpi), we 

found that two of these four miRNAs (miR-224-5p and miR-409-3p) were similarly 

down-regulated (n=3) (Figure 3.7B). Also, miR-409-5p showed a trend for down-

regulation, while miR-410 did not significantly change. A lower KSHV episome copy 
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number in the de novo infected SLK cells as compared to SLKK cells could account for 

these changes. These results provide additional evidence that a proportion of the miRNA 

changes in SLKK vs. SLK cells are in response to viral infection. These results also 

suggest that some of the changes may only be observed in cells latently infected for a 

period of time.  

 

3.5  Investigation of miRNA target regulation  

In an effort to correlate the expression levels of miRNAs to their respective target genes, 

the expression of known and predicted target mRNAs for three miRNAs were validated 

by Taqman assay (miR-409-3p, miR-409-5p, and miR-708-5p). miR-409-3p, a miRNA 

down-regulated in our sequencing data, is known to target fibrinogen beta (FGB) and 

pro-metastasis gene radixin (RDX) (Fort et al. 2010; Zheng et al. 2012). The other arm, 

miR-409-5p, which is also down-regulated in SLKK vs. SLK cells, is predicted to target 

p53-inhibitor MDM2, according to Ingenuity Pathway Analysis (IPA). Our mRNA 

sequencing analysis indicated an induction of FGB, MDM2 and RDX (P = 8.6x10-9, 

2.1x10-3, 1.6x10-3, respectively). This was also consistent with our qRT-PCR validation 

results showing a ~2 log2-fold induction for these three genes (Figure 3.8A).  

Moreover, miR-708-5p, which was found up-regulated ~3 log2 FC by miRNA-

Sequencing and ~2 log2 FC by qRT-PCR, is known to target pro-apoptotic protease 

caspase-2 (CASP2) (Song et al. 2013). Consistent with this, the qRT-PCR data 

demonstrated a small but significant reduction in CASP2 levels in KSHV-infected 

SLKK cells compared to control SLK cells. According to TargetScan, miR-708-5p is 

leukaemia inhibitory factor LIF mRNA and indeed 

LIF was found significantly down-regulated by qRT-PCR (Figure 3.8A). The strong 

reproducibility between both the miRNA-Seq and mRNA-Seq, and the qRT-PCR 
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analyses provides evidence that the RNA-Seq was very robustly analysed and enabled a 

valid assessment of the miRNA and gene expression profiles. 

In order to further investigate whether the changes in mRNA targets in SLKK cells 

could be a result of differential miRNA expression, transfection assays were carried out 

to re-express miRNAs that were decreased in either SLKK cells (miR-409-3p and -5p) 

or SLK cells (miR-708-5p), as compared to their counterparts. Transfection of miR-409-

3p in SLKK cells led to a decrease in two of its known targets, fibrinogen beta and 

radixin. Additionally, transfection of miR-409-5p in SLKK cells led to a significant 

decrease in the expression of its predicted target, the p53-inhibitor MDM2. This is the 

first report providing experimental evidence that miR-409-5p targets MDM2. Finally, 

transfection of miR-708-5p in SLK cells resulted in a dramatic (80%) decrease in its 

target, caspase-2; it also led to the significant decrease of predicted target LIF (~40%). 

This provides evidence that the up-regulation of miR-708-5p in SLKK cells is likely 

causing the observed down-regulation of caspase-2 (Figure 3.8B).  
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Figure 3.7: Analysis of miRNA expression in latent and de novo KSHV-infected 

cells.  
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Figure 3.7: Analysis of miRNA expression in latent and de novo KSHV-infected 

cells. 

A.  Data represent the average log2-transformed fold change of expression between 

latently infected SLKK cells and uninfected SLK cells, measured either by small RNA 

sequencing (black bars) or Taqman assay (grey bars). All the changes are significant (P 

0.05) except that of miR-210 detected by miRNA-Seq. 

B.  Effects of de novo KSHV infection on miRNAs seen down-regulated in the 

SLK/SLKK model. SLK cells were exposed to KSHV and after five days, changes in 

specific miRNAs were assessed by Taqman assay. The dotted line indicates the 

normalised level of these miRNAs in uninfected SLK cells. P-values were calculated 

using Student t-test. ** indicates P 0.01. ns: not significant. 

Expression levels of mature miRNAs were evaluated using the comparative Ct methods 

(2-deltaCt). Transcript levels of RNU43 were used for sample normalisation. Bars depict 

the mean of three independent experiments; error bars reflect the standard deviation of 

the log2 FC ratios.  
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Figure 3.8: Differential expression of miRNA and their known or predicted mRNA 

targets. 
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Figure 3.8: Differential expression of miRNA and their known or predicted mRNA 

targets. 

A. miRNA expression in latently infected SLKK cells compared to uninfected SLK cells 

and the mRNA expression of their corresponding targets (Taqman and qRT-PCR 

assays). miRNAs and mRNAs are shown in light and dark grey, respectively. miR-409-

3p targets fibrinogen beta (FGB) and radixin (RDX). miR-409-5p is predicted to target 

MDM2. miR-708-5p targets caspase-2 (CASP2) and is predicted to target leukemia 

inhibitor factor (LIF). P-values were calculated using Student t-test. *, ** and *** 

indicate P <0.05, 0.01 and 0.001, respectively. 

B. Effect of miRNA transfection on target regulation. Scramble control (miR-scramble) 

and miRNA mimics for miR-409-3p, miR-409-5p and miR-708-5p were transfected in 

either SLK or SLKK cells. Quantitative real-time polymerase chain reaction revealed the 

target expression for these miRNAs and the relative value is presented as the mean ± 

standard deviation based on 3 independent experiments. Statistical analysis and its 

representation are as in Figure 3.8A. 
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3.6 Two integrated miRNA and mRNA analyses show post-

transcriptional regulatory networks relevant to KSHV pathogenesis 

A number of factors can lead to the changes observed at the mRNA level in virus-

infected cells. However, because of the inverse relationship between the miRNA and the 

mRNA changes, it was hypothesised that at least some of the changes in mRNA 

expression levels in infected cells may be caused by the differentially expressed 

miRNAs. It was further hypothesised that these miRNA-mRNA pairs may play a role in 

KSHV infection or in the cellular response to chronic virus infection, and also in the 

pathogenesis of KSHV-related diseases.  

3.6.1  Gene Set Enrichment Analysis 

To formally explore this hypothesis, MSigDB, a function of Gene Set Enrichment 

Analysis (GSEA), was used to investigate the enrichment of the differentially expressed 

genes in targets belonging to distinct miRNA families. A miRNA family is determined 

by its seed region, a 6-

and is able to bind target mRNA, promoting its degradation. Using RNA-Seq data, both 

up-regulated and down-regulated genes were identified in the SLK/SLKK model. The 

GSEA output miRNA list was then compared to the miRNA-Seq data and selected for 

those miRNAs whose up-regulation is associated with the observed target down-

regulation and then those whose down-regulation was associated with target up-

regulation. This analysis enabled the pairing of four up-regulated miRNAs with 74 

down-regulated targets and 17 down-regulated miRNAs with 195 up-regulated targets 

overall (Table 3.1). These findings support the hypothesis that some of the changes in 

gene expression from cells latently infected with KSHV are caused by reciprocal 

expression changes in the miRNA that target those genes. 
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3.6.2  Ingenuity Pathway Analysis 

A complementary approach for integration of miRNA and mRNA datasets is to use 

Ingenuity Pathway Analysis (IPA), which has an extensive collection of both known and 

predicted targets. IPA gathers comprehensive miRNA targeting information by 

combining multiple target prediction tools (TargetScan, miRecord and TarBase). Figure 

3.9 summarises the IPA data mining process using both sequencing datasets. Because 

miRNAs are known to effect relatively small changes in target mRNA expression and 

because changes induced by poorly expressed miRNAs might be particularly hard to 

detect at the target level, the results reported here focused on the medium to highly 

expressed miRNAs that were significantly affected by KSHV infection. To do this, a 

threshold of 60 was applied to the total miR read count across all replicates (n=6), 

preventing any bias between the two experimental conditions (infected vs. uninfected) 

and hence corresponding to an average cut-off of 10 reads per replicate. 

Of the 153 differentially expressed miRNAs, 89 met this average read count cut-off. IPA 

then identified 50 of these 89 miRNAs that had either predicted or validated targets (a 

total of 12,964 targets). Of these 50 miRNAs, 48 had targets in the list of differentially 

expressed mRNAs generated by the sequencing analysis, for a total of 1,117 targets 

(linear FC . Interestingly, each of the 48 miRNAs targeted at least 

one gene that was affected in the expected direction. In total, the differential expression 

of 814 out of 1,117 (73%) of those target genes was inversely correlated to that of their 

respective miRNAs, suggesting that at least part of the differential mRNA expression 

was in fact a result of changes in miRNA expression.  

To adopt a conservative approach, the dataset was further filtered using experimentally 

observed or highly predicted target correlations. After this filter, 45 miRNAs targeting 
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480 mRNAs remained, with each paired interaction being inversely correlated (Table 

3.2). Of these, eight miRNAs were paired with 34 target genes that had been 

experimentally determined (Table 3.3), and 17 miRNAs had targets directly involved in 

pathogen-influenced signalling pathways (Figure 3.10). It was calculated that a third of 

IPA miRNA filter results overlapped with those of MSigDB. However, two third of the 

MSigDB matched IPA analysis, confirming the effectiveness of the IPA analysis. 

Using these 480 differentially expressed mRNAs as input, pathway analysis revealed an 

enrichment in several signalling pathways that could be relevant to KSHV infection or 

ial-to-mesenchymal (EMT) 

- -mediated endocytosis 

-catenin s Table 3.4). Of note, EMT plays a central role in cancer 

progression and is promoted by KSHV through Notch-induced ZEB1, a transcription 

factor up-regulated in this study (Gasperini et al. 2012). Also, the Wnt/ -catenin 

pathway, which regulates tumour development and cell proliferation, is altered by 

latency-associated nuclear antigen LANA, a major KSHV latency protein suggesting 

multiple viral mechanisms that achieve the same result (Fujimuro et al. 2003). Finally, 

the enrichment of the interleukin-8 signalling pathway is noteworthy in that KSHV 

ORF74, which plays a key role in KS pathogenesis, is a constitutively active viral 

homologue to the interleukin-8 receptor. Altogether, these findings further support the 

role of miRNAs and their transcript targets in KSHV pathogenesis and/or the response to 

cells to chronic viral infection.  
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Table 3.1: miRNAs predicted to target differentially expressed mRNAs using GSEA. 

miRNA Target Sequence Putative target genes (T) Genes in Overlap (O) Ratio O/T P-value FDR 

Up-regulated miRNAs/Down-regulated targets 

miR-29c-3p TGGTGCT 521 33 0.0663 1.40x10-8 3.09x10-7 

let-7i-5p CTACCTC 391 25 0.0639 6.53x10-7 6.87x10-6 

miR-326 CCCAGAG 155 13 0.0839 1.94x10-5 1.07x10-4 

miR-503-5p CGCTGCT 24 3 0.125 1.24x10-2 2.75x10-2 

Down-regulated miRNAs/Up-regulated targets 

miR-203a-3p CATTTCA 287 29 0.1010 4.07x10-19 8.99x10-17 

miR-148a-3p TGCACTG 304 22 0.0724 7.03x10-12 1.41x10-10 

miR-212-3p GACTGTT 161 13 0.0807 3.91x10-8 2.88x10-7 

miR-369-3p GTATTAT 207 14 0.0676 1.09x10-7 7.55x10-7 

miR-128-3p CACTGTG 337 17 0.0504 3.38x10-7 2.02x10-6 

miR-377-3p TGTGTGA 200 13 0.0650 4.88x10-7 2.70x10-6 

miR-452-5p GAGACTG 94 9 0.0957 1.17x10-6 5.63x10-6 

miR-323a-3p TAATGTG 160 11 0.0688 2.14x10-6 9.85x10-6 

miR-380-3p ATTACAT 102 9 0.0882 2.33x10-6 1.05x10-5 

miR-381-3p CTTGTAT 206 11 0.0534 2.36x10-5 8.83x10-5 

miR-7-5p GTCTTCC 169 9 0.0533 1.31x10-4 4.21x10-4 

miR-485-3p TGTATGA 153 8 0.0523 3.49x10-4 9.88x10-4 

miR-224-5p GTGACTT 158 8 0.0506 4.32x10-4 1.19x10-3 

miR-409-3p AACATTC 142 7 0.0493 1.14x10-3 2.90x10-3 

miR-205-5p ATGAAGG 157 7 0.0446 2.03x10-3 4.73x10-3 

miR-134-5p CAGTCAC 52 4 0.0769 2.74x10-3 6.18x10-3 

miR-299-3p CCCACAT 54 4 0.0741 3.14x10-3 6.94x10-3 
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Table 3.1: miRNAs predicted to target differentially expressed mRNAs using 

GSEA.  

Using a list of differentially expressed mRNAs from RNA-Seq, GSEA predicted which 

miRNAs would be upstream inhibitors using the Molecular Signatures Pathways 

Database (MSigDB). The overlap between the MSigDB output and the miRNA-Seq data 

highlighted 21 miRNAs that were differentially expressed in SLKK compared to SLK 

cells. Columns identify their names, the target sequence used to identify base 

complementarity with the input mRNA, the total number of putative target genes for a 

given miRNA, the number of putative targets that overlap with the input mRNA list, the 

percentage ratio between the overlap and the total number of putative targets, and its 

associated P-value and false discovery rate (FDR), correcting for multiple hypothesis 

testing. 
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Figure 3.9: Workflow of integrated miRNA-mRNA association analysis using IPA. 

This experimental workflow shows the various filters used to associate miRNA-Seq and 

mRNA-Seq data. Numbers are presented as Total differentially expressed miRNAs or 

mRNAs (Up-regulated/Down-regulated). 
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miRNA  Log2 Fold Change # Target gene Name of top 5 target genes 

Up-regulated miRNAs/Down-regulated targets 

miR-708-5p 2.67 17 FOXN3, RGL1, POU6F1, RNF150, PAPPA 

miR-3614-5p 2.16 2 FOXN3, MERTK 

miR-342-5p 2.04 37 VANGL2, NR4A1, KIF21B, GNG4, ITPRIP 

miR-146b-5p 1.64 19 NRIP3, SDK1, ZNF90, SYT1, KCNIP3 

miR-877-5p 1.56 2 SUSD5, PNPO 

miR-146b-3p 1.46 12 VANGL2, TSKU, CYFIP2, ASB6, ZNF488 

miR-29c-3p 1.23 81 NAV2, C1orf21, FOXN3, GPR37, DUSP2 

miR-3664-3p 1.21 7 SPOCK1, PNMA2, CD6, CBX6, FAM109A 

miR-3152-5p 1.18 6 SRSF8, CTNNA2, CSPG5, PPARGC1A, SLITRK4 

miR-503-5p 1.17 20 C1orf21, KIF5C, MOB3B, APLN, MYOM3 

miR-4745-5p 1.10 13 FBXL7, LONRF2, ST6GALNAC3, MOB3B, GAREM 

let-7i-5p 1.04 86 C1orf21, FOXN3, TRHDE, LIN28B, PDGFB 

miR-21-3p 1.03 4 LIN28B, SHC3, ANO5, FAM117A 

Down-regulated miRNAs/Up-regulated targets 

miR-224-5p -10.99 23 SLCO2B1, FGB, CAST, RNF144B, DPP8 

miR-452-5p -9.15 4 FAM8A1, STAM2, MTMR6, PNN 

miR-376c-3p -7.25 6 TGFBR3, FHDC1, SLC7A11, SECISBP2L, TBC1D12 

miR-380-3p -7.11 1 LPP 

miR-409-5p -6.45 4 FAM102B, TBC1D15, MDM2, SRSF11 

miR-323a-3p -6.31 1 KIAA1430 

miR-758-3p -5.39 14 C2CD4A, NTM, RAB27B, NUDT12, NCOA3 

miR-485-3p -5.07 3 GOLGA8A/GOLGA8B, UBA6, ZMYM4 

miR-381-3p -4.86 53 ID4, SLCO2B1, PTGFR, UNC5C, ICK 

miR-411-5p -4.52 2 NR3C1, RYBP 
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miR-654-3p -4.49 2 GMFB, ZNF91 

miR-323b-3p -4.47 3 SPAST, EIF1AX, SMIM13 

miR-133a -4.23 33 HAPLN1, ID4, NDRG1, PLXNA2, ARRB1 

miR-654-5p -4.03 8 LZTS1, UNC5C, FAM8A1, PDGFRB, STK38 

miR-369-5p -4.17 1 ID4 

miR-485-5p -3.28 13 NTM, MLLT3,ZMF527, PLEKHA5, UPF2 

miR-299-3p -2.96 4 TCF4, SLC16A7, SP4, ITGAV 

miR-205-5p -2.29 27 GATA3, GSE1, AXIN2, UNC5C, SECISBP2L 

miR-3173-5p -2.05 4 ADAMTS15, STC2, PEAK1, SKP1 

miR-1914-5p -1.97 3 SKIDA1, GLS, PAQR8 

miR-212-3p -1.89 21 HAPLN1, BTG2, ENPP4, CTDSPL2, KDM7A 

miR-129-5p -1.84 21 NTM, GSE1, ARRDC3, TCF4, CTDSPL2 

miR-2355-5p -1.64 10 CDH1, PLXNA2, LIMA1, ELF3, BTG2 

miR-148a-3p -1.61 45 SPTLC3, ADAMTS15, SKIDA1, ARRDC3, SLC7A11 

miR-4786-5p -1.49 5 PLEKHA5, SNRNP48, TRIM59, COG6, SSR1 

miR-149-5p -1.42 14 ID4, CD34, SORT1, MCTP2, PAQR5 

miR-625-5p -1.31 13 RUNX3, PLCB2, SPN, ARRB1, AXIN2 

miR-450a-5p -1.23 1 DUSP10 

miR-548h-5p -1.15 2 EDIL3, SMAD5 

miR-4677-3p -1.13 1 RPS27L 

miR-196b-5p -1.09 14 TGFBR3, DCDC2, FAM102B, PTPRG, BLOC1S6 

miR-128-3p -1.02 49 HAPLN1, TGFBR3, SLC35F3, DTX4, NEDD4 

 
 

Table 3.2: Ingenuity analysis predicts inversely correlated miRNA-mRNA target pairs. 
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Table 3.2: Ingenuity analysis predicts inversely correlated miRNA-mRNA target 

pairs.  

Using lists of differentially expressed miRNAs and mRNAs as input for the Ingenuity 

Pathway Analysis (IPA), it was found that 45 differentially expressed miRNAs target 

480 mRNAs (medium and high confidence). Only mRNAs and miRNAs with opposite 

differential expression are shown in this table. Columns identify the miRNA name, its 

log-transformed expression fold change between SLKK and SLK cells, the number of 

identified targets, and the five or less most differentially expressed targets. In bold are 

miRNA prediction overlapping with GSEA analysis (Table 3.1). 
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Table 3.3: miRNA-mRNA pairs found inversely correlated and validated in the literature This table shows the association between 

miRNAs and mRNA targets that were dysregulated in SLKK cells compared to SLK cells. Only the miRNA-mRNA pairs experimentally 

validated in the literature are shown here. The majority of the targets were identified through IPA-integrated TarBase v5.0 and others through 

independent literature searches.  

miRNA Known Target Reference 

Up-regulated miRNAs/Down-regulated targets  

let-7i-5p 
ATAD3B, BCL2L1, CCND1, CDIPT, DUSP23, FAM105A, F2, GAK, GPR56, 
GYS1, MARS2, POLD2, POM121/POM121C, RHOB, RHOG, TAGLN 

Selbach et al., 2009 (Nature) 

miR-29c-3p COL1A1, DUSP2, GPR37, KLF4, LOXL2, MAPRE2, MYBL2, TGFB3 Li et al., 2009 (J Biol Chem) 

miR-146b-5p IRAK2, NOVA1, PTGES2, SYT1 Hou et al. 2009 (J Immunol) 

miR-503-5p CCND1 Jiang et al., 2009 (BMC Cancer) 

miR-485-5p MDM2 Ratoviski et al., 2014 (Cell Cycle) 

Down-regulated miRNAs/Up-regulated targets  

miR-129-5p TNPO1  Dyrskjot et al., 2009 (Cancer Res) 

miR-205-5p ZEB1 
 Gregory et al., 2008 (Nat Cell 
Biology) 

miR-409-3p FGB, RDX Fort et al. 2010 (Blood) 
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Figure 3.10: Implications of miRNA-mRNA pairs in pathogen-influenced 

signalling. A total of 17 miRNAs and 28 mRNA targets are involved in the super 

-influenced signalling . Only target that are experimentally 

validated or predicted with a high confidence threshold are presented here. The top part 

shows the up-regulated miRNAs and down-regulated targets. The bottom part shows the 

down-regulated miRNAs and up-regulated target. The intensity of colours represents the 

extent of the up-regulation or down-regulation, in red and green respectively. 
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Table 3.4: Canonical pathways affected by differentially expressed miRNA-mRNA pairs. The 480 differentially expressed genes targeted by 

miRNAs between SLKK and SLK cells were used as input for the Ingenuity pathway analysis (IPA). Here, four of the top ten enriched pathways 

were highlighted for their relevance to KSHV pathogenesis. Columns identify the pathway name, its associated P-value, the ratio between 

dysregulated genes and genes in the pathway, and which dysregulated target genes or miRNAs are involved. Genes or miRNAs in bold and 

normal font were found up-regulated and down-regulated, respectively, by chronic KSHV infection. 

Ingenuity Canonical 
Pathways 

P-value 
Ratio (% of genes  
in pathway) 

Dysregulated  
target gene 

Dysregulated miRNA  

Regulation of the  
Epithelial-to-
Mesenchymal 
Transition Pathway 

2.5 x 10-3 12/182 (6.6%) 

CDH1, FGF2, FGF5, 
FGFRL1, ID2, LEF1, 
PARD6B, PDGFRB, TCF4, 
TGFB3, WNT7B, ZEB1 

let-7i-5p, miR-29c-3p, miR-128, miR-129-5p,  miR-
148a-3p,  miR-196b-5p, miR-205-5p, miR-299-3p,  
miR-342-5p, miR-381-3p, miR-654-5p, miR-2355-5p 

IL-8 Signalling 7.39 x 10-3 11/183 (6.0%) 

BCL2L1, CCND1, CDH1, 
GNG2, GNG4, HBEGF, 
IRAK2, ITGAV, PLCB2, 
RHOB, RHOG 

let-7i-5p, miR-29c-3p, miR-146b-5p, miR-299-3p, 
miR-342-5p,  miR-381-3p, miR-503-5p, miR-625-5p, 
miR-2355-5p 

Clathrin-mediated  
Endocytosis Signalling 

7.68 x 10-3 11/184 (6.0%) 

ARRB1, F2, FGF2, FGF5, 
GAK, HIP1, MDM2, 
PDGFB, SH3GL1, 
SH3GLB2, TFRC 

let-7i-5p, miR-29c-3p, miR-133a, miR-148a-3p, miR-
342-5p, miR-409-5p, miR-485-5p, miR-625-5p, miR-
654-5p, 

 
-catenin 

Signalling 

 
 

1.02 x 10-2 

 
 

10/166 (6.0%) 

AXIN2, CCND1, CDH1, 
KREMEN1, LEF1, MDM2, 
TCF4, TGFB3, TGFBR3, 

WNT7B 

let-7i-5p, miR-29c-3p, miR-128, miR-129-5p, miR-
146b-3p, miR-148a-3p, miR-196b-5p, miR-205-5p, 

miR-299-3p, miR-376c-3p, miR-342-5p, miR-409-5p, 
miR-485-5p, miR-503-5p,  miR-625-5p 
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3.7  Conclusions and future directions 

In this study, next-generation sequencing was used to survey both mRNA and miRNA 

expression profiles in SLKK cells latently infected with KSHV as compared with the 

uninfected SLK cells. This helped determine the degree to which changes in gene 

expression profiles could plausibly be attributed to changes in miRNA expression 

profiles. Looking at the broad trends in differential miRNA profiles, the majority of 

miRNAs that met the selection criteria ( P 0.05) were down-regulated 

in the KSHV-infected cells. This is consistent with previous reports that lymphatic 

endothelial cells infected with KSHV and primary B-cells infected with Epstein-Barr 

virus (EBV) show a substantially higher number of down-regulated than up-regulated 

miRNAs (Godshalk et al. 2008; Wu et al. 2011). One possible explanation was that 

KSHV-encoded miRNAs were produced at such a high level that they competitively 

interfered with the processing of the cellular miRNAs. However, in the SLKK cells, viral 

miRNAs made up only ~9% of the total miRNA fraction, suggesting that this was not the 

principal mechanism (see Chapter 6 for details on viral miRNAs). Considering 

alternative explanations, other viruses have been shown to globally reduce cellular 

miRNA levels by the saturation of exportin-5 (XPO5), which is involved in the transit of 

pre-miRNA to the cytoplasm (Bennasser et al. 2011), and it is possible that this may be 

occurring in KSHV-infected cells. 

An unexpected finding was that more than a third of the significantly down-regulated 

miRNAs were located within 50kb of each other at the 14q32 miRNA cluster, which has 

previously been linked to cancer development. In fact, some of the 14q32 miRNAs that 

were easily detectable in the uninfected cells were undetectable in the KSHV-infected 

cells. Indeed, the down-regulation of 14q32 miRNAs miR-409-3p, miR-409-5p, and 
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miR-410 was further validated by Taqman assays. A substantial down-regulation of 

14q32 miRNAs has similarly been observed in PEL cell lines including BCBL-1, BC-1 

and BC-3 (Gottwein et al. 2011). Because of the extent of the down-regulation in the 

current study, a deletion of this region at the DNA level might have occurred through 

genomic DNA loss for example. It has been reported that 14q32 deletion is the most 

frequent chromosomal loss (63%) in a number of PEL cell lines and primary cases of 

PEL (Luan et al. 2010). In SLKK cells however, DNA was present in each of the eight 

regions that were probed, suggesting that repression of 14q32 miRNAs was probably not 

due to chromosomal loss or epigenetic silencing at the DNA level, such as DNA 

methylation or histone modifications, but rather to post-transcriptional mechanisms. 

Also, the observation that 14q32 miRNAs are down-regulated in the setting of KSHV 

infection and that it can occur either through chromosomal deletions or through other 

mechanisms suggests that down-regulation of these miRNAs are advantageous for 

survival of KSHV-infected cells.  

A key goal of this study was to identify miRNA changes induced by KSHV infection that 

were associated with the inverse changes in their mRNA targets. However, miRNA 

changes are not the only factors that can modulate mRNA; KSHV-encoded proteins, as 

well as manifestations of the host response, can also affect cellular mRNA expression 

through mechanisms other than the miRNA silencing machinery. Nonetheless, the 

current analysis provides evidence to suggest that a substantial proportion of the 

observed mRNA changes were caused by miRNA dysregulation. An extensive list of 

strongly correlated miRNA-mRNA pairs was compiled. Of 48 miRNAs whose level met 

the cut-off criteria for modulation, there were predicted or experimentally determined 

targets that were also modulated in the SLKK cells, for a total of 1,117 targets. Of these, 

73% (814 targets) were modulated in the direction predicted by the miRNA change. 
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These modulated mRNAs include 36 mRNAs that had been previously reported as 

known targets for nine miRNAs dysregulated in SLKK vs. SLK cells. Transfection 

assays of three miRNAs that were decreased in SLK or SLKK cells were carried out and 

changes in five of their respective target mRNAs, including two novel targets (LIF for 

miR-708-5p and MDM2 for miR-409-5p) were quantified. In each case, transfecting the 

miRNA resulted in the predicted decrease of its target gene(s). Moreover, changes in 

some of these mRNAs would benefit KSHV infection. For example, a decrease in 

proapoptotic caspase-2, a miR-708-5p target, would favour the maintenance of KSHV 

latent infection (Moore 2007). Taken together, these results are thus consistent with the 

hypothesis that changes in miRNAs are driving at least some of these mRNA changes. 

Furthermore, these results provide some additional confidence in the use of paired 

miRNA-Seq and mRNA-Seq in the SLK/SLKK system to identify mRNA targets that 

may be relevant to KSHV pathogenesis. However, it is unlikely that all of the changes in 

any given mRNA target are directly and uniquely caused by a specific miRNA, as 

biological systems are often redundant. 

It is worth keeping in mind that miRNA dysregulation could result from KSHV infection 

itself, but also be due to a host response to this infection, or to the crosstalk between the 

two. Interestingly, there was relatively little overlap between the miRNA changes 

observed here in latently-infected cells and those reported to occur in the first few hours 

after de novo KSHV infection, which would be expected to predominantly reflect the 

antiviral innate immune response (Lagos et al. 2010). This suggests that the findings 

reported here are largely related to the effects of long-term KSHV latency.  

Looking at the miRNAs overexpressed here in SLKK cells, previous reports provide 

evidence linking certain miRNA changes to a direct effect of latent KSHV infection. For 

example, miR-146b has been shown to be induced by STAT3 (Xiang et al. 2014), which 
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is phosphorylated in cells with latent KSHV infection (Punjabi et al. 2007). miR-146b in 

turn can down-regulate Toll-like receptors and other aspects of the immune response to 

pathogens and it may thus help KSHV evade immunity (Taganov et al. 2006). Moreover, 

a STAT3 knock-down study showed that STAT3 induces miR-21-3p and miR-29c-5p, 

which were found up-regulated in SLKK cells; and STAT3 represses miR-2276, which 

was found down-regulated in the current study (Zhang et al. 2014). Also, while the 

change in miR-210 was not sufficient to meet the original P-value miRNA-Seq 

threshold, it was nonetheless found significantly up-regulated based on the Taqman 

assay. KSHV LANA has been shown to up-regulate hypoxia-inducible factor (HIF) (Cai 

et al. 2006), a direct inducer of miR-210 (Huang et al. 2009; Fasanaro et al. 2008), so the 

increase in miR-210 was predicted based on this mechanism. How various cellular 

miRNAs are controlled by KSHV and the potential role that KSHV proteins may have at 

the post-transcriptional level are important questions that remain to be explored in the 

future. 

Looking further at individual miRNAs dysregulated in SLKK cells and their target 

mRNAs, several stand out as potentially important in KSHV infection. For example, 

compared to SLK cells, SLKK cells manifested an increase in miR-708-5p along with a 

significant down-regulation of pro-apoptotic protease caspase-2 (CASP2). Through its 

induction of apoptosis, CASP2 can have an important anti-viral effect, and inhibition of 

its activity can thus promote KSHV infection. Also, miRNAs miR-485-5p and miR-409-

5p are down-regulated in KSHV-infected cells and this directly correlates with the up-

regulation of their predicted target, MDM2, which mediates the degradation of p53 

(Brooks & Gu 2006; Stommel & Wahl 2005), an inducer of apoptosis. By this 

mechanism, MDM2 may suppress virus-induced apoptosis, thereby increasing the 

survival of KSHV-infected cells.  
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Two other down-regulated miRNAs, miR-299-3p and miR-381-3p, are predicted to 

suppress expression of integrin V (ITGAV) (Table 3.4 and Figure 3.10), which was in 

turn up-regulated in SLKK cells. ITGAV has been shown to enhance the ability of 

KSHV-infected cells to infect new cells through binding to the extracellular matrix 

(Dyson et al. 2008). Interestingly, miR-409-5p, miR-299-3p, and miR-381-3p are all 

located in the 14q32 cluster that is broadly down-regulated in SLKK cells as well as PEL 

cells (Luan et al. 2010). Of note, ITGAV is one of the two components of the V 3 

integrin, a cellular receptor mediating entry of several viruses, including EBV and KSHV 

(Garrigues et al. 2008; Dorner et al. 2010). Similarly, HIV-1 has been shown to up-

regulated ITGAV in human T lymphocytes (Weeks et al. 1991).While it might seem 

counterintuitive for viruses to up-regulate entry receptor proteins once a cell is already 

infected, studies have demonstrated that KSHV infected cells, for example, can be 

infected with human herpesvirus 6, human cytomegalovirus and HIV-1 leading to lytic 

replication hence promoting KS progression (Lu et al. 2005; Vieira et al. 2001). In 

addition, EBV and KSHV typically coexist in PELs (Epstein 2001; Chang et al. 1994; 

Cesarman et al. 1995). It is therefore possible that KSHV mediates an indirect up-

regulation of ITGAV via down-regulation of cellular miRNAs. Further target validation 

assays and mechanistic studies would be necessary to determine if the up-regulation of 

ITGAV aids in co-infection of KSHV infected cells. These results certainly provide new 

insights into the complex interplay between KSHV infection and host miRNA-mediated 

gene regulation. This opens up areas of research that can lead to a deeper understanding 

of viral oncogenesis. 

In this study, pathway analysis tools were used to identify some of the most affected 

pathways. Overall, 45 miRNAs matched 480 paired mRNA targets that were either 

experimentally determined or highly predicted and whose changes inversely correlated 
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with the mRNA changes. Of these, 17 miRNAs and 28 putative mRNA targets have been 

previously identified as being involved in pathogen-related signalling (Figure 3.10). 

Several fundamental pathways were significantly enriched in the 480 mRNA targets. 

These include the regulation of the epithelial-to-mesenchymal transition (EMT) pathway, 

IL-8 signalling, clathrin-mediated endocytosis signalling and Wnt/ -catenin signalling 

(Table 3.4).  

SLK and SLKK cells were used in the current studies because they provided the ability 

to compare KSHV-infected and uninfected cells and because of the tight control of 

KSHV latency in these cells. Experimentally derived from a KS biopsy, the uninfected 

SLK cell line had endothelial features resembling those of KS and was thought to be a 

KS cell model in part because it can be stably and latently infected by KSHV (Herndier 

. However, it was later shown to be indistinguishable 

from Caki-1, a clear-cell renal-cell carcinoma line of epithelial origin (Stürzl et al. 2013). 

Nonetheless, it remains a valuable model to study KSHV genetic regulation and host 

effects from latent KSHV infection (Arias et al. 2014). A number of changes observed 

here have also been observed in other studies of miRNA or mRNA expression in KSHV-

infected cells.  

In summary, deep sequencing was used to examine the small RNAs and mRNAs 

expressed by SLKK and SLK cells, and a number of miRNA-target mRNA pairs that 

play a significant role in KSHV pathogenesis or KSHV-induced diseases were 

successfully identified. Of note, the majority of cellular miRNAs that were significantly 

altered by KSHV were down-regulated, including most members of the 14q32 miRNA 

cluster, a genomic locus linked to cancer. This is the first comparative study 

simultaneously analysing and correlating changes at the miRNA and mRNA level in 

cells with latent KSHV infection and uninfected cells. This survey can help inform 
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additional studies to better understand the mechanisms responsible for the specific 

changes observed and their role in the establishment of KSHV infection, the host 
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4 

Evaluating the interplay between KSHV 

infection and the hypoxic cellular response  

 

 

 

 

 

DESPITE  a wide interest in hypoxia and its influence on KSHV,  the  interplay  between  

this microenvironment and viral infection remains poorly characterised. Specifically, 

cellular stress can be induced by hypoxia, yet how miRNAs of KSHV-infected cells 

respond to hypoxia is unclear.  

In the preceding chapter, the effects of infection on cells were determined by comparing 

miRNA and mRNA expression profiles of infected and uninfected cells. This chapter 

addresses how hypoxia affects mRNA and miRNA global expression profiles and to 

what extent this response compares to KSHV infection. 
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4.1  Introduction 

While numerous studies have examined the role of hypoxia in cancer and how hypoxia 

confers a survival and growth advantage to cancer cells, its role in viral pathogenesis is 

still not well defined. Of note, the induction of hypoxia-inducible factor (HIF)-1 has 

been shown to be a general response in infections with human pathogens such as 

bacteria, viruses, fungi and protozoa (Werth et al. 2010). However, the pathways 

regulated by HIF in KSHV-associated malignancies have yet to be completely 

characterised. In this chapter, the interplay between hypoxia and KSHV infection were 

investigated by looking at miRNA and mRNA expression profiles. 

4.1.1  Hypoxia-regulated miRNAs in KSHV pathogenesis 

KSHV-induced diseases, primary effusion lymphoma (PEL) and sarcoma (KS), 

preferentially develop in settings of relatively low oxygen concentrations (i.e. lower 

extremities) (Sternbach and Varon 1995). Hypoxic stress can not only increase KSHV 

reactivation (Davis 2001) but also induce the most abundant latent viral protein, LANA 

(Veeranna et al. 2012). LANA induces nuclear accumulation of HIF-

KSHV infection (Carroll et al. 2006). Additionally, viral IFN regulatory factor 3 (v-

IRF3), another important latent viral protein, can stabilise HIF- thereby promoting 

angiogenesis via elevated vascular endothelial growth factor (VEGF) levels (Shin et al. 

2008). This is consistent with the observation that HIF- essed in KSHV-

associated lesions. 

Moreover, several studies have shown that hypoxia can alter miRNA expression profiles. 

In particular, miR-210 is a universal responder to hypoxia and specifically HIF-

variety of cell lines, and it promotes adaptation to hypoxia as well as cell survival. 
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However, whether or not KSHV regulation of HIF affects hypoxia-regulated miRNAs 

(HRMs), including miR-210, is unknown. In the previous chapter, it was highlighted that 

there was a small but statistically significant up-regulation of miR-210 in cells infected 

with KSHV compared to uninfected controls even in the normoxic setting. Up-regulation 

of miR-210 has also been reported in patients suffering from other chronic viral 

infections such as hepatitis B (HBV; Song et al. 2014). Notably, miR-210 directly 

targets the pre-S1 region of HBV (HBVPS1) to suppress the production of HBV surface 

antigene (HBsAg) and HBV virion, hence contributing to viral dormancy and persistent 

chronic infection (G. Zhang et al. 2010). Additionally, EBV infection has been shown to 

consistently up-regulate miR-210 levels compared to mock infection controls in human 

peripheral blood cells (Lu et al. 2008). While these findings support further investigation 

of hypoxia-regulated miRNAs (HRMs) such as miR-210, and their role in pathogen 

infection, there has been no published study evaluating the global miRNA response to 

hypoxia in infected cells. 

4.1.2  Next-generation sequencing of miRNAs and mRNAs as a useful approach for 

addressing the interplay between infection and hypoxia 

To better understand the role of HRMs in KSHV pathogenesis, it is important to take a 

closer look at the involvement of miRNAs in this biological system. However, if data is 

only collected on miRNA expression, it is of limited utility as in silico mRNA target 

identification remains difficult, and requires extensive validation at the mRNA level. 

Instead, a dual analysis of miRNA and mRNA expression allows for a direct cross-

comparison between miRNA differential profiles and correlations with the effects on 

putative targets. This allows for an accurate assessment of miRNA-mRNA target 

expression pairing in the context of hypoxic stress and KSHV infection. While other 

studies of miRNA expression have been conducted in KSHV infected cells, the reported 
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findings only address the normoxic context and never directly correlate the effects of 

hypoxia on miRNAs with their mRNA targets within the same cells.  

Using next-generation sequencing, this chapter (i) compares the cellular response to 

hypoxia, to the cellular response to KSHV infection using the SLK/SLKK model and (ii) 

determines to what extent the hypoxic response in SLKK cells compares with that of 

uninfected SLK cells, and to what extent the two responses overlap. 

 

4.2  Hypoxic response in uninfected SLK cells 

Studying how SLK cells respond to hypoxia in the absence of KSHV infection is 

necessary to provide a baseline for future analyses as it can be compared to both the 

cellular response to KSHV infection (Section 4.3) and the hypoxic response in the 

presence of KSHV (Section 4.4 and 4.5). 

4.2.1  miRNA response to hypoxia in SLK cells  

Next-generation sequencing was performed on miRNA libraries from hypoxic and 

normoxic uninfected SLK samples in triplicate. Differential expression was 

subsequently determined and a total of 112 out of 1,378 miRNAs were found 

significantly dysregulated in hypoxia compared to normoxia (P .05, FC -2 ; 

Figure 4.1, top left and right quadrants). Perhaps the most striking observation was that 

of the 112 dysregulated miRNAs in response to hypoxia, the majority (88%) were down-

regulated. Of those 112 HRMs, 47 were expressed with an average miR count greater 

than 1 and allowed for a clear cluster between the triplicate hypoxic and normoxic 

samples (Figure 4.2). Ten (21%) of the 47 HRMs were up-regulated, while 37 (79%) 

were down-regulated by hypoxia. This down-regulation could be due to the fact that key 
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proteins of the miRNA biogenesis, Dicer and Drosha, can be down-regulated in hypoxia, 

hence preventing miRNA processing (Rupaimoole et al. 2014). However, neither Dicer 

nor Drosha were significantly down-regulated in this study. 

After a stringent selection based on read abundance and significance (P , average 

miR count of ten or more across all replicates), the 15 most abundant HRMs in SLK 

cells were determined. Of these 15, three were up-regulated while 12 were down-

regulated (Figure 4.3). As previously described for other cell types (Pulkkinen et al. 

2008; Chan et al. 2012; Fasanaro et al. 2008), miR-210 was potently up-regulated by 

hypoxia in SLK cells; this was validated by Taqman assay as being significantly up-

regulated 15-fold by hypoxia in SLK cells (Figure 4.4). By comparison, in the MCF7 

breast cancer cell line, miR-210 is up-regulated 3-fold by hypoxia (Camps et al. 2014). 

Additionally, miR-146a was induced by hypoxia in SLK cells (2-fold) and is another 

well-known HRM that has been shown to inhibit NF- -mediated inflammatory 

response (Taganov et al. 2006). Another miRNA identified as being induced by hypoxia 

in SLK cells was miR-5001-3p. This miRNA has not been previously described and is 

therefore a novel HRM. The remaining 12 miRNAs including miR-6723-5p, miR-222-

5p and miR-4484 were all down-regulated.  

 

 

 

 

 



4.   Evaluating the interplay between KSHV infection and the hypoxic cellular response 

!
113!

 

 

 

 

Figure 4.1: Volcano plot of miRNA differential expression in hypoxic vs. normoxic 

SLK cells. Vertical red lines indicate the threshold for a relative expression fold change 

(FC) of 2 or -2 compared to normoxic controls. The horizontal red line represents the 

threshold of a 0.05 P-value. Thus, the blue points lying in the top right and top left 

sectors are significantly up-regulated and down-regulated, respectively, in hypoxic vs. 

normoxic SLK cells (P , linear FC -2 or  
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Figure 4.2: Expression of miRNAs in the analysed small RNA libraries. Heatmap of 

miRNA changes between hypoxic and normoxic SLK cells in the six individual 

replicates (three normoxic and three hypoxic SLK samples). Presented is the relative 

expression of 47 significantly dysregulated cellular miRNAs in hypoxic vs. normoxic 

uninfected cells (P-value 0.05, log2 FC - 1, average miR count 1). Using 

uncentered Pearson correlation as the distance metric, an unsupervised hierarchical 

heatmap was generated, with each row representing a miRNA and each column 

representing a biological replicate. Red, black and green denote low, median and high 

relative miRNA expression, respectively.  
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Figure 4.3: Top 15 repressed and induced miRNAs in hypoxic vs. normoxic 

uninfected cells. Bars below and above the y-axis show the 15 most abundant miRNAs 

repressed and induced, respectively, in hypoxia compared to normoxia in SLK cells. 

Data were considered significant when P 

across all replicates (i.e. threshold of miR counts sum higher than 60). 
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Figure 4.4: miR-210 differential expression in hypoxic vs. normoxic SLK cells. This 

plot represents the fold difference in miR-210 expression between hypoxia and normoxia 

in SLK cells, measured by Taqman assays (n=6). Small endogenous RNA, RNU43, was 

used for internal normalisation. Hypoxic samples were normalised to normoxic samples. 

This plot was generated using R and the rectangular box shows the interquartile range 

(IQR), from the 1st quartile (25th percentile) to the 3rd quartile (75th percentile). It 

includes the 2nd quartile (median) of miR-210 relative expression change. The whiskers 

correspond to the minimum and maximum values.  

 

 

!



4.   Evaluating the interplay between KSHV infection and the hypoxic cellular response 

!
117!

!

4.2.2  mRNA response to hypoxia in SLK cells  

The same SLK normoxic and hypoxic samples that were analysed for small RNA-Seq 

were also sequenced for mRNA. As in Chapter 3, the goal was to use this data to pair 

differentially expressed miRNAs with their inversely expressed targets. Out of a total of 

30,808 mRNAs analysed, 545 were differentially expressed (i.e. increased or decreased) 

in hypoxic vs. normoxic SLK cells (Figure 4.5). Among the up-regulated genes, there 

were a number that have been described previously to be increased in hypoxia. For 

example, BNIP3, BNIP3L, IGFBP3, PLOD2 and STC2 have all been reported to be up-

regulated by HIF- (Bellot et al. 2009; Sowter et al. 2001; Natsuizaka et al. 2012; 

Gilkes et al. 2013; Law and Wong 2010a). Moreover, ARRDC3 was one of the most up-

regulated genes in this dataset (5.4 log2 FC) and it has been recently linked to hypoxia in 

three tumour cell lines (Olbryt et al. 2014). Similarly, Olbryt et al. found that ARRDC3 

was the most hypoxia-induced gene in melanoma, ovarian cancer and prostate cancer 

cell lines. Additionally, the expression of VEGF, known HIF-1 target gene known to be 

up-regulated in hypoxia (Wang et al. 2005), was assessed by qRT-PCR in hypoxic and 

normoxic SLK cells. It was found that VEGF was up-regulated ~2.5-fold by hypoxia 

(Figure 4.6). Taken together, these results provide confidence that the cells were 

responding to the hypoxic treatments.  

Surprisingly, FOSB and WNT7B, that were both down-regulated by hypoxia in SLK 

cells, were reported to be up-regulated in other studies (Bosco et al. 2006; Qu et al. 

2013). FOSB has transcription regulatory activities and is a component of the AP-1 

complex (Herdegen and Leah 1998), which is involved in the transactivation of hypoxia-

inducible genes (Laderoute et al. 2002). WNT7B plays a role in vasculogenesis and 
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mediates hypoxia-induced angiogenesis (Shu et al. 2002). The down-regulation of these 

two genes may be specific to SLK hypoxic cells. 

Ingenuity Pathway Analysis (IPA) was used to analyse the large number of dysregulated 

genes in hypoxic compared to normoxic SLK cells, in order to identify pathways altered 

by hypoxia (Figure 4.7). Among the top 15 most significantly modulated pathways were 

four cancer signalling pathway -catenin signalling, the neuregulin 

signalling, prostanoid biosynthesis, and the epithelial-mesenchymal transition pathway. 

These eight pathways are all known to be altered by hypoxia (Harris 2002; Shalinsky, 

McNamara, and Agrawal 1989; Thiery et al. 2009; Semenza 2012; Mazumdar et al. 

2010). Specifically, HIF-1  -catenin signalling in 

embryonic stem cells and primary cells (Mazumdar et al. 2010) -

catenin signalling can increase the activity of HIF-1  (Qi Zhang et al. 2013). 

Neuregulins comprise a family of epidermal growth factor (EGF)-like proteins involved 

in cell-cell signalling. They are induced by intermittent hypoxia in rat vascular smooth 

muscle cells, hence promoting cell proliferation (Kyotani et al. 2013). 
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Figure 4.5: Volcano plot of mRNA differential expression in hypoxic vs. normoxic 

SLK cells. The plot is depicted as in Figure 4.1, with vertical and horizontal red lines 

similarly representing the thresholds of a fold change of 2 or -2, and of a P-value of 

0.05, respectively. 
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Figure 4.6: VEGF differential expression in hypoxic vs. normoxic SLK cells. This 

plot represents the fold difference in VEGF expression between hypoxia and normoxia 

in SLK cells, measured by Taqman assays (n=6). Small endogenous RNA, RNU43, was 

used for internal normalisation. Hypoxic samples were normalised to normoxic samples. 

This plot was generated using R and the rectangular box shows the interquartile range 

(IQR), from the 1st quartile (25th percentile) to the 3rd quartile (75th percentile). It 

includes the 2nd quartile (median) of VEGF relative expression change. The whiskers 

correspond to the minimum and maximum values. 

 

 

 

 



4.   Evaluating the interplay between KSHV infection and the hypoxic cellular response 

!
121!

 

 

 

 

Figure 4.7: Top 15 pathways altered by hypoxia in SLK cells. A list of differentially 

expressed mRNAs was used as input for Ingenuity Pathway Analysis, generating 

pathways altered by hypoxia in uninfected SLK cells. The 15 pathways that are most 

significantly altered are illustrated here. The yellow line reflects the significance (P 

0.05 when log(P-value) >1.3). The percentage of down-regulated and up-regulated 

genes in a given pathway is depicted in green and red, respectively. 
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4.2.3  Inverse correlation of miRNA and mRNA target expression in hypoxic SLK 

cells 

As in Chapter 3, an integrated approach was used to correlate miRNA and mRNA 

differential profiles of the RNA-Seq data. In SLK cells under hypoxia, the IPA 

microRNA Filter analysis revealed that 65% (278 out of 426 mRNAs) of the predicted 

miRNA targets were inversely correlated to miRNA expression (up-regulated miRNA 

and down-regulated target mRNA, or down-regulated miRNA and up-regulated target 

mRNA). This suggests that more than half of the changes occurring in the mRNA targets 

under hypoxic stress could be attributed to the miRNA regulation. This percentage is 

similar to that (73%) which was obtained when miRNAs and mRNA targets were 

inversely correlated between SLK and SLKK cells. 

IPA analysis paired 35 miRNAs to 108 mRNA targets (high confidence prediction or 

experimentally observed results; Figure 4.8). Specifically, eight miRNAs that are up-

regulated by hypoxia are predicted to target 43 down-regulated mRNAs. Conversely, 27 

miRNAs are down-regulated by hypoxia while 65 of their targets are up-regulated. 

These miRNA-mRNA pairs are listed in Table 4.1. Notably, miR-210 is associated to 

homeobox A1 (HOXA1), a well-described target of miR-210 (Huang et al. 2009), and 

CLUH, a predicted target recently identified as a regulator of mitochondrial biogenesis 

(Gao et al. 2014). 
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Figure 4.8: Workflow of integrated miRNA-mRNA association analysis using IPA. 

This experimental workflow shows the various filters used to associate miRNA-Seq and 

mRNA-Seq data from hypoxic and normoxic SLK cells. Numbers are presented as Total 

differentially expressed miRNAs or mRNAs (Up-regulated/Down-regulated). 
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miRNA  Log2 Fold Change # Target genes Top 5 target genes 

Up-regulated miRNAs/Down-regulated targets 

miR-541-3p 7.9 15 BCL9L, MAST3, SPRYD4, HMGA1, VDR 

miR-210 3.7 2 HOXA1, CLUH 

miR-4671-3p 3.1 2 FOSL1, ZNF213 

miR-4734 3.1 3 TMEM104, ANKRD52, CLUH 

miR-4726-5p 2.2 10 SLC25A22, PYCRL, MAPKAPK3, PTGES, WNT7B 

miR-495-3p 1.9 10 ZNF697, PSME3, MIDN, SOX9, GPR3 

miR-1185-5p 1.7 2 BCAM, SH3RF2 

miR-146a-5p 1.2 3 PA2G4, SMYD5, SSTR1 

Down-regulated miRNAs/Up-regulated targets 

miR-4458 -7.5 20 PTGS2, YPEL2, CTHRC1, KLHL24, KLHL31 

miR-548ar-3p -7.2 2 PAG1, HPS2 

miR-4793-3p -7.0 2 ERRFI1, SLC38A2 

miR-1270 -4.7 1 POLI 

miR-548d-3p -4.1 1 ZNF468 

miR-663b -3.9 4 SLC2A1, KDM7A, CLIC4, C1QL1 

miR-4749-3p -3.6 4 CD109, IPMK, KLF12, TNFAIP8 

miR-1291 -3.5 1 PCMTD1 

miR-4747-3p -3.3 1 POLI  

miR-4707-3p -2.3 4 WSB1, PPP1R3B, KIAA1715, APOL1 

miR-3130-3p -2.0 1 SLC7A11 

miR-2278 -1.9 2 PDP1, ZNF33B 

miR-4467 -1.8 1 RTN4R 

miR-1273e -1.8 3 FBXL3, ZC3H6, ZNF468 

miR-3201 -1.7 2 ITGA2, BNIP3L 



4.   Evaluating the interplay between KSHV infection and the hypoxic cellular response 

!
125!

miR-3911 -1.6 4 TES, IKBIP, EDN1, PTPRB 

miR-3064-5p -1.6 1 TXNIP 

miR-4507 -1.6 2 ZBTB1, CCNG2 

miR-4488 -1.5 3 GAL3ST1, NDRG1, C1QL1 

miR-3136-5p -1.5 4 SHOC2, ALG10B, IPMK, AHR 

miR-4688 -1.4 2 CDK19, TBL1XR1 

miR-199a-3p -1.4 3 ITGB8, PTGS2, RNGTT 

hsa-miR-5010-5p -1.3 3 HK2, EDN1, STC1 

hsa-miR-4492 -1.3 5 PJA2, TBL1XR1, PFKFB4, ZNF395, C1QL1 

hsa-miR-766-3p -1.3 3 TGFBR1, ZNF468, ERRFI1 

hsa-miR-3175 -1.2 2 SLC2A1, AK4 

hsa-miR-1257 -1.0 1 ZNF468 

 

 

Table 4.1: Ingenuity analysis predicts inversely correlated miRNA-mRNA target pairs. Using lists of differentially expressed miRNAs and 

mRNAs as input for the Ingenuity Pathway Analysis (IPA), it was found that 35 differentially expressed miRNAs target 108 mRNAs (high 

confidence and experimentally observed results). Only mRNAs and miRNAs with inverse differential expression are shown in this table. 

Columns identify the miRNA name, its log-transformed expression fold change between hypoxic and normoxic SLK cells, the number of 

identified targets, and the five or less most differentially expressed targets. In bold are miRNAs and mRNA targets that have been previously 

reported in the literature. 
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4.3  Link between the cellular response to hypoxia and KSHV infection 

The responses of SLK cells undergoing infection or hypoxic stress were compared at 

both the miRNA and the mRNA levels.!

4.3.1  Comparative mRNA expression profiling analysis!

Cells latently infected with KSHV have been shown to increase HIF-

normoxia (Carroll et al. 2006), suggesting that viral infection may, to some extent, 

mimic the hypoxic response. This up-regulation of HIF is mediated by protein-protein 

interactions with LANA (Cai et al. 2007), stabilization via v-IRF3 (Shin et al. 2008) and 

transcriptional activation through v-GPCR (Sodhi et al. 2000). Also, hypoxia has been 

shown to induce lytic replication in B-cells (Davis 2001; Cai et al. 2006). Here, RNA-

Seq was used on normoxic SLK cells, hypoxic SLK cells, and normoxic SLKK cells to 

assess the similarities and differences in mRNA gene expression between KSHV 

infection and hypoxia.!

Figure 4.9 illustrates the overlap of mRNAs found down-regulated by KSHV infection 

and hypoxia. Remarkably, more than a third (~37%) of the genes down-regulated by 

hypoxia were also down-regulated by KSHV. By contrast, out of a total of 742 genes 

down-regulated by KSHV, 122 (~16%) were similarly down-regulated by hypoxia. 

These results suggest that KSHV infection triggers a greater change than the hypoxic 

response but that the cellular response to KSHV presence mimics a significant part of 

the hypoxic response. On the other hand, genes up-regulated by both KSHV and hypoxia 

are in much fewer numbers as compared to the down-regulated genes (Figure 4.10). 

Nonetheless, the overlap comprised 41 genes, which represent ~20% of the hypoxia up-

regulated genes. Of interest, these 41 included nuclear enriched abundant transcript 1 
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(NEAT1), integrin alpha 5 (ITGAV) and baculoviral IAP repeat-containing 3 (BIRC3). 

Interestingly, BIRC3, also known as cIAP-2, is an antiapoptotic gene that was previously 

found to be up-regulated by KSHV latent protein K15 (Brinkmann et al. 2007). It 

interferes with the activation of caspases and is a down-stream target gene of NF-

which is essential to KSHV-infected cells (Keller et al. 2006; Beyaert, Heyninck, and 

Van Huffel 2000). Additionally, BIRC3 is a known hypoxia-responsive gene that may 

play a role in conferring apoptosis resistance under hypoxia (Hu et al. 2003). Previously, 

NEAT1, a host long non-coding RNA involved in nuclear paraspeckle formation, has 

been shown to increase 5 to 10 fold in human cell lines infected with HIV-1 and to 

regulate HIV replication (Quan Zhang et al. 2013). However, this is the first time 

NEAT1 has been described up-regulated in KSHV-infected cells. Of additional 

relevance, HIF-

survival (Choudhry et al. 2014), and thus NEAT1 may also play a role in promoting the 

survival of KSHV-infected cells. Finally, ITGAV was also found up-regulated by 

V integrins were 

induced by hypoxia (Suzuma et al. 1998) 3 form the viral 

V 3 integrin which has been shown to mediate KSHV entry (Garrigues et al. 

2008), it is plausible that hypoxia may promote KSHV infection via up-regulation of 

ITGAV. Moreover, ITGAV may also contribute to the vascular development  a feature 

of KSHV-associated diseases  through fibronectin matrix assembly (Wierzbicka-

Patynowski and Schwarzbauer 2003; van der Flier et al. 2010).!

!

!

!
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Figure 4.9: Venn diagram showing the overlap of mRNAs down-regulated by 

hypoxia and KSHV. 
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Figure 4.10: Venn diagram showing the overlap of mRNAs up-regulated by 

hypoxia or KSHV. 

 

!

!

!

!



4.   Evaluating the interplay between KSHV infection and the hypoxic cellular response 

!

!
130!

!

4.3.2  Comparative miRNA expression profiling analysis!

A similar comparison was carried out on the data obtained from the small RNA-Seq 

differential analysis (and Taqman analysis in regard to miR-210). There were ten 

dysregulated miRNAs that overlapped between hypoxia and KSHV infection (Figure 

4.11). Of these ten, miR-4671-3p and miR-210 were up-regulated, while the other eight 

were down-regulated  the most abundant included miR-548b-3p and miR-1270. The 

other up-regulated miRNA in common, miR-4671-3p, is predicted to down-regulate 

FOSL1 and ZNF213 (Table 4.1). Suggested to be a transcription factor, ZNF213 is a 

zinc finger protein of unknown function (X. Chen et al. 1999). FOSL1 is an oncogenic 

transcription factor involved in cellular proliferation, vasculogenesis and angiogenesis 

(Evellin et al. 2013). It belongs to the Fos protein family which dimerises with the Jun 

protein family (c-Jun, JunB, and JunD) to form the AP-1 complex induced in hypoxia 

(Verde et al. 2014). TargetScan predicted that miR-4671-

FOSL1 via an 8mer site that is conserved among many species. An 8mer site comprises 

the miRNA seed  is the strongest type of binding seed-

match site (Figure 4.12). !

Although miR-210 did not make the significance threshold of the small RNA-Seq 

analysis between infected SLKK and uninfected SLK cells (P =0.09), the previous 

chapter highlighted that it was up-regulated by KSHV using Taqman qPCR assays. 

Therefore, besides miR-4671-3p, miR-210 is also a common feature of the cellular 

response between KSHV infection and hypoxic stress. 
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Figure 4.11: Venn diagram showing the overlap of differentially expressed miRNAs between KSHV infection and hypoxic response. 

Indicated in bold and normal font are the miRNAs found up-regulated and down-regulated, respectively, by both hypoxia and KSHV infection. 
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220-227 8mer 

 

Figure 4.12: miR-4671-3p interaction with target This illustrates the 

conserved binding site (highlighted) between hsa-miR-4671-

FOSL1, a putative target predicted by TargetScan. The seed region is predicted to be an 

8mer, which is defined as an exact match between FOSL1 mRNA and the mature 
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4.4  Hypoxic response in KSHV-infected SLKK cells 

As of now, neither the mRNA nor the miRNA cellular responses to hypoxia have been 

investigated in any kind of pathogen-infected cells using next-generation sequencing. 

Here, SLKK cells, which are SLK cells stably infected with latent KSHV, were exposed 

to 1% O2 for 24hrs and both miRNA and mRNA genome-wide expression profiles were 

analysed. 

4.4.1  miRNA expression profiling of normoxic and hypoxic SLKK cells !

Differential analysis between hypoxic and normoxic SLKK cells reveals that, among the 

79 miRNAs that are dysregulated by hypoxia, miR-210 is once again the most 

significantly up-regulated miRNA (P = 2x10-4 and log2 FC =3.7; Figure 4.13). Of these 

79 HRMs, 72 made the abundance cut-off (average miR count 1), which allowed for 

the unbiased, unsupervised clustering of hypoxic vs. normoxic SLKK samples (Figure 

4.14). Of these 72 miRNAs, 51 were down-regulated, while 21 were up-regulated, 

including miR-210 and miR-193a-5p. Of note, the expression of miR-193a-5p increased 

by 3 fold in hypoxia (P =0.025). Since it has never been reported that miR-193a-5p is 

modulated in hypoxia, miR-193a-5p can be considered a novel HRM.  

The 15 most abundant HRMs were selected using a threshold of 10 for the average miR 

count (Figure 4.15). Of these, miR-210, miR-193a-5p and miR-139-5p were up-

regulated while miR-16-1-3p was the top down-regulated miRNA. miR-139-5p had been 

shown to be induced 4 fold upon hypoxia in pulmonary artery smooth muscle cells (Wu 

et al. 2011). By contrast, down-regulation of miR-16 has been reported to induce VEGF 

expression (Dejean et al. 2011). 
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Figure 4.13: Volcano plot of miRNA differential expression in hypoxic vs. normoxic 

infected SLKK cells. The plot is depicted as in Figure 4.1, with vertical and horizontal 

red lines similarly representing the thresholds of a fold change of 2 or -2, and of a P-

value of 0.05, respectively. 
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Figure 4.14: Expression of miRNAs in the analysed small RNA libraries. Heatmap 

of miRNA changes between hypoxic and normoxic SLKK cells in the six individual 

replicates (three normoxic and three hypoxic SLKK samples). Presented is the relative 

expression of 72 significantly deregulated cellular miRNAs in hypoxic vs. normoxic 

infected cells (P-value 0.05, log2 FC -1 or -1 1). The plot is 

depicted as in Figure 4.2, with each row representing a miRNA and each column 

representing a biological replicate. Red, black and green denote low, median and high 

relative miRNA expression, respectively. 
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Log2 Fold Change 

Figure 4.15: Top 15 repressed and induced miRNAs in hypoxic vs. normoxic 

infected SLKK cells. Bars below and above the y-axis show the 15 most abundant 

miRNAs repressed and induced, respectively, in hypoxia compared to normoxia in 

BCBL-1 cells. Data were considered significant when P 

10 or more across all replicates (i.e. threshold of miR counts sum higher than 60). 
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4.4.2  A detailed study of miR-210 regulation by hypoxia and KSHV !

Numerous studies have demonstrated that there is an association between KSHV 

pathogenesis and hypoxia. KS lesions arise in areas of hypoxia, exhibit elevated levels of 

HIFs, as well as enhanced angiogenic markers akin to the cellular response to hypoxia. 

Because miR-210 is the most consistent miRNA increased in response to hypoxia, an 

investigation of its potential role in KSHV pathogenesis was undertaken.  

The relative expression of miR-210 was evaluated by Taqman assay in four different 

conditions: normoxic SLK cells, normoxic SLKK cells, hypoxic SLK cells and hypoxic 

SLKK cells (each n=3). Normalising to normoxic SLK samples, it became apparent that 

infection alone could indeed increase miR-210 levels (Figure 4.16). There was a strong 

induction of miR-210 in hypoxic SLK cells (15-20 fold increase). Based on this 

observation, it was hypothesised that an increase in miR-210 in KSHV infected cells, 

either in normoxia or in hypoxia, may help promote cellular alterations that favour 

infected cells. ISCU, a mitochondrial iron sulphur scaffold protein, is a miR-210 target 

important in cellular metabolism. In MCF7 cells, it has been shown that miR-210-

mediated down-regulation of ISCU causes a shift to glycolysis, an enhanced cell 

survival, and an increase in iron uptake required for cell growth (Favaro et al. 2010). 

To investigate whether ISCU is down-regulated by miR-210, transfection of miRNA 

mimics and inhibitors was performed in SLKK cells, either in normoxia or in hypoxia 

(Figure 4.17). The experiment was carried out in duplicate wells of a 6-well plate, using 

a no transfection control and a neutral miRNA mimic called Scramble. In hypoxia, miR-

210 is expected to be induced by HIF- and therefore the transfection of a miR-210 
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inhibitor in hypoxia should knock-down miR-210 levels. Inversely, in normoxia, the 

transfection of miR-210 should mimic a hypoxic induction and induce miR-210 levels. 

 

 

 

 

!

Figure 4.16: Taqman assays validate miR-210 up-regulation both in infected vs. 

uninfected cells, and in hypoxia vs. normoxia. Data represent the expression fold 

change between normoxic SLKK vs. SLK cells, and between hypoxic SLKK vs. SLK 

cells. Bars depict the mean of at least three independent experiments; error bars reflect 

the standard deviation of the mean. *, P 0.05. 
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Figure 4.17: Workflow of mimic-antimiR transfection experiment. This figure shows the experimental workflow of over-expression of miR-

210 in normoxic SLKK cells, and inhibition of miR-210 in hypoxic SLKK cells, using the appropriate transfection controls (scrambles) and no 

transfection controls. The experimental conditions, tested effects, expected results, as well as the internal controls are detailed in this table. 

 



4.   Evaluating the interplay between KSHV infection and the hypoxic cellular response 

!

!
140!

Figure 4.18 shows miR-210 relative expression in this experiment. The no transfection 

control (Oligofectamine only) and the miRNA mimic control (Scramble) expressed miR-

210 in similar amounts. The transfection of SLKK cells with miR-210 mimics increased 

its relative expression 12-fold (Figure 4.18). In comparison, the no transfection control 

and miRNA control (anti-Scramble) in hypoxia increased miR-210 expression ~5 to 6 

fold. Finally, miR-210 expression when miR-210 inhibitors (anti-210) were transfected 

was similar to its normoxic levels. This data allowed for a further analysis of the effects 

of miR-210 on ISCU expression. 

To test if SLKK cells responded to miR-210 fluctuations similarly, the levels of miR-

210 target, ISCU, were evaluated by qRT-PCR (Figure 4.19). ISCU was found 

significantly down-regulated when miR-210 mimics were transfected in normoxia, 

whereas it was up-regulated when miR-210 inhibitors were transfected in hypoxia, 

confirming published findings (Favaro et al. 2010). These results confirm that ISCU is a 

target of miR-210 in KSHV-positive SLKK cells and that miR-210-mediated repression 

of ISCU may function to mediate cell survival.  
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Figure 4.18: Validation of miR-210 expression in transfected SLKK samples using 

Taqman assays. Bars depict the mean of three independent experiments (expressed as 

the relative expression compared to normoxic NT controls); error bars reflect the 

standard deviation of the mean. NT: No Transfection. 
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Figure 4.19: ISCU relative expression in transfected SLKK samples measured by 

qRT-PCR. Bars depict the mean of three independent experiments (expressed as the 

relative expression compared to normoxic NT controls); error bars reflect the standard 

deviation of the mean. NT: No Transfection. 
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4.4.3  mRNA profiling of normoxic and hypoxic SLKK cells !

In order to correlate the changes in miRNA levels and their potential target mRNAs, 

deep sequencing of mRNA libraries of hypoxic and normoxic SLKK cells was 

performed (each n=3). Differential analysis using Cufflinks showed that 445 out of 

30,808 genes (1.4%) were differentially expressed (in blue in Figure 4.20). Of interest, 

N-Myc downstream regulated 1 (NDRG1) was the most significantly up-regulated gene. 

NDRG1 expression has been shown to be increased by a variety of environmental 

stresses, including hypoxia, in either normal or tumour cells (P. Zhang, Tchou-Wong, 

and Costa 2007; B. Chen, Nelson, and Sadovsky 2006; Angst et al. 2006). Interestingly, 

up-regulation of stanniocalcin-2 (STC2) by hypoxia was very similar in SLK cells and 

SLKK cells, with a 3.9 and 3.8 log2 FC increase, respectively. STC2 promotes cell 

proliferation, epithelial-mesenchymal transition (EMT) and invasiveness in hypoxia; 

traits that likely promote viral persistence and malignant progression (Law and Wong 

2010a; Law and Wong 2010b). In order to confirm that hypoxic induction occurred in 

the SLKK cells, quantitative real time PCR was undertaken to determine the expression 

of vascular endothelial growth factor (VEGF) in hypoxia. Figure 4.21 shows the ~5 fold 

induction of VEGF upon hypoxia exposure, which is consistent with previous studies 

showing that VEGF is a potent HIF-1 target gene (Forsythe et al. 1996). 

Host genes encoding two miRNAs, miR-210 and miR-675, were also found significantly 

up-regulated by hypoxia. The promoter region of miR-210 host gene, MIR210HG, has at 

least two functional HIF- -response elements, HREs) 

(Cicchillitti et al. 2012). Therefore, the up-regulation of MIR210HG at the mRNA level 

is expected. miR-675 is derived from H19-MIR675 which is an antiapoptotic non-coding 

RNA inducible by hypoxia (Matouk et al. 2007). H19-derived miR-675 regulates 

COL2A1, a cartilage matrix gene (Dudek et al. 2010). Taqman assay was undertaken to 
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investigate the expression of miRNAs arising from H19-MIR675, miR-675 and miR-

675*. However, no significant changes (P >0.05) were observed in miR-675* or miR-

675 levels (Figure 4.22).  

Ingenuity Pathway Analysis (IPA) was used to identify molecular networks that are 

disrupted by hypoxic stress in SLKK cells. The top 15 most significantly altered 

pathways are illustrated in Figure 4.23. They included pathways typically altered by 

hypoxia such as a number of cancer signal -catenin 

signalling, IL-8 signalling, and retinoic acid receptor (RAR) activation (Mazumdar et al. 

2010; Fernández-Martínez et al. 2011; Maxwell et al. 2007). Additionally, 

atherosclerosis signalling and coagulation system were the top dysregulated pathways in 

hypoxic vs. normoxic SLKK cells. Atherosclerosis is a vascular disease characterised by 

the narrowing and hardening of arteries due to the accumulation of plaques made of fat 

cholesterol and calcium. Furthermore, by promoting lipid accumulation, angiogenesis 

and ATP depletion, hypoxia is known to play a role in atherosclerosis and accelerate its 

progression (Hultén and Levin 2009; Nakano et al. 2005).  
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Figure 4.20: Volcano plot of mRNA differential expression in hypoxic vs. normoxic 

infected SLKK cells. The plot is depicted as in Figure 4.1, with vertical and horizontal 

red lines similarly representing the thresholds of a fold change of 2 or -2, and of a P-

value of 0.05, respectively. 
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Figure 4.21: VEGF differential expression in hypoxic vs. normoxic SLKK cells. 

This plot represents the fold difference in VEGF expression between hypoxia and 

normoxia in SLKK cells, measured by qRT-PCR assays (n=9). Hypoxic samples were 

normalised to normoxic samples. This plot was generated using R and the rectangular 

box shows the interquartile range (IQR), from the 1st quartile (25th percentile) to the 3rd 

quartile (75th percentile). It includes the 2nd quartile (median) of VEGF relative 

expression change. The whiskers correspond to the minimum and maximum values.  
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Figure 4.22: Expression levels of H19-derived miRNAs in SLKK cells under 

hypoxia and normoxia. Expression levels of miR-675 and miR-675* were quantified 

24hrs after exposure to 1% O2 in comparison to 24% O2 (n=3). Gene expression values 

were normalised to housekeeping snoRNA RNU43. Shown are mean and standard 

deviation. No significant change was observed. 

 

 

 

 

!
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Figure 4.23: Top 15 pathways altered by hypoxia in SLKK cells. A list of 

differentially expressed mRNAs in SLKK cells was used for Ingenuity Pathway 

Analysis. The 25 pathways that were most significantly altered by hypoxia are presented 

here. The yellow line reflects the significance (P 0.05 corresponds to log(P-value) 

>1.3). For any given pathway, the percentage of down-regulated and up-regulated genes 

are depicted in green and red, respectively. The total number of genes in each pathway is 

indicated in bold on the right hand side. 

!

!
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4.4.4  Integrated miRNA-mRNA analysis in hypoxic and normoxic SLKK cells 

Merging the small RNA-Seq with mRNA-Seq differential analyses, IPA paired 53 

miRNAs with 176 mRNA targets, and a remarkable 82% (145 mRNAs) of these targets 

were concordant under hypoxia (either up-regulated miRNA and down-regulated target, 

or down-regulated miRNA and up-regulated target; Figure 4.24). Of these, 32 HRMs 

and 67 mRNA targets were paired with a high level of confidence or for being 

experimentally observed in the literature. Table 4.2 lists the seven up-regulated miRNAs 

and their 43 down-regulated targets, as well as the 25 down-regulated miRNAs and their 

54 targets. Of note, miR-224-5p is up-regulated in hypoxia and is predicted to down-

regulate pentraxin 3 (PTX3), also known as TNF-inducible gene 14 (log2FC =-1.7). 

PTX3 is known to play a dual role in both protecting cells against pathogens and 

controlling autoimmunity.  
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Figure 4.24: Workflow of integrated miRNA-mRNA association analysis using IPA. 

This experimental workflow shows the various filters used to associate miRNA-Seq and 

mRNA-Seq data from hypoxic and normoxic SLKK cells. Numbers are presented as 

Total differentially expressed miRNAs or mRNAs (Up-regulated/Down-regulated). 
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miRNA  Log2 Fold Change # Target genes Top 5 target genes  

Up-regulated miRNAs/Down-regulated targets 

miR-224-5p 7.4 1 PTX3 

miR-199a-5p 2.16 2 WNT7B, PPARGC1A 

miR-4717-3p 6.8 2 CLDN1, ARHGAP18 

miR-4725-3p 2.7 1 SPRY4 

miR-149-3p 1.7 3 SPRY4, SOX9, ATP6V0D2 

miR-139-5p 1.2 5 FOS, PPARGC1A, PPARGC1B, TMCC3, ZNF697 

miR-3126-5p 1.0 2 EMP1, WNT7B 

Down-regulated miRNAs/Up-regulated targets 

miR-663b -8.3 3 C1QL1, KDM4B, SLC2A1 

miR-219-5p -7.2 1 PNRC1 

miR-3175 -7.1 5 CDK5R2, PDE6G, SLC2A1, SYNPO, COL1A1 

miR-3199 -7.1 4 APOL1, RAB26, ARID5B, TBC1D3 

miR-1271-5p -6.8 15 UNC13C, ARRDC3, STC2, NDRG1, CDK18 

miR-3201 -4.2 1 BNIP3L 

miR-1227-3p -3.3 1 PNRC1 

miR-4664-3p -3.2 1 CDK5R2 

miR-3064-5p -3.2 3 ANXA8, LMCD1, TXNIP 

miR-502-5p -3.0 3 ANKZF1, RAB20, SLC12A3 

miR-4667-5p -3.0 2 CSPG4, PFKFB4 

miR-4748 -2.2 1 ZP1 

miR-320e -2.1 2 CYP26A1, SPTLC3 

miR-616-3p -2.0 1 TNFSF14 

hsa-miR-449c-5p -1.9 2 IGFBP1, WISP2 

hsa-miR-5095 -1.8 3 HILPDA, RAB42, TNFSF14 
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hsa-miR-144-3p -1.6 8 EFNB3, CCNG2, PNRC1, DUSP1, PPFIA4 

hsa-miR-4690-5p -1.6 1 SNX33 

hsa-miR-1234-3p -1.6 2 CSPG4, SOWAHD 

hsa-miR-1273e -1.5 1 SERPINB9 

hsa-miR-4421 -1.4  C4orf3 

hsa-miR-4687-3p -1.3  C10orf10 

hsa-miR-3648 -1.2 2 SECTM1, STC2 

hsa-miR-3909 -1.1 2 ARID5B, MXI1 

hsa-miR-4745-5p -1.0 2 KDM4B, C17orf103 

 

 

Table 4.2: Ingenuity analysis predicts inversely correlated miRNA-mRNA target pairs. Using lists of differentially expressed miRNAs and 

mRNAs as input for the Ingenuity Pathway Analysis (IPA), it was found that 32 differentially expressed miRNAs target 67 mRNAs (high 

confidence and experimentally observed results). Only mRNAs and miRNAs with opposite differential expression are shown in this table. 

Columns identify the miRNA name, its log-transformed expression fold change between hypoxic and normoxic SLKK cells, the number of 

identified targets, and the five or less most differentially expressed targets. 
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4.5 Comparison of the hypoxic response between infected and 

uninfected cells 

Section 4.2 and 4.4 compiled the differential expression analyses of miRNA-Seq and 

mRNA-Seq data of hypoxia vs. normoxia SLK and SLKK cells. This section is 

investigating the similarities and dissimilarities in the cellular response to hypoxia 

between infected and uninfected cells. This will reveal the effects of KSHV infection on 

key mRNAs and miRNAs involved in the hypoxic response as it relates to viral 

infection.!

4.5.1  Comparative miRNA expression profiling analysis!

Looking at the overall hypoxic response in both SLK and SLKK cell lines, only 17 

miRNAs were similarly up- or down-regulated (Table 4.3). There were fewer miRNAs 

up-regulated by hypoxia than were down-regulated. The overlap for the up-regulated 

miRNAs comprised miR-210, miR-193b-5p, miR-503-5p and miR-3074-3p (Figure 

4.25). Based on an examination of the literature, this is the first time that miR-503-5p 

was found up-regulated by hypoxia; hence it is a novel hypoxia-inducible miRNAs. 

There were 13 miRNAs down-regulated by hypoxia in both SLK and SLKK cell lines 

(Figure 4.26). Of these 13, miR-222-5p had been previously reported down-regulated by 

hypoxia in MCF7 cells (Camps et al. 2014). However, a miRNA that has never been 

reported down-regulated by hypoxia is miR-636 (Table 4.3). It has been suggested that 

miR-636 could be a tumour suppressor miRNA as one of its putative target is Ras (Jang 

et al. 2013). !

!
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miRNAs 
SLK SLKK 

FPKM N vs. H Log2FC FPKM N vs. H Log2FC 

Down-regulated miRNAs 

hsa-miR-100-3p 32.7 vs. 18.0 -0.86 75.2 vs. 38.4 -0.97 

hsa-miR-1273e 2.8 vs. 0.8 -1.80 3.3 vs. 1.1 -1.53 

hsa-miR-222-5p 226.2 vs. 68.2 -1.73 318.1 vs. 68.8 -2.21 

hsa-miR-29a-5p 33.9 vs. 24.6 -0.46 48.4 vs. 24.8 -0.96 

hsa-miR-3064-5p 2.1 vs. 0.7 -1.63 3.2 vs. 0.3 -3.19 

hsa-miR-3175 1.0 vs. 0.4 -1.20 1.4 vs. 0.0 -7.17 

hsa-miR-3201 3.7 vs. 1.2 -1.65 6.4 vs. 0.3 -4.21 

hsa-miR-4484 20.2 vs. 6.3 -1.67 16.0 vs. 4.4 -1.85 

hsa-miR-4664-3p 4.0 vs. 2.9 -0.46 4.3 vs. 0.5 -3.24 

hsa-miR-5585-3p 8.1 vs. 4.9 -0.71 12.4 vs. 6.8 -0.86 

hsa-miR-636 16.5 vs. 9.3 -0.83 21.8 vs. 11.3 -0.94 

hsa-miR-663b 1.8 vs. 0.1 -3.90 3.1 vs. 0.0 -8.28 

hsa-miR-6723-5p 13.5 vs. 3.1 -2.13 7.3 vs. 1.5 -2.31 

Up-regulated miRNAs 

hsa-miR-210 93.7 vs. 1199.7 3.68 147.2 vs. 1071.4 2.86 

hsa-miR-3074-3p 0.2 vs. 1.7 3.34 0.0 vs. 1.4 7.10 

hsa-miR-193b-5p 89.5 vs. 142.1 0.67 116.9 vs. 176.9 0.60 

hsa-mir-503-5p 24.1 vs. 33.8 0.49 51.0 vs. 72.7 0.51 
!

Table 4.3: HRMs dysregulated in both SLK and SLKK cells. This table details the 

read count (FPKM values) of miRNAs responding similarly to hypoxia in infected and 

uninfected cells. miRNA names in bold indicate novel HRMs. FPKM: fragments per 

kilobase of exon per million mapped reads. N vs. H: Normoxia versus Hypoxia. Log-

transformed fold changes were calculated adding 0.01 to both normoxic and hypoxia 

FPKM values, in order to correct for nil denominators. 
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Figure 4.25: Venn diagram showing the overlap of miRNAs up-regulated by 

hypoxia between uninfected and infected cells.  

 

!

!

!
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Figure 4.26: Venn diagram showing the overlap of miRNAs down-regulated by 

hypoxia between uninfected and infected cells. 

 

!

!
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4.5.2  Comparative mRNA expression profiling analysis!

When looking at mRNA expression changes due to hypoxia in SLKK and SLK cells, it 

was found that 65 mRNAs, including key hypoxic genes, such as BNIP3, LOX, VCAM-

1, IGFBP3, PLOD2, and miR-210 host gene (MIR210HG), responded in a similar 

manner. VCAM-1 was one of the significantly down-regulated mRNAs with -1.4 and -

2.8 log2 FC in SLK and SLKK cells respectively (Figure 4.27). This is consistent with 

the fact that hypoxia has been reported to reduce VCAM-1 expression (Cartee et al. 

2012; Rajashekhar et al. 2005). Figure 4.28 shows an even distribution in the number of 

up-regulated genes between the infected and uninfected cell lines, with almost a quarter 

overlapping. Among the 51 up-regulated mRNAs, BNIP3, a pro-apoptotic gene known 

for being one of the most hypoxia-responsive genes (Guo et al. 2001; Caro 2001), had its 

mRNA levels increased 4 fold due to hypoxia, in both infected and uninfected cell lines. 

MIR210HG, host gene for miR-210, was also one of the responders in common between 

the two cell lines. As pointed out in Section 4.4, the gene encoding for miR-210 exhibits 

at least two functional HREs allowing direct binding with HIF-  explains this 

up-regulation at the mRNA level in both cell lines.!

!

!
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Figure 4.27: Venn diagram showing the overlap of mRNAs down-regulated by 

hypoxia between uninfected and infected cells. 
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Figure 4.28: Venn diagram showing the overlap of mRNAs up-regulated by 

hypoxia between uninfected and infected cells. 

 

!
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4.6  Conclusions and future directions 

Oxygen deprivation and KSHV infection have certain similarities in the ways they 

modulate cellular gene expression. The main shared feature is HIF-1 induction in both 

systems (Semenza 2007; Cai et al. 2007; Carroll et al. 2006; Sternbach and Varon 1995). 

A recent review from Cuninghame et al. pointed out that several oncogenic viruses, 

including KSHV, EBV, HPV, HBV/HCV, and human T-cell lymphotrophic virus 

(HTLV-1), increased cellular HIF-1 levels (Cuninghame, Jackson, and Zehbe 2014), 

encouraging further investigation into the link between chronic viral infection, viral 

oncogenesis, and HIF-1. This work, in part, assessed the extent to which hypoxic and 

KSHV infection led to similar changes at the miRNA and the mRNA levels and it 

identified the unique changes in each.!

It was found that both hypoxia and KSHV infection caused significant dysregulation of 

miRNAs in the SLK cells, and that both stresses let to an overall decrease in many 

miRNAs (88% due to hypoxia, and 73% due to KSHV). However, of those dysregulated 

miRNAs, only a small subset responded similarly in both cases. This demonstrates that 

KSHV infection dramatically changes overall miRNA expression while at the same time 

maintaining or enhancing some changes that favour the virus. Of note, miR-210 and 

miR-4671-3p were both up-regulated by hypoxia and infection. Although miR-210 is 

clearly a hypoxia-inducible miRNA, its induction by KSHV infection was also observed. 

It is postulated that the increase in miR-210 in infected cells was indirectly due to the 

previously documented up-regulation of HIF-1 by KSHV. miR-4671-3p was up-

regulated by both hypoxia and KSHV and is predicted to target and down-regulate 

FOSL1, an oncogenic transcription factor. Further work should be focused on clarifying 

whether FOSL1 is indeed a target of miR-4671-3p. Finally, taking a closer look at those 
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miRNAs that were affected in inverse directions by hypoxia and KSHV infection, miR-

100-3p was identified as a KSHV-inducible but hypoxia-repressed miRNA. 

Interestingly, miR-100 has been shown to be decreased in hypoxia which would lead to 

an increase in its target FGFR3, a fibroblast growth factor receptor involved in 

maintaining cell viability (Blick et al. 2013). Further investigation would be required to 

determine whether KSHV infection might trigger the host cell to down-regulate FGFR3 

via miR-100, in an attempt to cause cell growth arrest under certain conditions. 

Additionally, it was learned that some mRNAs were similarly dysregulated by hypoxia 

and KSHV infection. However, unlike the miRNA responses where both stresses led to a 

relatively small overlap in differential expression profiles, the mRNA response to KSHV 

infection reconstitutes a third of the hypoxic response. This remarkable overlap suggests 

that KSHV substantially induces changes associated with hypoxia, indicating that such 

changes may augment the establishment of a viral persistent latent infection. In 

particular, genes such as BIRC3, ITGAV and NEAT1 were up-regulated by both 

hypoxia and KSHV infection. BIRC3 is of interest as it can promote the survival of cells 

under hypoxic stress or viral infection. Indeed, the product of this gene disturbs caspase 

activation hence inhibiting apoptosis. Interestingly, BIRC3 is known to be induced by 

hypoxia and KSHV (Hu et al. 2003; Brinkmann et al. 2007), and it has been reported to 

be up-regulated by the bacterial pathogen Helicobacter pylori (Castaño-Rodríguez et al. 

2014; Li et al. 2011).  

The second part of this chapter investigated the similarities and differences of the 

hypoxic response between the SLK and the SLKK cell lines. Previously reported 

hypoxia-inducible miRNAs and genes such as miR-210, miR-193b-5p, BNIP3, IGFBP3, 

LOX, PLOD2 and TXNIP were found significantly up-regulated by low oxygen tension 

in both infected and uninfected cells (Baker et al. 2008; Bellot et al. 2009; Natsuizaka et 
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al. 2012; Erler et al. 2009; Gilkes et al. 2013; Pulkkinen et al. 2008). Interestingly, there 

were some newly identified HRMs in both SLK and SLKK cells. For instance, miR-

5001-3p was significantly up-regulated in hypoxic vs. normoxic SLK cells, while the up-

regulation of miR-193a-5p in SLKK cells was novel. Future work should be focused on 

understanding the extent to which these miRNAs and respective targets benefit the virus 

and cells undergoing hypoxic stress. 
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Examining the role of hypoxia-regulated 

miRNAs in KSHV-infected B-cells 

 

 

 

 

 

INVESTIGATING   the  effects  of  hypoxia  on  the  SLK/SLKK  model   provided   useful  

insights into the similarities and differences in hypoxic responses in the presence or the 

absence of KSHV. This chapter focuses on the role of hypoxia in the KSHV+/EBV- 

BCBL-1 cell line, which is a well-established cell model for primary effusion lymphoma 

(PEL). Here, the miRNAs and putative target genes that are dysregulated by hypoxia are 

thoroughly examined and cross-compared to previous results in this thesis as well as 

known published results. 
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5.1  Introduction 

5.1.1  BCBL-1 cells as a valuable PEL model for the study of the effects of hypoxia  

Also known as body-cavity-based lymphoma (BCBL), primary effusion lymphoma 

(PEL) is a KSHV-associated disease that is characterised by the development of 

lymphoma. This often occurs through an abnormal accumulation of fluid in the pleural 

cavity, the space between the two membranes (pleurae) of the lungs, the peritoneal 

space, or other similar cavities. There is no vascular supply within the pleural space, and 

pleural effusions usually exhibit a relatively low oxygen concentration (Dobyns 1999). 

In 1996, Renne et al. established a body-cavity-based lymphoma cell line from a 

seropositive patient (Renne et al. 1996). The cell line harbours KSHV but lacks EBV, 

and has been extensively used ever since as a model for PEL. 

BCBL-1 cells have previously been utilised as a model to study the effects of hypoxia on 

KSHV lytic activation and other viral parameters. For example, hypoxia induces lytic 

replication of KSHV via RTA in BCBL-1 cells (Davis 2001; Haque et al. 2003). More 

recently, it was learned that hypoxia up-regulates latency-associated nuclear antigen 

(LANA) levels through HIF activation of the LANA promoter (Veeranna et al. 2012).  

As of yet however, no published studies have examined cellular genome-wide mRNA or 

miRNA expression profiles in any KSHV-infected cells exposed to hypoxia. The 

previous chapter addressed the interactive effects of hypoxia and KSHV latent infection 

in the SLK/SLKK model. The BCBL-1 cell line is an extremely useful model as it is a 

KS tumour that arises in a hypoxic environment (Dobyns 1999). Using BCBL-1 cells, 

the goal of this chapter is to (i) describe the miRNA and the mRNA response to hypoxia 
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in BCBL-1 cells, (ii) identify miRNA-mRNA pairs that are inversely expressed in 

hypoxia, and (iii) investigate the potential role of those pairs in KSHV pathogenesis. 

5.1.2  RNA-Seq of miRNA and mRNA enriched libraries from BCBL-1 cells, an 

approach to studying hypoxic stress in PEL 

Next-generation sequencing is a useful approach for the global study of hypoxia-

regulated miRNAs (HRMs) and their target mRNAs. Here, the integration of these 

differentially expressed datasets in BCBL-1 cells provides a valuable platform for future 

analyses in PEL. BCBL-1 cells were incubated at 1% oxygen for 24hrs. The expression 

profiles of miRNAs and mRNAs were then assessed using small RNA sequencing 

(Illumina), mRNA-enriched RNA sequencing (Epicentre), real time reverse transcription 

PCR, Taqman assays, and pathway analysis. 

 

5.2  Hypoxic stress alters miRNA expression in KSHV-infected B-cells  

5.2.1  Small RNA-Seq reveals differentially expressed miRNAs in hypoxic versus 

normoxic BCBL-1 cells 

Out of a total of 1,378 human mature miRNAs, 126 miRNAs (9%) were significantly 

altered upon exposure to hypoxia in BCBL-1 cells (P 0.05, FC -2 or Figure 5.1, 

top left and right sectors). Of these, the majority (105 miRNAs, 83%) were down-

regulated, while 21 (17%) were up-regulated by hypoxia. After filtering for miRNAs 

with an average miR count of 1 or more, 91 miRNAs with differential expression 

remained, including 18 induced and 73 repressed by hypoxia. Out of these 91 HRMs (P 

- , average miR count 1), the 30 most significant miRNAs were 

selected based on P-values and these were used in the unbiased clustering of hypoxic vs. 
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normoxic samples (Figure 5.2). There were comprised of 22 down-regulated miRNAs, 

including miR-4454 and miR-181b-3p, and eight up-regulated miRNAs, including miR-

210 and miR-3135b.  

5.2.2  Validation of hypoxia-regulated miRNAs by Taqman assays in BCBL-1 cells 

In order to validate miRNAs from BCBL-1 cells that were found differentially expressed 

in the small RNA-Seq analysis by Taqman assays, miRNAs were first filtered based on 

their abundance levels in BCBL-1 cells. A subset of highly abundant miRNAs was then 

selected using miR read counts (average sum miR read coun 10 across all six 

replicates, P 0.05, FC -2 or ). Figure 5.3 illustrates the top 15 most abundant 

miRNAs whose expression was significantly altered. They are comprised of five up-

regulated and ten down-regulated miRNAs. Based on P-values and reads thresholds, 

seven miRNAs were further selected for validation using Taqman assays. Four up-

regulated miRNAs, miR-210, miR-1246, miR-3135b, and miR-4286, were investigated 

for hypoxic induction, while the expression fold changes of three down-regulated 

miRNAs, miR-181b-3p, miR-181a-3p, and miR-4800-3p, were determined. Figure 5.4 

shows the differential expression of these miRNAs in hypoxic vs. normoxic BCBL-1 

cells (n=3). Of the seven miRNAs tested, five showed a similar dysregulation to that 

seen using small RNA-Seq analysis, while the remaining two (miR-4800-3p and miR-

4286) were not found significantly changed upon hypoxia exposure.  
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Figure 5.1: Volcano plot of miRNA differential expression in hypoxic vs. normoxic 

BCBL-1 cells. Vertical red lines indicate the threshold for a relative expression fold 

change (FC) of 2 or -2 compared to normoxic controls. The horizontal red line represents 

the threshold of a 0.05 P-value. Thus, the blue points lying in the top right and top left 

sectors are significantly up-regulated and down-regulated by 2 fold or more, 

respectively, in hypoxic vs. normoxic BCBL-1 cells (P  0.05, FC -2 or   
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Figure 5.2: Expression of the top 30 differentially expressed miRNAs in hypoxic vs. 

normoxic BCBL-1 cells. Heatmap of miRNA changes between hypoxic and normoxic 

BCBL-1 cells in the six individual replicates (three normoxic and three hypoxic BCBL-1 

samples). Presented is the relative expression of the 30 most significantly dysregulated 

miRNAs in hypoxic vs. normoxic KSHV-positive BCBL-1 cells (P 0.05, log-

transformed fold change greater than 1 and lower than -1, average miR count 1). Using 

uncentered Pearson correlation as the distance metric, an unsupervised hierarchical 

heatmap was generated, with each row representing a miRNA and each column 

representing a biological replicate. Red, black and green denote low, median and high 

relative miRNA expression, respectively.  
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Figure 5.3: Top 15 repressed and induced miRNAs in hypoxic vs. normoxic KSHV-

infected BCBL-1 cells. Bars below and above the y-axis show the 15 most abundant 

miRNAs repressed and induced, respectively, in hypoxia compared to normoxia in 

BCBL-1 cells. Data were considered significant when P  an average miR count of 

10 or more across all replicates (i.e. threshold of miR counts sum higher than 60). 

 

!

!

!

!
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Figure 5.4: Validation of differential expression of miRNAs by Taqman assay.  

Data represent the average log2-transformed fold change of expression between hypoxic 

vs. normoxic BCBL-1 cells. Expression levels of mature miRNAs were evaluated using 

the comparative Ct methods (2-deltaCt). Transcript levels of RNU43 were used for 

sample normalisation. Results from the Taqman assays are shown in grey, and results 

from the small RNA-Seq are shown in black. Bars depict the mean of 3 independent 

experiments; error bars reflect the standard deviation of the log2 ratios for Taqman 

assays. All the changes are significant (P 0.05). 
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5.3  mRNA-Seq allows for cross-comparison with miRNA target 

prediction 

5.3.1  mRNA-Seq differential analysis confirms hypoxic induction 

In parallel, the relative expression of mRNAs in hypoxic compared to normoxic BCBL-1 

cells (n=3) was determined by RNA-Seq and analysed by Cufflinks analysis. A total of 

287 mRNAs were found significantly dysregulated (P 0.05, FC -2 or Figure 5.5, 

top left and right sectors). The 287 mRNAs were comprised of 143 repressed and 144 

induced mRNAs by hypoxia. Several known HIF-1 target genes were significantly up-

regulated, including CA9, PLOD2, TXNIP, and PGK1 (Kaluz et al. 2009; Gilkes et al. 

2013; Baker et al. 2008; Semenza et al. 1994). In addition, HIF-

induce histone demythylase KDM3A, also known as JMJD1A (Beyer et al. 2008), and it 

was up-regulated 1.8 log2 FC by hypoxia in BCBL-1 cells  (P= 8x10-7 and FDR=  

3.9x10-3). Interestingly, KDM3A in turn enhances hypoxic gene expression and tumour 

growth by regulating adrenomedullin (ADM) and growth and differentiation factor 15 

(GDF15) (Krieg et al. 2010).  

The top 15 molecular networks dysregulated by hypoxia in BCBL-1 cells were identified 

using Ingenuity Pathway analysis (IPA) (Figure 5.6). They were comprised of a number 

of signalling pathways expected to be altered by hypoxia. For instance, glycolysis, 

gluconeogenesis, sucrose degradation. androgen signalling, interleukin-1 signalling, 

HIF- hemokine receptor CCR5 signalling, chemokine signalling, and 

atherosclerosis signalling have been previously associated with hypoxia (Park et al. 

2006; Robin, Murphy, and Theodore 1984; Pison et al. 1995; Hempel, Monick, and 

Hunninghake 1996; Bosco et al. 2004; Schioppa et al. 2003; Hultén and Levin 2009). Of 
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note, all of the genes that overlap with glycolysis, gluconeogenesis and sucrose 

degradation are up-regulated (in red in Figure 5.6) supporting the utilisation of glucose 

during hypoxia. This is consistent with what would be observed when cells are put in 

hypoxia.  

5.3.2  Validation of differential expression in hypoxic BCBL-1 cells using qRT-

PCR and Taqman assays 

To assess the level of hypoxic induction in BCBL-1 cells, quantitative real time PCR 

was carried out to determine the expression fold change of VEGF, a well-known HIF-

target (Forsythe et al. 1996). Although VEGF was not significantly up-regulated by 

hypoxia in the mRNA-Seq (1.1 log2 FC, P = 0.09, in hypoxia vs. normoxia BCBL-1 

cells), VEGF mRNA levels increased 2 fold (P = 0.003) as assessed by qRT-PCR upon 

hypoxia exposure, confirming HIF- -1 cells (Figure 5.7). 

In BCBL-1 cells, H19-MIR675 is the most significantly dysregulated mRNAs under 

hypoxia (5.0 log2 FC, P = 6x10-9, and FDR = 1x10-4). Of note, it was also found up-

regulated by hypoxia in SLKK cells. H19-MIR675 is a non-coding RNA that has been 

previously shown to be induced by hypoxia (Matouk et al. 2007), and to up-regulate 

human IL-6 (Ayesh et al. 2002), which plays a role in angiogenesis. It also encodes miR-

675 and miR-675*. Taqman assays were undertaken to determine whether or not these 

miRNAs were up-regulated in hypoxic BCBL-1 cells. In BCBL-1 cells, miR-675 

expression shows a significant increase (3 fold; Figure 5.8). Like in the SLKK cells, the 

other miRNA arm, miR-675*, did not change upon hypoxia exposure. 
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Figure 5.5: Volcano plot of mRNA differential expression in hypoxic vs. normoxic 

BCBL-1 cells. The plot is depicted as in Figure 5.1, with vertical and horizontal red 

lines similarly representing the thresholds of a fold change of 2 or -2, and of a P-value of 

0.05, respectively. Labelled mRNAs are known HIF-1 target genes, found significantly 

up-regulated in this study. 
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Figure 5.6: Top 15 pathways altered by hypoxia in BCBL-1 cells. A list of 

differentially expressed mRNAs in BCBL-1 cells was used for Ingenuity Pathway 

Analysis. The 25 pathways that were most significantly altered by hypoxia are presented 

here. The yellow line reflects the significance (P 0.05 corresponds to log(P-value) 

1.3). For any given pathway, the percentage of down-regulated and up-regulated genes 

are depicted in green and red, respectively. The total number of genes in each pathway is 

indicated in bold on the right hand side. 
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Figure 5.7: VEGF differential expression in hypoxic vs. normoxic BCBL-1 cells. 

This plot represents the fold difference in VEGF expression between hypoxia and 

normoxia in BCBL-1 cells, measured by qRT-PCR (n=6). Hypoxic samples were 

normalised to normoxic samples. This plot was generated using the R software 

programme. The rectangular box shows the interquartile range (IQR), from the 1st 

quartile (25th percentile) to the 3rd quartile (75th percentile). It includes the 2nd quartile 

(median) of VEGF relative expression change. The whiskers correspond to the minimum 

and maximum values.  
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Figure 5.8: Expression levels of H19-derived miRNAs in BCBL-1 cells under 

hypoxia and normoxia. Expression levels of miR-675 and miR-675* were quantified 

by Taqman assays 24hrs after exposure to 1% O2 in comparison to 24% O2. Gene 

expression values were normalised to housekeeping snoRNA RNU43. Shown are mean 

and standard deviation (n=6). The changes observed were significant (**, P 0.01) for 

miR-675, and not significant (ns; P >0.05) for miR-675*. 
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5.3.3  Integrated miRNA-mRNA analysis in hypoxic and normoxic BCBL-1 cells 

Small RNA-Seq analysis results were combined with mRNA-Seq data to predict 

miRNA-mRNA pairs that were concordantly differentially expressed in hypoxia. A 

summary of the different steps of the Ingenuity microRNA Target Filter process is 

shown in Figure 5.9. Target prediction using the 91 differentially expressed miRNAs in 

hypoxia vs. normoxia BCBL-1 cells (P 0.05, FC -2 or 2 and miR count 1) yielded 

13,998 potential mRNA targets from 73 miRNAs with known targeting information. 

Comparing those 13,998 putative targets to the list of hypoxia regulated genes from the 

mRNA-Seq, a total of 167 mRNAs overlapped. Of these, a majority (110) was inversely 

expressed as compared to the miRNA(s) targeting them, consistent with the hypothesis 

that some of the changes in mRNAs are due to miRNA regulation. The list of paired 

miRNA-mRNA targets was further reduced to 27 miRNAs targeting 45 mRNAs, using a 

stringent confidence filter (high confidence predictions or experimentally observed 

targets) and this is illustrated in Table 5.1. Of these 45miRNAs, several have been 

described in the literature as miRNA targets. For instance, miR-4458, which has the 

same seed sequence as let-7a-5p (GAGGUAG), is known to target IFIT5. miR-4458 was 

down-regulated by hypoxia in BCBL-1 (-8.6 log2 FC), while IFIT5 was up-regulated 

(1.7 log2 FC). This data provide evidence that the changes at the miRNA level are in at 

least some instances affecting known miRNA targets in BCBL-1 cells and helps dissect 

the role of differentially expressed miRNA/mRNA pairs in KSHV pathogenesis.  
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Figure 5.9: Workflow of integrated miRNA-mRNA association analysis using IPA. 

This experimental workflow shows the various filters used to associate miRNA-Seq and 

mRNA-Seq data from hypoxic and normoxic BCBL-1 cells. Numbers are presented as 

Total differentially expressed miRNAs or mRNAs (Up-regulated/Down-regulated). 
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miRNA  Log2 Fold Change # Target genes Top 5 target genes 

Up-regulated miRNAs/Down-regulated targets 

hsa-miR-410 7.6 1 PRUNE2 

hsa-miR-1224-5p 2.4 1 NAA50 

hsa-miR-4497 1.8 1 KCNA 

hsa-miR-3135b 1.5 3 METTL8, PRR11, TRPM7 

hsa-miR-1233-3p 1.5 3 CCR2, TRPM7, VOPP1 

hsa-miR-5706 1.2 1 CCR2 

hsa-miR-4421 1.2 1 SRSF1 

Down-regulated miRNAs/Up-regulated targets 

hsa-miR-4458 -8.6 7 SKIDA1, CBFA2T3, DPYSL3, RORC, IFIT5 

hsa-miR-139-5p -7.8 5 DDIT4, JUN, SYT14, ENC1, PEG10 

hsa-miR-3917 -7.6 2 PDGFA. JUN 

hsa-miR-4665-5p -7.4 4 COL8A2, ELFN2, BNIP3L, PKM 

hsa-miR-3691-3p -6.7 2 NEDD9, E2F7 

hsa-miR-217 -3.6 1 TTC30A 

hsa-miR-4419b -2.6 1 GPI 

hsa-miR-3201 -2.5 1 BNIP3L 

hsa-miR-3187-5p -2.4 4 RORC, PLOD1, GPI, PKM 

hsa-miR-1271-5p -2.3 8 REPS2, CBFA2T3, PLOD2, TSPAN9, TFRC 

hsa-miR-486-3p -2.3 3 TSPAN9, TXNIP, S100A10 

hsa-miR-4758-3p -2.0 1 PGK1 

hsa-miR-1255b-5p -1.6 1 MAOA 

hsa-miR-939-5p -1.6 1 ENC1 

hsa-miR-4259 -1.4 1 REPS2 

hsa-miR-5095 -1.3 3 MAOA, SLC2A3, PLEKHA2 
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hsa-miR-940 -1.2 1 PFKFB3 

hsa-miR-548b-3p -1.1 2 NEDD9, SLC2A3 

hsa-miR-1343 -1.0 4 C19orf35, DDIT4, ITGA5, IFIT5 

hsa-miR-5010-5p -1.0 1 HK2 
 

 

 

 

 

Table 5.1: Ingenuity analysis predicts inversely correlated miRNA-mRNA target pairs. Using lists of differentially expressed miRNAs and 

mRNAs as input for the Ingenuity Pathway Analysis (IPA), it was found that 27 differentially expressed miRNAs target 45 mRNAs (high 

confidence and experimentally observed results). Only mRNAs and miRNAs with opposite differential expression are shown in this table. 

Columns identify the miRNA name, its log-transformed expression fold change between hypoxic and normoxic BCBL-1 cells, the number of 

identified targets, and the five or less most differentially expressed targets. In bold are miRNAs and mRNA targets that have been previously 

reported in the literature. 
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5.4  Similarities and differences in the hypoxic response of BCBL-1 

cells and SLKK cells 

5.4.1  Comparative miRNA expression profiling analysis!

The SLKK and BCBL-1 cells were assessed for similarity and differences in their 

response to hypoxia. Looking at miRNAs induced by hypoxia, of the 34 up-regulated 

HRMs in SLKK cells, only one overlapped with the 24 up-regulated HRMs in BCBL-1 

cells, namely, miR-210 (Figure 5.10). miR-210 is a well-described hypoxia-regulated 

miRNA in a variety of cell types (for a review, see Huang, Le, and Giaccia 2010). Both 

SLKK and BCBL-1 cells showed miR-210 up-regulation when exposed to hypoxia. 

miR-210 expression increased 4 fold in BCBL-1 cells and 7 fold in SLKK cells. 

Interestingly, as pointed out previously miR-210 is also up-regulated (3 fold) in SLK 

cells infected with KSHV even in normoxia, demonstrating that KSHV and hypoxia 

induce similar changes. miR-210 regulates many aspects of the hypoxic pathway by 

affecting angiogenesis via target genes such as the receptor tyrosine kinase ligand 

EFNA3 and PTP1B, and by regulating mitochondrial metabolism through repression of 

iron-sulphur (Fe-S) cluster scaffold protein homolog ISCU. Of note, it was speculated 

that miR-210 may be associated with the Warburg effect, a metabolic alteration under 

which cancer cells consume glucose and lactic acid even when oxygen is readily 

available (X. Huang and Zuo 2014; Xin Huang, Le, and Giaccia 2010). It has been 

reported that KSHV induces the Warburg effect; this may serve to enhance survival of 

latently infected cells under a variety of conditions (Delgado et al. 2010). Because miR-

210 is elevated in various cancer types, in KSHV-infected compared to uninfected cells 

(SLKK vs. SLK), and in hypoxic environment of either infected or uninfected cells, it is 
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plausible that this multifaceted regulator could also play a role in the KSHV-induction of 

the Warburg effect.!

Of the miRNAs down-regulated by hypoxia, a total of nine miRNAs overlapped between 

KSHV-positive BCBL-1 and SLKK cells. These included miR-3159, 3201, 4664-3p, 

4687-3p, 5095, 548ah-3p, 548e, 6514-5p, and 1271-5p (Figure 5.11). Interestingly, 

these have not been previously reported as regulated by hypoxia and therefore may 

require KSHV infection to lead to their down-regulation. 
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Figure 5.10: Venn diagram showing the overlap of miRNAs up-regulated by 

hypoxia between BCBL-1 and SLKK infected cells.  
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Figure 5.11: Venn diagram showing the overlap of miRNAs down-regulated by 

hypoxia between BCBL-1 and SLKK infected cells. Nine down-regulated HRMs: hsa-

miR-3159, hsa-miR-3201, hsa-miR-4664-3p, hsa-miR-4687-3p, hsa-miR-5095, hsa-

miR-548ah-3p, hsa-miR-548e, hsa-miR-6514-5p, and hsa-miR-1271-5p. 

 

!

!

!
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5.4.2  Comparative mRNA expression profiling analysis!

With regards to hypoxic regulation of mRNAs, 236 identifiable genes were dysregulated 

upon hypoxia exposure in BCBL-1 cells, while 268 were altered in SLKK cells. A total 

of 15 mRNAs were similarly dysregulated in both cell lines. Of note, those 15 genes 

were all up-regulated in hypoxia. In other words, there were no similarly down-regulated 

genes (Figure 5.12). Analysis of these 15 genes revealed that 14 are known HIF target 

genes: ALDOC, BNIP3L, CA9, DDIT4, H19-MIR675, HK2, MIR210HG, P4HA2, 

PGK1, PFKFB4, PLOD2, PPFIA4, SLC2A1 (also known as GLUT1), and TXNIP 

(Baker et al. 2008; Gilkes et al. 2013; Bellot et al. 2009; Kaluz et al. 2009; Matouk et al. 

2007; Wang et al. 2005; Hayashi et al. 2004; Mathupala, Rempel, and Pedersen 2001; 

Jean, Rich, and Joyce-Brady 2006). The up-regulation of the remaining mRNA 

(LOC154761) by hypoxia has previously been reported to occur in both astrocytes and 

HeLa cells (Mense et al. 2006). However, LOC154761 is a pseudogene and it is 

unknown if it plays a role in the cellular response to hypoxia.  

The induction of the above mRNAs occurred in cells exposed to hypoxia regardless of 

them being infected or not. This demonstrates that KSHV does not interfere with the HIF 

up-regulation of these genes, but in fact might favour the hypoxic response. 
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Figure 5.12: Venn diagram showing the overlap of hypoxia inducible genes between 

KSHV-positive BCBL-1 and SLKK cells. 
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5.5  Conclusions and future directions 

In 2001, for the first time, a link between hypoxia and KSHV was described in a well-

established PEL model, BCBL-1 cells (Davis 2001). Thanks to the advancements of 

next-generation sequencing technologies, it has now become possible to evaluate the 

overall effects of oxygen deprivation on both mRNA and miRNA cellular expressions in 

BCBL-1 cells. This chapter presents the results of such analysis, as well as the inverse 

correlation between the expression profiles of miRNA and mRNAs.  

It was found that most miRNAs (83%) changing upon hypoxic stress in BCBL-1 cells 

were down-regulated. Interestingly, the same observation was made in Chapter 4 for 

KSHV-positive SLKK cells under hypoxia. Ten miRNAs overlapped between the two 

infected cell lines. However, miR-210 was the only up-regulated miRNA in common, 

with a 4 fold and a 7 fold increase in BCBL-1 and SLKK cells (hypoxia vs. normoxia), 

respectively. Such differences between the two cells lines could be due to cell type 

differences (B-cells vs. epithelial cells) or the use of recombinant rKSHV.219 virus in 

SLKK cells vs. wild type KSHV in BCBL-1 cells. 

In addition, RNA-Seq and qRT-PCR assays revealed that a number of known hypoxia-

inducible genes were up-regulated in BCBL-1 cells. For instance, VEGF, KDM3A 

(JMJD1A), CA9, PLOD2, TXNIP and PGK1 were all significantly induced under 

hypoxic stress in the PEL cell model. This provides evidence that KSHV-infected 

BCBL-1 cells undergo cellular alterations in response to the absence of oxygen. These 

alterations include glycolysis enhancement in order to maintain a balance of energy, and 
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angiogenesis, which may indirectly fuel KSHV-infected cell growth. Finally, by 

integrating both miRNA and mRNA datasets, it was learned that 27 HRMs were 

inversely correlated to 45 hypoxia-regulated mRNAs. This analysis has helped pinpoint 

which mRNA changes are consistent with miRNA differential expression in hypoxia. 
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6 

Assessing the response of KSHV miRNAs 

to external stimuli 

 

MORE  than  a  decade  ago, the first virally encoded miRNAs were identified  in  EBV,  

 closest relative among human herpesviruses. Since then, many more viruses, 

including KSHV, have been shown to encode their own miRNAs. Viral miRNAs 

regulate important host biological processes such as cell survival, angiogenesis, 

proliferation and even the immune response, and on-going studies are investigating their 

other potential functions and targets. Given their involvement in viral biology, 

pathogenesis and tumourigenesis, it is of interest to understand what might regulate viral 

miRNA expression. Like cellular miRNAs, viral miRNAs could respond to external 

stimuli such as hypoxia, pathogen infection, oxidative stress, radiation, UV, etc. 

However, the effect of these stimuli on viral miRNA expression is poorly characterised. 

This chapter describes the effects of hypoxia, oxidative stress and the 

immunomodulatory drug pomalidomide on KSHV miRNAs.  
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6.1  Introduction 

In 2004, Epstein Barr Virus (EBV) was the first virus shown to encode viral miRNAs 

(Pfeffer et al. 2004), and this was shortly followed by KSHV (Cai et al. 2005; Samols et 

al. 2005; Pfeffer et al. 2005). More than 140 virally encoded miRNAs have since then 

been identified. The vast majority belong to three main virus families: Adenoviridae, 

Herpesviridae, and Polyomaviridae. Virally encoded miRNAs have been shown to target 

either host cellular genes to optimise infection, or viral genes to fine-tune the expression 

of KSHV mRNAs.  

Viral miRNAs affect targets that are involved in the regulation of latency, control of the 

immune response, and oncogenesis. For example, EBV miRNA miR-BART-2 has been 

shown to target EBV DNA polymerase BALF5, in order to control viral replication 

(Barth et al. 2008). Similarly, Hussain et al. reported that an insect virus-encoded 

miRNA regulates viral replication by targeting HvAv DNA polymerase I (Hussain, Taft, 

and Asgari 2008). 

Viral miRNAs rely on the host cellular machinery to be generated. However, viral 

factors may also specifically regulate viral miRNA processing. The exact regulatory 

mechanisms by which viral miRNA expression is controlled are currently unknown. One 

can hypothesise that the regulation of cellular viral miRNAs is similar to that for cellular 

miRNAs. For instance, since global cellular miRNA expression has been shown to 

change upon hypoxia exposure (Kulshreshtha et al. 2007) and oxidative stress (Simone 

et al. 2009), viral miRNA expression might also be altered under such stresses. 

Therefore, this chapter is investigating the effects of external stimuli such as hypoxia, 

oxidative stress and drug treatment on KSHV miRNAs. 
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6.2  Effects of hypoxic stress on viral miRNAs 

Although KSHV only encodes for 25 mature miRNAs through 12 pre-miRNAs, they 

have been found to make up a significant fraction of the total mature miRNA pool in 

PEL cells (Gottwein et al., 2011; Lin et al., 2010; Umbach & Cullen, 2009). Here, the 

effects of 1% oxygen on the viral miRNA expression of infected cells, SLKK and 

BCBL-1, were assessed by miRNA-Seq and Taqman assays. 

6.2.1  KSHV miRNA response to hypoxia in SLKK cells 

6.2.1.1  Distribution of viral miRNAs in normoxic SLKK cells by miRNA-Seq 

Cellular and viral miRNA expression in KSHV latently infected SLKK cells was 

analysed by deep sequencing. It was observed that a sizable fraction (~9%) of miRNA 

reads in SLKK cells were of KSHV origin (Figure 6.1). The distribution of the different 

KSHV miRNAs in normoxic SLKK cells (Table 6.1) was generally similar to that of the 

PEL cell lines BC-1, BC-3 and BCBL-1 as reported previously (Gottwein et al. 2011). 

For example, in SLKK cells, KSHV-miR-K12-4-3p and 8-3p comprise a similar 

proportion of KSHV miRNAs as in PEL cells (~26% and ~13%, respectively). However, 

there were some differences; KSHV-miR-K12-6-3p was expressed at a lower level (2%), 

and KSHV-miR-K12-10a-3p was expressed at a higher level (40.5%) in SLKK cells 

compared with PEL cells (20-43% and <1%, respectively).  

It should be noted that substantial differences in KSHV miRNA distribution were 

previously observed even within the same cell type although the reason for these 

difference is unclear (B-cells, i.e. BC-1, BC-3 and BCBL-1) (Gottwein et al., 2011; Lin 

et al. 2010). It is therefore not unexpected to observe similarities but also dissimilarities 

between the SLKK viral miRNA profile and that of PEL cells.  
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Of note, the most abundant KSHV miRNA in normoxic SLKK cells, miR-K12-10a, is 

known to target TWEAKR (TNFRSF12A) (Abend et al. 2010), which was significantly 

repressed in SLKK vs. SLK cells (-2.0 log2 FC and FDR = 0.001). Another KSHV 

miRNA, miR-K12-11, down-

(Boss et al. 2011), which was also decreased in SLKK compared to SLK cells (-1.3 log2 

FC and FDR = 0.016). These changes in the cellular target genes is consistent with the 

high expression of the viral miRNAs in infected cells. 
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Figure 6.1: Relative abundance of human and KSHV-encoded miRNAs in 

normoxic SLKK cells. The expression levels of KSHV miRNAs are shown as the 

percentage of the total of viral miRNA reads. Data are the mean of sequenced samples 

from three independent experiments. Percentages have been rounded to the closest digit. 

For a detailed breakdown, see Table 6.1.!
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KSHV miRNA Count Percentage of KSHV 

KSHV-miR-K12-10a-3p 405,293 40.53% 

KSHV-miR-K12-4-3p 261,969 26.20% 

KSHV-miR-K12-8-3p 126,885 12.69% 

KSHV-miR-K12-3-5p 51,448 5.14% 

KSHV-miR-K12-10b 46,503 4.65% 

KSHV-miR-K12-7-3p 18,871 1.89% 

KSHV-miR-K12-2-5p 17,029 1.70% 

KSHV-miR-K12-6-3p 154,08 1.54% 

KSHV-miR-K12-11-3p 14,417 1.44% 

KSHV-miR-K12-12-5p 11,199 1.12% 

KSHV-miR-K12-4-5p 10,389 1.04% 

KSHV-miR-K12-6-5p 5,124 0.51% 

KSHV-miR-K12-3-3p 3251 0.33% 

KSHV-miR-K12-12-3p 2,938 0.29% 

KSHV-miR-K12-1-5p 2,789 0.28% 

KSHV-miR-K12-5-3p 2,657 0.27% 

KSHV-miR-K12-9-3p 1,568 0.16% 

KSHV-miR-K12-8-5p 962 0.10% 

KSHV-miR-K12-9-5p 562 0.06% 

KSHV-miR-K12-7-5p 401 0.04% 

KSHV-miR-K12-2-3p 182 0.02% 

KSHV-miR-K12-10a-5p 139 0.01% 

KSHV-miR-K12-1-3p 7 0.00% 

KSHV-miR-K12-5-5p 3 0.00% 

KSHV-miR-K12-11-5p 5 0.00% 
 

Table 6.1: KSHV miRNA distribution in normoxic SLKK cells. This table shows the 

read count and percentage representation of 25 mature KSHV miRNAs expressed in 

SLKK cells. 
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6.2.1.2  Comparison of the KSHV miRNA profiles between hypoxic and normoxic SLKK 

cells 

The viral miRNA profile of SLKK cells under hypoxia (1% O2 for 24hrs) was assessed 

using miRNA-Seq data, and compared to that of normoxic SLKK cells. Hypoxia did not 

affect the overall fraction of viral miRNA (~9%) as compared to the total miRNA read 

count (Table 6.2), nor did hypoxia change the relative expression of individual KSHV 

miRNAs (Figure 6.2 and Table 6.3). In order to validate these findings, Taqman assays 

were undertaken to assess the expression of the four most abundant miRNAs in SLKK 

cells. These included miR-K12-10a-3p, a KSHV miRNA under the Kaposin promoter  

expressed both during the latent and lytic phases, and three other miRNAs, miR-K12-4-

3p, miR-K12-8-3p and miR-K12-3-5p, expressed only during latency. Moreover, 

Taqman assays quantified the expression of four additional KSHV miRNAs that are less 

abundant in SLKK cells (miR-K12-1-5p, miR-K12-2-5p, miR-K12-6-3p, and miR-K12-

11-3p). It was observed that none of these eight KSHV miRNAs showed a significant 

change in expression between normoxia and hypoxia in SLKK cells (Figure 6.3). These 

results suggest that while cellular miRNAs such as miR-210 are dramatically affected by 

hypoxia, viral miRNAs are not. These results also indicate that KSHV miRNAs may not 

be HIF-regulated as none of the eight tested miRNAs responded to hypoxia. 
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SLKK 
Aligned miRNA reads Percentage of aligned  

KSHV miRNA reads vs. Total Total Human KSHV 

Normoxia A 1,101,677 954,226 147,451 13.4% 

Normoxia B 1,684,493 1,558,250 126,243 7.5% 

Normoxia C 691,718 641,567 50,151 7.3% 

Average Normoxia 1,159,296 1,051,348 107,948 9.4% 

Hypoxia A 3,232,670 2,955,249 277,421 8.6% 

Hypoxia B 661,448 575,814 85,634 12.3% 

Hypoxia C 460,587 425,181 35,406 7.7% 

Average Hypoxia 1,451,568 1,318,748 132,820 9.7% 

 
 

 

Table 6.2:  Read statistics for human and viral miRNAs expressed in hypoxic and normoxic SLKK cells. Three independent experiments 

are displayed (A, B and C). Columns identify the replicate number, the number of aligned miRNA reads per species or total, and the percentage 

of KSHV miRNA reads vs. the total number of aligned reads for each SLKK replicate and overall. 
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Figure 6.2: Percentage of KSHV miRNAs in hypoxic and normoxic SLKK cells. 

The expression levels of each viral miRNAs in SLKK cells are shown as the 

percentage of the total viral miRNA reads. For a detailed breakdown, see Table 6.3. 
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KSHV miRNA 
Normoxic SLKK cells Hypoxic SLKK cells 

Count Percentage of Total Percentage of KSHV Count Percentage of Total Percentage of KSHV 

kshv-miR-K12-10a-3p 405,293 3.81 40.53 410,783 3.98 41.08 

kshv-miR-K12-4-3p 261,969 2.46 26.20 256,130 2.48 25.61 

kshv-miR-K12-8-3p 126,885 1.19 12.69 106,622 1.03 10.66 

kshv-miR-K12-3-5p 51,448 0.48 6.05 51,753 0.50 5.18 

kshv-miR-K12-10b 46,503 0.44 4.65 60,362 0.59 6.04 

kshv-miR-K12-7-3p 18,871 0.18 1.89 17,393 0.17 1.74 

kshv-miR-K12-2-5p 17,029 0.16 1.70 14,982 0.15 1.50 

kshv-miR-K12-6-3p 15,408 0.14 1.54 16,016 0.16 1.60 

kshv-miR-K12-11-3p 14,417 0.14 1.44 18,543 0.18 1.85 

kshv-miR-K12-12-5p 11,199 0.11 1.12 17,288 0.17 1.73 

kshv-miR-K12-4-5p 10,389 0.10 1.04 8,259 0.08 0.83 

Others 20,588 0.19 2.06 21,871 0.21 2.19 

kshv-miR-K12-6-5p 5,124 0.05 0.51 7,135 0.07 0.71 

kshv-miR-K12-3-3p 3,251 0.03 0.33 1,527 0.01 0.15 

kshv-miR-K12-12-3p 2,938 0.03 0.29 4,359 0.04 0.44 

kshv-miR-K12-1-5p 2,789 0.03 0.28 1,820 0.02 0.18 

kshv-miR-K12-5-3p 2,657 0.02 0.27 2,787 0.03 0.28 
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kshv-miR-K12-9-3p 1,568 0.01 0.16 1,257 0.01 0.13 

kshv-miR-K12-8-5p 962 0.01 0.10 1,521 0.01 0.15 

kshv-miR-K12-9-5p 562 0.01 0.06 772 0.01 0.08 

kshv-miR-K12-7-5p 401 0.00 0.04 254 0.00 0.03 

kshv-miR-K12-2-3p 182 0.00 0.02 197 0.00 0.02 

kshv-miR-K12-10a-5p 139 0.00 0.01 218 0.00 0.02 

kshv-miR-K12-1-3p 7 0.00 0.00 10 0.00 0.00 

kshv-miR-K12-11-5p 5 0.00 0.00 1 0.00 0.00 

kshv-miR-K12-5-5p 3 0.00 0.00 12 0.00 0.00 

 

 
 

Table 6.3: Detailed analysis of KSHV miRNA read counts in hypoxic and normoxic SLKK cells. The average of three independent 

experiments for each condition is displayed. Columns identify each KSHV miRNA, its total miR count, its percentage as compared to either 

KSHV miR reads or the overall read number, in either normoxia or hypoxia. The top part illustrates KSHV miRNAs present in more than 1% of 

 KSHV miRNAs in bold have been validated by Taqman assays (Figure 6.3). 
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Figure 6.3: Taqman assays show a constant expression of KSHV miRNAs in 

hypoxic SLKK cells compared to normoxia. The dashed line corresponds to the 

normoxic levels. No significant change was observed. 
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6.2.2  KSHV miRNA response to hypoxia in BCBL-1 cells 

In order to assess KSHV miRNA expression in both hypoxic and normoxic BCBL-1 

cells, miRNA-Seq analysis was carried out in triplicate samples. In both conditions, it 

was observed that ~32% of the miRNA reads were of KSHV origin (Table 6.4). The 

result in normoxia is remarkably similar to a previous report showing that KSHV 

miRNAs made up ~30% of the total miRNA reads in normoxic BCBL-1 cells (Gottwein 

et al. 2011).  

The relative abundance of various KSHV miRNAs in BCBL-1 cells was also analysed in 

both hypoxia and normoxia. The most highly expressed viral miRNAs in both hypoxia 

and normoxia were miR-K12-4-3p, miR-K12-8-3p, miR-K12-3-5p, miR-K12-11-3p, 

miR-K12-2-5p, and miR-K12-7-3p (Figure 6.4). Furthermore, like in SLKK cells, no 

significant change was observed between normoxic and hypoxia BCBL-1 cells (Figure 

6.4 and Table 6.5). This was confirmed by Taqman assays in both normoxia and 

hypoxia for nine of the KSHV miRNAs. These comprised the seven most abundant viral 

miRNAs (miR-K12-4-3p, miR-K12-8-3p, miR-K12-3-5p, miR-K12-11-3p, miR-K12-2-

5p, miR-K12-7-3p, and miR-K12-10a-3p), as well as two less abundant KSHV miRNAs 

(miR-K12-1-5p and miR-K12-6-3p). 
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Table 6.4:  Read statistics for human and viral miRNAs expressed in hypoxic and normoxic BCBL-1 cells. Three independent experiments 

are displayed (A, B and C). Columns identify the replicate number, the number of aligned miRNA reads per species or total, and the percentage 

of KSHV miRNA reads vs. the total number of aligned reads for each BCBL-1 replicate and overall. 

 

BCBL-1 
Aligned miRNA reads 

Percentage of aligned 
KSHV miRNA reads vs. Total Total Human KSHV 

Normoxia A 2,174,168 1,442,652 731,516 33.6% 

Normoxia B 2,419,366 1,644,976 774,391 32.0% 

Normoxia C 1,887,843 1,280,870 606,974 32.2% 

Average Normoxia 2,160,459 1,456,166 704,294 32.6% 

Hypoxia A 1,468,423 957,147 511,277 34.8% 

Hypoxia B 760,771 552,847 207,924 27.3% 

Hypoxia C 4,711,178 3,149,988 1,561,190 33.1% 

Average Hypoxia 2,313,457 1,553,327 760,130 31.8% 
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Figure 6.4: Percentage of KSHV miRNAs in hypoxic and normoxic BCBL-1 cells. 

The expression levels of each viral miRNAs in BCBL-1 cells are shown as the 

percentage of the total viral miRNA reads. Data are the average of sequenced 

BCBL-1 samples from three independent experiments. For a detailed breakdown, 

see Table 6.5. 
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KSHV miRNA 
Normoxic BCBL-1 cells Hypoxic BCBL-1 cells 

Count Percentage of Total Percentage of KSHV Count Percentage of Total Percentage of KSHV 

kshv-miR-K12-4-3p 613,898 20.01 61.39 637,344 20.27 63.73 

kshv-miR-K12-8-3p 154,885 5.05 15.49 156,913 4.99 15.69 

kshv-miR-K12-3-5p 45,165 1.47 4.52 44,361 1.41 4.44 

kshv-miR-K12-11-3p 36,117 1.18 3.61 30,831 0.98 3.08 

kshv-miR-K12-2-5p 32,074 1.05 3.21 26,883 0.85 2.69 

kshv-miR-K12-7-3p 28,695 0.94 2.87 25,244 0.80 2.52 

kshv-miR-K12-10a-3p 21,504 0.70 2.15 15,586 0.50 1.56 

kshv-miR-K12-4-5p 19,538 0.64 1.95 20,079 0.64 2.01 

kshv-miR-K12-6-3p 17,314 0.56 1.73 15,821 0.50 1.58 

Others 30,811 1.00 3.08 26,937 0.86 2.69 

kshv-miR-K12-5-3p 8,395 0.27 0.84 9,629 0.31 0.96 

kshv-miR-K12-6-5p 6,415 0.21 0.64 6,070 0.19 0.61 

kshv-miR-K12-3-3p 3,922 0.13 0.39 2,148 0.07 0.21 

kshv-miR-K12-9-3p 3,588 0.12 0.36 2,669 0.08 0.27 

kshv-miR-K12-8-5p 1,757 0.06 0.18 1,241 0.04 0.12 

kshv-miR-K12-9-5p 1,737 0.06 0.17 1,299 0.04 0.13 

kshv-miR-K12-1-5p 1,591 0.05 0.16 1,048 0.03 0.10 
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kshv-miR-K12-10b 1,329 0.04 0.13 1,359 0.04 0.14 

kshv-miR-K12-12-5p 991 0.03 0.10 719 0.02 0.07 

kshv-miR-K12-7-5p 472 0.02 0.05 343 0.01 0.03 

kshv-miR-K12-12-3p 275 0.01 0.03 176 0.01 0.02 

kshv-miR-K12-2-3p 273 0.01 0.03 204 0.01 0.02 

kshv-miR-K12-5-5p 31 0.00 0.00 18 0.00 0.00 

kshv-miR-K12-1-3p 18 0.00 0.00 9 0.00 0.00 

kshv-miR-K12-10a-5p 12 0.00 0.00 2 0.00 0.00 

kshv-miR-K12-11-5p 5 0.00 0.00 1 0.00 0.00 

 
 
 

Table 6.5: Detailed analysis of KSHV miRNA read counts in hypoxic and normoxic BCBL-1 cells. The average of three independent 

experiments for each condition is displayed. Columns identify each KSHV miRNA, its total miR count, its percentage as compared to either 

KSHV miR reads or the overall read number, in either normoxia or hypoxia. The top part illustrates KSHV miRNAs present in more than 1% of 

 KSHV miRNAs in bold have been validated by Taqman assays (Figure 6.5). 
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Figure 6.5: Taqman assays show a constant expression of KSHV miRNAs in 

hypoxic BCBL-1 cells compared to normoxia. The dashed line corresponds to the 

normoxic levels. No significant change was observed. 
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6.3  Effects of oxidative stress on viral miRNAs in BCBL-1 cells 

All clinical forms of sarcoma have been associated with increased 

inflammation and oxidative stress (for reviews, see Ye et al. 2011; Purushothaman et al. 

2015). Oxidative stress is known to generate ROS (reactive oxygen species) such as 

H2O2 (hydrogen peroxide) that can affect expression of KSHV-encoded genes. Indeed, 

oxidative stress was reported to promote reactivation of KSHV and induce cell death in 

PEL (BC-3 and BCBL-1 cells) (Li, Feng, and Sun 2011). Additionally, unpublished 

work from Davis et al. shows that H2O2 induced oxidative stress triggers an increase in 

LANA protein levels. Here, these results were reproduced in PEL cells, BCBL-1 and 

BC-3, after a 20hr-treatment of M H2O2 (Figure 6.6). 

Moreover, like hypoxic stress, oxidative stress is known to alter cellular miRNA 

expression (Simone et al. 2009; Xu et al. 2012). It was therefore hypothesised that the 

expression of KSHV encoded miRNAs might change upon H2O2 treatments. To address 

this, the expression of four viral miRNAs were analysed in the PEL cell line, BCBL-1, 

2O2 for 6hrs and 24hrs. These four miRNAs comprised miR-K12-

10a-3p, which is under the Kaposin promoter, and 3 others that are under latency 

promoters  miR-K12-4-3p, miR-K12-6-3p, and miR-K12-11-3p. Although 24hr H2O2

treatments of BCBL-1 cells have been reproducibly shown to increase LANA levels, an 

additional 6hr time point was added since miRNAs are produced earlier than proteins in 

response to various treatments and have been shown to respond to environmental cues 

within hours. The results were normalised to untreated controls. It was found that H2O2

induced oxidative stress did not alter any of the four tested KSHV miRNAs at any time 

point (Figure 6.7). In addition, a time-course experiment was carried out for 6 different 

time points: 3hrs, 6hrs, 9hrs, 12hrs, 24hrs, and 48hrs. No differential expression for the 
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tested miRNAs was observed at any time point. This is similar to that seen following 

hypoxic treatments in BCBL-1 cells. This demonstrates that KSHV miRNA expression 

is kept under tight control regardless of cellular stresses such as oxidative stress or 

hypoxia. 
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Figure 6.6: H2O2-induced oxidative stress increases LANA in B-cells. Western blot 

of nuclear extracts was stained for LANA protein. 

 

 

 

Figure 6.7: Taqman assays show a constant expression of KSHV miRNAs in BCBL-

1 cells under oxidative stress as compared to controls. The dashed line corresponds to 

the untreated samples. No significant change was observed (n=3). 
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6.4  Effects of immunomodulatory drug Pomalidomide on viral 

miRNAs in BCBL-1 cells 

Pomalidomide is an immunomodulatory drug recently approved by the FDA for the 

treatment of relapsed multiple myeloma (MM) (Chanan-Khan et al. 2013). Together 

with its sister compounds, lenalidomide and thalidomide, pomalidomide belongs to the 

IMiDs class of drugs, a novel group of anticancer and immunomodulatory agents. IMiDs 

have greatly improved the treatment of patients with MM and other hematologic 

diseases. They bind cereblon, a component of CUL4 E3 ubiquitin ligase, which down-

regulates IRF4, a key feature of MM cell survival (Zhu, Kortuem, and Stewart 2013; 

Shaffer et al. 2008). Thus, the IMiDs mediate the inhibition of IRF4, therefore inducing 

MM cytotoxicity. 

KSHV-infected cells have elevated levels of IRF4 and NF- B, much like MM (Shaffer 

et al. 2008; Shaffer et al. 2009). These changes are known to be involved in maintaining 

cell viability and cell proliferation. Based in part on the activity of thalidomide in KS, 

the group of Dr. Robert Yarchoan at the NIH (Bethesda, USA) is conducting a clinical 

trial of pomalidomide in KS. Unpublished results from his laboratory at the HIV and 

AIDS Malignancy Branch, NCI, show that (i) pomalidomide down-regulates cellular 

proteins IRF4 and NF-  in KSHV-infected cells, thereby interfering with cell 

proliferation; and (ii) at higher doses, pomalidomide prevents the down-regulation of 

MHC I hence blocking a mechanism for virus-induced immune evasion.  

Here, the regulation of LANA was investigated in BCBL-

IMiDs for 48hrs. LANA protein levels decreased in BCBL-1 cells treated with 10 M 

pomalidomide (Figure 6.8). Lenalidomide treatment also triggered a clear decrease in 
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LANA protein levels. Thalidomide however did not show as strong of a down-regulation 

after treatment. Because LANA is a latent protein, its expression might be similar to that 

of KSHV miRNAs since the latter are expressed in latency. It was therefore postulated 

that KSHV miRNAs might be down-regulated by pomalidomide treatment in BCBL-1 

cells. A total of 10 miRNAs were quantified by Taqman assay in BCBL-1 untreated 

cells, and pomalidomide treated cel 0 tested 

miRNAs included seven KSHV miRNAs (miR-K12-1-5p, miR-K12-2-5p, miR-K12-3-

5p, miR-K12-4-3p, miR-K12-6-3p, miR-K12-7-3p and miR-K12-11-3p) as well as an 

additional three cellular miRNAs that are not known to be affected by IMiD drug 

treatments (miR-193b, miR-500, and let-7c). It was observed that pomalidomide at doses 

of  triggers a significant decrease in all tested KSHV miRNAs, but not in 

the control cellular miRNAs (Figure 6.9). Furthermore, pomalidomide at a dose of 

already starts showing a trend for down-regulation.  

This is the first time that KSHV miRNAs have been shown to respond to drug treatment 

in a dose dependent manner. It would be of interest to determine the levels of known 

KSHV miRNA targets such as TWEAKR, targeted by miR-K12-11, to see if they are in 

turn up-regulated with pomalidomide treatment. 
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Figure 6.8:  Effects of IMiD treatments on LANA in BCBL-1 cells. Western blot of 

nuclear extracts was stained for LANA protein. Actin was used at internal control. Unt.: 

Untreated BCBL-1 cells, T: Thalidomide, L: Lenalidomide, P: 

Pomalidomide. 
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Figure 6.9:  Dose response of KSHV miRNAs to pomalidomide treatment in BCBL-1 cells.   
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6.5  Conclusions and future directions 

A decade after the first viral miRNAs was discovered, it is still unclear how the 

expression of these important viral repressors is regulated. KSHV encodes 12 pre-

miRNAs, all of them being constitutively expressed in latency, but 2 of these are also 

expressed during lytic replication and are under a separate promoter. It has been shown 

that a slight increase could be seen for these 2 miRNAs (miR-K12-10 and miR-K12-12) 

when cells are undergoing lytic replication (Cullen 2011; Cai and Cullen 2006). Since it 

was found that hypoxia can dramatically affects cellular miRNA expression, the effects 

of hypoxia on viral miRNA expression were also investigated. In addition, the effects of 

oxidative stress and pomalidomide treatments on KSHV miRNA expression were 

addressed. Hypoxia and oxidative stress can induce a number of changes in KSHV genes 

expression. For example, LANA is up-regulated in cells treated with H2O2. Furthermore, 

hypoxia is known to up-regulate LANA and RTA (Davis 2001; Veeranna et al. 2012; 

Haque et al. 2003). However, neither hypoxic nor oxidative stress triggered a change in 

KSHV miRNA expression. Taken together, these results suggest that KSHV has evolved 

to constitutively express its own miRNAs, and still respond to microenvironmental 

stresses such as oxidative stress and hypoxia through changes in LANA and other viral 

genes. 

Regarding pomalidomide treatment of BCBL-1 cell, the results were strikingly different. 

Not only did KSHV miRNA expression decrease in response to the immunomodulatory 

drug, but it did so in a dose-dependent manner. Remarkably, all tested miRNAs (miR-

K12-1, -2, -3, -4, -6, -7, -11) were reduced ~50% at the strongest pomalidomide dose 

(10 M). By comparison, three control cellular miRNAs did not show any significant 

expression change under pomalidomide treatment, suggesting that pomalidomide only 
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affects viral miRNAs and does not interfere with the host cell machinery of small RNA 

silencing. 
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7 

Summary and future directions 

 

THIS  thesis describes in great detail the changes in miRNA and mRNA expression that 

occur due to hypoxia, KSHV infection and a combination of the two. This was done to 

develop a deeper understanding of the interactive effects of hypoxic stress and KSHV 

infection on the cellular machinery. First, the SLK/SLKK cell system was chosen as a 

suitable cell model, to assess the effects of latent KSHV infection on cellular miRNA 

and mRNA expression (Chapter 3). Second, this system was used to determine the 

effects of hypoxic stress on cells and how oxygen deprivation compared to KSHV 

infection (Chapter 4). Third, KSHV-infected B-cells were utilised to gain a better 

understanding of the effects of hypoxia in primary effusion lymphoma (PEL), a KSHV-

induced tumour (Chapter 5). Finally, a comprehensive analysis of the effects of external 

stimuli, such as oxidative stress, hypoxia and pomalidomide treatment was carried out 

on viral miRNAs in two KSHV-infected cell lines, BCBL-1 and SLKK (Chapter 6). 

This study is unique in that it is the first time an analysis of both mRNA and miRNA 

changes were evaluated in KSHV infection, allowing for an assessment of the potential  
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for the miRNA changes to affect their target mRNAs. By profiling both miRNA and 

mRNA expression in a variety of conditions and cell lines and performing validation and 

functional assays, the work presented in this thesis describes a multidisciplinary and 

detailed approach  the first of its kind  toward understanding the implications of 

microenvironmental changes such as oxygen deprivation in KSHV pathogenesis. 

 

7.1  Summary of the contributions to the field of hypoxia and KSHV 

Two KSHV cell models, SLK/SLKK and BCBL-1 cells, were used in this thesis to 

address hypoxic and KSHV regulation of miRNAs and mRNAs. The SLK/SLKK cell 

system was chosen for a variety of reasons: (i) SLK and SLKK cells are unique in the 

KSHV field as they provide the rare ability to directly compare latent KSHV-infected 

and uninfected cells, (ii) in SLKK cells, KSHV latency is under tight control, hence 

being a robust model for latency, rather than lytic replication (Arias et al. 2014) and (iii) 

since miRNAs and mRNAs are constitutively expressed at varying abundance levels 

depending on the cell type, the use of the same cell line with and without infection (i.e. 

KSHV-positive and -negative SLK cells) is key when dealing with deep sequencing 

studies as it minimises the fluctuations in genetic background, thereby decreasing the 

false positive rate in differentially expressed hits. 

However, these factors do not necessarily make SLK/SLKK the best model for studying 

KSHV infection and hypoxia. KSHV-positive BCBL-1 cells are suspension cells of a 

KSHV tumour, PEL. They are particularly relevant for the study of oxygen deprivation 

as PEL often occurs in effusion in the pleural space, a region of low oxygen tension 

(Dobyns 1999). In this thesis, BCBL-1 cells were used not only for hypoxia exposure, 

but also oxidative stress and pomalidomide treatment.  
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As a general note, very few deep sequencing studies have been conducted on hypoxia 

combining both mRNA and miRNA profiles (Camps et al. 2014), and none related to 

KSHV infection. Here, SLK, SLKK and BCBL-1 cells in hypoxic and normoxic 

conditions were surveyed for both mRNA and miRNA expression profiles, providing a 

wealth of information and an invaluable platform unprecedented in the KSHV field.  

The effects of KSHV infection on miRNAs and mRNAs in SLK and SLKK triplicate 

samples were investigated in Chapter 3. In general, there were significantly more down- 

than up-regulated miRNAs and more than a third of the down-regulated miRNAs were 

located within 50kb of each other, in the same miRNA cluster. Using miRNA 

transfection assays, it was subsequently found that a number of differentially expressed 

miRNAs in the SLK/SLKK system were associated with inverse changes in the target 

mRNAs that were predicted by the dual mRNA-miRNA-Seq analysis. By carrying out 

the analysis on cells from three separate experiments, it was possible to have high 

confidence in the findings and avoid high rates of false-positive or false-negative hits.  

Chapter 4 described how the same cell model, SLK/SLKK, behaved under hypoxic 

stress. It was demonstrated that, similar to KSHV infection, the majority of the 

dysregulated miRNAs were down-regulated by hypoxia. Additionally, a remarkable 

third of the total number of genes altered under hypoxia exposure were similarly 

changed in cell latently infected with KSHV, suggesting that, to some degree, KSHV 

infection triggers similar signalling pathways to that of hypoxia.  

Using the BCBL-1 cell model, the effects of hypoxia on cellular mRNA and miRNA 

expression were studied. As discussed at the end of Chapter 5, much like the SLKK 

hypoxic study, miRNAs were repressed under hypoxic stress and only one miRNA was 

similarly up-regulated between the two KSHV-infected cell lines.  
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In Chapter 6, the differential expression of viral miRNAs from hypoxic and normoxic 

SLKK and BCBL-1 cells were investigated by miRNA-Seq and/or individual Taqman 

assays. Viral miRNA expression remained unchanged between normoxia and hypoxia in 

both cell lines. Also, oxidative stress did not affect the tested KSHV miRNAs in BCBL-

1 cells. However, pomalidomide, an immunomodulatory drug presently in clinical trial 

for the treatment of KS and being considered for PEL, dose dependently reduced the 

levels of the tested KSHV miRNAs in BCBL-1 cells.  

Important results and potential future experiments will be hereafter discussed for each of 

the above stated findings.   

 

7.2  Insights toward the effects of KSHV infection on host miRNA-

mRNA target pairs 

Although much research has been dedicated to studying the effects of KSHV infection 

on host cells, the work described in Chapter 3 is the first to establish differential 

expression profiles for both miRNAs and mRNAs and is now published in PLoS One 

(Viollet et al. 2015). Indeed, the deep sequencing studies presented in this thesis allowed 

for the cross-comparison between the two datasets and enabled the identification of 

miRNA-mRNA target pairs affected by KSHV infection within the same cells. By 

comparing the SLK and SLKK miRNA expression profiles, it was found that the 

majority (~73%) of the cellular miRNAs that were significantly altered by KSHV 

infection were down-regulated. Of note, more than a third (~38%) of these repressed 

miRNAs were encoded by miRNA genes located in the 14q32 miRNA cluster. 

Interestingly, the down-regulation of this particular miRNA cluster has been previously 

identified in PEL and linked to cancer development, demonstrating a similarity between 
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viral and non-viral cancers (Lucon et al. 2013; Thayanithy, Sarver, et al. 2012; 

Thayanithy, Park, et al. 2012). However, it was found that the down-regulation of the 

14q32 miRNAs was not due to a deletion of genomic DNA in SLKK cells, in constrast 

to the previous studies in PEL cells (Luan et al. 2010). Further studies should investigate 

whether this miRNA down-regulation is due to post-transcriptional and/or epigenetic 

mechanisms.  

Moreover, validations assays (Taqman) independently confirmed the differential 

expression of nine miRNAs seen significantly dysregulated based on miRNA-Seq in the 

SLK/SLKK system (five down-regulated and four up-regulated miRNAs). Additionally, 

two miRNAs, miR-224-5p and miR-409-3p, were found similarly affected in de novo 

infected cells, suggesting that some of the changes observed under KSHV latency could 

also occur soon after de novo infection. However, it remains unknown to what extent the 

miRNAs seen differentially expressed in newly infected cells differ or overlap to those 

altered in latently infected cells. The idea could be taken further by conducting miRNA-

Seq analysis on de novo infected SLK cells to determine the overlap between miRNAs 

altered by latent and de novo KSHV infection. 

Finally, the relative expression of three miRNAs as well as their targets (FGB and RDX 

for miR-409-3p, MDM2 for miR-409-5p, and CASP2 and LIF for miR-708-5p) was 

verified either in SLK and SLKK cells, or in cells transfected by miRNA mimics. In all 

cases, the expression of the tested miRNAs decreased the expression of their target 

mRNA(s). These transfection assays also identified two novel mRNA targets not 

previously reported: LIF for miR-708-5p and MDM2 for miR-409-5p. These results 

support the hypothesis that changes in miRNAs are driving at least some of the observed 

mRNA changes. However, it is not expected that the differential expression of all 

mRNAs will be solely or directly the result of miRNA silencing. A number of other 
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factors may also affect cellular mRNAs in KSHV-infected cells. These include KSHV 

proteins that can have both direct or indirect effects on cellular genes, and the host 

defence response to viral infection. Although some of the miRNA-mRNA target pairs 

have been validated by Taqman assays, further analysis of novel target mRNAs 

identified in this study should be done using techniques such as CLIP (crosslinking and 

immunoprecipitation) in SLKK cells. This would allow for the co-immunoprecipitation 

of miRNA-containing ribonucleoprotein complexes (miRNPs) and their target mRNAs, 

thereby determining the entire targetome of miRNAs in living cells and confirming 

which changes correlates on a global scale. Such work has been done in PEL cells 

(Gottwein et al. 2011), but not in SLKK cells. 

 

7.3  Evaluation of the interplay between KSHV infection and the 

hypoxic response 

A central finding presented in this thesis is that there are striking similarities between the 

cellular response to hypoxia and the cellular response to KSHV infection. As discussed 

at the end of Chapter 4, KSHV infection is known to increase HIF levels in normoxia 

(Carroll et al. 2006; Shin et al. 2008), and HIFs can also induce a number of KSHV 

genes (Haque et al. 2003; Veeranna et al. 2012). This suggests that certain signalling 

pathways or regulatory networks are related between the hypoxic pathway and KSHV 

infection. Results presented in this thesis support this hypothesis and demonstrate that 

about a third (~30%) of the genes seen differentially expressed under hypoxia were 

similarly up- or down-regulated by KSHV latent infection. Interestingly, some of these 

genes (BIRC3, NEAT1, and ITGAV) are known to play independent roles in hypoxia 

and/or viral infection. For instance, baculoviral IAP repeat containing 3 (BIRC3), also 
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known as cellular inhibitor of apoptosis 2 (cIAP-2), has been previously shown to be up-

regulated by hypoxia (Hu et al. 2003). In addition, KSHV protein K15 also up-regulates 

BIRC3 (Brinkmann et al. 2007), which suggest that this up-regulation might occur 

through HIF-dependent mechanisms. BIRC3 inhibits apoptosis by interfering with the 

activation of caspases, which is an important factor in both KSHV infection and hypoxia 

(Bertrand et al. 2008; Deveraux et al. 1998; Roy 1997). Here, BIRC3 was found induced 

in both hypoxic vs. normoxic SLK cells, and in infected vs. uninfected SLK cells. 

Further work involving viability and transfection assays could determine whether or not 

the up-regulation of BIRC3 by KSHV is induced through hypoxic pathways to provide a 

survival advantage to KHSV-infected cells. These parallels between hypoxia and KSHV 

infection are interesting to highlight as they demonstrate both the relevance of hypoxia 

in KSHV pathogenesis and the usefulness of this mRNA sequencing study. If validated, 

targeting BIRC3 may be a useful strategy in specifically killing KSHV-infected cells and 

cancer cells.!

Regarding the miRNA response to hypoxia, as compared to KSHV infection, the 

majority of the dysregulated miRNAs were repressed in both (~88% by hypoxia and 

~73% by KSHV infection). However, miR-210 was found up-regulated by both hypoxia 

and KSHV latent infection using independent Taqman validation assays. miR-210 is 

directly up-regulated by HIF and has been shown to be up-regulated in a variety of cell 

lines exposed to hypoxia (Chan et al. 2012). Interestingly, this is the first time that a 

HIF-inducible miRNA was validated as induced in KSHV-infected cells, compared to 

uninfected cells, in normoxic conditions. It is also known that miR-210 mediates the 

down-regulation of ISCU, a mitochondrial iron sulphur scaffold protein involved in 

cellular metabolism (Favaro et al. 2010). Of note, inhibition of ISCU by miR-210 in 

MCF7 cells has been shown to lead to a shift to glycolysis, an enhanced cell survival 
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rate, and an increased iron uptake required for cell growth (Favaro et al. 2010). Such 

changes could favour KSHV infected cells in a similar manner. Further study will be 

necessary to determine whether HIF-1 and/or HIF-2 are required for the up-regulation of 

miR-210 in infected SLKK cells. For example, lentiviral vectors encoding shRNAs to 

HIF-1 and HIF-2 mRNAs could be used to artificially reduce these mRNA levels in 

SLKK cells, which would help decipher these regulatory mechanisms. 

 

7.4  Understanding the regulatory mechanisms behind hypoxic stress in 

BCBL-1 cells 

A number of studies of the effects of hypoxia, including three research articles from Dr. 

(Davis 2001; Haque et al. 2003; Veeranna et al. 2012), have been 

conducted in KSHV-infected BCBL-1 cells. Although these studies provided the first 

insights into the biochemical interaction between hypoxia and KSHV, they addressed 

neither the regulatory effects of hypoxia on transcriptome-wide miRNAs, nor the global 

impact of hypoxia on mRNA expression. Chapter 5 showed that combining miRNA-

Seq and mRNA-Seq enabled not only the first compilation of a comprehensive list of 

miRNAs and mRNAs seen differentially expressed by hypoxia in KSHV-infected B-

cells, but also the comparison with SLKK cells.  

Using miRNA-Seq, it was demonstrated that ~83% of all dysregulated human miRNAs 

in BCBL-1 cells were decreased under hypoxic stress. This result is consistent with 

findings from Chapter 4 showing that miRNAs in SLKK cells were globally (~88%) 

repressed by the absence of oxygen. Moreover, miR-210, a known hypoxia-inducible 

miRNA in many cell lines (Camps et al. 2008; Pulkkinen et al. 2008), was identified as 

the sole hypoxia-induced miRNA in common between BCBL-1 and SLKK cells, 
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consistent with its significant role in hypoxia. This also suggests it may have important 

effects in KSHV infection and the pathogenesis of KSHV-induced diseases. miR-210 

was previously shown to be directly induced by HIF-1 and, to a lesser extent, HIF-2 

(McCormick et al. 2013).  

It would be of great interest to study the different impacts of HIFs on miR-210 in the 

context of KSHV infection, utilising BCBL-1 cells lines that have the HIF proteins 

(either HIF-1 or HIF-2) knocked down, and 

laboratory. Since miR-210 is primarily induced by HIF-1, it could be hypothesised that a 

decrease in miR-210 levels in BCBL-1 cells transduced with lentiviral vectors encoding 

for HIF-1 shRNAs compared to scramble shRNA may be observed in both normoxia and 

hypoxia. However, it has been observed that PEL lines have low levels of detectable 

HIF-2 mRNA and protein expression even in hypoxia. Therefore, miR-210 expression 

might be expected to only be slightly reduced when HIF-2 mRNA is knocked-down in 

normoxic and hypoxic BCBL-1 cells. In fact, initial experiments were undertaken 

shortly before the submission of this thesis, supporting this hypothesis (Figure 7.1). 

Although these results would require further validation, this encourages further research 

involving miR-210 and KSHV-infected B-cells. 

In addition, the up-regulation of hypoxia-inducible genes in BCBL-1 cells such as 

VEGF, KDM3A (JMJD1A), CA9, PLOD2, TXNIP and PGK1 was described in 

Chapter 5. For example, the HIF-target gene VEGF, vascular endothelial growth factor, 

is known to promote angiogenesis, which is a characteristic feature of KSHV-induced 

neoplasms. VEGF is currently a target for anti-angiogenic treatments of KS and 

inhibition of angiogenesis has been shown to normalise the tumour vasculature 

(Folkman 2007; Uldrick et al. 2012). Furthermore, the inhibition of histone demethylase 

KDM3A, another gene found up-regulated in hypoxic BCBL-1 cells, can decrease 
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tumour growth and angiogenesis by itself, and when used in combination with the anti-

VEGF monoclonal antibody bevacizumab, it can also improve the overall outcome of 

the treatment (Osawa et al. 2013). Of note, phosphoglycerate kinase 1 (PGK1), which 

was also up-regulated in BCBL-1 cells under hypoxia, is a key gene in the glycolytic 

pathway and is instrumental in the shift to glycolysis under hypoxia (Semenza 2003; 

Gao et al. 2004). Taken together, this suggests that the dysregulation of these genes 

under hypoxia may indirectly fuel KSHV-infected cell growth, and enhance glycolysis 

in order to maintain energy balance. Some of these genes should be investigated as 

potential novel therapeutic treatments of KSHV-associated diseases. 

As a general comment regarding hypoxic in vitro experiments, it is worth mentioning 

that using growth media containing high glucose concentrations (4.5g/L, 25mM) such as 

DMEM is standard in tissue culture. However, these glucose conditions may differ from 

those in cells in vivo where glucose concentrations range from 1mM to 5mM. Indeed, 

hypoxia is known to induce the use of glucose for energy production; therefore studying 

the effects of hypoxia in high glucose conditions could potentially bias the results and 

differ from lower glucose conditions. Similarly, using oxygen concentration of 1% O2 in 

a hypoxic chamber may or may not be similar to tumour environment in vivo  hence the 

use for clinical follow-up validations and the development of models that are 

physiologically relevant.  
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Figure 7.1: miR-210 expression in BCBL-1 cells in the absence and presence of 

either HIF-1 or HIF-2 mRNAs using Taqman assays.  

Ctrl shRNA: BCBL-1 cells transducted with lentiviral vectors encoding for a scramble 

shRNA. HIF-1 shRNA: BCBL-1 cells transducted with lentiviral vector encoding for 

HIF-1 shRNA. HIF-2 shRNA: BCBL-1 cells transducted with lentiviral vector encoding 

for HIF-2 shRNA. This intial experiment was conducted once (n=1). 
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7.5  KSHV miRNA expression in response to microenvironmental 

stresses and pomalidomide drug treatment  

The biogenesis of cellular miRNAs is relatively well characterised. Key proteins such as 

RNA polymerase II, Drosha, DGCR8, Dicer, and Argonaute all play an important role in 

the production and the excision of mature miRNAs, as well as the actual silencing of 

their respective target mRNAs (for a review, see Bartel, Lee, and Feinbaum 2004). Any 

changes in these central proteins will result in a global lower efficiency of miRNA 

biogenesis, hence impairing the translation inhibition of the targets. Additionally, it is 

known that many stresses such as cancer, hypoxia, oxidative stress, UV radiation and 

viral infection can greatly perturb cellular miRNA expression (Thulasingam et al. 2011; 

Nallamshetty, Chan, and Loscalzo 2013; Fu et al. 2014; Zheng and Wang 2015; Jansson 

and Lund 2012; Syed et al. 2013). For viral miRNAs however, besides the fact that they 

are transcribed and generated using the host cellular machinery, not much is known 

about their expression following different types of environmental stresses or exposure to 

drugs.  

To address this, the effects of environmental stresses or drug treatment on viral miRNAs 

were described in Chapter 6. It has been previously reported that KSHV miRNAs are 

largely unaffected by TPA treatment, an inducer of lytic replication (Cai et al. 2005; 

Pfeffer et al. 2005). However, most KSHV miRNAs are encoded alongside latent KSHV 

genes, and it was somewhat surprising that neither hypoxic nor oxidative stresses 

affected KSHV miRNA expression. All in all, these results indicate that KSHV miRNAs 

are constitutively expressed and under very tight control.  
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Unlike environmental stresses, treatment of BCBL-1 cells with pomalidomide led to a 

global decrease in KSHV miRNA expression. Pomalidomide is a drug currently used in 

clinical trial for patients with KS. Since the decrease in viral miRNAs was seen for all 

tested KSHV miRNAs, it suggests that pomalidomide was affecting the constitutive 

expression of viral miRNAs in latency rather than targeting specific KSHV miRNAs. 

Therefore, these results indicate that pomalidomide is affecting either a cellular or viral 

protein that is involved in globally regulating KSHV miRNA biogenesis. Further work 

should investigate how pomalidomide is reducing global KSHV miRNA expression, but 

not cellular miRNAs. The drug should also be tested in another system such as EBV-

infected cells to see whether EBV-encoded miRNAs are also decreased upon 

pomalidomide treatment.  

Finally, it is known that pomalidomide down-regulates cellular levels of IRF4 and NF-

 (Zhu, Kortuem, and Stewart 2013; Chanan-Khan et al. 2013) and inhibits the down-

regulation of MHC I, a protein whose expression is required for immune surveillance 

(unpublished data, Yarchoan lab). Further studies should address whether these 

inhibitory processes lead to the decrease in KSHV miRNAs, or conversely whether the 

pomalidomide-mediated decrease in viral miRNAs causes the observed cellular effects 

on IRF4, NF- . 

 

7.6  Concluding remarks 

The main goals of this dissertation were (i) to determine the effect of KSHV infection on 

cellular miRNA expression and correlate these changes with those occurring at the 

mRNA level, (ii) to evaluate the effects of hypoxia on cellular and viral miRNA 
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expression, and (iii) to understand how the cellular response to hypoxia changes in the 

context of KSHV infection.  

Through this analysis, it was shown that (i) KSHV infection drastically altered the 

expression of some miRNA-mRNA target pairs that may play a significant role in 

KSHV pathobiology, (ii) hypoxia dramatically changed both cellular mRNAs and 

miRNAs  but not viral miRNAs  in KSHV-infected cells, (iii) miR-210, a miRNA 

involved in hypoxia and cancer, was increased by both hypoxia and KSHV infection and 

the down-regulation of its target genes may play a role in the development of KSHV-

associated diseases, and (iv) the cellular gene expression (mRNA) responses to hypoxia 

and KSHV infection were found to be similar. These findings suggest that KSHV 

infection and hypoxia work in concert to promote biological processes such as cellular 

proliferation, which can play a significant role in KSHV pathogenesis.  

Throughout this study, many pairs of inversely correlated miRNAs and target mRNAs 

were identified and some were also validated. However, it should be noted that the 

importance of miRNAs in KSHV-associated malignancies is not restricted to their ability 

to target one individual gene, but rather their overall influence on signalling pathways 

and biological networks of genes. Therefore, the results presented here offer novel 

insights into the pathogenesis of KSHV and the effects of hypoxia on the development 

of KSHV-associated diseases. This work has opened up new avenues for the discovery 

of novel miRNA- or mRNA-based therapeutic targets to treat KSHV-related 

malignancies. 
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SOME  figures and  tables in this thesis were reproduced from other  sources,  for  which  

detailed copyright and permissions information is listed below. 

 

Figure 1.1: MicroRNA biogenesis and activity. 

Reference (Kim 2005). Kim, V. N. (2005). MicroRNA biogenesis: 

coordinated cropping and dicing. Nature Reviews. Molecular Cell Biology, 

6(5), 376 85. doi:10.1038/nrm1644 

License obtained through Rightstlink/Macmillan Publishers Ltd: License # 

3603710281500. 
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Figure1.3: Possible mechanisms of miRNA target regulation. 

Reference (Carthew & Sontheimer 2009). Carthew, R. W., & Sontheimer, E. 

J. (2009). Origins and Mechanisms of miRNAs and siRNAs. Cell, 136(4), 

642 55. doi:10.1016/j.cell.2009.01.035 

License obtained through Rightstlink/Elsevier: License # 3603750512146. 

Figure 1.4: Representation of HIF regulation under hypoxic and normoxic 

conditions.  

Reference (George & Kaelin 2003). George, D. J., & Kaelin, W. G. (2003). 

The von Hippel-Lindau protein, vascular endothelial growth factor, and 

kidney cancer. The New England Journal of Medicine, 349(5), 419 21. 

doi:10.1056/NEJMp030061 

Reproduced with permission from (George & Kaelin 2003), Copyright 

Massachusetts Medical Society, Publisher of the New England Journal of 

Medicine. 

Figure 1.5: Tumour physiology under hypoxia versus normoxia. 

Reference (J M Brown & Giaccia 1998). Brown, J. M., & Giaccia, A. J. 

Problems) for Cancer Therapy. Cancer Research, 58(7), 1408 1416. 

Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/9537241 

License obtained through Rightstlink/AACR: License # 3603780657851. 
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Figure 1.6: Seroprevalence of KSHV.!

Reference (Mesri et al. 2010). Mesri, E. A., Cesarman, E., & Boshoff, C. 

Nature Reviews. 

Cancer, 10(10), 707 19. doi:10.1038/nrc2888 

License obtained through Rightstlink/Macmillan Publishers Ltd: License # 

3603781182476. 

Figure 1.7: KSHV Genome. 

Reference (Coscoy 2007). 

sarcoma-associated herpesvirus. Nature Reviews. Immunology, 7(5), 391

401. doi:10.1038/nri2076 

License obtained through Rightstlink/Macmillan Publishers Ltd: License # 

3603790159563. 

Figure 1.9: Development of KSHV-related malignancy under microenvironmental 

stress. 

Reference (Cai et al. 2010). Cai, Q., Verma, S. C., Lu, J., & Robertson, E. S. 

-associated herpesvirus and 

related oncogenesis. Advances in Virus Research, 78, 87 142. 

doi:10.1016/B978-0-12-385032-4.00003-3 

License obtained through Rightstlink/Elsevier: License # 3603801104833. 
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Table 1.3: Putative functions and targets of KSHV miRNAs. 

Reference (Qin 2012). Qin, Z., Jakymiw, A., Findlay, V., & Parsons, C. 

(2012). KSHV-Encoded MicroRNAs: Lessons for Viral Cancer 

Pathogenesis and Emerging Concepts. International Journal of Cell Biology, 

2012, 603961. doi:10.1155/2012/603961 

From Hindawi Publishing Corporation: This is an open access article 

distributed under the Creative Commons Attribution License, which permits 

unrestricted use, distribution, and reproduction in any medium, provided the 

original work is properly cited. 
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