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Abstract 

 

Abstract:  

 

Studying post-transcriptional gene regulation and virus-host interactions in 

Kaposi’s Sarkoma Herpes Virus (KSHV) 

Carolin Vogt 

  
Viruses depend on multiple interactions with the host cell and are highly adapted to use 

of cellular machineries to ensure their efficient replication. The focus of this project was 

the investigation of virus-host interactions at the post-transcriptional level for the 

Kaposi’s sarcoma herpesvirus (KSHV). The KSHV post-transcriptional regulator protein, 

ORF57 is involved in multiple steps of RNA biogenesis. In particular, it has been 

demonstrated that ORF57 is involved in nuclear export and stability of lytic, intronless 

viral transcripts. However, the mechanism of how ORF57 recognizes its target RNAs is not 

well understood.  

In this thesis the multiple intron-containing K15 gene was confirmed as a novel target for 

ORF57. Based on this finding it could be demonstrated that the effect of ORF57 does not 

depend on a single response element but on an unusual nucleotide bias instead. As the 

K15 cDNA has an unusually high A/T content, the sequence was optimized by raising the 

G/C content. This optimization led to ORF57-independent expression. To further prove 

the importance of the sequence bias of ORF57-dependent RNAs, the KSHV mRNAs were 

grouped according to their A/T content. Indeed, a correlation between A/T-richness and 

ORF57-dependency was verified. In contrast, the latent ORF73 gene, which has to be 

expressed in the absence of ORF57, displayed a low A/T content and is ORF57-

independently expressed. The hypothesis that the unusual nucleotide bias confers ORF57 

dependency was further confirmed by testing of other heterologous A/T rich genes. A 

surprising finding was that ORF57 can partially rescue HIV Gag expression.  Interestingly, 

the nucleotide composition of K15 resembles that of HIV gag. Thus, ORF57 may recognize 

certain motifs within the gag coding region as it does in its natural KSHV target RNAs.  

Due to a bioinformatic comparison between the wild type and optimized K15 sequence, 

which revealed a higher density of hnRNP motifs in the wild type sequence, and previous 

publications showing that ORF57 lacks RNA binding in the absence of nuclear extracts, we 



  

speculate that ORF57 might interact with a cellular hnRNP to recognize its target 

transcripts. By Mass Spectrometry analysis potential interaction partners of ORF57 could 

be identified. Additionally, the expression of ORF57 and K15 was analysed in different 

KSHV-positive cell lines in this thesis and revealed ORF57 RNA expression in both latent 

and lytic cells. However, a switch from unspliced to spliced RNA was observed upon 

induction of the lytic cycle. This finding will be an interesting subject for future 

investigation. 

In summary, based on the initial finding that also the multiply spliced K15 gene is ORF57-

dependent, it could be shown here that it is the unusual nucleotide bias which confers 

ORF57-dependency.   
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Zusammenfassung:  

 

Untersuchung zur post-transkriptionellen Genregulation und Virus-

Wirtsinteraktionen beim Kaposi’s Sarkoma Herpesvirus (KSHV) 

Carolin Vogt 

 
 

Viren sind in vielfältiger Weise von ihrer Wirtszelle abhängig. Um ihre effiziente 

Replikation zu gewährleisten, sind sie in hohem Maße an die Nutzung der zellulären 

Maschinerien angepasst. Die Zielsetzung der vorliegenden Arbeit war die 

Untersuchung der post-transkriptionellen Virus-Wirtsinteraktion beim Kaposi’s 

Sarkoma Herpesvirus (KSHV). KSHV ORF57 ist ein virales, post-transkriptionelles 

Regulatorprotein, das an zahlreichen Schritten der RNA-Biogenese beteiligt ist. 

Insbesondere wurde gezeigt, dass ORF57 sowohl eine Rolle bei dem Export von 

intronlosen, viralen Transkripten aus dem Kern spielt, als auch bei deren 

Stabilisierung. Es ist allerdings nur unzureichend verstanden, wie ORF57 seine viralen 

Ziel-RNAs erkennt. 

In dieser Arbeit wurde die intronhaltige RNA des K15 Gens als neue Ziel-RNA von ORF57 

bestätigt. Ausgehend von diesem Ergebnis konnte gezeigt werden, dass der Effekt von 

ORF57 nicht von einem einzelnen Erkennungselement anhängt, sondern von einer 

ungewöhnlichen Nukleotid-Zusammensetzung der Ziel-RNAs. Da die K15 cDNA einen 

auffällig hohen A/T-Gehalt aufweist, wurde die Sequenz optimiert indem der G/C-Gehalt 

erhöht wurde. Diese Optimierung führte zu einer ORF57 unabhängigen Expression. Um 

die Wichtigkeit der Nukleotid-Zusammensetzung von ORF57-abhängigen RNAs zu 

bestätigen, wurden die KSHV-Gene aufgrund ihres A/T-Gehaltes sortiert. Tatsächlich 

konnte ein Zusammenhang zwischen A/T-Gehalt und ORF57-Abhängigkeit gezeigt 

werden. Im Gegensatz dazu weisen latente KSHV Gene, wie zum Beispiel LANA (ORF73), 

einen niedrigen AT-Gehalt auf und werden ORF57-unabhängig exprimiert. Durch die 

Untersuchung weiterer heterologer, A/T-reicher Gene, wurde die Hypothese, dass die 

ungewöhnliche Nukleotid Komposition für die ORF57-Abhängigkeit verantwortlich ist 

 



  

weiter bestätigt. HIV gag weist eine ähnliche Nukleotid Zusammensetzung wie K15 auf. 

Interessanterweise konnte ORF57 auch die HIV Gag Expression in gewissem Maße 

steigern. ORF57 könnte demnach, ähnlich wie bei seinen natürlichen KSHV Ziel-RNAs, 

bestimmte Motive in der kodierenden Sequenz von HIV gag erkennen.   

Ein bioinformatischer Vergleich zwischen der optimierten und der Wildtyp- K15 Sequenz 

zeigte eine höhere Dichte von hnRNP Motiven in der Wildtyp-Sequenz. Aufgrund dieses 

Vergleichs und vorherigen Publikationen, die gezeigt haben, dass ORF57 in Abwesenheit 

von zellulären Kernextrakten seine Fähigkeit RNA zu binden verliert, vermuten wir dass 

ORF57 mit einem zellulären hnRNP interagiert um seine Ziel-RNAs zu erkennen. Durch 

massenspektrometrische Analysen konnten potentielle Interaktionspartner von ORF57 

identifiziert werden. Des Weiteren wurde die RNA Expression von ORF57 und K15 in 

verschiedenen KSHV-positiven Zelllinien untersucht. Dabei konnte ORF57 RNA Expression 

sowohl in latenten, als auch in lytischen Zellen nachgewiesen werden.  Allerdings konnte 

durch die Induktion der lytischen Replikation eine Verschiebung von überwiegend 

ungespleißter zu gespleißter RNA beobachtet werden. Diese Beobachtung könnte ein 

interessanter Gegenstand weiterer Untersuchungen sein. 

Zusammenfassend konnte in der vorliegenden Arbeit gezeigt werden, dass die 

ungewöhnliche Nukleotid Zusammensetzung der viralen RNAs für die ORF57-Abhängikeit 

verantwortlich ist.   
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1 Introduction 

 

1.1 The family Herpesviridae 

 

Herpesviruses can infect most animal species. As they co-evolved with their hosts, they 

are highly adapted. So far nine different human herpesviruses (HHV) and at least 300 

herpesviruses infecting other species have been identified (Roizman and Pellett 2001; 

Davison 2012).  

 

 

Figure 1 Phylogenetic tree including the human herpesviruses and HVS, a simian virus   

Herpes simplex virus 1 and 2 (HSV), varicella-zoster virus (VZV), human cytomegalovirus (HCMV), human 

herpesvirus 6 and 7 (HHV), herpesvirus saimiri (HVS, a simian virus), Epstein-Barr virus (EBV) and Kaposi’s 
sarcoma herpesvirus (KSHV). Adapted from Ganem 2010.  

 

Historically, the main criterion for the classification into the family of Herpesviridae was 

the virion morphology, however nowadays the classification is based on genomic 

sequencing and phylogenetics. The herpesviral virion consists of four major components: 

the core, the capsid, the tegument and the envelope. The capsid surrounds the core with 

the linear, large double-stranded DNA genome (~ 125 – 240 kbp). The capsid itself is 
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surrounded by the protein-containing tegument which is enclosed by a lipid bilayer 

envelope. The envelope is derived from host-cell membranes but also contains the viral 

glycoproteins which are required for the viral attachment and entry to the host cell. The 

viral particles have a size ranging from 200 – 300 nm (Davison 2007; Liu and Zhou 2007).   

Besides the virion morphology the family Herpesviridae shares other biological properties, 

such as the ability to establish latent infection in their natural host and the destruction of 

the infected cell during virus production. Furthermore, all herpesviruses have in common 

that the synthesis of the viral DNA and the assembly of capsids take place in the nucleus 

and that their genomes encode a large number of enzymes involved in nucleic acid 

metabolism, DNA synthesis and processing of proteins (Roizman and Pellett 2001).   

The family Herpesviridae is divided into three subfamilies: the Alphaherpesvirinae, the 

Betaherpesvirinae and the Gammaherpesvirinae (depicted in Figure 1). The alpha 

subfamily contains the neurotropic viruses herpes simplex virus (HSV) 1 and 2 (also 

known as HHV 1 and 2) and Varicella zoster virus (VZV or HHV3). Alpha herpesviruses are 

classified by a variable host range, a short reproductive cycle, rapid spread and 

destruction of the infected cells. Latent infection is primarily established in sensory 

ganglia. Members of the betaherpesvirus subfamily are the human cytomegalovirus 

(HCMV or HHV5) and the human herpesviruses 6a, 6b and 7 (HHV6/7). They exhibit a 

restricted host range and a long reproductive cycle. The infected cells become enlarged 

(so called cytomegalia). Latent infection can be established in secretory glands, 

lymphoreticular cells, kidneys and other tissues. The Epstein-Barr virus (EBV or HHV4) and 

the Kaposi’s sarcoma herpesvirus (KSHV or HHV8) are lymphotropic viruses which belong 

to the subfamily of gammaherpesviruses. The gammaherpesviruses replicate in lymphoid 

cells and are either specific for B- or T-lymphocytes. Some can also infect endothelial, 

epitheloid or fibroblastic tissue (Roizman and Baines 1991; Liu and Zhou 2007).  

The Gammaherpesvirinae are further divided in the lymphocryptoviruses (γ-1) and the 

rhadinoviruses (γ-2). EBV is a lymphocryptovirus, whereas KSHV and herpesvirus saimiri 

(HVS), a monkey virus, belong to the rhadinoviruses. EBV, KSHV and HVS, like many other 
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members of the gammaherpesviruses, can induce neoplasia and all three are associated 

with different lymphoproliferative diseases (Damania 2004). 

 

1.2 The human Kaposi’s sarcoma herpesvirus (KSHV or HHV 8) 

 

Kaposi’s sarcoma (KS), a purplish pigmented sarcoma of the skin, was initially described 

by Moritz Kaposi in 1872 (Kaposi, 1872). At the beginning KS was thought to be a rare 

disease which was mainly found on the skin of elderly men. But with the outbreak of AIDS 

in the 1980s there was a drastic increase of AIDS patients with KS. It had early been 

suggested that a virus might be involved in the development of KS (Giraldo et al. 1972). In 

1994, Yuan Chang and Patrick Moore were able to identify a new herpesvirus in KS 

lessions (Chang et al. 1994). (reviewed in Longnecker and Neipel 2007) 

As well as the rare classical form of KS which was described by Kaposi and which is mainly 

seen in elderly Mediterranean patients, a clinically more aggressive variant of HIV-

negative KS is found in endemic regions of Africa (Schulz 2006; Longnecker and Neipel 

2007). This “endemic” KS produces the typical skin lesions which primarily occur on the 

feet and lower legs and more frequently leads to visceral involvement. Cutaneous and 

visceral involvement has also been described for KS occurring following organ 

transplantation and for “AIDS-associated” KS (reviewed in Martin 2007).   

The Kaposi’s sarcoma herpesvirus is also associated with two B-cell malignancies: primary 

effusion lymphoma (PEL) (also known as body cavity-based lymphoma (BCBL)) and 

multicentric Castleman disease (MCD) (Cesarman et al. 1995; Soulier et al. 1995).  

 

Epidemiology and transmission of KSHV  

KSHV has an uneven geographical distribution. Highly endemic areas with a 

seroprevalence between 30 % and 70 % are found in parts of Africa and the Middle East. 

However, there are important differences in seroprevalence between different regions. 
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Regional variations in the KSHV seroprevalence also occur in intermediate-level endemic 

areas.  These areas with a seroprevalence between 10 and 25 % are mainly found in the 

Mediterranean area. In non-endemic areas (Northern Europe, Asia, North-, Central- and 

South- America) certain risk groups, in particular homosexual men, exhibit a higher 

seroprevalence. (reviewed in Schulz 2006; Martin 2007)  

In endemic areas most KSHV transmissions occur during childhood. The details of 

transmission are unclear, however it is suggested that KSHV might be shed in saliva. There 

is also evidence for sexual transmission of KSHV which mainly came from studies of 

homosexual men. Also here the exact transmission route is unknown. Furthermore, organ 

transplant recipients have a higher risk of developing KS. This might be due to viral 

reactivation or transmission of KSHV or KSHV-infected cells from the donor. (Henke-

Gendo and Schulz 2004; Martin 2007) 

 

The KSHV genome 

The KSHV genome (depicted in Figure 2) has a size of approximately 165 kb. It consists of a 

unique long region (LUR) which is flanked by a variable number of G/C-rich terminal 

repeats (TR). The viral genome encodes more than 90 open reading frames (ORFs). In the 

initial sequence report on the KSHV genome by Russo et al., 1996 88 ORFs were assigned 

(Russo et al. 1996). Among these 66 ORFs are homologous to ORFs of herpesvirus saimiri 

(HVS). Open reading frames which were unique to KSHV were designated with the prefix 

K (Russo et al. 1996; Neipel et al. 1997). Additional unique KSHV genes which were not 

described in the initial report were later designated with a decimal K number (e.g. K8.1). 

There are also some KSHV gene products with homology to cellular genes, like for 

example viral interleukin 6 (vIL-6), G-protein-coupled receptor (vGPCR) or the interferon 

regulatory factor (vIRF) and DNA synthesising enzymes (Zheng 2003).    
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Figure 2 Map of the KSHV genome 

Adapted from Rezaee et al. 2006. The genome consists of a unique long region (LUR) flanked at each end by 

a variable number of terminal repeats (TR). Coding regions are indicated by coloured arrows. Introns are 

shown as narrow white bars. The sequence was derived from a classic KS (strain GK18; GenBank accession 

no. AF148805).  

 

KSHV gene expression is regulated in a complex manner. First, approximately 25 % of 

KSHV genes are "split genes", meaning intron-containing genes. The most complex among 

these genes is K15 which is located between ORF75 and the terminal repeat (see Figure 2) 

and will be described below (chapter 1.5). Second, several KSHV genes share a common 

polyadenylation site or a common promotor resulting in polycistronic transcripts 

(reviewed in Zheng 2003). A recent study using state of the art techniques to study the 
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KSHV transcriptional and translational profile suggests that the coding capacity of the 

KSHV genome is larger than previously expected. This study revealed new short and 

upstream ORFs (sORFs and uORFs) (Arias et al. 2014). uORFs have been found to 

modulate gene expression in eukaryotes (Morris and Geballe 2000). In KSHV, uORFs have 

been shown to control the expression from the bicistronic ORF35-ORF37 transcript 

(Kronstad et al. 2013). This adds another mechanism to those involved in KSHV gene 

expression.  

    

"Life cycle" 

 

Initially, before the KSHV virions interact with their entry receptors, they attach to 

heparin sulfate binding receptors. KSHV displays a broad cellular tropism and the entry 

receptors of necessity are variable. The binding of viral glycoproteins to these entry 

receptors triggers signal transduction pathways that facilitate the entry by endocytosis. 

Following entry the capsid is transported through the cytoplasm and the linear viral 

genome is delivered to the nucleus (Lieberman et al. 2007; Chandran 2010; Veettil et al. 

2014).   

KSHV, like all herpesviruses, can establish latent infection in its host. During latency only a 

small subset of viral genes is expressed. Among these is the latency-associated nuclear 

antigen (LANA), which is the main regulator of KSHV latency. LANA is required for the 

maintenance of the viral episome during mitosis. It tethers the viral episome to host 

chromosomes by binding to TR sequences in the viral genome via its C-terminus and 

attaching to histones H2A/B of the cellular chromatin via its N-terminus. The C-terminal 

domain can also interact with chromatin associated proteins. LANA has also been shown 

to recruit cellular DNA replication proteins to the viral episome (Rainbow et al. 1997; 

Krithivas et al. 2002; Barbera et al. 2006; Ottinger et al. 2006; Ye et al. 2011; Hellert et al. 

2013).  
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Herpesviral genes expressed during lytic infection are classified according to their 

expression kinetics as immediate-early, early or late genes. Immediate-early genes are 

expressed directly following chromatinization of the viral genome and do not require 

previous expression of viral proteins. Early genes require viral protein expression, but are 

expressed before the viral genome is replicated (Sun et al. 1999; Schulz and Chang 2007). 

It is thought that reactivation signals lead to chromatin remodeling of viral promotors, 

especially of the RTA promotor (Lu et al. 2003). The replication and transcription activator 

(RTA or ORF50) is an immediate-early gene which functions as a lytic switch and is 

essential for the induction of lytic replication. It binds to several viral promotors 

containing RTA responsive elements and thereby induces the lytic gene expression 

cascade (Sun et al. 1998; Lukac et al. 1999; Dourmishev et al. 2003). Several delayed-early 

genes encode enzymes and regulatory proteins which are required for the lytic replication 

of the viral genome. The lytic replication therefore differs from latent replication, which 

depends on the host replication machinery (Lukac and Yuan 2007). The lytic replication of 

KSHV initiates from two lytic origins (ori-Lyt-L and ori-Lyt-R) and requires the KSHV origin 

binding proteins (OBPs) RTA and K8/KbZIP. RTA binds to a RTA responsive element/TATA 

box motif to activate transcription from ori-Lyt. This transcriptional activity is essential for 

the lytic replication (Lin et al. 2003; Wang et al. 2004). RTA also functions to recruit 

proteins of the replication machinery. A similar function in recruiting replication enzymes 

has also been described for K8/KbZIP which also associates with ori-Lyt (Wang et al. 

2006).  

Finally, the late KSHV genes are mainly structural genes required for assembly, however 

there are exceptions (Zhu and Yuan 2003; Lukac and Yuan 2007). The progeny viral 

capsids are formed in the nucleus. According to the currently accepted model for nuclear 

egress, the nucleocapsids acquire a primary envelope by budding at the inner nuclear 

membrane. By fusion of the primary envelope with the outer nuclear membrane, which is 

called deenvelopment, the capsids are translocated into the cytoplasm where they gain 

their tegument and envelope by a secondary envelopement (Mettenleiter 2006; 

Mettenleiter et al. 2013).   
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1.3 Cellular mRNA export 

 

As herpesviruses replicate in the nucleus, viral gene expression is dependent on the host 

cell mRNA processing and export machinery to ensure the translocation of viral mRNAs 

into the cytoplasm.  

TAP/NXF1-dependent bulk mRNA export 

The cellular bulk mRNA export is carried out by the heterodimeric mRNA export receptor 

TAP/NXF1. This was first identified as the cellular factor required for the export of 

unspliced retroviral RNAs from simple type D retroviruses where it interacts with a 

constitutive transport element (CTE) present in the viral transcripts (Gruter et al. 1998; 

Bear et al. 1999; Kang and Cullen 1999; Nino et al. 2013). 

The TAP/NXF1-dependent mRNA export takes place in a stepwise manner (a simplified 

scheme is depicted in  

Figure 3). As TAP/NXF1 does not directly interact with mRNAs, the interaction instead 

requires RNA-binding adaptor proteins (Nino et al. 2013). It is believed that in higher 

eukaryotes mRNA splicing leads to a more efficient recruitment of export factors in 

contrast to yeast were the recruitment is coupled with transcription (Zhou et al. 2000; 

Luo et al. 2001; Abruzzi et al. 2004; Nino et al. 2013). During pre-mRNA splicing introns 

are removed and the exon-junction-complex (EJC) is deposited 20-24 nucleotides 

upstream of every splice event. The EJC is then thought to recruit the components of the 

cellular mRNA export machinery (Le Hir et al. 2000; Le Hir et al. 2001; Le Hir and Andersen 

2008). In the current model the mRNA undergoes a handover mediated by protein 

interactions from the DEAD-box helicase UAP56, which is also involved in spliceosome 

assembly, to REF/ALY. REF/ALY belongs to the evolutionarily conserved REF (RNA-and 

export factor-binding proteins) family and directly interacts with the TAP/NXF1 export 

receptor (Saavedra et al. 1997; Herold et al. 2000; Braun et al. 2001; Reed and Hurt 2002; 

Moore and Proudfoot 2009; Nino et al. 2013). The THO complex, a multimeric complex 

involved in transcription and RNA export, forms the THO/TREX complex together with 
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UAP56 and ALY/REF (Moore and Proudfoot 2009; Nino et al. 2013). Finally, the TAP/NXF1 

dimer is responsible for the interaction with proteins of the nuclear pore complex (NPC), 

the FG-containing nucleoporins, and catalyzes the export of the bound RNA (Stutz et al. 

2000; Gatfield et al. 2001; Herold et al. 2001; Luo et al. 2001; Gatfield and Izaurralde 

2002; Wiegand et al. 2002; Cullen 2003). In the cytoplasm the EJC is removed during the 

pioneer round of translation (Dostie and Dreyfuss 2002).  

It is further suggested that the recruitment of the THO/TREX complex is not only splicing 

but also 5'-cap dependent. By an interaction of REF/ALY and the cap binding protein 

CBP80, the mammalian THO/TREX appears to associate more with the 5' end of spliced 

RNAs (Cheng et al. 2006; Kohler and Hurt 2007; Moore and Proudfoot 2009).   

Although splicing can enhance mRNA export it has to be mentioned that the cellular 

export machinery can also be recruited by splicing-independent mechanisms such as 

transcription-dependent recruitment, auxiliary RNA elements found in naturally 

intronless RNAs or a SR-protein bound element in the intronless histon H2A RNA (Huang 

and Steitz 2001; Reed and Hurt 2002; Huang et al. 2003; Le Hir et al. 2003; Yoh et al. 

2007; Lei et al. 2013). 

 

CRM1-dependent nuclear export 

 

The CRM1-dependent nuclear export pathway is in general used for the export of 

proteins and non-coding ribosomal RNAs (rRNAs) and small nuclear RNAs (snRNAs) (Kudo 

et al. 1997; Cullen 2003). CRM1 (also known as exportin-1) belongs to the karyopherin 

family of nucleocytoplasmic-transport factors and recognizes its cargo proteins via 

leucine-rich-type nuclear export signals (NES) (Fischer et al. 1995; Fornerod et al. 1997).  

Therefore, mRNA export by the CRM1-dependent pathway needs an adaptor-protein 

which contains a NES. This for example has been reported for cell signaling genes with 

AU-rich elements (AREs) in their 3'-untranslated regions. These AREs bind the HuR protein 

which interacts with two nucleocytoplasmic shuttling proteins. These in turn interact with 

CRM1 via their NESs (Brennan et al. 2000; Cullen 2003). 
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Figure 3 TAP/NXF1- and karyopherin-dependent nuclear export pathways 

The TAP/NXF1-dependent RNA export is carried out in a stepwise manner by a mRNA handover mediated 

by protein interactions (depicted on the left). In contrast, the karyopherin-dependent export is GTP 

dependent (depicted on the right). Adapted from Dr. Vanessa Melhorn (Melhorn 2012). 

Mechanistically, the nuclear export by members of the karyopherin family is GTP 

dependent (depicted in Figure 3). First the cargo-protein is bound to the Ran-GTP 

dependent exportin in the nucleus, then the complex is translocated into the cytoplasm 

where the GTP is hydrolysed and the cargo-protein is released (Cullen 2003). Importantly, 

                Karyopherin-dependent export TAP/NXF1-dependent export 
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the CRM1-dependent export pathway is used by the human immunodeficiency virus type-

1 (HIV-1) regulatory protein Rev. HIV uses alternative splicing of the full-length viral RNA 

to generate a diversity of transcripts. To ensure that unspliced or incompletely spliced 

mRNAs are exported to the cytoplasm Rev interacts with the Rev response element (RRE) 

present in all incompletely spliced viral mRNAs and then promotes their export by 

interacting with CRM1 via its NES. For example, the Gag polyprotein which is of special 

interest for this work is expressed from the unspliced full-length transcript and is 

therefore Rev dependent (Pollard and Malim 1998; Cullen 2003). 

 

    

1.4 The KSHV multifunctional activator ORF57 

 

Cellular genes contain on average 8-9 introns and only 3 % of all human genes are 

intronless (Grzybowska 2012), whereas in herpesviruses the majority of genes lack 

introns. Among the herpesviruses KSHV has the highest number of intron-containing 

genes (~25 %) (Zheng 2003). As described above, it is believed that splicing leads to a 

more efficient recruitment of export factors (reviewed in Le Hir et al. 2003), see chapter 

1.3). Thus, to ensure the expression and stability of their intronless genes all 

herpesviruses encode a viral RNA-regulator protein which substitutes for the function of 

the EJC to recruit the components of the cellular export machinery. The KSHV regulator-

protein with functional homologues in all other herpesviruses, is ORF57, an immediate-

early protein which is also known as MTA (mRNA transcript accumulation) (Malik et al. 

2004b; Sandri-Goldin 2008).  

ORF57 has been shown to interact with the export adaptor protein ALY to promote 

export of viral intronless RNAs and this interaction is required for virus replication (Boyne 

et al. 2008). ALY in turn mediates the interaction with the other components of the 

cellular mRNA export machinery (see chapter 1.3). Additionally, it has been reported that 

ORF57 is also able to interact with the redundant export factor UAP56-interacting factor 
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(UIF) (Jackson et al. 2011). Aly is dispensable for the bulk mRNA export and instead the 

UAP56-interacting factor (UIF) is thought to be able to compensate for the function of ALY 

(Gatfield and Izaurralde 2002; Hautbergue et al. 2009).  

There are, however studies stating that the ORF57-ALY interaction is neither required for 

KSHV lytic replication nor mRNA export (Li et al. 2012; Pilkington et al. 2012). These 

studies suggest the main effect of the ALY interaction to be enhancement of nuclear 

accumulation and stability of RNAs. This assumption is also supported by another 

independent study showing that tethering of ALY to KSHV RNAs increases their nuclear 

stability (Stubbs et al. 2012). 

In addition to its supposed role in viral mRNA export ORF57 is also involved in several 

other steps of viral RNA biogenesis which will be described below.  

 

Stabilisation of transcripts  

 

The stabilisation of transcripts by ORF57 has been described and studied in particular for 

the long non-coding PAN RNA (polyadenylated nuclear RNA) (Nekorchuk et al. 2007; 

Stubbs et al. 2012), which accumulates in the nucleus in high amounts during the lytic 

cycle but is not exported to the cytoplasm (Sun et al. 1996). It has been shown that ORF57 

is essential for the accumulation of PAN RNA during infection (Han and Swaminathan 

2006; Majerciak et al. 2007). Two independent studies identified an ORF57 response 

element (ORE) in the PAN RNA (Massimelli et al. 2011; Sei and Conrad 2011). A further 

ORF57 response element has been reported for viral interleukin-6 (vIL-6). Here, ORF57 

interacts with a miRNA binding site and thereby prevents viral and human interleukin-6 

from miRNA-mediated translational repression and degradation (Kang et al. 2011). This 

mechanism therefore seems to be a special case. The two response elements identified in 

the PAN RNA and vIL-6 share little sequence homology. Both however are predicted to 

fold into stem-loop-structures and share a core tetranucleotide (Sei and Conrad 2011).  
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Translation 

 

As described above, ORF57 is thought to be able to substitute for the EJC to recruit the 

components of the cellular export machinery. Another EJC-associated protein is PYM 

(Bono et al. 2004). It is thought that PYM enhances the translation of spliced mRNAs by 

linking the EJC to the ribosomal 48S pre-initiation complex in the cytoplasm (Diem et al. 

2007). A direct interaction of this translational enhancement protein with ORF57 has been 

shown to promote the binding of PYM to intronless viral mRNAs. Additionally, a reduced 

expression of late KSHV proteins was observed in the presence of transdominant PYM 

mutants, which are not able to interact with the EJC and the 48S pre-initiation complex 

but still interact with ORF57 (Boyne et al. 2010). These findings indicate that ORF57 also 

plays a role in translational enhancement. 

 

Splicing 

 

A splicing inhibitory function has been shown for the well characterized HSV-1 homologue 

of ORF57, ICP27 (Hardy and Sandri-Goldin 1994). It is thought that ICP27 contributes to 

the virus host-shut-off (VHS) by decreasing cellular mRNA levels through its effects on 

host cell splicing (Hardwicke and Sandri-Goldin 1994; Smith et al. 2005). It has been 

suggested that the ICP27 interaction with the SR-protein kinase 1 (SRPK1) leads to a 

delocalization of SRPK1 and thereby to hypophosphorylation of essential splicing factors 

termed SR-proteins. In consequence this leads to stalling of spliceosomal complex 

formation (Sandri-Goldin 2008).  In HSV-1 only very few genes contain introns (Roizman 

and Whitley 2001). As mentioned before, KSHV has a large number of intron-containing 

split genes compared to other herpesviruses. In agreement with this and in contrast to 

ICP27 a role for ORF57 in promoting splicing has been suggested. It has been shown that 

ORF57 promotes splicing of the bicistronic K8 RNA and of non-KSHV reporter RNAs. 

Furthermore, ORF57 was shown to associate with components of the spliceosomal 

complex, as well as the splicing factors ASF/SF2 and U2AF (Majerciak et al. 2008). A recent 

study supposes that K8 splicing is inhibited by binding of the serine/arginine-rich splicing 
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factor 3 (SRSF3 or SRp20) to the suboptimal K8β intron. ORF57 is thought to attenuate 

the suppressive effect of SRSF3 by binding to the RNA recognition motif of this splicing 

factor and thereby to dissociate it from the K8 β mRNA (Majerciak et al. 2014).   

 

Transcription 

 

Several studies indicate that ORF57 can also function as a transcriptional activator. ORF57 

has been shown to interact with RTA, a protein which is essential for inducing lytic 

replication, by binding to viral promotor regions containing an RTA responsive element 

(Sun et al. 1998; Dourmishev et al. 2003). The interaction of ORF57 and RTA leads to a 

synergistically enhanced expression from several viral lytic promotors (Kirshner et al. 

2000; Malik et al. 2004a). However, the transcriptional activation by ORF57 seems to be 

dependent on the interaction with RTA and to be promotor and cell line specific (Malik et 

al. 2004a; Palmeri et al. 2007). Furthermore, an interaction of ORF57 with the KSHV 

transcription factor K-bZIP has been reported but the mechanism of the interplay 

between ORF57, K-bZIP and RTA is not yet understood (Hunter et al. 2013).  

 

Genome instability 

 

Finally, a recent publication hypothesises an involvement of ORF57 in KSHV induced 

genome instability (Jackson et al. 2014). Lytic KSHV infection has been shown to induce 

DNA double-strand breaks in the infected cells (Xiao et al. 2013). It has also been reported 

that dysregulation of components of the mRNA export machinery can be found in many 

cancer types (Culjkovic-Kraljacic and Borden 2013). The publication by Jackson et al., 2014 

proposes that ORF57 might sequester the Transcription and Export complex (TREX) which 

in a healthy cell stabilises the newly transcribed mRNAs. In the absence of the TREX 

complex the newly transcribed RNAs are thought to form abnormal DNA:RNA hybrids 

known as R-loops and to induce DNA double-strand breaks (Jackson et al. 2014).  
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Gene and protein structure of ORF57 

 

The ORF57 gene itself contains one small intron and is transcribed as a monocistronic 

mRNA (Jackson et al. 2012). The sequence homology between ORF57 and its homologues 

is relatively low. However, they share an ICP27 homology region with a higher 

conservation. This conserved region can be found at the C-terminus of alpha and gamma 

herpesvirus homologues and corresponds to a more central area in the beta herpesvirus 

homologues (Toth and Stamminger 2008). 

 

 

Figure 4 Predicted functional motifs in ORF57   

The ORF57 gene contains one small intron. Predicted functional motifs are a putative CKII phosphorylation 

site, three nuclear localization signals (NLS), an A/T hook, two arginine–glycine–glycine motifs (RGG), a 

leucine zipper, a zinc finger domain and a hydrophobic glycine–leucine–phenylalanine–phenylalanine motif 

(GLFF). Adapted from (Jackson et al. 2012). 

 

A putative cellular casein kinase II (CKII) phosphorylation site, three nuclear localisation 

signals (NLS) and an AT-Hook are located at the N-terminus of the ORF57 protein 

(depicted in Figure 4). AT-Hook motifs are generally found in DNA binding proteins 

(Aravind and Landsman 1998). The protein also has two RGG motifs, which are potential 

RNA binding sites. However, deletion studies to investigate RNA and protein binding of 

ORF57 led to conflicting results. Several motifs located at the C- and the N-terminus have 

been implicated in recognition of RNA and protein partners (Majerciak et al. 2006; 

Nekorchuk et al. 2007). The C-terminus of ORF57 contains a putative leucine zipper 

domain, a conserved zinc finger domain and a GLFF motif with unknown function. In the 

ORF57 homologue ICP27 from HSV-1 a leucine rich region was found to contain a nuclear 

export signal (NES) (Sandri-Goldin 1998). Therefore, the three NLS signals at the N-

terminus and the ORF57 leucine zipper domain in the C-terminus might be responsible for 
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the ability of ORF57 to shuttle between the nucleus and the cytoplasm (Majerciak and 

Zheng 2009; Jackson et al. 2012). The NLS signals have also been shown to confer the 

nucleolar localisation of ORF57 which is thought to be essential for its function (Boyne 

and Whitehouse 2006; Boyne and Whitehouse 2009). Disruption of the three NLSs 

showed that every individual NLS is sufficient to localise ORF57 in the nucleus, however 

mutation of any two of these signals has a severe effect on ORF57 function (Majerciak et 

al. 2006). The function of the zinc finger domain of ORF57 has not been characterised, but 

a role for its homologue ICP27 in dimerisation and interaction with TAP/NXF1 has been 

proposed (Hernandez and Sandri-Goldin 2010; Souki et al. 2011; Jackson et al. 2012). 

 

1.4 The viral K15 gene 

 

Another KSHV gene which is of particular interest for this work is K15. The K15 gene is 

located between ORF75 and the terminal repeat region at the right hand site of the KSHV 

genome. It has eight exons which generate multiple, alternatively spliced transcripts. 

Transcripts of the K15 gene were first identified in different KSHV positive PEL cell lines.  

(Glenn et al. 1999; Poole et al. 1999; Choi et al. 2000). The full-length transcript is 

translated into a 45 kDa protein containing 12 transmembrane regions and a C-terminal 

cytoplasmic domain (depicted in  

Figure 5). The K15 protein was found to associate with lipid rafts which are membrane 

microdomains (Glenn et al. 1999; Choi et al. 2000; Brinkmann et al. 2003). All identified 

splice variants of K15 include the C-terminal domain encoded by exon 8 which is then 

linked to a variable number of transmembrane domains (Glenn et al. 1999; Choi et al. 

2000). In the KSHV genome the K15 open reading frame is located at an equivalent 

position to the LMP2A gene of the closely related gamma herpesvirus EBV. LMP2A and 

K15 share no homology, but they exhibit a similar predicted structure with multiple 

transmembrane domains linked to a signal-transducing domain (Glenn et al. 1999; Choi et 

al. 2000). 
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Figure 5 Structural organisation of K15-P   

Schematic depiction of the predicted organisation of the K15-P protein 

translated from the full-length transcript. K15-P contains twelve 

transmembrane domains and a C-terminal domain with several signalling 

motifs. The C-terminal domain interacts with several proteins including 

tumor necrosis factor receptor-associated factors (TRAF) and members of 

the Src family of protein tyrosine kinases (PTKs). Adapted from Brinkmann 

and Schulz 2006. 

 

 

 

 

 

 

Highly divergent alleles of the K15 gene have been identified, among these the 

predominant (P) form and the rarer minor (M) form of K15. The P and M form share an 

amino acid identity of only 33 %, but their splicing patterns and predicted protein 

structures are almost identical. Sequence conservation between the two forms can be 

found in regions which are thought to be involved in the interactions with cellular 

proteins, like the putative signaling motifs in the C-terminal domain of K15: tumor 

necrosis factor receptor-associated factor (TRAF) binding motifs (for K15-P P
449

DQSGMS 

and A
473

TQPTDD), Src homology 2 binding (SH2-B) sites (for K15-P: Y
431

ASI and Y
481

EEV) 

and SH3-B (for K15-P P
387

PLPP) binding sites (Glenn et al. 1999; Poole et al. 1999; Choi et 

al. 2000; Brinkmann et al. 2003). Indeed, interaction of the C-terminal domain with 

cellular proteins like TRAFs and members of the Src family of protein tyrosine kinases 

(PTKs) have been reported (Glenn et al. 1999; Brinkmann et al. 2003; Pietrek et al. 2010). 

The phosphorylation of the putative SH2-binding motif (Y
481

EEV) by Src PTKs leads to the 

activation of the c-jun-N-terminal kinase (JNK) 1 and extracellular signal-regulated kinase 

(ERK2) pathways, as well as to activation of the transcription factors NFκB and AP-1 
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(Brinkmann et al. 2003). Downstream targets which are regulated by this K15-induced 

signaling are a plethora of inflammation-related genes (Brinkmann et al. 2007; Wang et 

al. 2007). More recently it has been shown that K15 contributes to KSHV induced 

angiogenesis by directly interacting with Phospholipase C γ1 (PLCγ1). Here the SH2 motif 

also seems to be important (Bala et al. 2012). Furthermore, an interaction of K15 with the 

antiapoptotic protein HAX-1 has been shown (Sharp et al. 2002). The proline-rich SH3 

binding site was shown to interact with several cellular proteins such as the endocytic 

adaptor protein intersectin 2 (ITSN2) and several Src kinases and also to contribute to 

K15-mediated interference with B-cell receptor (BCR) signaling (Lim et al. 2007; Pietrek et 

al. 2010). Therefore, a role for K15 in endocytic trafficking, potentially of cell surface 

receptors, is suggested given that downregulation of BCR signaling has been described 

previously for the C-terminal domain of K15 (Choi et al. 2000). Additionally, K15 inhibits 

calcium mobilization induced by B-cell receptor triggering. Since free intracellular calcium 

was reported to induce the lytic cycle of KSHV, it is supposed that K15 might prevent 

reactivation from latency (Choi et al. 2000; Zoeteweij et al. 2001; Pietrek et al. 2010). A 

similar function has also been reported for EBV LMP2A (Miller et al. 1993; Miller et al. 

1994a; Miller et al. 1994b). However, K15 expression has been observed in latently 

infected cells but is thought to be upregulated during lytic infection (Glenn et al. 1999; 

Poole et al. 1999; Choi et al. 2000). Therefore, the signaling cascades induced by K15 

might be important to prolong the life of virus-producing cells and to modulate the 

antiviral immune response (Brinkmann and Schulz 2006).  
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1.5 Aims of this project  

 

Multiple functions of KSHV ORF57 have been described demonstrating the importance of 

this protein for viral lytic gene expression (summarized in chapter 1.4). However, the 

mechanism of how ORF57 recognizes viral RNA and how it distinguishes between cellular 

and viral transcripts is not understood.  An ORF57 response element (ORE) has been 

identified in the viral non-coding PAN RNA and also in viral and human interleukin-6 (Kang 

et al. 2011; Massimelli et al. 2011; Sei and Conrad 2011). Interestingly, these response 

elements seem not to be present in other lytic ORF57-dependent genes. This suggests an 

additional mechanism of ORF57 viral RNA recognition. Preliminary results identified the 

K15 RNA as a novel target for ORF57. Based on these results, the aim of this project was 

to investigate which feature of viral RNAs provides the target specificity for ORF57.  

A previous study showed that ORF57 lacks RNA binding ability in the absence of cellular 

nuclear extracts (Majerciak et al. 2006). This finding clearly indicates that ORF57 depends 

on a cellular protein partner to recognize its target RNAs. Therefore, a further objective of 

this work was to identify the potential interaction partner of ORF57. 
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2 Material and Methods 

 

2.1 Materials 

2.1.1 Consumables, chemicals, equipment, enzymes and kits 

 

Consumables      company 

Membrane Biodyne B 0.45 μm (Northern Blot)   Pall Corporation 

Membrane Hybond – ECL (Western Blot)  Amersham 

Radiographic film Biomax XAR     Kodak 

Cell culture plates and flasks    Sarstedt, TPP 

 

Chemicals      company 

3-(N-morpholino)propanesulfonic acid (MOPS)   AppliChem 

[γ32
P]-CTP      Hartmann Analytic 

Acetic acid      J.T. Baker 

Acrylamid/ Bis Solution 40% 37.5:1    Bio-Rad 

Agar       Invitrogen 

Agarose (Ultra Pure)     Invitrogen 

Ammonium persulfate (APS)     AppliChem 

Chloroform       J.T. Baker 

Calciumchloride      Sigma  

Chloroquine       Sigma 

dNTPs (10mM each)     Fermentas 

DMEM (Dulbecco's Modified Eagle Medium)   Biochrom 

ECL-solution Super Signal® West Pico    Thermo Scientific 

Ethylenediaminetetraacetic acid (EDTA)  AppliChem    

Ethanol (Baker Analysed)     J.T. Baker 

Ethanol 99% (denatured)     Büfa Chemikalien GmbH 

Fetal calf serum (FCS)     Hyclone 

Formaldehyde (37%)      Roth 

Formamide      Roth 

Hepes buffer (1M)      Biochrom 

Isopropanol (2-Propanol)     J.T. Baker 

Methanol       J.T. Baker 

Milk powder      Roth 

Nanofectin transfection reagent   PAA 

Phosphate buffered saline (PBS)    Biochrom 

Penicillin/streptomycin (100x)     Cytogen 

Protamine sulfate     Sigma Aldrich 

RNAzol B    WAK Chemie  
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Chemicals      company 

Salmon sperm (sonicated)    Stratagene 

Sodium acetate      J.T. Baker 

Sodium pyruvate       Biochrom 

Sodium phosphate     J.T. Baker 

Sodium chloride     J.T. Baker 

Sodium citrate      J.T. Baker 

Select Agar       Invitrogen 

Tetramethylethylenediamine (TEMED)    Biomol 

TRIS        Biomol 

Trypsin/EDTA solution      Biochrom 

Tryptone      J.T. Baker 

Tween 20 (Polysorbate 20)    Sigma 

Ultra Pure Water      Biometra 

Yeast extract       J.T. Baker 

 

Equipment      company 

Axiovert 40 CFL microscope    Zeiss 

Eclipse TS 100      Nikon 

Crosslinker UV Stratalinker 2400    Stratagene 

Cytomics FC 500 flow cytometer   Beckman Coulter 

LAS-3000 ChemiluminescenceImager   Fuji Film 

Nanodrop-1000 spectrometer    PeqLab 

Odyssey™ Infrared imaging system   LI-COR Biosciences 

 

Enzymes      company 

Restriction endonucleases     Fermentas 

T4 ligase       Fermentas 

T4 polynucleotide kinase    Fermentas 

Pfu Ultra II Fusion HS DNA polymerase   Stratagene 

Q5       NEB 

Taq DNA polymerase     Qiagen 

TURBO DNASE      Ambion 

Klenow fragment (exo-)     Fermentas 

RiboLock RNase Inhibitor     Fermentas 
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Kits       company 

QIAprep Spin Miniprep Kit     Qiagen 

QIAquick Gel Extraction Kit     Qiagen 

Plasmid Midi / Mini / Maxi Kit    Qiagen 

QuantiTect Reverse Transcription Kit   Qiagen 

DecaLabel DNA Labeling Kit    Fermentas 

RNeasy Mini Kit      Qiagen 

 

2.1.2 Computer software tools 

 

Adobe Illustrator CS4 

Adobe Photoshop CS4 

Clone Manager Professional 9 

EditSeq and SeqMan (DNASTAR) 

EndNote X7 

Fast PCR 3.8 

GraphPad Prism 5 

Kaluza 1.1 

 

2.1.3 Plasmids and retroviral shRNA vector  

 

Name Reference 

K15g 

K15c 

ORF57g-Flag 

ORF57c-Flag 

pEGFP-N1 

ORF57-GFP 

pcDNA3.1(+) 

sK15 

sK15 500 

see Chapter 2.1.4 

see Chapter 2.1.4 

Koste 2008 

Koste, 2008 

Clontech Laboratories, Inc., 1999  

see Chapter 2.1.4 

Invitogen 

Hackmann, 2010 

Hackmann, 2010 
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sK15 1000 

K15 500 

K15 1000 

pUL69 

UL11-V5 

ORF47-HA 

sORF47-HA 

ORF8-HA 

ORF73 (LANA) 

HIV gp-RRE  

HIV gp-CTE 

HIV gp 

K15-RRE 

sK15-RRE 

deopt. GFP-RRE 

KSHV-gp 

dsRED 

pSIREN 

Hackmann, 2010 

Hackmann, 2010 

Hackmann, 2010 

Lischka et al. 2006 

Gabaev et al. 2011 

see Chapter 2.1.4 

see Chapter 2.1.4 

see Chapter 2.1.4 

Ottinger et al. 2006  

Wodrich et al., 2001 

Wodrich et al., 2000 

see Chapter 2.1.4 

Hackmann, 2010 

Hackmann, 2010 

Graf et al. 2006 

see Chapter 2.1.4 

Becton und Dickinson 

Clontech 

 

2.1.4 Cloning procedures 

 

Cloning of K15g and K15c 

For the K15 plasmids either the cDNA or the genomic sequence was amplified by PCR  

from already existing K15 expression plasmids (Koste, 2008)  using the primers K15 Nhe 

fw_CV and K15xho3 rv_LK. The K15 sequences were then inserted in a pcDNA3.1 (+) 

vector (Invitrogen) using the NheI/XhoI sites. The genomic K15 sequence was originally 

amplified from KSHV-BAC36 (Zhou et al. 2002). 
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Cloning of ORF57-GFP 

ORF57 was amplified by PCR from ORF57-FLAG expression plasmid using the primers 

O57NecorI_LK  and ORF57c BamHI rv. The ORF57 sequence was then inserted in pEGFP-

N1 (Clonetech) using the EcoRI/BamHI sites. 

  

Cloning of ORF47-HA, sORF47-HA and ORF8-HA 

HA-tagged ORF47, synthetic ORF47 (sORF47, GeneArt® Gene Synthesis) and ORF8 were 

amplified by PCR from KSHV-BAC36 (Zhou et al. 2002). For primers see Chapter 2.1.4. The 

sequences were cloned into pcDNA3.1 (+) (Invitrogen) using EcoRI/XhoI sites. 

 

HIV gp (without RRE) 

The HIV gp construct was generated by deletion PCR with HIV gp-RRE as template. For 

primers see Chapter 2.1.4. Following the PCR reaction, gel electrophoresis and extraction 

the template DNA was removed by DpnI digestion. After an additional purification step 

using QIAquick Gel Extraction Kit from Qiagen, the PCR product was ligated. 

 

Cloning KSHV gp 

The KSHV gp fragment (GeneArt® Strings™) was inserted into the HIV gp-RRE construct 

using BglII/BssHII sites thereby replacing the HIV gp sequence. 

 

Cloning of retroviral shRNA vectors 

 The annealed oligonucelotides (see chapter 2.1.4) were inserted into the retroviral 

vector pSIREN (Clontech) using the BamHI/EcoRI sites. For detailed description see 

Chapter 2.2.4. 

 

 

 

 

http://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CDQQFjAA&url=http%3A%2F%2Fwww.lifetechnologies.com%2Fus%2Fen%2Fhome%2Flife-science%2Fcloning%2Fgene-synthesis%2Fgeneart-gene-synthesis.html&ei=qi3pU_aQFOGm0QWrnYCYBw&usg=AFQjCNFXSGIPxI1mE-rVDvW5sPthM7xyAw&bvm=bv.72676100,d.d2k
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2.1.5 Primers 

 

Oligonucleotides were purchased from Eurofins MWG Operon 

Primer   sequence 

Cloning of K15g and K15c: 

 

K15 Nhe fw_CV    5'-GTCAGCTAGCATGAAGACACTCATATTCTTCTGGAATTTATGGCTTTGGGCCC-3’ 
K15xho3 rv_LK     5'-GCTGCTCGAGCTAGTTCCTGGGAAATAAAACCTCCTC-3' 

 

Cloning of ORF47-HA and ORF8-HA: 

 

ORF47-HA fw    5'-GTAGAATTCATGGGGATCTTTGCGCTATTTGC-3' 

ORF47-HA rv   5'-GCGCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGTACATGGTTTTTCCCTTTTGA 

   CCTGCGTGCGCTCTCCGGC-3' 

ORF8-HA fw  5'-GTAGAATTCATGACTCCCAGGTCTAGATTGGC-3' 

ORF8-HA rv  5'-GCGCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGTACATGGTCTCCCCCGTTTCC 

   GGACTGATGTCTAGCG-3' 

Cloning of HIV gp: 

 

HIV gp fw  5'-GATCCTTAGCACTTATCTGGGACGATC-3' 

HIV gp rv  5'-GATCCTTAGCACTTATCTGGGACGATC-3' 

 

Cloning of ORF57-GFP: 

 

O57NecorI_LK  5'-GCGCTCGAGTTACTTGTCGTCGTCGTCCTTGTAGTCAGAAAGTGGATAAAAGAATAA 

   ACCCTTG-3‘ 
ORF57c BamHI rv  5‘-GGCGGATCCCCAGAAAGTGGATAAAAGAATAAACCCTTG-3‘ 
 

Cloning of retroviral shRNA vectors: 

 

Sh1-3 (hnRNPE1) top 5’-GATCCAGTGTAGGTTCCCTCAATATTCAAGAGATATTGAGGGAACCTACACTTTTTTT 

   ACGCGTG-3’ 
Sh1-3 (hnRNPE1)  5’-AATTCACGCGTAAAAAAAGTGTAGGTTCCCTCAATATCTCTTGAATATTGAGGGAACC 

   TACACTG-3’    

Sh2-2 (hnRNPE2) top 5’-AATTCACGCGTAAAAAAAGTGTAGGTTCCCTCAATATCTCTTGAATATTGAGGGAACC 

   TACACTG-3’ 
Sh2-2 (hnRNPE2)  5’AATTCACGCGTAAAAAATTCTGAACAGTCAGCGATTTCTCTTGAAAATCGCTGACTGTT 

   CAGAACG-3’ 
 

RT-PCR primers: 

 

K15 exon1 primer fw  5’-GGTGTATCACTCTTGTCTGTGT-3’ 
K15 exon8 primer rv  5’-CTCATACAGGTCGTCTGTCG-3’ 
K15 exon8 II primer rv  5’-ATTGACATTCCTGATTGGTCTGG-3’ 
K15 exon 4/5 for fw 5’-CCAGCATTTATTTGGGATTCAC-3’ 
K15 intron 5 fw  5’-GCATTGATGGTATGGTTCAAGC-3’ 
ORF57 205-234 rv 5’-CAATTGCTCGTCTTCCAGTGTCGGTGCGTC-3’ 
O57NecorI_LK  5'-GCGCTCGAGTTACTTGTCGTCGTCGTCCTTGTAGTCAGAAAGTGGATAAAAGAATAA 

   ACCCTTG-3‘ 
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2.1.6 Antibodies 

 

Primary antibodies: 

Antibody   dilution  reference 

 

K15 (rabbit polyclonal) 1:1000  Brinkmann et al., 2003 

K15 (rat)    1:500  provided by Dr. Kremmer, HZI Munich 

Anti-p24 HIV (rabbit)  1:5000  kind gift of Hans-Georg Kräusslich 

      (University Heidelberg) 

β-actin  (mouse)  1:1000  Sigma-Aldrich 

FLAG M2 (mouse, for IP) 1:50  Sigma-Aldrich    

FLAG (rabbit polyclonal,  1:2000  Sigma-Aldrich 

for western blot)    

V5 (rabbit)   1:5000  Invitrogen 

HA 3F10 (rat)   1:2000  Roche 

LANA /ORF73 (rat)  1:2000  ABI    

PCBP1 A01    1:1000  Abnova 

(mouse polyclonal) 

PCBP2 M07 (mouse)  1:1000  Abnova 

 

 

Secondary antibodies: 

 

Antibody   dilution reference 

 

Anti-mouse (rabbit)  1:1000  DAKO 

HRP-conjugated 

Anti-rabbit (goat)  1:2000  DAKO 

HRP- conjugated 

Anti-rat (rabbit)  1:2000  DAKO 

HRP- conjugated 

IRDye® Anti-rabbit (goat) 1:20000 LI-COR Biosciences 

680LT-conjugated 

IRDye® Anti-mouse (goat) 1:20000 LI-COR Biosciences 

800CW-conjugated 
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2.1.7 Eukaryotic cell lines  

 

Cell line describtion      reference 

HEK-293T human embyonic kidney epithelial cell line,  ATCC no. CRL-1573 

adherent growth, constitutively expresses the    

simian virus 40 (SV40) large T antigen 

 

U-2 OS tr
_
  derived from U-2 OS (ATTC no. HTB-96), stably  Melhorn, 2012 

  transfected with NLC4-3tr
-
env

-
nef

-
GFP*, HIV  

  strain defective in Tat, Rev, Nef and Env,  

  expresses GFP        

 

BC1   KSHV positive body cavity lymphoma cell line  Cesarman et al., 1995 

  established from malignant effusion  

 

BCBL1  KSHV positive Body cavity lymphoma cell line,  Renne et al., 1996 

  established from a malignant effusion.  

 

BJAB  an Epstein-Barr virus-negative lymphoblastoid Menezes et al., 1975 

   cell line from an exceptional African case of  

  Burkitt's lymphoma  

   

 

BJAB  BJAB stably harboring rKSHV.219    Vieira and O'Hearn 

rKSHV.219        2008, Kati et al., 2013 

 

HuART2T endothelial cell line conditionally immortalized  May et al 2010 

  with doxycycline dependent human telomerase  

  reverse transcriptase (hTERT) and simian virus 40 

  (SV40) large T antigen transgene expression    

  

HuART2T HuART2T stably harboring rKSHV.219  Vieira and O'Hearn 

rKSHV.219        2008, Haas et al., 2013 

 

2.1.8 Bacterial strains  

 

E.coli XL1-blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 

[F‘, prtoAB, laclqZΔM15, Tn10(Tetr)]  

 

 

http://europepmc.org/abstract/MED/179629/?whatizit_url_Species=http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=10376&lvl=0
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2.2 Eukaryotic cell culture conditions and methods  

 

2.2.1 Eukaryotic cell culture media and conditions 

 

Cells were kept in humified air with 5% CO2 at 37°C and were split at 80-90 % confluency.  

For cultivation either Dulbecco’s Modified Eagle Medium containing 3.7 g/l NaHCO3, 4.5 

g/l D-glucose and L-glutamine  (DMEM, Biochrom) or RPMI 1640 (Biochrom) was used. 

Media were supplemented with 10 % fetal calf serum (FCS), 1 mM sodium pyruvate and 

1 % penicillin/streptomycin.  

 

2.2.2 Cryoconservation 

 

For conservation, cells were resuspended in 1 ml of 90 % FCS and 10 % DMSO, transferred 

to a cryo tube and frozen in an isopropanol-jacketed freezing box at -80°C. The next day, 

the cells were transferred to liquid nitrogen. For recovery, cells were thawn at 37°C and 

transferred to a tissue culture flask containing pre-warmed medium. 

 

2.2.3 Transient transfection of plasmid DNA using the calcium phosphate 

precipitation method 

 

The day before transfection, 5 × 10
6
 293T cells were seeded in a 10-cm plate. Prior 

transfection the medium was changed. For the transfection medium Hepes (20 mM final 

concentration) and chloroquine (25 µM final concentration) were added to the standard 

culture medium. Total amounts of transfected DNA were adjusted to 15 µg using empty 

vector DNA. For K15 transfections 5 µg K15 plus 2,5 µg ORF57c, 0,5 µg eGFP as 

transfection control and 7 µg plasmid DNA were used. 125 µl of 1 M CaCl2 were added to 

the plasmids and samples were adjusted with H2O to a final volume of 500 µl and mixed 

with 500 µl 2x HeBS buffer. After 20 min of incubation at room temperature the plasmids 

were added to the cells. Medium was not changed before 6 h post-transfection, and RNA 
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and protein were harvested 40 h later. Transfection settings with the synthetic K15 were 

harvested earlier (24 h post transfection). Transfection efficiency was measured by flow 

cytometry analysis. 

 

HeBS buffer (2x):  50 mM Hepes  

   280 mM NaCl  

       1.5 mM Na2HPO4 

 

2.2.4 Transient transfection of plasmid DNA using Nanofectin transfection reagent 

(PAA) 

 

The day before transfection, 4 × 10
5
 293T cells were seeded in a 6 well. Cells were 

transfected according to the manufacturer’s protocol using 3 µg plasmid DNA and 6 µl of 

the Nanofectin transfection reagent. Here 1 µg of the reporter plasmid, 400 ng ORF57 or 

100 ng rev and 50 ng eGFP were adjusted to 3 µg using empty vector DNA. Medium was 

not changed before 6 h post-transfection. Protein was harvested 40 h post-transfection. 

Transfection efficiency was measured by flow cytometry analysis. 

 

2.2.5 Flow cytometry 

 

Flow cytometry analysis was performed using the Cytomics FC 500 flow cytometer 

(Beckman Coulter). Prior to the analysis the harvested cells were resuspended in flow 

cytometry buffer (4 % FCS in PBS). Transduced cells for the knockdown experiment were 

additionally fixed with PFA (3 % PFA in PBS).  

For the analysis a gate was set on a homogenous cell population, as determined by 

scatter characteristics. For the analysis of the deoptimised GFP a dsRed plasmid was co-

transfected to measure the transfection efficiency. Compensation of the channels FL1 

(GFP) and FL3 (dsRed) was performed using monofluorescent samples. A marker gate was 

set and the mean fluorescence intensities were calculated accordingly. 
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2.2.6 Virus production and transduction   

 

For the knockdown experiment HEK 293T cells were transfected using the calcium 

phosphate precipitation method with 5 μg pSIREN (retroviral shRNA vector), 10 μg gag-

pol and 0.5 μg vsvg (packaging and envelope plasmids). Supernatants were collected 36 h 

and 48 h after transfection and passed through a 0.22 µm filter (Millipore). The day 

before transfection, 4 × 10
5
 293T cells were seeded in a 6 well. The cells were transduced 

with 200 μl, 400 μl or 600 μl of the collected supernatants in the presence of 4 mg/ml 

protamine sulphate. The transduced cells were expanded to 10 cm plates 24 h post-

transduction. The transfection of K15 and ORF57 plasmids was performed as described in 

Chapter 2.2.3 48 h post-transduction. The cells were harvested 62 h post-transduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Material and Methods 

 

 

41 

2.3 Prokaryotic culture methods 

2.3.1 Prokaryotic culture and growth conditions  

 

Overnight cultures were grown in LB medium at 37°C and 220 rpm. The medium was 

inoculated with bacteria kept on agar plates at 4°C. The medium and agar plates, 

according to the properties of the plasmid being introduced, were supplemented with a 

final concentration of: 

Ampicillin 80 μg/ml 

Kanamycin 50 μg/ml 

 

Luria Bertani (LB)medium:    SOB medium: 

10 g/l NaCl      5 g/l yeast extract 

10 g/l tryptone     20 g/l tryptone 

 5 g/l yeast extract       0.5 g/l NaCl 

       2.5 ml/l KCl 

       200 μl NaOH (5 N)  

 

Agar plates:    1.5% (w/v)  Agar in LB medium 

 

 

2.3.2 Transformation of competent bacterial cells  

 

Competent cells were stored at -80°C. For transformation of plasmid DNA, the DNA was 

mixed with 50 μl (for ligations) or 20 μl (for retransformations) of competent E.coli XL1-

blue cells and kept on ice for 10 min. The mixture was heat-shocked for 1 min at 42°C and 

incubated on ice for 5 min. After the addition of 150 µl LB medium, the cells were 

incubated at 37°C and 220 rpm for 45 min. The cell suspension was subsequently plated 

onto LB agar plates containing the appropriate antibiotic for selection and plates were 

incubated at 37°C overnight.  
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2.4 Molecular biological methods - DNA 

 

2.4.1 Isolation of plasmid DNA 

 

Small amounts of plasmid DNA were isolated with the QIAprep Spin Miniprep Kit from 

Qiagen according to the manufacturer´s instructions. For the isolation of larger amounts 

of plasmid DNA the Plasmid Midi Kit from Qiagen was used according to the 

manufacturer´s protocol. DNA was solved in TE buffer and DNA concentrations were 

measured using the Nanodrop-1000 spectrometer (PeqLab). An OD value of 1 at 260 nm 

corresponds to a DNA concentration of 50 µg/ml. The ratio of absorption values at 260 

and 280 nm between 1.9 and 2 indicates a sufficient DNA quality without protein 

contaminations. 

TE buffer (Tris-EDTA):    

 

10 mM TRIS-HCl pH 8.0 

0.5 mM EDTA 

 

2.4.2 Enzymatic modification of DNA 

 

Digestion of DNA with specific restriction endonucleases, dephosphorylation with alkaline 

phosphatase and ligations were performed with enzymes and the corresponding buffers 

according to the manufacturer´s instructions. 

 

2.4.3 PCR amplification of DNA 

 

Polymerase chain reactions (PCR) were carried out in a final volume of 50 µl with 50-100 

ng of template DNA. The final concentrations for the two specific oligonucleotide primers 

(10 pmol/µl each), dNTPs (10 mM each), polymerase and polymerase buffer were chosen 

according to the manufacturer´s instructions for Pfu Ultra II Fusion HS, Q5 or Taq DNA 

polymerases. The reaction was carried out in a Tpersonal Thermocycler (Biometra). The 
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PCR program depended on the characteristics of the DNA template, melting temperature 

of the used oligonucleotides and the manufacturer´s instructions. 

 

2.4.4 Cloning of retroviral shRNA vectors 

 

The shRNAs were designed using the Clonetech shRNA sequence designer online tool. Top 

and bottom oligonucleotides were annealed by  mixing 32,5 pmol of each oligonucleotide 

with 10x annealing buffer (here: PNK buffer A, Fermentas) in a total volume of 20 µl. Then 

the mixture was incubated in a heating block for 3 min at 98°C and left in the block until it 

reached room temperature. Subsequently, the annealed oligonucleotides were 

phosphorylated using the T4 Polynucleotide Kinase (Fermentas) according to the 

manufacturer´s instructions. Finally, the annealed oligonucleotides were inserted into the 

retroviral vector pSIREN (Clontech) using the BamHI/EcoRI sites 

 

2.4.5 Electrophoresis of DNA and extraction from agarose gels 

 

6x DNA loading dye (Fermentas) was added to plasmid DNA or DNA fragments and the 

DNA was electrophoretically separated in 1-2 % agarose gels in TAE running buffer. DNA 

fragments were purified with the QIAquick Gel Extraction Kit from Qiagen according to 

the manufacturer’s instructions. 

TAE buffer (50x):   2 M TRIS 

   0.25 M Acetic acid 

   0.05 M EDTA 

 

2.4.6 DNA sequencing 

 

PCR products were cloned into an appropriate vector and sequenced with the ABI Prism 

dRhodamine terminator cycle sequencing ready reaction kit (Applied Biosystems). 

Sequencing was carried out with the ABI Prism 310 Genetic Analyzer. 
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2.5 Molecular biological methods - RNA 

 

2.5.1 RNA preparation from eukaryotic cells 

  

For total RNA preparation the harvested cells were washed with cold PBS and the RNA 

was extracted using the RNAzol B method (WAK chemicals) according to the 

manufacturer's instructions. The RNA concentrations were measured using the 

Nanodrop-1000 spectrometer (PeqLab).  

 

2.5.2 Reverse Transcriptase PCR (RT-PCR) 

 

For reverse transcription 5 µg of total RNA were first DNase digested with TURBO
TM

 

DNase (Ambion) and then purified using RNeasy® Mini Kit (Quiagen). 800 ng RNA were 

reverse transcribed with QuantiTect® Reverse Transcription Kit (Quiagen). For primers see 

Chapter 2.1.5. 

2.5.3 Electrophoresis of RNA and northern blot 

 

For northern blot analysis, the total RNA was loaded on a denaturing formaldehyde gel 

containing 1% agarose. The separation was performed at 120 V. Following electrophoresis 

the RNA was transferred to a Biodyne B membrane (0.45 µm; Pall) by capillary blot over 

night. Afterwards the RNA was UV crosslinked (Stratalinker) and the blots were 

prehybridized for at least 1 h at 42°C in pre-hybridization buffer. The hybridization was 

performed over night at 42°C with a specific probe.  

The GAPDH-specific probe was prepared by an EcoRI digestion of a GAPDH plasmid (gift 

of K. Habers, HPI Hamburg). For detection of K15 mRNA, a specific probe directed against 

K15 exon 8 was generated from the K15g plasmid by XbaI/BsrGI digestion. The RRE probe 

was generated by digestion of the HIV-gp plasmid with EcoRI/BamHI. For ORF8, LANA and 

ORF47 probes the ORF8 plasmid was digested with EcoRV/MluI, the LANA plasmid was 

digested with SalI/BamHI, the ORF47 plasmid was digested with EcoRI/XhoI. Probes were 
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radiolabeled with [γ32
P]-CTP using the DecaLabel Kit (Fermentas) according to the 

manufacturer’s protocol. The probes were separated from unincorporated nucleotides on 

spin columms (Mobitec).  

After the hybridisation the membranes were washed with washing solutions 1 to 4. The 

sealed membranes were exposed to X-ray films and quantified by phosphoImager analysis 

(Storm 820, GE Healthcare). 

 

1 % agarosegel:     Electrophoresis running buffer: 

   

1.5 g agarose     50 ml MOPS 

135 ml ultra pure water    75 ml formaldehyde 

7.5 ml MOPS (20x)    ad.  1 l ddH2O    

11.5 ml formaldehyde 

 

Denaturation mixture (per sample):   MOPS (20x): 

 

20 μl formamide (deionized)   400 mM  MOPS 

6μl formaldehyde    200 mM  sodium acetate 

2μl MOPS (20x)     20 mM  EDTA 

 ad. 500 ml  ultra pure H2O 

 

 

Denhardt’s solution (100x):    Pre-hybridization buffer (10ml): 

 

20 g/l Ficoll 400     6x   SSC 

20 g/l polyvinylpyrrolidone   5x  Denhardt's solution 

20 g/l BSA     50 %   formamide (deionized) 

 5 %   H2O 

 0.5 %  SDS 

 50 μg/ml salmon sperm (sonicated) 

 

SSC (20x):     Membrane washing solution 1:  2x SSC 

 

3 M  NaCl    Membrane washing solution 2: 2x SSC 

0.3 M  disodium citrate      0.1 % SDS 

0.3 M  disodium citrate  Membrane washing solution 3: 1x SSC 

          0.1 % SDS 

                  Membrane washing solution 4:  0.1x SSC 

           0.1 % SDS 
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2.6 Biochemical and cell biology methods 

 

2.6.1 Preparation of cell lysates 

 
Cells were washed with cold PBS. For harvesting of cells transfected with K15 constructs, 

the cells were lysed on ice with RIPA100 lysis buffer for 15 min. The lysates were cleared 

from cell debris by centrifugation at 13000 rpm for 20 min at 4°C. Cells transfected with 

other constructs were mixed with SDS protein lysis buffer, boiled for 5 min and sonicated.  

To ensure that equal amounts of proteins were loaded per lane, the protein 

concentration of the lysates was determined using the Nanodrop-1000 spectrometer 

(PeqLab).  

  

RIPA100 buffer:     SDS protein lysis buffer (1x):  

 

20 mM Tris pH 7.5     62.5 mM Tris-HCl, pH 6.8 

1 mM EDTA      2 % (w/v) SDS 

100 mM NaCl       10 % (v/v) glycerol 

1 % (v/v) Triton-X100      0.01 % (w/v) bromophenolblue 

0.5 % (w/v) sodium deoxycholate   50 mM DTT 

0.1 % (w/v) SDS 
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2.6.2 SDS-polyacrylamide gelelectrophoresis (SDS-PAGE) 

 

For detection of proteins by western blot (immunoblot), cell lysates (except 1x SDS 

sample buffer lysates) were diluted with 5x protein loading buffer and incubated for 10 

min at room temperature before loading. According to the size of the protein of interest, 

the separation gel contained 8-12 % and the stacking gel 4 % polyacrylamide. Gels were 

run at 25 mA each in a Hoefer mighty small electrophoresis chamber (Amersham). 

 

Protein loading buffer (5x):     Electrophoresis buffer: 

 

50 % (v/v) glycerol      25 mM Tris-Base 

10 % (w/v) SDS      300 mM Tris-HCl, pH 6.8 

0.1 % (w/v) BPB      250 mM glycine 

300 mM β-Mercaptoethanol    0.1% (w/v) SDS 

       pH 8.3  

 

2.6.3 Immunoblotting 

 

The separation of proteins by SDS-PAGE was followed by electrophoretic transfer onto 

nitrocellulose membranes (Hybond ECL, Amersham). The protein gel and the membrane 

were placed between Whatman 3MM paper, two porous pads and two plastics supports 

and immersed in a blotting tank containing cold blotting buffer with the membrane facing 

the anode. The protein transfer was performed at 350 mA for 1h in a Mini Trans Blot Cell 

(Biorad). In order to saturate the remaining protein binding surface, the membranes were 

incubated at RT for 1h in 5 % milk solution (or 10 % milk solution for detection of HIV CA 

p24 or hnRNPE1). The proteins of interest were detected using specific primary 

antibodies which were recognized by a secondary antibody covalently coupled to either a 

fluorescent IRDye (used for detection of proteins with the Odyssey™ Infrared imaging 

system), or the enzyme horseradish peroxidase (HRP). When HRP converts a substrate 

containing cumaric acid, luminol and H2O2, a fluorescence signal is emitted which can be 

detected. The blots were incubated with the primary antibody diluted in 5 % milk solution 

overnight at 4°C For antibodies and corresponding dilutions see chapter 2.1.6. The 
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incubation was followed by three washing steps with PBS-T. Membranes were incubated 

with the secondary antibodies in milk solution for 1 h at RT afterwards. Two washing 

steps with PBS-T and one washing step with PBS followed. The bands were visualized 

using the Super Signal® West Pico ECL substrate (Thermo Scientific). The signal was 

visualized using the LAS 3000 imager (Fujifilm).  

 

Blotting buffer:  PBS (10x): 

   

25 mM Tris base  70 mM KCl  

250 mM glycine (pH 8.3) 100 mM Na2HPO4 

20% (v/v) Methanol  18 mM KH2PO4 

    1.4 M NaCl pH 7.3 final 

 

 

PBS-T: 1x PBS, 0.1% Tween 20 

5 % milk solution: 5 % milk powder in PBS-T 

10 % milk solution: 10 % milk powder in PBS 

 

2.6.4 Immunoprecipitation  

 

HEK 293T cells were transfected with 1.5 μg of FLAG-tagged ORF57 per well of a 6-well 

plate using Nanofectin transfection reagent. The cells were lysed by adding 300 μl TBS-T 

lysis buffer per well 40 h post-transfection. Lysates from two wells were combined and 

centrifuged at 14000 rpm for 10 min at 4°C. Subsequently, 400 μl of the protein lysate 

were sonicated and incubated with FLAG M2 antibody (diluted 1:50) on a roller at 4°C 

overnight.  

The protein G sepharose beads (GE Healthcare) were prepared by washing of 10 μl beads 

in 175 μl TBS-T lysis buffer at 6000 rpm for 30 sec. After three washing steps the beads 

were resuspended in 87.5 μl PBS containing 4 % sucrose and 0.02 % Na-azide. Afterwards, 

24 μl of the prepared beads were added to the protein lysate and incubated on a roller at 

4°C for 6 h. Following incubation the beads were washed three times in 700 μl TBS-T 

(3200 rpm, 30 sec, 4°C) and resuspended in ~ 46 μl TBS-T buffer.  
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For the subsequent gelelectrophoresis the lysate was mixed with 20 μl protein loading 

buffer (5x, see above) and boiled for 5 min. After the beats had been spun down, the 

sample was prepared for the Mass Spectrometry analysis by adding 1 μl acrylamide (4 K-

solution, AppiChem) and incubation for 30 min. Finally 20 μl were loaded on a 8 % SDS- 

gel. Following the gelelectrophoresis, the gel was stained with InstantBlue Coomassie 

stain (Expedeon) which is compatible for Mass Spectrometry.  

 

TBS-T lysis buffer: 20 mM TrisHCl pH 7.5 

   150 mM NaCl 

   1 mM EDTA 

   1 % (v/v) Triton X-100 
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3 Results 

 

3.1 Regulation of K15 expression by ORF57 

 

The K15 gene contains seven introns which are characterized by their small size (around 

100 nts) and predominantly weak splice sites (Figure 6). Therefore K15 differs remarkably 

from the other KSHV genes which are mostly intronless or contain only one intron. Since 

the viral post-transcriptional activator ORF57 is encoded by KSHV to ensure the 

expression of its lytic genes we set out to determine whether K15 requires ORF57 as 

other lytic KSHV genes do. 

 

 

Figure 6 The K15 gene in the viral genome 

(A) Depiction of the K15 gene in the viral genome. The coordinates in the genome are given according to 

NCBI accession number AF148805.2. The start of the terminal repeat is shown on the far left. The dashed 

line indicates the uncharacterized transcriptional start site. K15 uses the poly(A) site of ORF75. The K15 pre-

mRNA is drawn with exons (grey boxes; in scale) and introns (not in scale). 

  

3.1.1 The RNA expression of the multiple spliced K15 gene is strongly enhanced by 

ORF57  

 

Due to the observation that K15-P cDNA expression vectors only lead to weak expression 

when transfected in cell culture, we first generated K15 expression constructs. In these 

constructs either the K15-P cDNA (pc3.K15c) or the genomic version of K15-P (pc3.K15g) 

containing all seven introns was placed under the control of the human cytomegalovirus 
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immediate-early (CMV) promoter and the bovine growth hormon polyadenylation site 

(Figure 7 A).  

 

 

Figure 7 ORF57 promotes K15 expression on RNA and protein level  

(A) Schematic diagram of the pcDNA3.1 (+) K15 expression plasmids. For details see text. (B) Northern blot 

analysis of total RNA from co-transfection experiments of HEK 293T cells with indicated K15 plasmids in the 

presence or absence of ORF57. Total RNA was harvested 40 h post transfection. The 
32

P-labelled probe is 

directed against K15 exon 8. As a loading control the blot was re-hybridized with a GAPDH probe. On the 

left a size marker in kb is indicated and the RNA species are marked on the right. The northern blots were 

quantified by phosphoimager analysis. The K15 signal was normalized to the GAPDH loading control. The 

expression of K15c without ORF57 was set to 1. The quantification represents three independent 

experiments. (C) Western blot using protein extracts from the indicated co-transfections. Detection was 

performed with an anti-K15 antibody specific for epitopes in exon 8. β-actin served as a loading control. A 

size marker in kDa is indicated on the left.  

 

K15 expression was monitored in co-transfection experiments with ORF57. We observed 

a strong effect of ORF57 on K15 RNA expression (Figure 7 B). The co-transfection of ORF57 

led to a more than thirty-fold enhancement of K15 mRNA expression from the K15 cDNA 

plasmid and almost five-fold from the genomic construct (Figure 7 B). In the western blot 

the expression of K15 protein from the cDNA construct is barely detectable in the 

absence of ORF57 (Figure 7 C, lane 3). However, the co-transfection of ORF57 strongly 
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enhanced K15 expression (Figure 7 C, lane 4). Surprisingly, the expression of K15 from the 

genomic construct was only enhanced on the RNA level. K15 protein expression was not 

increased and could only be faintly detected (Figure 7 C, lanes 1, 2). These results show 

that the multiply spliced K15 gene is also dependent on ORF57. In addition, we could 

confirm that the target specificity for ORF57 must be present in the cDNA of K15.  

 

3.1.2 The main RNA species for the genomic K15 construct is unspliced RNA 

  

To gain further insights into why the K15 protein is only expressed from the genomic 

construct in low amounts, total RNA from co-transfection experiments with the two K15 

constructs and ORF57 was analysed by reverse transcriptase (RT) - PCR. For this analysis 

primers were used that bind in exon 1 and exon 8 which are included in all K15 splice 

variants (Glenn et al. 1999). The RT-PCR with RNA from the co-transfection of the 

genomic K15 and ORF57 revealed mainly the unspliced RNA and multiple faint bands for 

different K15 splice variants.  For the completely spliced RNA only a weak band could be 

detected (Figure 8, lane 2). This finding mirrors the result from the northern blot where 

only poor splicing of the genomic construct could be observed (Figure 7 B, lane 1 and 2). 

As a control the RNA from the co-transfection experiment using the K15 cDNA construct 

and ORF57 was analysed. As expected a strong band at the size of the completely spliced 

RNA was detected (Figure 8, lane 4). 

In conclusion, the RNA data obtained by northern blot and RT-PCR analysis show poor 

splicing of K15 mRNA from the genomic construct, which can explain the low K15 protein 

expression from this construct.   
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Figure 8 Co-transfection of the genomic K15 and ORF57 constructs reveals mainly unspliced RNA, but also 

the completely spliced RNA and different other K15 splice variants  

RNA from a co-transfection experiment of HEK 293T cells with pc3.K15g or pc3.K15c and ORF57 cDNA was 

analysed by reverse transcriptase (RT)-PCR. The primers which were used bind in K15 exon 1 and exon 8 as 

depicted. 

 

3.1.3 Multiple K15 RNA species in the context of KSHV BAC36 

 

In the next step, to address the question of whether the findings from the co-transfection 

experiments are consistent with K15 expression in the viral context, total RNA from 

induced or uninduced HEK 293 cells containing the KSHV-BAC36 (Zhou et al. 2002, for 

induction of viral lytic replication see Chapter 3.1.5) was analysed. The RNA from induced 

cells was used for RT-PCR analysis with different primer combinations to enhance the 

chance of detecting rare RNA species (Figure 9 A). Since exon 8 is included in all K15 splice 

variants, for all primer combinations an exon 8 primer was used (Glenn et al. 1999). 

Additionally, an exon-junction primer binding to exon 4 and 5, an intron 5 primer or an 

exon 1 primer to cover the whole gene were utilized. All primer combinations revealed 

PCR-products representing different RNA species of the K15 gene (Figure 9 B, lanes 1, 3 

and 5). For the exon 1/exon 8 primer combination in addition to the unspliced and 

alternatively spliced RNA the completely spliced RNA could also be detected (Figure 9 B, 

lane 5). This was also confirmed by sequencing the different products.  
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Figure 9  Different K15 RNA species in the viral context of KSHV BAC36 

(A) Depiction of the K15 pre mRNA with the different primer combinations used for the RT-PCR analysis. (B) 

RT-PCR analysis of RNA from induced HEK 293 KSHV BAC36 cells. Total RNA was harvested 48 h post 

induction. (C) Northern Blot with total RNA from induced and non-induced HEK 293 KSHV BAC36 cells. The 
32

P-labelled probe is directed against K15 exon 8. The completely spliced and unspliced K15 RNA using the 

polyadenylation site of ORF75 is marked by arrows. The K15 RNA predicted to result from the use of a 

polyadenylation signal in proximity to the K15 stop codon is marked by an asterisk.   

 

In addition, we also analysed the KSHV BAC36 derived K15 RNA by Northern Blot (Figure 9 

C). The RNA from the induced cells displays two prominent bands. The band at the top 

represents the unspliced and the band underneath the spliced K15 RNA, both using the 

polyadenylation site of ORF75 (see Figure 6). Further faint bands which occurred are likely 

to represent different splice variants of K15. Interestingly, a weak band (marked by an 

asterisk, Figure 9 C) at the size of the K15 RNA using a suboptimal polyadenylation signal in 

proximity to the K15 stopcodon was also detected. To summarize, compared with the RT-

PCR and northern blot analysis from the co-transfection experiments with the genomic 

K15 construct (Figure 7 B and Figure 8), the ratio between spliced and unspliced products 

in the context of KSHV BAC36 is similar, showing more unspliced than spliced RNA. 
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3.1.4 Expression and cellular localisation of ORF57  

 

The ORF57 gene contains one intron. Like the K15 introns, it has a small size and weak 

splice sites (Figure 10 A). We transfected pCDNA3 based genomic and cDNA constructs of 

ORF57 into HEK 293T cells to compare the expression from both constructs (Figure 10 B). 

The western blot shows that in HEK 293T cells ORF57 is poorly expressed from the 

genomic construct compared to the cDNA construct (Figure 10 B, lane 1 and 2). 

Therefore, for all the co-transfection experiments described in this work, the ORF57 cDNA 

construct was used. 

 

Figure 10 OR57 is expressed more weakly from the genomic construct than from the cDNA construct  

(A) Depiction of the genomic ORF57 (B) Western Blot of HEK 293T cells either transfected with the intron-

containing genomic ORF57 construct or the ORF57 cDNA construct. An anti-FLAG antibody was used to 

detect ORF57 expression. β-actin served as a loading control.  

We also checked the localisation of ORF57. The fluorescence microscopy pictures show 

that ORF57 localises in spot like structures within the nucleus. In comparison, the empty 

GFP-vector exhibits a diffuse GFP-fluorescence (Figure 11). This finding agrees with 

previous studies showing that ORF57 localises to nucleoli during lytic KSHV infection 

(Boyne and Whitehouse 2006; Boyne and Whitehouse 2009). 
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Figure 11 Nucleolar localization of ORF57  

Fluorescence microscopy pictures of HEK 293T cells transfected with either a GFP-tagged-ORF57 or an 

empty GFP-vector and non-transfected cells.   
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3.1.5 K15 and ORF57 expression in different KSHV positive cell lines in the presence 

and absence of an inducer of lytic infection 

 

It has been described for endothelial and B- cells that K15 expression increases during 

lytic infection but that K15 is also expressed during latency (Choi et al. 2000, Glenn et al. 

1999). As ORF57 is expressed during lytic replication (Lukac et al. 1999) and we observed 

that ORF57 could enhance the expression of K15, we set out to investigate K15 and 

ORF57 expression in different KSHV positive cell lines by RT-PCR.  

For this purpose, we chose the cell lines BC1 and BCBL1 which have been established 

from primary effusion lymphoma (PEL) patients (Cesarman et al. 1995; Renne et al. 1996), 

an Epstein-Barr virus-negative lymphoblastoid cell line from an African case of Burkitt's 

lymphoma (BJAB) (Menezes et al. 1975) and an endothelial cell line (HuAR2T) (May et al. 

2010) both stably harboring the recombinant virus, rKSHV.219 (Vieira and O'Hearn 2004; 

Haas et al. 2013; Kati et al. 2013). In all these cell lines the viral lytic cycle can be 

artificially induced. The induction was performed either by addition of baculovirus 

derived RTA/ORF50, the viral transcriptional activator required for reactivation of KSHV 

(Sun et al. 1998) and sodium butyrate (SB) or by addition of the phorbol ester 12-O-

tetradecanoylphorbol-13-acetate (TPA). The reactivation of herpesviruses by these 

chemical stimuli is well established (Kallin et al. 1979, (zur Hausen et al. 1978; Renne et al. 

1996).  

http://europepmc.org/abstract/MED/179629/?whatizit_url_Species=http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=10376&lvl=0
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Figure 12 Shift to more completely spliced ORF57 RNA in lytic cells 

(A) Depiction of ORF57 and the primers used for the detection of the ORF57 intron. (B) RT-PCR analysis with 

RNA from induced and non-induced BC1, BCBL1, HuAR2T rKSHV and (C) BJAB rKSHV cells using the depicted 

primer combination. Cells were induced with either RTA and sodium butyrate (SB) or TPA and harvested 48 

h post induction. Lane 19 represents a control PCR with the ORF7 cDNA construct.        

 

To analyse the expression and splicing pattern of ORF57 by RT-PCR, we compared the 

RNA from uninduced and induced cells for all the described cell lines. For the BJAB and 

HuAR2T cells which harbor the rKSHV.219, we also analysed the KSHV-negative cell line as 

a control (Figure 12). To distinguish between the spliced and unspliced ORF57 RNA, 

primers were chosen which flank the small intron (Figure 12 A). Interestingly, we could 

also detect ORF57 RNA expression in the untreated cells (Figure 12 B lanes 1,7,15 and C 

lane 3). However, comparitively more of the unspliced RNA and less of the spliced RNA 
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was detected here. For the induced cells this ratio shifts and more spliced RNA could be 

observed (Figure 12 B lanes 3,5,9,11,17 and C lane 5,7).  

 

 

Figure 13 Expression of K15 RNA in different induced and non-induced cell lines  

(A) Depiction of the K15 pre mRNA with the primer combination which was used for the RT-PCR analysis 

(black). The K15 specific primer used for the RT-reaction is depicted in red. (B) RT-PCR analysis with RNA 

from induced and non-induced BC1, BCBL1, HuAR2T rKSHV and (C) BJAB rKSHV cells using the depicted 

primer combination. Cells were induced with either RTA and sodium butyrate (SB) or TPA and harvested 48 

h post induction. Lane 19 represents a control PCR with the K15 cDNA construct. 

 

In addition to expression of ORF57 mRNA, we also examined the K15 mRNA expression. 

As K15 mRNA was barely detectable in all cell lines tested, with the exception of the 

HuAR2T rKSHV cells, an accessory K15 specific primer was used in the RT-reaction to 

enhance the detectability of K15 (Figure 13 A). The RT-PCR analysis with primers binding in 

exon 1 and 8 revealed the completely spliced RNA for the induced and non-induced 
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BCBL1, HuAR2T and BJAB rKSHV cells (Figure 13 B and C). In some cases, e.g. for the BCBL1 

cells treated with RTA and sodium butyrate, further splice variants and the unspliced RNA 

are also visible (Figure 13 B, lane 9). The BJAB rKSHV cells treated with TPA exhibit a smear 

of bands in this experiment representing mainly the unspliced RNA. As expected, for the 

BC1 cells K15 cannot be detected, due to the fact that the minor form of K15 present in 

BC1 cells shares little sequence similarity with the predominant form present in the other 

cell lines (Glenn et al. 1999, Poole et al. 1999, Choi et al. 2000).      

 

 

Figure 14 Northern Blot analysis of RNA from HuAR2T- and BJAB rKSHV cells  

Northern blot analysis of total RNA from HuAR2T rKSHV and BJAB rKSHV cells. HuAR2T rKSHV cells were 

induced with RTA and sodium butyrate (SB). In BJAB rKSHV cells the lytic cycle was induced with TPA. Total 

RNA was harvested 48 h post induction. The 
32

P-labelled probe is directed against K15 exon 8.  

 

As mentioned before, for the HuAR2T rKSHV cells K15 RNA expression could be detected 

even without a K15 specific RT-primer (data not shown). A similar high expression is also 

seen at the protein level, where the 45 kDa protein could be clearly detected in both 

induced and non-induced HuAR2T rKSHV cells (personal communication Dr. Susann 

Santag). As for the HuAR2T rKSHV cells, a previous quantitative RT-PCR analysis of BJAB 

rKSHV cells treated with TPA revealed large amounts of K15 RNA. In contrast to the 

HuAR2T rKSHV cells however, K15 protein was not detectable in these experiments 

(personal communication Dr. Susann Santag). Therefore, in addition to the RT-PCR 
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analysis of the TPA treated BJAB rKSHV cells that showed mainly unspliced K15 RNA 

(Figure 13 C, lane 7), we also compared RNA from these cells by Northern Blot analysis 

(Figure 14). RNA from the BJAB rKSHV cells displayed the same band pattern as we 

observed in RNA from HEK 293 KSHV BAC36 (Figure 14 lane 4 and Figure 9 C). For the 

HuAR2T rKSHV cells, however only one band was visible between that of spliced and 

unspliced K15 RNA, although it is the same recombinant virus.     

In summary, we could monitor K15 RNA expression in both latent and lytic cells and we 

observed that the ratio between unspliced and spliced ORF57 RNA shifts towards spliced 

RNA with the induction of the lytic cycle.   

 

                                                                                                                                                                                                                                                  

3.2 ORF57 overcomes the detrimental sequence bias of KSHV lytic genes 

 

3.2.1 A shift of the K15 sequence to a higher GC content leads to ORF57 

independency 

 

As the co-transfection experiments with K15 and ORF57 showed that the target specificity 

for ORF57 must at least partially be present in the cDNA of K15 (see chapter 3.1.1), we 

examined the cDNA sequence and observed a high A/T content. We therefore wondered 

whether this detrimental nucleotide bias might confer ORF57-dependency. To test this 

hypothesis we optimized the K15 cDNA sequence by raising the G/C content without 

changing the amino-acid sequence (K15 cDNA 43.1%, sK15 62.7 % G/C content). This 

optimization led to a 27 % alteration in nucleotides. During his diploma thesis Christian 

Hackmann performed experiments using this synthetic construct (Hackmann 2010). 

Transient transfections showed an ORF57-independent K15 protein expression from the 

synthetic construct compared to wild-type K15 (Figure 15 B; lanes 3,4). Serial dilutions 

demonstrated that the synthetic version even leads to a higher expression than the co-

transfection of the wildtype K15 cDNA and ORF57. (Figure 15 B compare lanes 3, 5 and 6). 

Thus, raising the G/C content of the K15 coding sequence leads to ORF57-independent 

expression. This result suggests that the detrimental nucleotide bias of K15 might confer 

ORF57-dependency.  



Results 

 

 

62 

 

Figure 15 Synthetic K15 sequence leads to ORF57 independence 

(A) Depiction of K15 and sK15 expression constructs similar to those shown in Fig. 2A. The grey shading 

always represents the synthetic sequence. (B) HEK 293T cells were co-transfected with K15c or sK15 

constructs and ORF57 cDNA. Protein was harvested 36 h post-transfection and analysed by Western Blot. 

The right part of the blot shows serial dilutions of the sK15 lysate. The asterisks marks an unspecific band. β-

actin served as a loading control. (C and E) Scheme of the chimeric constructs with the synthetic part in 

grey. (D and F) Western blot of HEK 293T cells transfected with chimeric constructs. K15 was detected with 

anti-K15-antibody. 

 

Christian Hackmann also tested different chimeric constructs. In the sk15 500 construct 

the first 500 nucleotides (roughly 1/3
rd

) of the K15 cDNA were replaced with the synthetic 

sequence (Figure 15 C). This leads to a partially ORF57 independent expression (Figure 15 

D, lane 3), which can be still enhanced by co-transfection of ORF57 (Figure 15 D, lane 4). In 

contrast, exchanging the first 1000 nt to the synthetic sequence confers complete ORF57 

independence (Figure 15 D, lanes 7 and 8). This indicates that the greater the portion of 
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synthetic sequence is, the more ORF57 independent the K15 expression becomes. 

Interestingly, exchanging the same portion at the 3’ end of the K15 cDNA affected ORF57-

dependency to a lesser extent (Figure 15 E, F). 
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Figure 16 Number of binding motifs for hnRNPs and SR-proteins in the K15 cDNA and synthetic sequence  

The bioinformatic prediction of binding motifs for hnRNPs (white) and SR-proteins (grey) in the wildtype 

and the synthetic K15 sequence was performed using RBP map (Paz et al 2014). 

 

A bioinformatic analysis performed by our cooperation partners, the group of Dr. Yael 

Mandel-Gutfreund (Technion-Israel Institute of Technology), shows recognition motifs for 

RNA binding proteins in the wild type and synthetic K15 sequence (Figure 16, Figure 17). 

The binding motifs for 20 known RNA-binding proteins (RBPs) were predicted using 

RBPmap (Paz et al. 2014). To avoid that overlapping motifs were counted in the analysis, 

the predicted motifs were clustered and the mid-point for each motif was calculated. As 

shown in Figure 16 and Figure 17 the number of motifs for heterogeneous nuclear 

ribonucleoproteins (hnRNPs) is significantly lower in the synthetic K15 sequence than in 

the wild type. Notably, the number of predicted binding motifs for hnRNPs in the 

synthetic K15 was similar to the number of motifs for SR-proteins (Figure 16, right panel). 

In contrast, the number of motifs for SR-proteins did not show major changes, but slightly 

increased in the synthetic sequence. These results show that the optimization of the K15 

cDNA changes the composition of RBP motifs which as a consequence may lead to ORF57-

independence.  

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2905745/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2905745/
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Figure 17 The number of hnRNP binding motifs is strongly decreased in the synthetic K15 sequence 

Predicted hnRNP motifs in the K15 wildtype and synthetic sequences. The numbering on the X-axis 

corresponds to the nucleotides of the respective sequences. Each line represents the mid-point of the 

clustered binding motifs.  

 

3.2.2 The HCMV homologue of ORF57, UL69 also enhances K15 expression  

 

ORF57 has a homologue in every member of the herpesvirus family encoding a post-

transcriptional activator for viral gene expression. Since our experiments with the 

synthetic K15 (chapter 2.3.1) indicate that a certain nucleotide bias rather than a distinct 

response element such as reported for the non-coding PAN RNA confers ORF57-

dependency (Massimelli et al. 2011, Sei et al. 2011), we wondered whether such a 

mechanism is conserved among the ORF57 homologues. Therefore we chose UL69 from 

human cytomegalovirus (HCMV), which belongs to the subfamily of β-herpesviruses. The 

immuno blot of lysates from cells co-transfected with plasmids encoding K15 and either 

ORF57 or UL69 shows that UL69 is able to enhance K15 expression to an even greater 

extent than ORF57 (Figure 18 A, lane 3 and inset below). This could be observed for the 45 

kDa K15 protein and also for a potential dimeric form of K15 (marked by asterisk). Also on 

the RNA level both UL69 and ORF57 enhance K15 expression (Figure 18 C). This finding 

might indicate that there is a common mechanism for RNA target recognition among 

herpesviruses, based on the nucleotide composition of the viral RNA.    
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The activity of the UL69 expression plasmid was tested using UL11, an A/T rich gene from 

HCMV (Figure 18 B). UL11 is barely expressed without pUL69, but co-transfection of UL69 

enhanced the expression of UL11 to a high extent. Interestingly, this effect was not seen 

using ORF57 instead of UL69.  

 

Figure 18 The HCMV homologue of ORF57, UL69 also enhances K15 expression 

(A) HEK 293T cells were co-transfected with the K15 cDNA and ORF57 or HCMV pUL69. Protein was 

harvested 40 h post-transfection and analysed by western blot. K15 was detected by an anti-K15 antibody 

and β-actin served as a loading control. The asterisk marks a potential dimeric form of K15. Detection and 

quantification were carried out with Odyssey™ Infrared imaging system. Expression of K15 alone was set to 
1. The quantification represents three independent experiments. (B) Activity test of UL69 with A/T rich 

cDNA from HCMV. HEK 293T cells were co-transfected with HCMV UL11 and pUL69 or KSHV ORF57. Protein 

was harvested 40 h post-transfection and analysed by western Blot. V5-tagged UL11 was detected by an 

anti-V5 antibody. (C) Northern Blot of total RNA from cells co-transfected with the K15 cDNA and ORF57 or 

HCMV pUL69. The 
32

P-labelled probe is directed against K15 exon 8 and GAPDH served as loading control. 
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3.2.3 ORF57 also overcomes the detrimental sequence bias of other KSHV lytic 

genes 

 

To further prove that the sequence bias of KSHV lytic genes confers ORF57 dependency, 

we grouped the KSHV mRNAs according to their A/T content (see appendix). According to 

this ranking K15 displays the third highest A/T content in the KSHV genome. Following our 

hypothesis we chose another gene exhibiting a high A/T content: ORF47. In similar 

manner to that used for K15, we also optimized the sequence of ORF47 by raising the G/C 

content (pc3.synORF47, Figure 19 A). When we transfected the ORF47 wild type cDNA into 

HEK 293T cells we were unable to detect ORF47 RNA or protein in the absence of ORF57 

or UL69 (Figure 19 B, compare lane 1 and 2, Figure 19 C). However, the optimized version 

of ORF47 is ORF57 independently expressed as we also observed for K15 (Figure 19 B lane 

4). Similarly as for K15 (chapter 3.2.1), with the group of Dr. Yael Mandel-Gutfreund we 

performed a bioinformatic comparison between the wild type and synthetic ORF47 

sequences. The analysis revealed a similar result, exhibiting a decreased number of 

hnRNP binding sites in the synthetic sequence (see appendix).    

 

Figure 19 The A/T-rich ORF47 is ORF57 dependent  

(A) Depiction of the pCDNA3.1 based wildtype and synthetic ORF47 constructs. (B) Western Blot of extracts 

from HEK 293T cells co-transfected with the indicated plasmids and ORF57 or HCMV pUL69. Protein lysates 

were harvested 40 h post transfection and ORF47 expression was detected by an anti-HA antibody. (C) 

Northern Blot of total RNA from HEK 293 T cells co-transfected with ORF47 and ORF57 or pUL69. The 
32

P-

labelled probe is directed against ORF47 and GAPDH served as loading control.  
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We also tested ORF8, a gene with an average A/T content which was previously described 

to be ORF57 independent in the context of the closely related Rhesus Monkey 

Rhadinovirus (RRV; (Bilello et al. 2008)). Expression analysis revealed that KSHV ORF8 

expression can be enhanced by both ORF57 and pUL69 (Figure 20 B, RNA Figure 20 C) in 

contrast to its homologue in RRV. A sequence comparison revealed a much lower A/T 

content for RRV ORF8 than for the KSHV homologue.  

 

 

Figure 20 ORF8 has an average A/T content and is ORF57 dependent 

(A) Depiction of the pcDNA3.1 based ORF8 construct. (B) Western Blot of lysates from HEK 293T cells co-

transfected with the indicated ORF8 plasmid and ORF57 or HCMV pUL69. Protein lysates were harvested 40 

h post transfection and ORF8 expression was detected by an anti-HA antibody. (C) Northern Blot of total 

RNA from HEK 293T cells co-transfected with ORF8 and ORF57 or pUL69. The 
32

P-labelled probe was 

directed against ORF8 and GAPDH served as a loading control. 

 

Importantly, LANA (or ORF73) a latent gene with low A/T content is indeed ORF57 

independent (Figure 21 B, RNA Figure 21 C). Taken together these experiments show that 

ORF57 can overcome the detrimental sequence bias of KSHV lytic genes, whereas latent 

genes or genes with a low A/T content are ORF57 independent.   
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Figure 21 LANA, a latent gene with low A/T content is ORF57 independent 

(A) Depiction of the pcDNA3.1 based LANA (ORF73) construct. (B) Western Blot of lysates from HEK 293T 

cells co-transfected with the indicated LANA plasmid and ORF57 or HCMV pUL69. Protein lysates were 

harvested 40 h post transfection and LANA expression was detected by an anti-LANA antibody. (C) Northern 

Blot of total RNA from HEK 293T cells co-transfected with the indicated plasmids. The 
32

P-labelled probe is 

directed against LANA and GAPDH served as a loading control.   

 

3.2.4 ORF57 partially rescues HIV Gag expression 

 

Interestingly, HIV gag and KSHV K15 share some striking similarities. They have  

comparable lengths (K15 cDNA: 1470 bp, HIV gag: 1540 bp) and comparable A/T contents 

(K15 cDNA 57 %, HIV gag 56 %). For both genes sequence optimisation leads to a 

comparable reduction in the A/T content (sK15 38 %, syn HIV gag 34 %) and to expression 

independent of their respective transactivators (Wagner et al. 2000).   

Based on these analogies and previous findings we decided to test an HIV reporter 

plasmid (HIV gp-RRE; (Wodrich et al. 2001)) containing the 5’UTR and the Gag/protease 

gene from HIV driven by the CMV promoter. The Rev responsive element (RRE) has been 

inserted in the 3’ UTR (Figure 22 A). In this construct Gag expression is strictly Rev-

dependent (Figure 22 B; lanes 1,2). The antibody which was used to detect Gag expression 

is directed against the capsid protein p24. Therefore it detects the mature capsid (p24), 

but also the Gag polyprotein (PR55) and intermediate cleavage products (p41). 
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Surprisingly, the co-transfection of ORF57 could partially rescue Gag expression (Figure 22 

B, compare lanes 1 and 3). One reason for the incomplete rescue of HIV Gag expression 

could be the usage of a different export pathway by ORF57. Rev directs the HIV RNA to 

the CRM-1 export pathway, whereas ORF57 uses the bulk mRNA export factor Tap 

(Fornerod et al. 1997; Neville et al. 1997; Boyne et al. 2008). Indeed, a constitutive 

transport element (CTE) from another simple retrovirus which was inserted in the Gag 

construct instead of the RRE could also partially rescue Gag expression (Figure 22 A gp-

CTE, B; lane 4). The CTE like ORF57 recruits Tap to promote export (Gruter et al. 1998). 

When we co-transfected the gp-CTE construct with ORF57, Gag expression was further 

enhanced, showing a cumulative effect of ORF57 and the CTE (Figure 22 B, lane 5). To 

exclude that the effect of ORF57 on HIV Gag is dependent on the presence of the RRE, we 

co-transfected ORF57 with an RRE deleted HIV-gp construct (Figure 22 A) and still 

observed a partial rescue of HIV Gag expression (Figure 22 B, lane 6 and 7). We also looked 

at the effect of Rev and ORF57 on HIV gag RNA expression. The co-transfection of either 

plasmid encoding Rev or ORF57, led to enhanced levels of unspliced gag RNA (Figure 22 C). 

Interestingly, compared to HIV Rev, ORF57 shifts the ratio between unspliced and spliced 

HIV RNAs towards the spliced RNA (Figure 22 C, lane 3).  
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Figure 22 HIV gag expression is partially rescued by ORF57 

(A) Depiction of the HIV gag/protease (gp) reporter plasmids. All plasmids are based on pcDNA3.1 and 

contain HIV-derived splice sites as indicated. (B) Western blot of co-transfections with HIV-gp-RRE/CTE and 

ORF57. Protein lysates were harvested 40 h post-transfection.  Gag was detected using an anti –HIV CA p24 

antibody, β-actin served as a loading control. (C) Northern blot of total RNA hybridized with an RRE probe 

showing spliced and unspliced RNA as indicated on the right. As a loading control the blot was re-hybridized 

with a GAPDH probe. 

 

Next, we tried to rescue Gag expression in the context of an integrated HIV provirus. In 

this provirus the envelope (env) gene is mutated to prevent replication. Additionally, it is 

defective in the tat and rev locus and the nef gene is replaced by GFP. Transcription can 

be induced by adding the HIV transcription factor Tat (Figure 23 A). As described for the 

CTE, which has only a weak effect when inserted into an HIV provirus (Zolotukhin et al. 

1994), the transfection of ORF57 did not lead to a partial rescue of Gag expression (Figure 

23). 
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Figure 23 HIV gag expression in the proviral context 

(A) Depiction of the modified HIV provirus NLC4-3tr
-
env

-
nef

-
GFP* stably integrated into a U-2 OS cellline (U-

2 OS tr
-
). In this provirus env is mutated to prevent replication. Additionally, the provirus is defective in tat 

and rev and the nef locus is replaced by GFP (Melhorn 2012, depiction adapted from Melhorn 2012). (B) 

Western Blot of lysates prepared from U-2 OS tr
- 

cells following transfection as indicated. The cells were 

transfected with tat to induce transcription and HIV Rev, KSHV ORF57 or HCMV pUL69. Gag expression was 

detected using an anti-HIV CA p24 antibody. β-actin served as a loading control. 

 

Based on the finding that the sequence optimisation of HIV gag leads to Rev independent 

expression (Wagner et al. 2000) and our previous observation that the number of hnRNP 

binding motifs significantly decreases in the synthetic K15 and ORF47 sequences 

(compare chapter 3.2.1 and 3.2.3), we also performed a bioinformatic comparison of the 

wildtype Gag sequence and the synthetic sequence (Figure 24). Indeed, the number of 

hnRNP motifs is significantly decreased in the synthetic Gag sequence. As observed for 

the other sequences the number of SR-protein binding motifs shows only minor changes.   
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Figure 24 The number of binding motifs for hnRNPs is reduced in the synthetic HIV gp sequence  

Bioinformatic comparison between the wildtype and the synthetic HIV gp sequences showing the difference 

in the numbers of motifs for hnRNPs and SR-proteins. The prediction was performed using RBP map (Paz et 

al 2014). 

Additionally, we also tested homologous constructs where HIV gag is replaced by either 

K15 or the synthetic version of K15 (sK15) (Figure 25 A). In this context K15 expression is 

Rev dependent (Figure 25 B, lane 2). Interestingly, the effect of ORF57 on K15 expression is 

stronger than that of Rev (Figure 25 B; lanes 2,3). This result confirms that the sequences 

of HIV gag and K15 share some features, but are distinct in others.  

As expected expression from the sK15-RRE construct is ORF57 and Rev-independent due 

to its optimized sequence (Figure 25 B, lanes 4-6). 
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Figure 25 The expression of K15-RRE is enhanced by HIV Rev 

(A) Depiction of the K15/sK15-RRE reporter plasmids which are heterologous to the HIV-gp constructs 

(Figure 17A) (B) Western Blot of HEK 293T cells transfected with K15-RRE/sK15-RRE constructs. Protein 

lysates for sk15-RRE were harvested 24 h post transfection and the lysates for K15-RRE 40 h post 

transfection. K15 was detected with anti-K15 antibody and β-actin served as a loading control. 

  

 

3.2.5 HIV gag adapted to the KSHV nucleotide bias 

 

Since we speculate that the detrimental sequence bias of KSHV lytic genes confers ORF57-

dependency and observed that the ORF57-dependent genes analysed in this work display 

a strikingly high number of hnRNP binding motif, we wondered whether we could identify 

a potential motif conferring ORF57-dependency. 

We therefore decided to adapt the HIV gag sequence to the nucleotide bias of KSHV. A 

similar approach was taken by the group of Ronald Desroisers. They changed frequent 

codons in the sequence of the simian immunodeficiency viruses (SIV) mac239 envelope 

protein gp160 into codons that were frequent in Rhesus monkey rhadinovirus (RRV). This 

virus is a close relative of KSHV (Desrosiers et al. 1997). Interestingly, they found that the 

adapted gp160 protein is only expressed when it is co-transefected with the RRV ORF57 

and not with its natural transactivator Rev (R. Desroisers, unpublished data).  
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We compared the HIV gag sequence with the KSHV K15 sequence in terms of frequent 

codons (see appendix). Five codons which were frequently used in the K15 sequence but 

not in the HIV gag sequence were chosen and then changed in the gag sequence (see 

table Figure 26 C). We hypothesised that these changes might result in a more ORF57-

dependent gag sequence. However, co-transfection of the construct containing either the 

wildtype HIV gag sequence (Figure 22 A) or the adapted sequence (Figure 26 A; KSHV-gp) 

together with HIV Rev or KSHV ORF57 did not result in differences in protein expression 

levels between the two constructs (Figure 26 B). For both constructs a partial rescue of 

Gag expression could be observed for the co-transfection with ORF57 (Figure 26 B lane 3 

and 6). This result indicates that the sequence feature that confers ORF57 dependency 

was not affected by the sequence changes in the adapted HIV sequence.   

 

Figure 26 Adapting HIV gag to KSHV nucleotide bias does not change the expression pattern 

 (A) Depiction of the pcDNA3.1 based reporter construct containing the HIV gag sequence which was 

adapted to KSHV nucleotide bias. (B) HEK 293T cells were co-transfected with the indicated plasmid or the 

HIV gp plasmid (Figure 17A) and ORF57 or HIV Rev. The protein lysates were harvested 40 h post-

transfection and used to perform a Western blot. Gag was detected using an anti –HIV CA p24 antibody, β-

actin served as a loading control. (C) Table showing the codons which were changed in the HIV gag 

sequence into codons that were frequent in KSHV K15.  
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3.2.6 The expression of a deoptimized GFP is enhanced by ORF57   

 

Graf et al. (Graf et al. 2006) showed that the adaption of the humanized eGFP sequence 

to the HIV codon bias is sufficient to make the GFP expression Rev-dependent. Based on 

this study and our hypothesis that the unusually high A/T content might confer ORF57 

dependency, we tested a deoptimized GFP placed into the RRE construct (Figure 27 A).  

 

 

Figure 27 ORF57 enhances the expression of the deoptimized GFP 

(A) Depiction of the pcDNA3.1 based RRE construct containing the deoptimized GFP. (B) Flow cytometry 

analysis of the deopt. GFP-RRE. HEK 293T cells were co-transfected with the reporter plasmid and ORF57 or 

HIV Rev. Cells were harvested 40 h post-transfection and analysed. Transfection efficiency was measured by 

co-transfection of a dsRed plasmid (data not shown). The mean fluorescence intensity of the deoptimized 

GFP co-transfected with rev was set to 1. The quantification represents seven independent experiments. 

 

 

As shown before, the expression of the deoptimized GFP was highly Rev dependent 

(Figure 27 B) in our flow cytometry analysis. The co-expression of ORF57 also resulted in a 

significant enhancement of deoptimized GFP expression. In addition, the same 

bioinformatic comparison which was performed for K15, ORF47 and HIV gag with the 

corresponding synthetic sequences, was also performed for eGFP and the deoptimized 
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GFP. The analysis revealed the same trend of a reduction in hnRNP binding sites in the 

eGFP sequence (see appendix). 

In summary, ORF57 facilitates the expression of HIV gag and the deoptimized GFP and 

displays a cumulative effect in combination with the CTE. These findings further confirm 

our hypothesis that a distinct nucleotide bias confers ORF57-dependency.   

 

 

3.3 Identification of potential cellular interaction partners for ORF57 

 

Based on the previously reported finding that ORF57 lacks RNA binding ability in the 

absence of cellular nuclear extracts (Majerciak et al. 2006), we speculate that ORF57 

binds viral RNAs in a complex with a cellular factor. According to our bioinformatic 

analysis and the previously reported interaction of ORF57 with hnRNPs (Malik and 

Clements 2004; Nishimura et al. 2004) this factor might be an hnRNP.  

 

3.3.1 Mass spectrometry analysis revealed hnRNPE2 as a potential interaction 

partner of ORF57 

 

In order to identify the potential interaction partner of ORF57 we performed 

immunoprecipitations (IP) with a FLAG-tagged ORF57 protein. For this purpose HEK 293T 

cells were transfected with a vector encoding ORF57-FLAG or an empty vector as a 

control. The Coomassie stained SDS-gel of the IP with ORF57 showed two strong bands 

and multiple weaker bands (Figure 28 A). The following mass spectrometry analysis 

(performed by the mass spectrometry laboratory of Prof. Dr. Pich, MHH) confirmed that 

the strong band at 55 kDa, which is present in both lanes, represents the heavy chain of 

the FLAG-antibody used for the IP. The analysis also confirmed that the other dominant 

band which migrated more rapidly than the heavy chain represents the ORF57 protein 

(Figure 28 A lane 2). This was also confirmed by Western Blot. The IP was repeated two 

times with lysates from HEK 293T cells transiently transfected with ORF57-FLAG. In 
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addition, we also used lysate from cells co-transfected with ORF57-FLAG and the K15 

cDNA construct. The entire lanes of the Coomassie stained gels were analysed by Mass 

Spectrometry. 

The results of the Mass Spectrometry analysis revealed different nucleolar proteins as 

would be expected due to the described cellular localisation of ORF57 (Boyne and 

Whitehouse 2006; Boyne and Whitehouse 2009).  We also found importin alpha whose 

interaction with the herpesvirus saimiri (HVS) ORF57 has been reported previously 

(Goodwin and Whitehouse 2001). These findings indicate that the results are reliable. 

Based on our hypothesis that ORF57 might recognize the viral RNA in a complex with an 

hnRNP, we especially looked for RNA binding proteins. The Mass Spectrometry analysis 

detected a number of hnRNPs. Some of them such as hnRNPC also occurred in the empty 

vector control, others only occurred in the samples from immunoprecipitations with 

ORF57 (exemplary summarized in table Figure 28 B). In all experiments several isoforms of 

the poly(rC) binding protein 2 (PCBP2), also named hnRNPE2, were found. Since an 

interaction of hnRNPE1 (also poly(rC) binding protein 1), the retrotransposed form of 

hnRNPE2, and ORF57 has been previously described (Nishimura et al. 2004), we focused 

on these two hnRNPs. We decided to investigate the consequences of the knockdown of 

both proteins. As shown (table Figure 28 B), hnRNPE2 has multiple transcript variants 

encoding different isoforms (e.g. see NCBI accession number NM_005016.5).   
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Figure 28 Immunoprecipitation with ORF57 and following Mass Spectrometry analysis 

(A) Coomassie stain and Western blot of the immunoprecipitation (IP) with ORF57-FLAG or empty vector as 

control. For the IP and the detection of ORF57-FLAG in the Western blot anti-FLAG antibodies from different 

species were used. (B) Summary of the Mass Spectrometry results from the combined experiment showing 

all hnRNPs that occurred. Different colours distinguish between the empty vector control (red), the ORF57-

FLAG IP (green) or the IP from the co-transfection with ORF57-FLAG and K15 cDNA (yellow).  

First we tested a pool of siRNAs to knockdown all isoforms of hnRNPE2. These siRNA 

experiments did not lead to clear results. In addition, no siRNA pool was available which 

targets all the different isoforms of hnRNPE2 and hnRNPE1. Therefore, we decided to use 

a new strategy to knockdown both hnRNPs at the same time to prevent them from 

functionally compensating for each other. For this purpose we designed shRNAs for both 

genes and cloned them into a retroviral vector. As target sequence for the shRNAs the 3’ 

UTR was chosen to ensure that all isoforms of hnRNPE2 would be recognised. The shRNA 
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vectors were transfected together with packaging and envelope plasmids into a packaging 

cell line and the supernatant was used to transduce HEK 293T cells. To test whether the 

knockdown of hnRNPE1 and hnRNPE2 has an effect on the ability of ORF57 to enhance 

K15 expression, the transduced cells were co-transfected with ORF57 and K15 afterwards 

(Figure 29 A). 

 

Figure 29 shRNA knockdown of hnRNPE1 and hnRNPE2 

(A) Schematic drawing of the experimental procedure for the shRNA knockdown. HEK 293T cells were transfected with 

the retroviral shRNA and packaging and envelope plasmids. The supernatant was harvested 36 h and 48 h post 

transfection and was then used to transduce HEK 293T cells. The transduced cells were transfected with ORF57 and K15 

expression plasmids 48 h post transduction and harvested 24 h later. (B) Western Blot of lysates from the transduced 

cells to illustrate the shRNA knockdown (shRNA sh1-3 targets hnRNPE1, sh2-2 targets hnRNPE2 and scr is a scrambled 

control shRNA). The hnRNPs were detected with anti-hnRNPE1 and anti-hnRNPE2 antibodies and β-actin served as a 

loading control. (C) Western Blot to detect K15 expression with an anti-K15 antibody after the knockdown.   
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 The efficiency of the knock-down and the K15 expression were monitored by western 

blot (Figure 29 B and C). Both hnRNPs could be knocked out efficiently. However, the K15 

expression was not influenced either by the knock-down of a single or of both hnRNPs.  

Hence, these results suggest that either hnRNPE2 and hnRNPE1 are not the factors 

involved in RNA-recognition or that another additional factor can compensate for their 

function.   
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4 Discussion 

  

4.1 ORF57 overcomes the detrimental sequence bias of KSHV lytic genes 

 

The objective of this project was to investigate how ORF57 recognizes its target RNAs and 

how it distinguishes between cellular and viral transcripts. As ORF57 has a weak binding 

affinity for nucleic acids it is likely that a cellular co-factor is involved in the RNA-binding 

of ORF57 (Majerciak et al. 2006). In previous publications ORF57 response elements (ORE) 

have been identified within the long non-coding PAN RNA and in viral and human 

interleukin-6 (Sei et al. 2011, Massimelli et al. 2011, Kang et al. 2010). However, a 

bioinformatic search performed by the group of Dr. Mandel-Gutfreund revealed that 

these reported OREs seem not to be present in other ORF57-dependent lytic genes. This 

suggests an additional mechanism by which ORF57 recognizes viral RNA. The results of 

this work show that the high A/T content of KSHV lytic genes is the basis for ORF57-

dependency. 

The reported OREs seem to be special cases, given that ORF57 protects interleukin-6 (IL-

6) from miRNA-mediated translational repression and degradation by interacting with a 

miRNA binding site and the other ORE was identified in the PAN (polyadenylated nuclear 

RNA) RNA, a non-coding RNA which accumulates in high amounts in the nucleus during 

the lytic cycle but is not exported to the cytoplasm (Sun et al. 1996). Furthermore, the 

two response elements identified share little sequence homology. Both are however 

predicted to fold into stem-loop-structures and share a core tetranucleotide (Sei et al 

2011). Our finding that ORF57 still enhanced the expression from the chimeric K15 

constructs further supports the hypothesis that the effect of ORF57 is cumulative and not 

dependent on a single response element. 

It was an interesting observation that also the multiply spliced K15 gene displayed ORF57-

dependency and that splicing does not lead to ORF57 independent expression (Figure 7 B 

and C), although it is believed that splicing leads to a more efficient recruitment of the 

cellular mRNA export machinery (Zhou et al. 2000; Luo et al. 2001; Abruzzi et al. 2004; 
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Nino et al. 2013). Importantly, it has also been shown in previous studies on the closely 

related Rhesus monkey rhadinovirus (RRV) ORF57 that insertion of a beta-globin intron in 

ORF57-dependent intronless genes does not rescue the weak expression of these genes 

(Shin and Desrosiers 2011). Therefore, in the case of K15 the effect of a detrimental 

sequence bias might be predominant and requires ORF57 for efficient expression.  

Due to the observation that ORF57 enhances K15 expression from the genomic, as well as 

from the cDNA construct, we concluded that the target specificity for ORF57 must be 

present in the cDNA (Figure 7). Interestingly, the K15 cDNA revealed an unusually high 

A/T content compared to that typically found in cellular genes (Bohne unpublished data). 

Therefore, we wondered if this A/T-rich nucleotide bias might confer ORF57 dependency. 

Our hypothesis was confirmed by the ORF57-independent expression from the synthetic 

K15 cDNA which was shifted to a higher G/C content (Figure 15 B). In addition to the 

observation that the effect of ORF57 is not dependent on a single response element, the 

chimeric constructs also showed that substitutions of nucleotides from the 5' end lead to 

greater ORF57-independency compared to synthetic parts in the 3' end (Figure 15 D and 

F). A possible explanation for this finding could be that the recruitment of components of 

the cellular export machinery does not only take place in a splicing dependent but also in 

a 5'-cap dependent manner. Since REF/ALY interacts with the cap binding protein CBP80, 

the mammalian THO/TREX appears to associate preferentially with the 5' end of spliced 

RNAs (Cheng et al. 2006; Kohler and Hurt 2007; Moore and Proudfoot 2009). The same 

has been observed for the HIV gag gene, where gradual mutation of instability elements 

from the 5' end led to nuclear export independent of the HIV export factor Rev (Schneider 

et al. 1997). Here, the polarity might be explained by the co-transcriptional formation of 

stable export competent HIV mRNPs (Nawroth et al. 2014).  

If it is the sequence bias of K15 that confers ORF57 dependency, this feature should also 

be present in other KSHV lytic genes. Indeed, the data from the analysis of further KSHV 

genes showed a correlation between A/T content and ORF57 dependency (Figure 19-21).  

Interestingly, Desroisers and colleagues published that the RRV gB (ORF8) is also 

expressed in the absence of ORF57, in contrast to our findings for KSHV ORF8. By 

comparing the RRV and KSHV genes, the RRV ORF8 has a low A/T content whereas the 
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KSHV gene has a significantly higher A/T content. Another interesting finding was made in 

a study by Malik et al. (Malik et al. 2004b). Here they observed a potential interaction of 

ORF57 with the mRNA encoding chloramphenicol transferase (CAT). Interestingly, the CAT 

mRNA also has an A/T rich nucleotide bias. These observations further support our 

hypothesis that ORF57 overcomes the detrimental nucleotide bias of KSHV lytic genes.   

We also tested our hypothesis with two heterologous A/T rich genes and indeed, we 

could observe an ORF57 mediated enhancement of GFP expression from the deoptimised 

GFP construct (Figure 27). Interestingly, this construct was generated by shifting the 

humanized eGFP sequence to a higher A/T content in an unbiased manner which led to 

Rev dependency (Graf et al. 2006).  Additionally, we also observed a partial rescue of HIV 

gag expression by ORF57 (Figure 22). A comparison with the effect of the CTE on HIV Gag 

expression led us to the conclusion that the partial rescue is the consequence of the 

different export routes which were used. ORF57 and the CTE use the TAP/NXF1 pathway 

whereas Rev binds to CRM1 (Neville et al. 1997, Boyne et al. 2008). Interestingly, ORF57 

and the CTE show a cumulative effect. This is in line with a study (Wodrich et al. 2000) 

where insertion of multiple copies of the CTE can completely restore expression of HIV 

Gag. Therefore, relief of nuclear retention of Gag RNA might correlate with the number of 

bound TAP/NXF1 complexes. Our finding that ORF57 can partially rescue HIV gag 

expression is in contrast to a previous publication (Pilkington et al. 2012). In this study a 

chimeric construct consisting of HIV gag and KSHV ORF59 (a reported targed of ORF57) 

was not affected by ORF57. However, in our experimental setting we directly compared 

the effect of ORF57 on HIV gag with the effect of HIV Rev or the CTE, which allowed us to 

clearly observe a rescue of Gag expression by ORF57. This direct comparison was missing 

in the study by Pilkington et al. 2012, instead they only compare the effect of ORF57 with 

the effect of a cellular co-factor of mRNA export. In contrast to what was seen using the 

HIV gag expression plasmid, ORF57 had no effect on gag expression in the proviral 

context. This is not surprising, since the situation in the viral context might be more 

complex due to the interplay with other inhibitory sequences. In addition, a similar 

observation was made for the CTE, which has only a weak effect when inserted into an 

HIV provirus (Zolotukhin et al. 1994). 
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Due to our bioinformatic comparison which revealed different numbers of motifs for 

certain RNA-binding proteins in the K15 wildtype sequence compared to the synthetic 

sequence and the observation that the majority of KSHV lytic genes seems to lack a single 

response element, we speculate that the detrimental nucleotide bias may constitute 

motifs for RNA-binding proteins (RBP). The bioinformatic comparison showed that the 

raised G/C content leads to a drastic reduction in the number of motifs for hnRNPs. For 

HIV gag it has previously been shown that the improved expression after sequence 

optimisation is not due to enhanced translation or tRNA availability, but due to enhanced 

stability and export of nuclear mRNA (Kofman et al. 2003; Ngumbela et al. 2008). 

Therefore, we hypothesize that the high density of hnRNPs in the K15 wild type sequence 

might be a critical feature for ORF57 dependency (Figure 17). The same tendency of a 

high density of hnRNP motifs compared to the synthetic sequences could also be 

observed for wild type ORF47, HIV gag and the deoptimized GFP (Figure 24 and 

appendix). Indeed, our cooperation partners, the group of Dr. Mandel-Gutfreund, tried to 

identify a putative motif which is present in all the ORF57-dependent genes by using a 

bioinformatic tool named DRIMust (Discovering Rank Imbalanced Motifs Using Suffix 

Trees (Leibovich et al. 2013). The 5 nt motif identified by this analysis resembles a typical 

RBP motif. However, as many motifs for RBPs are not well characterised or are 

degenerative, we could not assign the motif to a particular protein. 

Based on the bioinformatic comparisons, our experimental data and the observation 

that ORF57 lacks RNA binding ability in the absence of cellular extracts (Majerciak et al. 

2006), we speculate that ORF57 might recognize the viral RNA in a complex with a cellular 

hnRNP that confers the sequence specificity.  

 

 

4.2 RNA recognition a conserved mechanism among herpesviruses? 

 

Interestingly, UL69, the CMV homologue of ORF57, also enhances K15 expression, even 

though the herpesviral homologues share a low sequence homology apart from their 
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highly conserved ICP27-homology region (Figure 18A, Toth and Stamminger 2008). This 

finding indicates that there might be a common mechanism by which these herpesviruses 

recognize viral RNA. For instance, it is conceivable that both proteins use the same 

cellular factor. However, the effect of pUL69 on K15 protein expression seems to be 

stronger than the effect of ORF57, while on the RNA level the enhancement appears to be 

similar. This might indicate that both regulator proteins act in a similar manner on the 

RNA level, but differ in subsequent functions such as translational enhancement. In 

addition, the effects of pUL69 and ORF57 on other genes such as ORF8, UL11 (an AT-rich 

gene of HCMV) and HIV gag differed. For ORF8 the effect of pUL69 seems to be weaker 

than the effect of ORF57 (Figure 20). HCMV UL11 expression is only enhanced by pUL69 

but not by ORF57 (Figure18 B). And for HIV Gag expression no partial rescue could be 

observed when pUL69 was cotransfected (data not shown). Therefore the RNA 

recognition mechanism might not be exactly the same and requires further investigation. 

Regarding conservation of RNA recognition among herpesviruses, it also has to be 

considered that not all herpesviruses per se have A/T rich genomes (Honess 1984; 

Davison 2007).  

 

4.3 HIV gag adapted to KSHV nucleotide bias 

 

By changing frequent codons in the HIV gag sequence into codons which are frequent in 

KSHV and thereby adapting the gag sequence to KSHV nucleotide bias, we expected to 

enhance the effect of ORF57 on HIV gag expression. However, in contrast to findings of 

Desroisers and colleagues we observed no differences in ORF57 dependence compared to 

the wildtype sequence (R. Desroisers, unpublished data, described in Chapter 3.2.5). It is 

an unsolved question why these sequence changes had no influence on ORF57-

dependency. Possible explanations could be that either the potential motif conferring 

ORF57- dependency was not affected by the codon-changes that we chose, or that the 

potential motif has a degenerative nature and minor changes do not abolish the 

recognition. It is also thinkable that the high A/T content, which was only affected to a 

http://dict.leo.org/ende/index_de.html#/search=conceivable&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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minor extent by the changes that we made, in general confers ORF57-dependency rather 

than a distinct motif.  

 

4.4 K15 expression 

 

In general K15 expression is low during the viral life cycle. Expression of K15 occurs during 

latency but is thought to be upregulated during lytic infection (Brinkmann et al. 2007, 

Glenn et al. 1999, Choi et al. 2000). We could barely detect K15 protein expression from 

the expression plasmid containing the genomic K15 (Figure 7C). It is an interesting 

observation that this multiple intron containing gene is only weakly expressed. Our RNA 

analysis of the genomic construct and the KSHV-BAC36 indicate that poor splicing is 

responsible for this expression block (Figure 7 B, Figure 8, 9). The poor splicing might be 

explained by the small size and the weak splice sites of the K15 introns. However, when 

considering the low expression of K15 protein from the genomic construct it also has to 

be taken into account that in the viral context the situation might differ due to regulatory 

elements which are not present in the expression plasmid. Transfection experiments with 

a heterologous genomic K15 construct which additionally contains a part of the K15 5’ 

untranslated region (UTR) revealed unspliced and incompletely spliced RNA, but not the 

completely spliced RNA (data not shown), arguing for the presence of inhibitory elements 

in the UTR.  

The finding that we could detect K15 RNA expression in lytic, as well as unstimulated cells 

(Figure 13) was not surprising, since this has been reported previously (Glenn et al. 1999, 

Choi et al. 2000). However, the corresponding western blot analysis performed by Dr. 

Santag showed clear protein expression only for the HuAR2T rKSHV cells. This fits to other 

western blot analysis showing that K15 protein expression is detectable to a minor extent 

in the other tested cell lines. In contrast to the RT-PCR analysis with the additional K15 

specific primer which was chosen to detect rare K15 RNA (Figure 13), the corresponding 

quantitative RT-PCRs performed by Dr. Santag revealed that substantial RNA amounts 

could only be detected for the HuAR2T rKSHV and BJAB rKSHV cells treated with TPA. This 
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further confirms that K15 expression is low during the viral life cycle. In transfection 

experiments with the synthetic K15 construct we observed that strong expression of K15 

seems to be toxic for the cells, thus a low expression in an infected cell makes sense. For 

the BJAB rKSHV cells treated with TPA the splicing pattern resembles the pattern 

previously observed for the genomic construct and the KSHV-BAC36.  

Why the HuAR2T rKSHV cells harbouring the same viral genome as the BJAB rKSHV cells 

displayed a different K15 expression pattern and weather this resembles the in vivo 

situation remains to be determined (Figure 14).  

 

 

4.5 ORF57 expression  

 

The observation that we could detect RNA expression of the lytic immediate early gene 

ORF57 in both induced and uninduced KSHV positive cell lines was unexpected. 

Interestingly, we could detect more of the unspliced ORF57 RNA in the unstimulated cells, 

whereas the ratio shifts to more spliced RNA upon induction of the viral lytic cycle (Figure 

12). It is worth mentioning that the two immediate-early KSHV genes, RTA and ORF57 

which function to promote the expression of other intronless lytic genes, themselves 

contain introns to enable efficient mRNA processing (Jackson et al 2012). What is also 

interesting is that ORF57 has an average AT-content and RTA a low AT-content (see Table 

appendix). Thus, these genes display two features which might be important to ensure 

their independent expression.  On the other hand the ORF57 intron possesses weak splice 

sites. This could explain the abundance of predominantly unspliced RNA for the 

unstimulated cells and also the poor protein expression from the genomic ORF57 

construct (Figure 12, Figure 10). As already mentioned it might be beneficial for the virus 

to maintain the latent state. It is thought that among latently infected cells a small 

percentage of cells become spontaneously lytic (Grundhoff and Ganem 2004; Brinkmann 

et al. 2007). Consequently, the inefficient splicing of the ORF57 intron could be a further 

barrier to prevent the expression of lytic genes. It is therefore an interesting question 
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what induces the switch to more spliced RNA in the lytic cells. Is there another viral factor 

involved or does ORF57 regulate its own expression? 

 

4.6 Identification of the cellular interaction partner of ORF57 

 

Based on our hypothesis that ORF57 might recognize the viral RNA in a complex with a 

cellular hnRNP which confers the sequence specificity, we set out to identify the potential 

interaction partner of ORF57. Our Mass Spectrometry results revealed hnRNPE2 as 

possible partner. Although an interaction of hnRNPE1, the retrotransposed form of 

hnRNPE2, and ORF57 has been reported previously (Nishimura et al. 2004), the function 

of this interaction was not further characterized. As hnRNPE1 has been shown previously 

to enhance the translational activity of the poliovirus internal ribosome-entry site (IRES) 

(Gamarnik and Andino 1997), the study by Nishimura et al proposes a similar function for 

ORF57. However, the translation mediated by the KSHV vFLIP IRES was only slightly 

influenced by hnRNPE1 (Nishimura et al. 2004).     

Our knockdown of hnRNPE2 and hnRNPE1, as well as the combined knockdown did not 

influence the ability of ORF57 to enhance K15 expression (Figure 28). Therefore it is either 

possible that these hnRNPs are not involved in ORF57 RNA- binding or that another 

hnRNP can compensate for their function. Since hnRNPE1 and E2 contain three K-

homologous (KH) domains which may be involved in RNA binding and were named after 

hnRNK, one likely candidate would be hnRNPK which also contains these domains 

(Ostareck-Lederer et al. 1998). Additionally, hnRNPK has been shown to interact with the 

HSV ORF57 homologue, ICP27 (Wadd et al. 1999) and was seen in the Mass Spectrometry 

results (Figure 28). Our RBP map analysis could argue against the involvement of hnRNPK, 

since here the number of predicted hnRNPK motifs is slightly increased in all optimized 

genes analysed (see appendix). However, considering the effect of the CTE element on 

HIV Gag expression (Figure 22B) and the publication of Wodrich et al. 2000 where only 

four copies of the CTE could completely restore Gag expression, a comparably small 



Discussion 

 

 

89 

number of binding-motifs could be sufficient for the putative ORF57 interaction partner. 

This would be in line with the low number of predicted hnRNPK binding motifs. 

Furthermore, it is possible that it is not absolutely necessary for the motifs for the 

potential binding partner to decrease in the synthetic sequence. It is also conceivable that 

the potential interaction partner still binds to the synthetic ORF57-independent 

sequences, but that the effect of this binding is negligible due to the overall reduced 

hnRNP coverage leading to independent expression.  

Unfortunately, a consensus motif for hnRNPE is not available. This points to a problem of 

bioinformatic prediction of RBP motifs, since the motifs are often degenerate or not well 

characterised for all known RBPs. In addition to bioinformatic prediction and 

immunoprecipitation, another approach to identify the potential ORF57 interaction 

partner could be the direct comparison of hnRNPs which bind to the K15 and sK15 RNA in 

vitro. Such an approach could be realized by new techniques such as Capture 

hybridization analysis of RNA targets (CHART) (Simon 2013).   

 

4.7 Conclusion 

 

The data presented here, show that ORF57-dependency is conferred by a high A/T 

content. This detrimental nucleotide bias of the KSHV lytic genes might be a strategy 

of the virus to maintain latency and to prevent accidental expression of its lytic 

genes, thereby preventing the host cell immune response. The nucleotide bias might 

constitute binding motifs for RBPs which negatively influence expression, for instance 

by preventing nuclear export. This is in line with other studies on HIV gag sequence 

optimisation (Kofman et al. 2003, Negumbela et al. 2008) arguing that improved 

expression after sequence optimisation is not due to tRNA availability or translational 

efficiency, but rather due to enhanced RNA stability and/or export. 

During the lytic cycle ORF57 may not distinguish between cellular and vial transcripts 

but accepts the upregulation of cellular RNAs with a comparable nucleotide bias. A 

similar observation has also been made for the gammaherpesviral host shutoff 

endonuclease (SOX). During the host shutoff not only cellular RNAs are degraded, but 
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also viral RNAs (Abernathy et al. 2014). For SOX, as for ORF57, it is likely that a 

cellular partner is involved in target RNA selection. Therefore, an interesting new 

approach for the near future could be the analysis of cellular RNAs that are 

upregulated in the presence of ORF57. This approach could give new hints about the 

exact motif that confers ORF57-dependency. 

However, even if ORF57 does not distinguish between cellular and viral transcripts, it 

might achieve a degree of selectivity by using this unusual codon bias as a target 

sequence which is not frequent in cellular genes. The advantage of this strategy 

would be that on the one hand accidental expression of lytic genes would be 

prevented and on the other hand most cellular genes would not be influenced by 

ORF57. 
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Appendix 

Coding sequences of KSHV genes sorted according to A/T content 

 

coding sequences sorted according to A_T content 

Gene  %A_T  %G_C  %A  %T  %C  %G 

ORF4 59,5281307 40,4718693 33,5753176 25,9528131 23,1094979 17,3623714 

K1 58,0952381 41,9047619 27,1428571 30,952381 22,7380952 19,1666667 

K15 56,8707483 43,1292517 27,0748299 29,7959184 22,9931973 20,1360544 

ORF38 54,8387097 45,1612903 32,2580645 22,5806452 24,1935484 20,9677419 

K2 52,6829268 47,3170732 24,7154472 27,9674797 21,1382114 26,1788618 

ORF72 50,5167959 49,4832041 23,3850129 27,1317829 26,2273902 23,255814 

ORF60 50,1089325 49,8910675 23,4204793 26,6884532 24,0740741 25,8169935 

ORF74 49,9514091 50,0485909 20,7968902 29,154519 23,3236152 26,7249757 

ORF39 49,7090607 50,2909393 23,358271 26,3507897 26,6832918 23,6076475 

ORF47 49,6031746 50,3968254 25,1984127 24,4047619 24,0079365 26,3888889 

ORF71 49,5590829 50,4409171 23,8095238 25,7495591 26,1022928 24,3386243 

ORF6 49,4557223 50,5442777 27,1550456 22,3006767 25,3604001 25,1838776 

ORF42 49,3428913 50,6571087 25,3285544 24,0143369 26,4038232 24,2532855 

ORF7 49,2337165 50,7662835 25,9578544 23,2758621 26,2931034 24,4731801 

ORF37 49,2128679 50,7871321 24,366872 24,8459959 25,5989049 25,1882272 

ORF49 49,0649065 50,9350935 24,6424642 24,4224422 28,0528053 22,8822882 

ORF44 49,0494297 50,9505703 25,5597803 23,4896493 26,1089987 24,8415716 

K4.2 48,9981785 51,0018215 18,3970856 30,6010929 21,8579235 29,143898 

K8.1 48,9082969 51,0917031 24,8908297 24,0174672 25,1819505 25,9097525 

ORF16 48,8636364 51,1363636 24,2424242 24,6212121 21,780303 29,3560606 

vIRF-3 48,3833039 51,6166961 23,9858907 24,3974133 22,6925338 28,9241623 

ORF22 48,3356133 51,6643867 23,255814 25,0797994 27,2229822 24,4414045 

K7 48,2939633 51,7060367 19,9475066 28,3464567 27,0341207 24,671916 

ORF43 48,239824 51,760176 26,5126513 21,7271727 27,4477448 24,3124312 

ORF70 48,2248521 51,7751479 21,3017751 26,9230769 23,5700197 28,2051282 

ORF61 48,0874317 51,9125683 22,8667507 25,220681 23,4131988 28,4993695 

ORF27 47,766323 52,233677 21,534937 26,231386 27,9495991 24,2840779 

ORF24 47,6316954 52,3683046 25,9406817 21,6910137 27,976981 24,3913236 

ORF53 47,4474474 52,5525526 16,5165165 30,9309309 27,6276276 24,9249249 

ORF48 47,229115 52,770885 22,8287841 24,4003309 24,8966088 27,8742763 

ORF31 47,1794872 52,8205128 24,6153846 22,5641026 23,9316239 28,8888889 

ORF56 47,1563981 52,8436019 23,657188 23,4992101 27,8041074 25,0394945 

ORF26 47,0588235 52,9411765 22,2222222 24,8366013 27,9956427 24,9455338 

K8 47,0383275 52,9616725 27,2938444 19,7444832 29,2682927 23,6933798 

ORF8 46,9267139 53,0732861 26,3593381 20,5673759 28,644602 24,428684 

ORF40 46,9154229 53,0845771 22,6368159 24,278607 27,0149254 26,0696517 

vIRF-2 46,8428781 53,1571219 24,2780225 22,5648556 24,7185512 28,4385707 

ORF58 46,8342644 53,1657356 17,2253259 29,6089385 25,698324 27,4674115 

ORF29 46,6569767 53,3430233 25,4844961 21,1724806 28,5852713 24,7577519 

ORF34 46,6463415 53,3536585 23,0691057 23,5772358 27,0325203 26,3211382 

ORF63 46,393972 53,606028 25,0089702 21,3850018 30,4987442 23,1072838 
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K3 46,3364293 53,6635707 20,8462332 25,4901961 22,6006192 31,0629515 

ORF54 46,1711712 53,8288288 24,0990991 22,0720721 27,3648649 26,463964 

ORF33 46,1691542 53,8308458 20,9950249 25,1741294 25,9701493 27,8606965 

ORF57 46,125731 53,874269 25,877193 20,248538 27,2660819 26,6081871 

ORF67A 46,090535 53,909465 22,6337449 23,4567901 27,1604938 26,7489712 

ORF36 46,0674157 53,9325843 23,2209738 22,8464419 27,9400749 25,9925094 

ORF23 46,0082305 53,9917695 24,1152263 21,8930041 28,3127572 25,6790123 

ORF62 45,9839357 54,0160643 20,1807229 25,8032129 25,6024096 28,4136546 

ORF11 45,8333333 54,1666667 25,3267974 20,5065359 29,9836601 24,1830065 

ORF2 45,8135861 54,1864139 20,8530806 24,9605055 25,2764613 28,9099526 

ORF46 45,703125 54,296875 22,0052083 23,6979167 26,953125 27,34375 

ORF20 45,6072351 54,3927649 26,4857881 19,121447 30,1033592 24,2894057 

K4 45,2631579 54,7368421 22,4561404 22,8070175 26,6666667 28,0701754 

ORF69 45,2145215 54,7854785 24,6424642 20,5720572 31,3531353 23,4323432 

ORF21 45,2094091 54,7905909 24,0963855 21,1130235 26,9076305 27,8829604 

ORF9 45,1464297 54,8535703 24,7120763 20,4343534 29,088516 25,7650543 

ORF30 44,8717949 55,1282051 22,6495726 22,2222222 21,7948718 33,3333333 

ORF25 44,8559671 55,1440329 23,6020334 21,2539337 28,5160978 26,6279351 

ORF10 44,5505171 55,4494829 24,0254574 20,5250597 30,708035 24,7414479 

vIRF-1 44,5185185 55,4814815 22,7407407 21,7777778 24,962963 30,5185185 

ORF59 44,3324937 55,6675063 23,4256927 20,906801 26,4483627 29,2191436 

ORF67 44,1176471 55,8823529 18,75 25,3676471 24,5098039 31,372549 

ORF18 44,0568475 55,9431525 19,379845 24,6770026 25,3229974 30,620155 

ORF19 43,8181818 56,1818182 23,6363636 20,1818182 32 24,1818182 

ORF17.5 43,7139562 56,2860438 27,2202999 16,4936563 32,0645905 24,2214533 

ORF68 43,6609687 56,3390313 23,3618234 20,2991453 32,8347578 23,5042735 

ORF17 43,5514019 56,4485981 25,1713396 18,3800623 31,7133956 24,7352025 

K14 43,3823529 56,6176471 20,2205882 23,1617647 30,3921569 26,2254902 

ORF50 43,3526012 56,6473988 22,7360308 20,6165703 30,4431599 26,2042389 

ORF55 43,2748538 56,7251462 22,6608187 20,6140351 29,3859649 27,3391813 

ORF52 43,1818182 56,8181818 28,030303 15,1515152 25,7575758 31,0606061 

K6 42,7083333 57,2916667 21,1805556 21,5277778 31,9444444 25,3472222 

K12 42,6229508 57,3770492 17,4863388 25,136612 23,4972678 33,8797814 

ORF73 42,5368732 57,4631268 30,1474926 12,3893805 24,9262537 32,5368732 

K5 42,4124514 57,5875486 21,919585 20,4928664 25,9403372 31,6472114 

vIRF-4 42,3611111 57,6388889 20,5409357 21,8201754 28,9108187 28,7280702 

ORF45 41,748366 58,251634 23,2843137 18,4640523 30,0653595 28,1862745 

ORF64 41,6919575 58,3080425 24,2159838 17,4759737 32,8528073 25,4552352 

ORF65 41,5204678 58,4795322 22,6120858 18,9083821 30,7992203 27,6803119 

ORF35 41,5011038 58,4988962 23,1788079 18,3222958 27,1523179 31,3465784 

K4.1 40,8695652 59,1304348 17,6811594 23,1884058 25,7971014 33,3333333 

ORF32 40,5860806 59,4139194 18,6813187 21,9047619 29,5970696 29,8168498 

ORF66 39,3023256 60,6976744 16,0465116 23,255814 29,6124031 31,0852713 

ORF75 39,2701105 60,7298895 20,2261629 19,0439476 31,2516063 29,4782832 

ORF28 38,5113269 61,4886731 17,7993528 20,7119741 33,3333333 28,1553398 
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Bioinformatic comparison between synthetic and wildtype sequences 

  deopt. GFP eGFP   HIV_gp HIV_syn_gp 

HNRNPA1 21 6 HNRNPA1 31 19 

HNRNPA2B1 9 1 HNRNPA2B1 16 13 

HNRNPC 27 2 HNRNPC 32 6 

HNRNPF 11 5 HNRNPF 24 27 

HNRNPH1 0 0 HNRNPH1 3 6 

HNRNPH2 0 1 HNRNPH2 1 4 

HNRNPK 1 2 HNRNPK 5 7 

HNRNPL 5 0 HNRNPL 3 0 

HNRPLL 2 0 HNRPLL 1 0 

HNRNPM 0 3 HNRNPM 11 7 

HNRNPU 26 9 HNRNPU 47 18 

PTBP1 0 3 PTBP1 8 4 

sum hnRNPs 102 32 sum hnRNPs 182 111 

SRSF1 3 3 SRSF1 6 15 

SRSF10 1 0 SRSF10 5 2 

SRSF2 4 9 SRSF2 4 15 

SRSF3 5 25 SRSF3 22 32 

SRSF5 3 13 SRSF5 22 26 

SRSF6 0 0 SRSF6 6 2 

SRSF7 15 14 SRSF7 22 23 

SRSF9 3 2 SRSF9 12 17 

sum SR 34 66 sum SR 99 132 

             

  K15 synK15   ORF47 syn_ORF47 

HNRNPA1 34 4 HNRNPA1 9 4 

HNRNPA2B1 12 0 HNRNPA2B1 5 1 

HNRNPC 36 32 HNRNPC 13 12 

HNRNPF 48 31 HNRNPF 12 11 

HNRNPH1 0 0 HNRNPH1 0 0 

HNRNPH2 2 0 HNRNPH2 0 0 

HNRNPK 6 13 HNRNPK 1 2 

HNRNPL 1 0 HNRNPL 0 0 

HNRPLL 1 0 HNRPLL 0 0 

HNRNPM 27 10 HNRNPM 9 1 

HNRNPU 57 38 HNRNPU 17 10 

PTBP1 33 14 PTBP1 9 6 

sum hnRNPs 257 142 sum hnRNPs 75 47 

SRSF1 4 12 SRSF1 1 1 

SRSF10 0 0 SRSF10 0 0 

SRSF2 18 29 SRSF2 3 8 

SRSF3 39 40 SRSF3 12 14 

SRSF5 33 26 SRSF5 13 9 

SRSF6 0 2 SRSF6 2 4 

SRSF7 8 8 SRSF7 5 5 

SRSF9 4 6 SRSF9 0 1 

sum SR 106 123 sum SR 36 42 



Acknowledgements 

 

 

107 

Acknowledgements 

 

 

First of all, I would like to thank my supervisor Dr. Jens Bohne for this exciting 

project, for the great supervision and for all his support and encouragement. 

 

Prof. Schulz and Prof. Holtmann I would like to thank for their ideas and input in 

supervisor meetings and seminars. Prof. Schulz I would also like to thank for the 

opportunity to perform this project in the institute of virology.  

 

All my colleagues and former colleagues from the Bohne group, especially Carina, 

Vanessa and Jörg, I would like to thank for the great work atmosphere, interesting 

discussions and also for the funny "group evenings" and hiking tours.   

 

Furthermore, the members of the institute of virology for the nice atmosphere, 

scientific discussions and for sharing reagents and experience. 

 

The group of Yael Mandel-Gutfreund I would like to thank for providing the 

bioinformatic data. 

 

Penelope Kay-Fedorov for taking the time to proofread this thesis. 

 

My family, especially my mother and my friends for all their support and simply for 

always being there for me.  

 

Thank you all! 

 

 



 

 

108 

Erklärung 

 
 

Hiermit erkläre ich, dass ich die Dissertation "Untersuchung zur post-transkriptionellen 

Genregulation und Virus-Wirtsinteraktionen beim Kaposi’s Sarkoma Herpesvirus 
(KSHV)" selbstständig verfasst habe. Bei der Anfertigung wurden folgende Hilfen Dritter 

in Anspruch genommen: Die bioinformatischen Analysen sind in Kooperation mit der 

Gruppe von Dr. Yael Mandel-Gutfreund (Technion-Israel Institute of Techology) 

entstanden. Die Daten zum synthetischen K15 (Figure 15) basieren auf die Diplomarbeit 

von Christian Hackmann, 2010 (Institut für Virologie, MHH). Beides wurde ebenfalls im 

dazugehörigen Text vermerkt.   

Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungsdiensten 

(Promotionsberater oder anderer Personen) in Anspruch genommen. Niemand hat von 

mir unmittelbar oder mittelbar entgeltliche Leistungen für Arbeiten erhalten, die im 

Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.  

Ich habe die Dissertation an folgenden Institutionen angefertigt: Institut für Virologie, 

Medizinische Hochschule Hannover. 

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen 

ähnlichen Zweck zur Beurteilung eingereicht. Ich versichere, dass ich die vorstehenden 

Angaben nach bestem Wissen vollständig und der Wahrheit entsprechend gemacht habe.  

 

 

 

Ort, Datum:     Unterschrift: 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

109 

 

 

 

 

Teile der vorliegenden Arbeit wurden zur Veröffentlichung im "Journal of Virology" 

eingereicht. 

 

Angenommen: 17 Februar 2015, doi: 10.1128/JVI.03264-14 

 

 


