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1 Summary 9

1 Summary

The BZLF1 protein of the Epstein-Barr virus is a viral transcription factor, which binds
the viral genome sequence specifically to activate viral gene transcription of lytic genes
initiating virus de novo synthesis. In the viral genome BZLF1 binds two classes of DNA
motifs: a canonical AP-1 like motif and an alternative DNA motif with a CpG di-nucleotide,
which must be methylated for BZLF1 to bind. In mammalian cells CpG methylation in the
promoter region is generally associated with transcriptionally repressed and silenced genes,
because 5’-methylcytosines attract family members of nuclear proteins with methyl-CpG-
binding domains, which interfere with transcription factor binding. BZLF1 is a homolog of
members of the cellular AP-1 protein family, suggesting that BZLF1 not only regulates viral
but also cellular genes. The aim of this thesis was to decipher BZLF1’s role in cellular
transcription and chromatin architecture.

In human B-cell lines BZLF1 was expressed from an inducible plasmid to compare the
transcriptomes of EBV-positive and EBV-negative cells upon BZLF1 expression. BZLF1
binding sites were identified in the cellular genome as well as genes regulated at different
time points after induced BZLF1 expression. A Capture-C approach was used to study
BZLF1’s role in modulating the architecture of chromatin concentrating on promoter-
enhancer interactions.

Chromatin immunoprecipitation followed by next generation sequencing and
bioinformatic analysis identified two major binding motifs in up to 230,000 sites bound by
BZLF1. Interestingly, BZLF1 exclusively binds motifs containing a CpG di-nucleotide at lower
concentrations. RNA expression profiling (RNA-seq) experiments that used artificial spike-in
RNAs as normalization control revealed that cellular genes were mostly down-regulated after
BZLF1 induction. Because 50 % of the genes regulated after BZLF1 expression did not
show BZLF1 binding sites within their promoters, | investigated changes of the three-
dimensional chromatin structures of selected genes upon expression of BZLF1 in a Capture-
C approach. The data show that the expression of BZLF1 resulted in a massive loss of
chromatin interactions, which may contribute to the down-regulation of cellular genes upon

BZLF1 expression.
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2 Introduction

In 1928 Fred Griffith found that genetic information is transferable by the
transformation of different Streptococcus pneumoniae strains (Griffith, 1928). The DNA was
identified as the molecule transferring the genetic information by Oswald Avery and
colleagues in 1944 (Avery et al., 1944). After Erwin Chargaff and Gerald Wyatt discovered
that the DNA bases adenosine and thymine as well as guanine and cytosine occur in about
the same quantities (Zamenhof et al., 1952; Wyatt, 1952) and X-ray crystallography data of
the DNA were provided by Rosalind Franklin (Franklin and Gosling, 1953) and Maurice
Wilkins (Wilkins et al., 1953), James Watson and Francis Crick could propose the model of
the double strand helix in 1953 (Watson and Crick, 1953). Between 145-147 base pairs of
DNA are wrapped around an octamer of each two histone proteins H2A, H2B, H3, and H4
(Luger et al., 1997; Kornberg, 1974) to build a nucleosome (Kornberg, 1977). With the help
of nucleosomes the DNA strand of approximately 2 meter length and 2 nm diameter in a
human cell can be compacted to 46 chromosomes, which fit to the cell’s nucleus with a
diameter of about 6 ym (Alberts et al., 2002).

With few exceptions all cells of multicellular organisms contain the same genetic
information stored in the DNA sequence. In humans the differential usage of the
approximately 20,000 genes (Clamp et al., 2007; Ezkurdia et al.,, 2014) allows cells to
differentiate to several hundred cell types. The change in expression profiles stems from
epigenetic modifications, which govern gene expression like software governs the hardware
of a computer. Epigenetic information can be encoded by several means: e.g. methylation of
cytosine in a cytosine-phosphatidyl-guanine (CpG) context (Jones, 2012), incorporation of
histone variants or the modification of histone tails (Bannister and Kouzarides, 2011;
Venkatesh and Workman, 2015). These epigenetic marks can support or suppress the
interaction of chromatin fibers with promoters regulating gene expression (Mora et al., 2015).
Another way to influence gene regulation epigenetically is the expression non-coding RNAs,
which are not translated to a protein. They involve micro RNAs, long non-coding RNAs,
small interfering RNAs, enhancer RNAs, and piwi-interacting RNAs (Morris and Mattick,

2014), which generally interfere with gene expression using different modes of action.
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In general, epigenetic modifications, which are set by writers and interpreted by
readers are reversible and can be erased by either active erasers or passive dilution (Allis

and Jenuwein, 2016).

2.1 DNA methylation

In the human genome the fraction of methylated versus non-methylated CpGs differs
between cell lines and depending on the analyzed loci (Ehrlich et al., 1982). By the
deamination of cytosines in a CpG context these di-nucleotides occur less frequently than
expected by statistical distribution (Bird, 1980; Chahwan et al., 2010). The methylation of
cytosines is mediated by the three DNA methyltransferases (DNMTs) DNMT1, DNMT3a, and
DNMT3b in mammalian cells. All DNMTs flip the cytosine base out of the DNA helix to
transfer the methyl group from the donor molecule S-adenosyl methionine (SAM) to the fifth

carbon of cytosine (Cheng and Blumenthal, 2008, Figure 2-1).

NH. NH. Figure 2-1: Cytosine methylation by DNMTs
AN N The DNMT proteins transfer the methyl group of the
N N donor molecule SAM to the fifth carboxyl of the
DNMTs
‘ /L I ‘ /L cytosine molecule.

+ SAM

N @) N O . . .

H H DNMT1 is  associated  with

replication foci (Leonhardt et al., 1992) to maintain the methylation pattern in dividing cells
and preferentially binds to hemi-methylated DNA (Gruenbaum et al., 1982). Both, DNMT3a
and DNMT3b are mainly associated with de novo DNA methylation, but do not show a
preference for non-methylated or hemi-methylated DNA (Okano et al., 1998). Nevertheless,
under certain circumstances DNMT1 can also perform de novo methylation and DNMT3a/b
can maintain a pre-existing methylation pattern (Lei et al., 1996; Chen et al., 2003).
Methylated CpG di-nucleotides are associated with different epigenetic mechanisms
like imprinting (Shemer et al., 2000; Tremblay et al., 1995), gene and retrotransposon
silencing (Boyes and Bird, 1992; Hsieh, 1994; Kaneko-Ishino and Ishino, 2010), and
polycomb repression (Viré et al., 2006). High densities of methylated CpG di-nucleotides can

be found in promoters and in CpG-islands (Deaton and Bird, 2011; Saxonov et al., 2006).
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Cytosine methylation can be erased passively upon cell division by preventing
methylation maintenance (Rougier et al., 1998; Valinluck and Sowers, 2007; Hashimoto et
al., 2012). For an active de-methylation the ten-eleven-translocation (TET) proteins are
required to oxidize 5-methylcytosine to 5-hydroxymethylcytosine (Tahiliani et al., 2009) and
further over 5-formylcytosine (5fC) to 5-carboxylcytosine (5caC) (Ito et al., 2011; He et al.,
2011a). Subsequently, both the 5fC or 5caC modification can be recognized by the thymine
DNA glycosylase and removed by base excision repair (He et al., 2011b; Maiti and Drohat,
2011).

Methods of different complexity have been developed to detect cytosine methylation.
In early days a chemical approach was used to detect cytosine methylation (Ohmori et al.,
1978). Later assays based on methylation-sensitive endonucleases (Huang et al., 1997;
Ushijima et al., 1997) and affinity based precipitation methods (Cross et al., 1994; Weber et
al., 2005; Keshet et al., 2006) were developed to identify sites with methylated cytosines.
Bisulfite conversion (Hayatsu et al., 1970) in combination with Sanger-sequencing (Sanger
et al., 1977) resulted in the resolution of cytosine methylation at the level of single bases
(Frommer et al., 1992), which was extended to whole genome analysis (Cokus et al., 2008;

Lister et al., 2008) after immunoprecipitation (Brinkman et al., 2012; Statham et al., 2012).

2.2 Histones and their modifications

DNA is wrapped around nucleosomes for a better compaction and histone
modifications classify DNA sequences for chromatin interacting proteins. Besides the linker
histone H1 and the four canonical core histone proteins H2A, H2B, H3, and H4 several
isoforms exist but for H4 (Bernstein and Hake, 2006; Maze et al., 2014). Additionally, post-
translational modifications are preferentially introduced in the histone tails N-terminally. Two
studies identified 130 posttranscriptional modifications (PTM) on histones and 708
unambiguous histone isoforms (Tan et al., 2011; Tian et al., 2012).

Immunoprecipitation is commonly used to pull down the DNA sequences associated
with histone variants or modifications and microarrays or next generation sequencing are
employed to identify the underlying DNA sequences (Barski et al., 2007; Mikkelsen et al.,

2007; Robertson et al., 2007). The limited resolution caused by the imperfect chromatin
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fragmentation can be increased with the ChlP-exo technique, in which the DNA overhangs
are chopped of from the 5’ end with an exonuclease (Rhee and Pugh, 2011).

Histone modifications serve to attract or repel other proteins that bind to and interpret
the histone tails or their modifications (Kouzarides, 2007). Like DNA methylation the histone
marks H3K27me3 (Boyer et al., 2006; Roh et al., 2006; Mikkelsen et al., 2007; Young et al.,
2011), H3K9me3 (Bannister et al., 2001; Volpe, 2002), and H3K79me3 are commonly
associated with gene repression (Barski et al., 2007). Active chromatin is defined by mono-
methylated H3K9, H3K27, H3K79 (Barski et al., 2007), and other marks such as H3K27ac.

The histone marks are associated with discrete tasks: H3K4me3 is precipitated with
promoters (Roh et al., 2006; Barski et al., 2007; Birney et al., 2007) and the H3K36me3
mark is associated with the gene body of actively transcribed genes (Bannister et al., 2005;
Barski et al., 2007).

Also enhancers can be identified with the help histone marks. Both, the H3K4me1
and H3K27ac marks are associated with active enhancers (Creyghton et al., 2010), while the
combination of H3K4me1 and H3K27me3 is found in poised enhancers (Rada-Iglesias et al.,
2011). To promote gene transcription enhancers have to get in contact with more or less

distant chromatin region, which the 3D chromatin architecture provides.

2.3 Chromatin structures and organization

For a long time DNA sequences, which were not associated with coding genes, were
thought to be useless (Pennisi, 2012). Gradually more and more features like non-coding
RNAs, structural components and enhancer functions could be assigned to the “junk” DNA.

DNA sequences that act as enhancers hold the potency to increase the basal
transcription of a promoter (Banerji et al., 1981). It is generally accepted that enhancers that
are often far distant elements, must interact with promoters to enhance transcription. The
interactions between chromatin regions such as promoters and enhancers mainly occur in
close spatial proximity but can also span an entire chromosome. Even inter-chromosomal
interactions occur especially between small, gene rich chromosomes (Lieberman-Aiden et
al., 2009).

The interactions between different chromatin regions occur cell type specifically (Shen

et al., 2012; Sanyal et al., 2012; Phillips-Cremins et al., 2013). In enhancer sequences the
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histone double variant H3.3/ H2A.Z is enriched (Jin et al., 2009), specific histone marks are
common, and the transcriptional mediator p300 is frequently bound (chapter 2.3; Heintzman
et al., 2007, 2009; Visel et al., 2009). Additionally, many transcription factors bind
cooperatively to enhancer sites (Chen et al., 2008) to activate enhancers or to enhance gene
expression (Ghisletti et al., 2010). The identification of enhancers can be supported by
DNasel digestion since the chromatin associated with enhancers is open and therefore easy
accessible for endonucleases (Song et al., 2011).

Chromatin organizers like CTCF and cohesin keep chromatin loops in place to
stabilize the interactions between enhancers and promoters (Mishiro et al., 2009).
Nevertheless, only few enhancers target their nearest promoter and can span several
chromatin organizers (Sanyal et al., 2012). Enhancers are transcribed to further stabilize cis-
regulatory interactions and the resulting RNAs support the transcription of the targeted
genes (Kim et al., 2010; Qrom et al., 2010; Rinn et al., 2007).

A special type of enhancer is made up of clusters of individual enhancers spanning up
to 50 kbps to form super-enhancers. These are commonly associated with genes defining
the identity of a given cell (Whyte et al., 2013).

Over the last decades more and more sophisticated approaches have been
developed to identify the interactions between chromatin regions. In early approaches
radioactive probe-hybridization techniques were used to identify interacting chromatin
visually in fixed cells (Gall and Pardue, 1969). The introduction of fluorescent in situ
hybridization (FISH) allowed to visualize the results under a microscope (Pinkel et al., 1986).
A modern version of FISH marks DNA sequences in living cells using a modified version of
the CRISPR/Cas9 technology (Anton et al., 2014). The chromosome conformation capture
(3C) technique allows to analyze chromatin interactions of given loci (Dekker et al., 2002)
and was the starting point for a number of techniques elucidating the chromatin architecture
in high throughput. To perform 3C, the chromatin gets crosslinked, digested with a restriction
enzyme and religated under conditions of very low DNA concentration to only link DNA that
is hold in close proximity by DNA-protein complexation. After reversing the crosslink a
common PCR with locus specific primers is used to test if two fragments interact with each
other (Dekker et al., 2002). The combination of the 3C approach with ChlIP (ChIP-loop)
reduces the background and allows to identify protein mediated interactions (Horike et al.,

2005; Cai et al., 2006; Ren et al., 2012). The chromosome conformation capture carbon
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copy (5C) technique allows to test multiple interactions in parallel by a clever primer design
but still requires, like 3C, the previous selection of primers at regions to be tested for
interaction (Dostie et al., 2006). The chromosome conformation capture-on-chip (4C) was
developed to find all sequences interacting with one defined locus. Therefore the 3C
approach was extended for an additional restriction enzyme digestion and ligation step to
form small DNA circles, which can be amplified by an inverse PCR from the locus of interest
(Simonis et al., 2006). With the Hi-C technique all chromatin interactions in the nucleus can
be monitored. The technique starts like 3C, but prior to ligation the crosslinked and
restriction enzyme digested DNA fragments are filled up with a biotin-linked nucleoside
triphosphate. After sheering the biotin-associated DNA fragments are precipitated with
streptavidin beads and sequenced with high throughput (Lieberman-Aiden et al., 2009). The
chromatin interaction analysis by paired-end tag sequencing (ChlA-PET) combines Hi-C with
ChIP and allows to identify DNA interactions involving proteins of interest like the chromatin
organizer CTCF (Fullwood et al., 2009; Li et al., 2012; DeMare et al., 2013). The Capture-C
technique combines the 3C approach with a DNA-RNA hybridization based and sequence-
specific pull-down of regions of interest (ROI). All regions interacting with the ROI are pulled
down with the biotinylated RNA probes and identified with an increased resolution compared

with other genome-wide techniques (Hughes et al., 2014).

2.4 mRNA transcripts and techniques to quantify them

The interplay of epigenetic chromatin marks defines the resulting gene expression
conducted by RNA polymerase Il (Pol II). First Pol Il forms the pre-initiation complex together
with other proteins including the TATA-box-binding protein (TBP) and several general
transcription factors. In a second step the productive transcription starts with Pol II's
promoter escape and the capping of the early transcript. The process of gene transcription is
called elongation and is associated with the splicing machinery. The final step is the
termination of the transcription after which the poly A chain is attached to complete the
mRNA (Shandilya and Roberts, 2012).

The resulting mRBNAs can be analyzed by RNA-sequencing. An early but still
frequently use method is the quantitative real-time fluorescence-based reverse transcription

polymerase chain reaction. Messenger RNA gets transcribed to cDNA and is then multiplied.
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After each duplication the fluorescence of a DNA intercalating dye gets measured to
determine the amount of double stranded DNA (Morrison et al., 1998; Bustin et al., 2005;
Bustin, 2000).

The first possibility to analyze differential gene expression between two different
samples on a high throughput scale was the microarray. To do so the mRNA gets
transcribed to cDNA and each sample is fluorescently labeled in a different color. Upon
hybridization to a sequence-specific DNA microarray the color of the more frequent sample
predominates for each analyzed sequence (Brown and Botstein, 1999). Nowadays,
sequence specific-sequencing methods like lllumina sequencing are available (Bentley et al.,
2008). High throughput techniques have to deal with the problem of huge amounts of
ribosomal RNAs (rRNA), which represent up to 98 % of all RNAs in RNA preparations
(Benes et al., 2011). Several different techniques are used to overcome this predominance.
Ribosomal RNAs are either depleted by not-so-random hexamer primers, polyA-specific
primers or by a PolyA-specific pull-down and depletion (Armour et al., 2009; Zhao et al.,
2014). Another problem of RNA-sequencing was that the direction of the sequenced strand
was unknown. The introduction of strand-specific RNA-seq allowed to identify the strand the
detected RNA is originating from (Parkhomchuk et al., 2009; Levin et al., 2010; Zhao et al.,
2015). A common method is to amplify the first DNA strand on the RNA template and
degrade the RNA with RNase H. For the amplification of the second strand deoxyuridine
triphosphate is used. After library preparation the uracil bases can be excised by the uracil-
DNA glycosylase and heat dissociates the remaining bases. The sequencing reads map to
the strand, which coded for the mRNA (Parkhomchuk et al., 2009).

2.5 Viruses hijack epigenetic mechanisms

Initially the chromatinization of viral DNA by the infected host cell was used as a
defense mechanism to silence the viral DNA (Knipe, 2015; Méantyla et al., 2016). Over time
viruses learnt how to deal with this mechanism and to use epigenetic reprogramming to their
own favor. Like computer viruses can take control over hard- or software, real viruses take
control of a cell by mimicking or abusing cellular epigenetic principles controlling the cellular
DNA. To do so viruses introduce new players, which manipulate the cell’s epigenetic

program.
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For example, the influenza A H3N2 virus mimics parts of the histone protein H3 tail to
interfere with the host’s gene expression, reducing the cellular immune response (Marazzi et
al., 2012). The human cytomegalovirus is another example for the manipulation of an
epigenetic mechanism. Viral DNA is occupied by cellular histones upon infection (Nitzsche et
al., 2008), but with the help of the viral IE1 protein the virus redistributes the histones that
have been assembled on its genome to promote its own gene expression (Zalckvar et al.,
2013). Viruses also use non-coding RNAs to influence the host cell’s activities. The human
immunodeficiency virus (HIV) harbors sequences in its envelope encoding genes, which
perfectly match the sequences of human micro RNAs presumably to inactivate them and to
evade the host’s immune response (Holland et al., 2013). The Epstein-Barr virus (EBV) uses
micro RNAs to evade the surveillance by CD4* and CD8* T cells by multiple mechanisms
like suppression of antigen presentation by MHC class | and Il or suppression of pro-
inflammatory cytokines (Tagawa et al., 2016; Albanese et al., 2016).

Viruses can either attack a cell directly upon infection to turn it into a virus factory or
establish latency to escape the immune system to be able to replicate and synthesize new
virions during an opportune moment. Several viruses use CpG methylation to govern their
own latency. The transcriptional start site of HIV is flanked by methylated CpG islands to
presume the latent state of infection (Kauder et al., 2009), while the methylation of several of
EBV’s lytic promoters is required to escape from latency (Kalla et al., 2010; Bergbauer et al.,
2010). The intricate processes that EBV has evolved will be explained in greater detail in the

next chapters.

2.6 EBV

In 1958 the Irish physician Denis Burkitt described malignant tumors in the jaws of
African children (Burkitt, 1958). Some years later two groups of scientists, involving the team
of Michael Epstein and Yvonne Barr, could cultivate cells of this malignancy independently
(Epstein and Barr, 1964; Pulvertaft, 1964). Additionally, virus particles were visualized in
these cells by electron microscopy (Epstein et al., 1964). In 1967 the virus was named after
its discoverers as Epstein-Barr virus and could be associated with infectious mononucleosis

(Henle et al., 1967). Two years later a study in Africa revealed that EBV infected about 85-
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95 % of all examined children older than two years (Henle et al., 1969). This indicated that

EBV is one of the most successful viruses infecting humans.

Glycoproteins Figure 2-2: Schematic structure of an EBV
/ virion.
A lipid bilayer, which comprises glycoproteins,
Lipid bi|ayer encompasses the tegument of the virion. The
nucleocapsid harbors the epigenetically naive,
double stranded DNA.

Tegument

Nucleocapsid EBV belongs to the family of
herpesviridae, which harbor a unique

P dsDNA virion structure (Figure 2-2). The outer

layer is a lipid bilayer envelope

comprising glycoproteins and encompassing the tegument. The double stranded DNA is
stored in the most inner nucleocapsid. There are three subfamilies of herpesviridae: alpha-,
beta, and gamma-herpesviridae (Baron and Whitley, 1996). EBV belongs to the gamma-
herpesviridae (Davison, 2007) and was recognized by the WHO as a class | carcinogen
because it can cause Burkitt lymphoma in its main target, the human B-cells, is involved in
the formation of nasopharyngeal carcinoma (zur Hausen et al., 1970), and associated with

other human tumors.

2.7 Epigenetics in EBV’s life cycle

The key of EBV’s success lies in its life long persistence in B-cells coupled with
occasional viral reactivations. To achieve this EBV’s life cycle is organized in three phases
(Figure 2-3), which start when the epigenetically naive and linear viral DNA enters the host
cell (Kintner and Sugden, 1981; Johannsen et al., 2004; Kalla et al., 2010):

I. The pre-latent phase is defined by the expression of latent genes and certain lytic
genes such as BZLF1, which induce the proliferation of quiescent naive or memory B-cells
(Wen et al., 2007; Kalla et al., 2010) together with BCRF1, BNLF2a and viral micro RNAs,
which inhibit the host’s immune responses directed against EBV (Jochum et al., 2012;
Albanese et al., 2016; Tagawa et al., 2016). In the pre-latent phase structural proteins are
not expressed and an amplification of viral DNA does not take place (Kalla et al., 2010),

despite the expression of BZLF1. During the pre-latent phase the viral DNA acquires
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histones, histone marks, chromatin organizers, and methylation of CpGs (Kalla et al., 2010;
Schmeinck, 2011; Shaw et al., 1979; Dyson and Farrell, 1985).

|
Latent

Pre-latent

Figure 2-3: EBV’s life cycle

EBV’s life cycle starts after the epigenetically naive and linear viral DNA enters the nucleus of the host cell.
During the pre-latent phase the viral genome acquires cellular histones, histone marks, chromatin organizers
and CpG methylation. In the latent phase the chromatin in densely compacted and histone marks like
H3K27me3 denote the chromatin as silent. Upon the expression of BZLF1 repressive chromatin marks are
exchanged to active marks, the viral chromatin opens up, and viral structural proteins are expressed to release
progeny virions.

Il. In the latent phase the EBV genome is fully chromatinized, latent genes are
expressed exclusively to maintain the viral episome during proliferation of the host cell but all
lytic viral genes are silenced. With each replication of the host cell multiple copies of the EBV
episome are replicated as well (Adams, 1987; Kirchmaier and Sugden, 1995). For the latent
replication of EBV’s episome both the origin of replication and the nuclear antigen 1
(EBNA1) are required and sufficient (Yates et al., 1985).

During the latent phase viral lytic genes have to be suppressed to hide the virus from
the immune system. Therefore the degree of CpG methylation reaches a very high level on

the viral DNA and the nucleosomes of the repressed lytic genes are densely packed and
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covered with Polycomb-group proteins to prevent immune recognition of the coded proteins
(Woellmer et al., 2012).

lll. The lytic phase is characterized by the expression of BZLF1, which functions as
the molecular switch from EBV’s latent to its lytic phase (Countryman and Miller, 1985;
Takada et al., 1986). The promoters of repressed lytic genes remain methylated during the
lytic phase (Schmeinck, 2011). Nevertheless BZLF1 binds its DNA motifs in methylated
repressed chromatin, recruits chromatin remodelers such as INO80 and SNF2H and induces
the loss of repressive Polycomb-group proteins to open the viral chromatin (Schmeinck,
2011; Schaeffner, 2015). Additionally, activation marks such as H3K4me3 get established to
activate the expression of viral, lytic genes (Woellmer et al., 2012) driving the expression of
viral, structural proteins and de novo synthesis of viral progeny DNA. CpG methylation of
lytic viral promoters is the prerequisite to activate early lytic viral genes (Kalla et al., 2010;
Bergbauer et al., 2010) contrary to the commonly accepted rule that links CpG methylation

of promoters with repressed genes.

2.8 bZIP proteins

BZLF1 has to get in contact with viral DNA to activate the lytic cycle. Evolution yielded
multiple classes of proteins to achieve sequence-specific DNA-protein contacts. The most
famous representatives are basic leucine zipper (bZIP), helix-turn-helix (Ellenberger, 1994),
and zinc finger DNA binding proteins (Laity et al., 2001). BZIP proteins contain a C-terminal
dimerization domain with a hepta-repeat of hydrophobic leucines (Landschulz et al., 1988),
which form coiled-coils and mediate dimerization. The N-terminal DNA-binding domain
(Talanian et al., 1990) binds to the major groove of DNA (Shuman et al., 1990), but only
upon DNA binding (Shuman et al., 1990) the basic N-terminal domain adopts the alpha-
helical structure (O’Neil et al., 1991) to get in contact with the DNA by hydrogen bonds and
van der Waal contacts (Nakabeppu and Nathans, 1989; O’Neil et al., 1990). The DNA
binding of bZIP proteins is also described as ‘scissors-grip’ (Vinson et al., 1989).

Many bZIP proteins have already been identified in different species including
Arabidopsis thaliana, Drosophila melanogaster, Human herpesvirus 4 and 8, human simian
T-lymphotropic virus, Gallid herpesvirus 2, Homo sapiens, and Saccharomyces cerevisiae

(Deppmann et al., 2006; Reinke et al., 2010). In yeast the bZIP protein Gnc4 (Kénig and
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Richmond, 1993) is an activator of metabolic pathways under nearly any kind of amino acid
starvation (Natarajan et al., 2001; Hinnebusch and Natarajan, 2002). The protein sequence
homology in the DNA binding domains of Gcn4 and several human bZIP proteins of the AP-
1 family including c-Jun, Jun-B, c-Fos, and Fra-1 is impressive (Farrell et al., 1989). The AP-
1 protein family consists of three subfamilies: (i) Jun (c-Jun, JunB, and JunD), Fos (c-Fos,
FosB, Fra-1, and Fra-2), and the activating transcription factor (ATFa, ATF2, ATF3, ATF4,
and B-ATF). Different dimerization products of these proteins either bind the DNA sequence
of the 12-O-tetradecanoylphorbol-12-acetate (TPA) response elements (TRE) or cyclic
adenosine monophosphate (CAMP) response elements (CRE) with different affinities (Eferl
and Wagner, 2003; Gustems et al., 2014; Halazonetis et al., 1988). Upon binding members
of the AP-1 protein family are involved in the regulation of cellular differentiation, apoptosis,
and proliferation (Shaulian and Karin, 2001, 2002; Eferl and Wagner, 2003; Ameyar et al.,
2003), which involves the transactivation domain that most AP-1 protein family members
contain (Cohen and Curran, 1988; Cohen et al., 1989; Angel et al., 1988; Bohmann and
Tjian, 1989; Sutherland et al., 1992).

The viral BZFL1 protein is another member of the bZIP proteins with a strong
sequence homology at protein level with Gecn4 and other members of the AP-1 family (Farrell

et al., 1989). The next chapter will provide a detailed description of BZLF1.

2.9 The structure of BZLF1

EBV’s life cycle has three major phases: (i) the infection of the cell and the
establishment of latency during the pre-latent phase; (ii) the latent phase, during which the
virus only maintains itself and attempts to escape the immune system; (iii) the lytic phase,
which supports the synthesis of new virion particles to infect further cells. The immediate-
early viral protein BZLF1 mediates the switch from EBV’s latent to lytic phase (Countryman
and Miller, 1985; Takada et al., 1986; Chevallier-Greco et al., 1986). There are several ways
to induce the lytic cycle artificially. BZLF1 can be ectopically overexpressed (Countryman
and Miller, 1985; Chevallier-Greco et al., 1986; Kenney et al., 1989) or induced by certain
reagents. These can either be the phorbol ester TPA (zur Hausen et al., 1978; Baumann et
al., 1998) or an antibody directed against the immunoglobulin of an EBV infected B-cell
(Takada, 1984; Takada and Ono, 1989).
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Figure 2-4: The crystal structure of a
truncated BZLF1 dimer bound to DNA
(modified from Petosa et al., 2006)

A: Two N-terminal truncated BZLF1
dimers (yellow and green) form a homo-
dimer and bind the DNA double-helix
(light and dark blue). B: The same
BZLF1-DNA complex like depicted in
panel A but turned for 90° around the y-
axis.

The BZLF1 gene harbors
three exons and resulis in a 245

amino acids spanning protein

(Biggin et al., 1987) of about 35 kDa, which contains five domains. The N-terminus harbors
the transactivation domain, which is the largest part of the protein (amino acids (aa): 1-167),
followed by the regulatory domain (aa: 168-177). The protein also encompasses the DNA
binding domain (aa: 178-194) followed by the dimerization domain (aa: 195-227). The most
C-terminal domain stabilizes the dimerization of BZLF1 (aa: 228-245) (Countryman and
Miller, 1985; Farrell et al., 1989; Chang et al., 1990; Flemington and Speck, 1990a; Taylor et
al., 1991; Flemington et al., 1992; Chi and Carey, 1993; Petosa et al., 2006; EI-Guindy et al.,
2006; McDonald et al., 2009). The BZLF1 protein dimerizes like other proteins of the bZIP
family members (Farrell et al., 1989; Lieberman and Berk, 1990; Chang et al., 1990) to form
a coiled coil structure (Chang et al., 1990; Hicks et al., 2001). Nevertheless, BZLF1 lacks the
typical heptad-repeat of leucine residues, which mediates the dimerization in other bZIP
protein members (Chang et al., 1990; Flemington and Speck, 1990a). As a consequence
BZLF1 does not form heterodimers with other bZIP family members (Chang et al., 1990;
Petosa et al., 2006; Reinke et al., 2010) but uses its C-terminus to stabilize its homo-
dimerization (Hicks et al., 2003). Only after dimerization BZLF1 responsive elements (ZREs)
are bound as well as AP-1 and C/EBP associated binding motifs (Farrell et al., 1989;
Lieberman et al., 1990; Kouzarides et al., 1991). The basic region of BZLF1 contacts the
major groove of the DNA (Petosa et al., 2006, Figure 2-4). Two major binding motifs were
identified in the viral genome, one containing and one lacking a CpG di-nucleotide in the
binding motif (Kalla et al., 2010; Bergbauer et al., 2010). The motif comprising the CpG pair
is only bound efficiently when methylated (Bhende et al., 2004; Bergbauer et al., 2010). By
phosphorylation of serine 173 in BZLF1’s regulatory domain the binding affinity to DNA can
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be increased, which is required to activate replication (El-Guindy et al., 2007). The
transactivation domain accomplishes several tasks. It is required to evict nucleosomes at
viral genes essential for Iytic DNA replication (Woellmer et al., 2012). The activation domain
was also found to stimulate the formation of the pre-initiation complex (Chi and Carey, 1993)
and to interact with the CREB-binding protein (CBP) and the TATA-binding protein TFIID,
which are involved in transcriptional mediation themselves (Adamson and Kenney, 1999;
Lieberman and Berk, 1991).

2.10 Scope and aim of this thesis

BZLF1 is expressed in newly infected cells but it cannot activate the lytic cycle initially.
This feature relies on BZLF1’s ability to bind two different DNA sequence motifs. One class
of ZREs is reminiscent of AP-1 binding motifs (Lieberman et al., 1990; Chang et al., 1990)
and does not contain a CpG pair (honCpG ZRE). The function of this motif is not affected by
DNA methylation in the latent phase. The second class contains a CpG di-nucleotide (CpG
ZRE) within BZLF1’s binding motif and can only be stably bound when methylated
(Bergbauer et al., 2010). In fact BZLF1 preferentially binds methylated CpG ZREs compared
with nonCpG ZREs (Bhende et al., 2004; Dickerson et al., 2009; Bergbauer et al., 2010).
Since EBV DNA is non-methylated upon B-cell infection, the early expression of BZLF1 does
not induce relevant lytic viral genes. As a consequence a strictly latent infection ensues.

The ability of BZLF1 to bind methylated DNA was also described for the c-JUN/c-FOS
hetero-dimer, a member of to the AP-1 protein family (Gustems et al., 2014). Additionally,
BZLF1 shows sequence homology in its DNA binding domain with different AP-1 family
members (Farrell et al., 1989; Taylor et al., 1991). In contrast to other bZIP proteins BZLF1
forms homo-dimers only (Reinke et al., 2010) presumably because it lacks the typical
heptad-repeat of leucine residues (Lieberman and Berk, 1990; Flemington and Speck,
1990a; Chang et al., 1990). The similarity to the binding sites of AP-1 family proteins
sparked the idea that BZLF1 might influence the global expression of cellular genes to EBV’s
favor. Additionally, individual cellular genes were reported to be regulated upon expression
of BZLF1 (Dreyfus et al., 1999; Lu et al., 2000; Morrison et al., 2001, 2004; Chang et al.,
2006; Jones et al., 2007; Hsu et al., 2008; Bristol et al., 2010; Zuo et al., 2011; Tsai et al.,

2009; Lan et al., 2013). BZLF1 is a known transcriptional activator in the viral genome, but
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surprisingly cellular genes were identified, which were up- or down-regulated upon
expression of BZLF1. For example the transforming growth factor 31 (TGFBT), interleukin 10
(IL10), and the AP-1 family member FOS are up-regulated (Cayrol and Flemington, 1995;
Mahot et al., 2003; Flemington and Speck, 1990b) whereas the class Il major
histocompatibility complex (CIITA), the TATA-box binding protein (TBP), and AP-1 family
member JUN (Li et al., 2009a; Mauser et al., 2002; Sato et al., 1992) are down-regulated.
Two B-cell lines, which represent two different situations in B-cells, were used to
clarify BZLF1’s role in host cells. The DG75 cell line is EBV-negative lacking the EBV
episome. This cell line mimics the pre-latent phase, when EBV infects primary B-cells and
expresses BZLF1 initially but transiently (Kalla et al., 2010). Very much in contrast to this
situation, only BZLF1 but no other viral proteins are expressed in DG75 cells. The Raji cell
line is latently infected with EBV, expresses a number of viral latent proteins and non-coding
RNAs, but efficiently enters the lytic phase upon BZLF1 expression.
The experimental thesis work is divided into three major parts: (i) ChlP-sequencing was
performed to clarify if BZLF1 binds the cellular genome and the identified binding sites were
searched for BZLF1 binding motifs. BZLF1 is a transcriptional activator in the viral genome
but its impact on cellular genes is unclear. (ii) Therefore differentially expressed genes
should be identified upon BZLF1 induction in transcriptome analysis. Both parts were
combined bioinformatically in an attempt to link BZLF1 binding sites with the promoters of
regulated cellular genes. (iii) After BZLF1-regulated cellular candidates genes were identified
| asked whether BZLF1 might act as an enhancer factor and influences the chromatin
architecture. Towards this end Capture-C experiments were performed with selected

candidate genes and their chromosomal loci.
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3 Results

3.1 The cellular and viral model systems — an experimental overview

The life cycle of EBV comprises three different phases, in which the expression of
BZLF1 differs: the pre-latent, latent and lytic phase. In the pre-latent phase, shortly after
infection, BZLF1 expression peaks but becomes non-detectable later in the latent phase.
During latency, the virus persists in the cell, maintains itself during cell proliferation and
avoids to be detected by the immune system. Thus, only a few viral genes, but not BZLFA1,
are expressed during the latent phase. In vivo, the virus establishes latency in memory B-
cells. When an infected B-cell encounters a cognate antigen the activated B-cell receptor
signaling pathway includes the expression of BZLF1. Upon its expression the virus enters the
lytic phase and expresses all lytic viral proteins in an ordered fashion to manipulate the host
cell, synthesize and massively amplify viral DNA, express all viral structural proteins, and
assemble new virions.

The methylation status of viral DNA governs the onset of EBV'’s lytic productive cycle.
During the pre-latent phase non-methylated DNA prevents the switch to the lytic cycle, but in
the latent phase, after the methylation of the viral DNA is complete, the lytic switch is
supported. BZLF1 can bind two classes of DNA motifs, one of which contains a CpG base
pair within its binding motif. BZLF1 binds this motif only if methylated. This class of binding
motif is called CpG ZRE, while the class that BZLF1 binds methylation-independently does
not contain a CpG pair and is called nonCpG ZRE. Upon infection the viral DNA is
epigenetically naive, contains non-functional CpG ZREs, which BZLF1 cannot bind, but which
are mandatory for the completion of the lytic cycle. CpG ZREs predominantly occur in the
promoters of viral, lytic genes (Bergbauer et al., 2010; Kalla et al., 2010). Only after the CpG
ZREs are methylated within a few weeks after infection, BZLF1 can bind lytic promoters and
activate all lytic, viral genes.

DNA methylation is commonly associated with gene silencing, but the virus uses this
epigenetic mechanism to avoid the premature expression of lytic genes immediately after

infection and subsequently during the pre-latent phase. With this strategy the virus always
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establishes a latent infection and hides from the immune system, because viral, Iytic proteins
are prominent targets of the host’s cellular immune response. In order to escape from latency
the transcriptional activator BZLF1 allows the virus to overcome the epigenetic repression
associated with CpG methylation.

BZLF1 is the viral homolog to the cellular bZIP protein family AP-1 (Farrell et al., 1989)
suggesting that BZLF1 can also control cellular genes to support viral infection and
proliferation indirectly. Several publications describe cellular genes to be regulated after
induced expression of BZLF (Cayrol and Flemington, 1995; Mahot et al., 2003; Li et al.,
2009a; Sato et al., 1992), but a global, systematic study to identify BZLF1 binding sites and its
regulated cellular genes in B-cells is missing.

To address this question, two B-cell lines were employed. The DG75 and Raji cells are
both Burkitt Lymphomas but differ in an important detail. While DG75 cells are free of EBV,
Raji cells are EBV positive and contain dozens of EBV episomes per cell. Raji EBV supports
the lytic viral phase, but the endogenous Raji genome lacks the BALF2 gene (Zhang et al.,
1988). A BLAF2 deficiency makes the virus incapable of synthesizing viral DNA in the lytic
phase. As a consequence, expression of viral genes responsible for the synthesis of viral
DNA in the lytic phase is blocked and the Raji cells do not release virions (Decaussin et al.,
1995). The usage of both cell lines allows studying BZLF1 functions in the context of EBV
negative and EBV positive cells and in the absence or presence of other viral proteins
(Bhende et al., 2004; Woellmer et al., 2012). Additionally, the DG75 cell line represents a B-
cell, which never had contact with BZLF1 before, while the Raji cell line is trapped in the latent
phase and gets pushed into the lytic phase by the induced expression of BZLF1. A conditional
BZLF1 allele was employed to compare both cell lines in the absence of the BZLF1 protein
and upon induced expression of BZLF1.

Prior to my PhD work the laboratory had established an inducible system, in which
BZLF1 is expressed from the 4816 plasmid only upon doxycycline addition, as seen in Figure
3-1. The plot shows the transcript levels of BZLF1 and other lytic genes with BZLF1 binding
sites in their promoters and their regulation upon doxycycline-induced BZLF1 expression.
Transcripts of the viral capsid gene BcLF1 and cellular Cytochrome C (cytC) gene were not

affected by the induction of BZFL1, as expected.
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Figure 3-1: qPCR analysis of viral gene transcripts after doxycycline-induced BZLF1 expression.
(n=3)

The figure shows the expression of several viral genes together with a cellular gene as a reference prior to (0 h)
and at several time points after doxycycline-induced expression of BZLF1 in Raji 4816 cells. The promoters of all
viral genes but BcLF1 contain BZLF1 binding motifs, which BZLF1 binds in the lytic phase. The x-axis shows the
hours post BZLF1 induction. The y-axis depicts the relative levels of transcripts per cell. Prior to doxycycline
addition, the BZLF1 transcript (green) is barely detectable. After induction, the transcript level rises within one
hour and peaks at round 10 h. Genes regulated by BZLF1 respond with the depicted kinetics. Neither the viral
BcLF1 gene, nor the cellular reference gene cytC are regulated by BZLF1. Paulina Mrozek-Gorska performed
the experiment summarized here. (n = 3, mean and SD are shown)

The inducible 4816 plasmid does not only contain BZLF1 but comprises a sequence
coding for the truncated nerve growth factor (NGF) receptor and the green fluorescent protein
(GFP), which are, besides BZLF1, induced by doxycycline. NGF receptor and GFP were used
for cell sorting and visual evaluation by FACS, respectively. Both proteins are co-expressed
from a bicistronic mMRNA and separated by an IRES sequence.

Chromatin immunoprecipitation sequencing (ChlP-seq) and ribonucleic acid
sequencing (RNA-seq) were used to identify BZLF1 binding sites within cellular DNA and
regulated cellular genes, respectively.

BZLF1 is known as a promoter factor in EBV and therefore the two sets of ChlP-seq
and RNA-seq results were combined in a bioinformatic approach with the initial idea to
discover BZLF1 regulated genes with its cognate binding sites located within their promoters.
Surprisingly, my results did not suggest this role of BZLF1 in regulating cellular genes. In
cellular DNA very many BZLF1 binding sites were identified, but only few BZLF1-regulated
genes contained BZLF1 binding sites within their promoters. These results were insufficient to
provide a molecular explanation of the RNA-seq data. As a consequence, Capture-C
experiments were performed to detect potential enhancer, which BZLF1 might engage to

regulate cellular target genes.
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3.2 The expression of BZLF1 in non-induced cells originates from the
leaky pRTR 4816 plasmid

Prior to this thesis the pRTR 4816 (4816) plasmid had been in use in our lab to study
the consequences of induced BZLF1 expression with respect to viral gene regulation. As
seen in Figure 3-1 only upon doxycycline-induced (100 ng/ml) expression of BZLF1, other
viral lytic genes containing BZLF1 binding sites within their promoters became activated and
detectably transcribed.

During my thesis preliminary results clearly indicated that BZLF1 is expressed at low
levels even in the absence of doxycycline. To measure BZLF1 protein levels in the non-
induced state Western blot immunodetections were performed with different cell lines prior to
and after induction (Figure 3-2, panel A). Parental DG75 and Raji cell lines were used as
negative controls. Parental Raji cells do not express BZLF1, the cells are strictly latently
infected, while the DG75 cell line is EBV negative and therefore lacks the BZLF1 gene. As
expected both cell lines did not show a BZLF1 signal (Figure 3-2, panel A, lane 1, 2) but
DG75 4816 (lane 3) and Raiji 4816 (lane 4, 5, 6) cells did prior to doxycycline addition. All
protein lysates from non-induced cells (lane 3-6) showed a clear signal of the expected mass
of BZLF1 (35-38 kDa, Marschall et al., 1989). Fetal calf serum (FCS) from BioSell is currently
in use in our lab to cultivate DG75 4816 cells (lane 3) and Raji 4816 cells (lane 4). Raji 4816
cells were additionally tested with two different FCS batches: FCS from PAA (lane 6), which
had been used for the results shown in Figure 3-1, and the tetracycline-free FCS from
Clontech Laboratories (lane 5) were tested to exclude that traces of tetracycline or its
derivatives, which FCS might contain, induce basal levels of BZLF1. All FCS samples gave
similar results in Western blot experiments documenting BZLF1 expression prior to addition of
doxycycline were independent of the batch of FCS. Lanes 7, 8, and 9 show Raiji 4816 cells
induced for 15 h. While lanes 1-6 were loaded with protein lysates from 35,000 cells (100 %),
lanes 7, 8, and 9 contained protein lysate from 88 (0.25 %), 176 (0.5 %), or 264 doxycycline-
treated cells (0.75 %) indicating a very strong induced expression of the BZLF1 protein.

A bacterially produced part to the BZLF1 protein of 24.4 kDa (3 ng, 2 ng, 1 ng purified
protein) was added for the absolute quantification of BZLF1 dimers per cell in this and similar
Western blots. Panel B of Figure 3-2 shows the quantification of the data after scanning the

Western blot images. The BZLF1 protein signals were quantified with ImagedJ and used to
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calculate the BZLF1 dimers per cell. No BZLF1 was present in parental DG75 or Raji cells.
Prior to doxycycline-induced BZLF1 expression 2.9 x 10° BZLF1 dimers were present per
DG75 4816 cell. The maximum of BZLF1 dimers (7.5 x 10°) was found in Raiji 4816 cells prior
to induction (-TET, column 5). After doxycycline-induced expression of BZLF1, 8.8 x 10’
BZLF1 dimers could be identified, which exceeds the number of BZLF1 dimers in non-
induced cells by a factor of about 100. In essence, Western blot quantifications revealed, that
BZLF1 is already expressed from the 4816 plasmid prior to doxycycline induction, but BZLF1
level increased considerably after induction. Nevertheless, a protein level close to 8.8 x 107
dimers per cell seems extremely high even after 15 h of induction when compared with other
natural transcription factor levels (about 10°> MYC proteins/ cell, Biggin, 2011). Therefore, this

number should be considered with reservation.
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positive control. In lanes 7, 8, and 9 protein extracts were loaded, which equal 0.25, 0.5 and 0.75 % of 35,000
cells, respectively. A bacterially produced and purified BZLF1 protein with known mass (24.4 kDa) was used in
different amounts (3, 2, and 1 ng in lanes 7, 8, and 9, respectively) to provide a standard for absolute protein
quantification. B: The graph shows the quantification of the western blot data obtained from panel A. The signal
intensities were measured with Imaged. The y-axis indicates the calculated numbers of dimeric BZLF1
molecules per cell on a log10 scale. In parental DG75 (1) and Raji (2) cell lines, BZLF1 molecules could not be
detected, but non-induced DG75 4816 and Raiji 4816 cells contained up to 7.5 x 10° BZLF1 dimers per cell. Far
more BZLF1 dimers (8.8 x 107) were found in doxycycline-induced Raji 4816 cells. The quantification showed
that even prior to BZLF1 induction detectable levels of BZLF1 dimers were present in the cells with the 4816
plasmid. Upon induction the level of BZLF1 molecules increased about 100-fold.

In parallel with the Western blot experiment, the Tiergesundheitsdienst Bayern e.V.
analyzed a sample of the BioCell FCS for the concentrations of tetracycline and its
derivatives. Table 3-1 summarizes the results from the analyzed samples. The detection limit
for all tetracycline derivatives in BioCell FCS was 25 ng/ ml, but none of the substrates
reached this level, indicating a concentration below detection limit. In cell culture medium FCS
makes up 10 % (v/ v), thus the concentration of tetracycline derivatives cannot possibly

exceed 2.5 ng/ ml in cell media used throughout my experiments.

Table 3-1: Concentration of tetracycline and its derivatives in BioSell’s FCS.

The table summarizes the tetracycline derivatives tested by the Tiergesundheitsdienst Bayer e.V. by high
performance liquid chromatography (HPLC). None of the compounds reached concentrations higher than the
detection limit of 25 ng/ ml.

Tetracycline derivatives Detection limit [ng/ ml] | Detected [ng/ ml]
Chlortetracycline (incl. epimer) 25 n.n
Doxycycline 25 n.n
Oxytetracycline (incl. epimer) 25 n.n
Tetracycline (incl. epimer) 25 n.n

3.3 BZLF1 is expressed prior to doxycycline induction but its level does
not induce the viral lytic cycle

Next generation RNA-seq experiments were employed to analyze viral gene
expression prior to (0 h) and after doxycycline-induced BZLF1 expression (3 h / 6 h), to judge
the effect in non-induced cells comprising the p4816 plasmid. The results are summarized
and visualized in Figure 3-3, which shows RNA-seq reads mapped to the entire Raji EBV
genome (coordinates #1 to #166,184). In tracks 1-3 the read coverage (reads per base) is
indicated for each time point (0 h: 0-250, 3 h: 0-10,000, 6 h: 0-50,000).

Additionally, each row indicates a single selected viral gene and its fold induction 6 h

after doxycycline-induced BZLF1 expression. The reads per gene were counted with the
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bioinformatic tool “HTSeq count” and differential gene expression was calculated with
“‘DESeq2”. The positions of the genes are linked to the RNA expression profiles by colored
columns, which indicate latent (orange) and lytic genes (blue). While the latent genes EBNA1
(x 0.4) and EBNA2 (x 0.3) were down-regulated 6 h after doxycycline-induced BZLF1
expression, other latent genes were hardly affected by BZLF1 and their transcript levels
stayed constant. Contrary to EBV latent genes, all lytic genes were strongly up-regulated 6 h
after doxycycline-induced BZLF1 expression. A moderate up-regulation was detected for a
late lytic gene lacking a BZLF1 binding site within its promoter (BcLF1, x 4.9). The strongest
induction of a viral gene comprising BZLF1 binding sites could be seen with the BBLF3/2
gene (x 257).

hg19 Raji  Raji Raji: 1 - 166,184
< 165 kb >
20 kb 40 kb 60 kb 80 o 10(|)kb | 12(|ka | 14(|)kb | 16(|ka ]
| | | | | | =
©|0h| 0-250 . I @
F|3h| 0-10,000 @
&|6h| 0-50,000 ©)

EBER1  x0.8
EBER2 x1.5
EBNA2 - x0.3
BHLF1 — x35
BHRF1 - x29
BMRF1 - x64
BMLF1/BSLF1 —— x70
BZLF1 - x209
BRLF1 — x88
EBNA1 — x0.4
BBLF4 — x177
BBLF3/2 = x257
BGLF5 ~ x164
BcLF1 — x4.9
BALF5 — x113
BNLF2b - x35
BNLF2a * x32
LMP1 ~x1.2
Figure 3-3: Viral gene regulation after doxycycline-induced BZLF1 expression in next generation RNA-
sequencing.

The figure shows the complete Raji EBV genome (nucleotide coordinates #1 to #166,184) in an IGV browser
window. On top, the raw reads 0, 3, and 6 h after BZLF1 induction are shown. They originate from next
generation RNA-sequencing, which was performed with Raji 4816 RNA isolated from non-induced and induced
cells. Prior to BZLF1 induction (track 1), reads reached a maximum coverage of about 250 reads per base.
Three and six hours post induction (track 2 / 3) the counts reached up to 10,000 and 50,000 respectively,
indicating a substantial induction of viral transcription. The lower part shows the positions of selected viral genes,
their acronyms and their x-fold induction six hours after induced expression of BZLF1. The gene reads were
counted with HTSeq count and the fold change was calculated and normalized with DESeq2. Vertical, semi-
transparent columns connect the gene positions with the raw read counts. Viral latent genes are shown in
orange, lytic genes are shown in blue. The latent genes EBER1, EBER2, and LMP1 were not regulated by
BZLF1, but EBNA1 and EBNA2 are down-regulated by a factor of 0.4 and 0.3, respectively. Expression of
BZLF1 led to a strong up-regulation of all selected lytic viral genes except BcLF1, which lacks a BZLF1 binding
site within its promoter. The range of x-fold induction reaches from a factor of 4.9 (BcLF1) to 257 (BBLF3/2). The
expression level and exact position of every gene can be found in Table 9-1 in the attachment.
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Six viral genes BMRF1 (x 64), BSLF1 (x 70), BBLF4 (x 177), BBLF2 / 3 (x 257), and
BALF5 (x 113) are essential for lytic amplification of viral DNA (Fixman et al., 1992). The sixth
gene on this list, BALF2, is deleted in Raji EBV DNA (Zhang et al., 1988). Additionally, four
genes support lytic viral replication, mediated by the origin of lytic replication (oriLyt) in cis:

BHLF1 (x 35) (Rennekamp and Lieberman, 2011), BMLF1 (x 70), BZLF1 (x 209) and
BRLF1 (x 88) (Fixman et al., 1992).

The very strong induction of viral gene expression (track 2: 3 h, 40 fold; track 3: 6 h
200 fold), upon doxycycline-induced BZLF1 expression revealed that the doxycycline-

independent expression of BZLF1 (track 1) is insufficient to trigger the lytic phase of EBV.

3.4 BZLF1 binds cellular chromatin with high frequency and with a clear
preference for CpG motifs

3.4.1 The experimental setup of ChIP-Seq experiments

The viral, lytic cycle in Raji 4816 cells is not activated despite a constitutive expression
of BZLF1 in the absence of doxycycline. This situation should provide a model, which is
suitable to identify the binding sites of BZLF1 in the cellular genome.

EBV'’s transcription factor BZLF1 binds DNA sequence motifs of two classes in the viral
genome: CpG ZREs and nonCpG ZREs. While BZLF1 binds CpG ZREs only when
methylated (Bergbauer et al., 2010), it binds nonCpG ZREs unconditionally and
independently of any base modification. In primary B-lymphocytes BZLF1 is a critical
activation factor (Kalla et al., 2010); it was thus conceivable to postulate that BZLF1 does not
only bind and regulate viral genes but cellular genes as well.

BZLF1 is the viral relative and homolog of members of the cellular transcription factor
family AP-1. They are important regulators of cellular functions and it was therefore suspected
that BZLF1 also controls cellular genes. To locate the BZLF1 binding sites in cellular DNA, a
ChiIP-seq approach was used. Cells were either left non-induced (0 h) or were induced with
doxycycline (15 h) to trigger BZLF1 expression. No crosslinking was performed. The DNA
was sheared prior to precipitation of BZLF1-associated chromatin. Prior to library preparation
and lllumina next generation sequencing (NGS) a quantitative PCR (qPCR) was performed to

control for a successful pull-down of BZLF1 bound DNA.
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The ChlIP-seq data were further analyzed in silico to identify the binding motifs of
BZLF1 within the cellular genome. Data received from the sequencer were mapped to the
human genome 19 (Hg19) and peak calling was performed to identify regions with enriched
sequencing reads (peaks). The DREME algorithm was used to identify BZLF1 binding motifs

within the peaks found in cellular DNA.

3.4.2 BZLF1 binding sites in two B-cell lines

3.4.2.1 Analysis of the conditional B-cell line DG75 4816

In DG75 4816 cells BZLF1 is the only EBV protein because this Burkitt lymphoma cell
line is EBV-negative. DNA sequences bound by BZLF1 were pulled down by ChIP to identify
BZLF1 binding sites within the cellular genome of DG75 4816 cells.

Figure 3-4 depicts the results of a gqPCR documenting the successful pull-down of
BZLF1 associated chromatin in two experiments. For each experiment the parental DG75 cell
line (white) was tested as well as the DG75 4816 cell line prior to (black, O h) and post BZLF1
induction (grey, 15 h). The early growth response 1 gene (EGR1) served as a negative
control (unpublished observation), the interleukin 8 gene (/L8) as a positive control (Hsu et al.,
2008).

Experiment 1 Experiment 2 Figure 3-4: Evaluation of ChIP

; experiments with qPCR.
: %12 The figure shows the qPCR
O parental Oh I results of two independent pilot
| - 3212122 experiments after chromatin
immunoprecipitations (ChIP)
X 19 with parental DG75 and DG75
1 4816 cells. The y-axis shows
the percentage of the input
material, which was precipitated
with the monoclonal BZ1
antibody directed against
BZLF1. Two cellular loci were
tested: EGR1 served as a
: negative control (unpublished
[—x2—] |—x3 q observation); /L8 as a positive
gl —= L — control (Hsu et al., 2008). The
EGR1 IL8 EGR1 IL8 white, black and grey columns
- control + control - control + control show the results obtained with
parental DG75 cells, non-
induced (0 h) and induced (15 h) DG75 4816 cells, respectively. The results at the /L8 locus indicated that
BZLF1 is present at this locus only after induced expression. BZLF1 levels were low at the control locus EGR1 in
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parental DG75 cells, in non-induced, and induced DG75 4816 cells, indicating that the ChIP experiments are
selective and informative.

The negative control was hardly detectable in parental DG75 cells or in non-induced or
BZLF1 induced DG75 4816 cells. The positive control was strongly bound 15 h after BZLF1
induction. The results documented that BZLF1-bound DNA sequences were precipitated
selectively and specifically in the chosen experimental setting indicating that the remaining
DNA of both experiments was well suited for next-generation-sequencing.

The data obtained from lllumina sequencing (single-end) were mapped on Hg19 and
processed for peak calling with the MACS2 algorithm. Only peaks consistently identified in
both experiments were further analyzed. The results depicted in Figure 3-5 originate from the
motifs identified by the DREME algorithm from sequences identified with the MACS2
algorithm. The figure shows binding motifs identified prior to (0 h) and after (15 h)

doxycycline-induced expression of BZLF1.

A Figure 3-5: Identification of BZLF1
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88 % belong to the class of nonCpG ZREs, and
4 % of the peaks did not encompass a known ZRE motif sequence. At lower levels BZLF1 preferentially bound
to CpG ZREs. After induced expression, BZLF1 bound about 20 times more sites in DG75 4816 cellular DNA.
Among the identified binding motifs nonCpG ZREs predominated by a factor of about 10 over the class of CpG
ZREs.

Prior to doxycycline-induced BZLF1 expression 11,278 peaks could be identified by
MACS2. About 82 % percent of the peaks contained the known CpG ZRE (TGWGCGA) motif,
while the nonCpG ZRE (TGWGTMA) motif did not show up in the list of the top 10 most
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probable motifs identified by DREME. Eighteen percent of the peak sequences identified with
the help of MACS2 did not contain a known BZLF1 binding motif.

After BZLF1 was induced for 15 h, a completely different distribution of ZREs was
found. Now, within the 230,213 peaks both classes of ZREs were identified with MACS2, a
21-fold increase compared with non-induced cells. The majority of about 88 % of all peaks
belong to the class of nonCpG ZREs. Fifteen hours after BZLF1 induction the number of
identified CpG ZREs increased only about two fold (from 9,250 to 19,917) and then maked up
about nine percent of all peaks. Among the called peaks, only four percent did not fall into
any of the two classes. These 8,511 peaks did not contain a clear alternative motif in the list
provided by the DREME algorithm indicative of sequence-specific binding of BZLF1.

During the visual inspection and comparison of peaks identified at 0 h and 15 h, a
certain pattern was noticed, which is exemplary visualized in Figure 3-6. The figure shows the
raw data of the input and the a-BZLF1 ChIP data prior to and post BZLF1 induction in a
snapshot generated by the integrated genome viewer (IGV). In addition to the raw and ChIP

data peaks identified by MACS2 are depicted for both time points (panel A).
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Figure 3-6: Visualization of BZLF1 peaks in the IGV browser prior to and after induced expression of
BZLF1 in DG75 4816 cells.
Three categories of peaks were identified with the MACS2 algorithm. Panel A visualizes these peaks and their
identified categories; panel B summarizes the categories genome-wide in a Venn diagram. A: The visualization
is an example of a snapshot of the IGV browser comprising nucleotide coordinates #64,314,686 — #64,378,972
of chromosome 1 of Hg19. All six tracks show results obtained with the DG75 4816 cell line. Tracks 1 to 3 show
results of non-induced DG75 4816 cells (0 h), tracks 4 to 6 show data of the induced DG75 4816 cells (15 h).
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Tracks 1, 2, 4, and 5 show next generation ChlP-seq raw data. ChIP input data are depicted in tracks 1 and 4,
ChIP data obtained with an a-BZLF1 antibody are shown in track 2 and 5. The track height represents the read
counts 0-25 for DG75 4816 cells for raw and input data. Track 3 and 6 depict the peaks, which MACS2 identified
comparing track 2 with track 1 (0 h) and track 5 with track 4 (15 h), respectively. Three categories of peaks
become evident in this experiment. One category comprises peaks, which are identified in both non-induced and
induced cells. Connecting black vertical lines highlight these peaks. The second and largest category comprises
peaks shown in track 6 that only appear in DG75 4816 cells after induction of BZLF1. A third category shown in
track 3 indicates peaks that were identified in non-induced cells, only, but were lost 15 h after induced
expression of BZLF1. B: The plot shows a Venn diagram (top), which provides the absolute numbers of BZLF1
peaks and peaks that were present both prior to (0 h) and post BZLF1 induction (15 h). The bar diagram
(bottom) depicts the relative abundance of the peak categories.

Panel B summarizes the peaks identified prior to and post BZLF1 induction and their
overlaps. The most striking finding is that many more peaks were identified 15 h post
induction (about 230,000), when compared with peaks prior to doxycycline-induced BZLF1
induction (about 11,000). About 97 % of these peaks appear only 15 h post BZLF1 induction
(about 224,000) as expected, but about 6,000 peaks were present both prior to and were
maintained 15 h post BZLF1 induction. They are depicted in Figure 3-6 (panel A) by
connecting black vertical lines. Another category of peaks was detected prior to doxycycline-
induced BZLF1 expression, only, but lost 15 h post induction of BZLF1 (about 5,000, marked
by a black square in Figure 3-6).

3.4.2.2 Analysis of the conditional cell line Raji 4816

In contrast to DG75 cells, Raji cells are EBV-positive and thus BZLF1 is not the only

viral protein potentially expressed in Raji cells. Many target genes of BZLF1 are known in the

Figure 3-7: Evaluation of ChIP
- Experiment 1 | Experiment 2 experiments with qPCR

" x49) The figure shows gPCR results

X 48 . .
| | of two independent pilot
= 4816 Oh i experiments with Raji 4816 cells
= 481615h x 47, prior to and post induction of
| BZLF1. The y-axis indicates the

3 X 34 percentage of chromatin

“7 § recovery after chromatin
| immunoprecipitation as shown
© in Figure 3-4. Three viral lytic
j genes (BDLF1, BRLF1, and

<4 BBLF4) and a cellular control
1 gene (GAPDH), which were

: used as positive and negative
X 5] i x 33y controls, respectively, are
[*?) _[- Y . indicated on the  x-axis

° GAPDH BDLF1 BRLF1 BBLF4 GAPDH BDLF1 BRLF1 BBLF4  (Bergbauer et al., 2010). The
black and grey columns show
results prior to and post in-

duction of BZLF1, respectively.

cellular viral lytic genes cellular viral lytic genes
control control



3 Results 37

EBV DNA sequence and were used as positive controls. In a pilot experiment, a qPCR
approach evaluated successful pull-down of promoter sequences of three viral, lytic genes
(positive controls) and the cellular GAPDH gene (negative control). The experiment was
performed two times and the results are visualized in Figure 3-7. The % input of the pulled
down promoter DNA prior to BZLF1 induction is shown in black, post BZLF1 induction in grey.
While the cellular control is hardly enriched, the promoters of the lytic genes known to be
bound by BZLF1 are strongly enriched (up to 49 fold) after ChlP. Since the pull-down of
BZLF1 target sequences was successful the samples of both experiments were used for
library preparation and single-end sequencing on an lllumina machine.

The reads obtained from the sequencer were then mapped to Hg19 and the Raji EBV
genome. After further processing, the MACS2 peak caller was used to identify peaks in
sequences pulled down prior to (30,155) and after (144,877) doxycycline-induced BZLF1
expression (Figure 3-8). Prior to induction of BZLF1 the CpG ZRE (TGWGCGA) was
identified by DREME in about 70 % of all identified peaks, nonCpG ZREs were absent and
30 % of the remaining peaks did not contain a discrete, additional binding motif of BZLF1 in

the top 10 list of motifs identified by the DREME algorithm.
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motifs when expressed at lower level. After induced expression, the number of BZLF1-associated peaks
increased about five-fold. In induced cells, the class with nonCpG ZRE binding motifs predominated by a factor
of about seven over the class with the CpG ZRE maoitif.

Fifteen hours after doxycycline-induced BZLF1 expression MACS2 identified about 5
times more peaks and the distribution of the two classes of ZREs changed considerably.
Around 87 % of all peaks contained one of the two ZRE motifs; the majority (76 % were
nonCpG ZREs, the minority (11 %) were CpG ZREs. While nonCpG ZRE motifs were absent
prior to BZLF1 induction the nonCpG ZRE class surpassed the class of CpG ZREs by about a

factor of seven after BZLF1 induction.
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Figure 3-9: Visualization of BZLF1 peaks in the IGV browser prior to and after induced expression of
BZLF1 in Raji 4816 cells.

A: Shown is an example of a snapshot of the IGV browser comprising nucleotide coordinates #64,314,686 —

#64,378,972 of chromosome 1 of Hg19. All six tracks show results obtained with the Raji 4816 cell line. The

setup of the figure is identical to Figure 3-6. B: A Venn diagram shows the absolute numbers and relative

abundance of identified BZLF1 binding sites.

In addition to the bioinformatic and statistical analysis the data, which were similar to
the data obtained with DG75 cells in Figure 3-6, were also investigated in the IGV browser. In
Raji 4816 cells (Figure 3-9), the three previously identified categories of peaks re-emerged:

peaks, which appeared after induced BZLF1 expression (about 145,000); peaks, which
were identified after BZLF1 induction and were already present prior to BZLF1 induction

(about 18,000, panel B; connected by black vertical lines, panel A); and peaks, which were
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identified prior to but lost after BZLF1 induction (about 12,000 in panel B; marked by a black
square in panel A). Additionally, peaks are shown, which were already present prior to
induction (about 30,000 in panel B; black squares in panel A).

To get an impression whether the identified binding sites are common in both cell lines,
the two sets of results prior to and after BZFL1 induction were merged and analyzed together.
An IGV snapshot shown in Figure 3-10 provides an example. Data obtained from the parental
DG75 cell line were added to assess the specificity of the a-BZLF1 antibody (BZ1) and the
ChlIP protocol.

Hg19 chr1 chr1: 64,314,686 - 64,378,972
< 64 kb > 3
64,320 kb 64,330 kb 64,340 kb 64,350 kb 64,360 kb 64,370 kb §
! 1 ] 1 L 1 1 1 1 ! ! ! ! =
s input 0-25 1
s I
Qo
S| &| aBzF 0-25
[ Il
&
a peaks 3
input 0-75 4
SE - - . - -
f| apzLFi 0-75 5
g “re . . i . P - N . .
<
peaks EI u u L] u 6
<\ e ey
o
© input 0-25 7
g:o . P .
o| aBzFt 0-25 8
S | ks
peaks 1 9

input ° . N 10

aBZLF1 0-75 1
peaks |:| - u EI El m 12

Raji 4816

e [ [
1
1
1
—_n
1
——
1
1
1
1
1
1
1
1
1
|
1
1
1
1
|
—_n
1
1
1
1
1
1
1
1
|
1
1
1
T
-
1
@,

aBzLF1 0-25

SN TS SR 1 VTN T 8 W SRRV

DG75 4816

Figure 3-10: Visualization of BZLF1 peaks in the IGV browser prior to and after induced expression of
BZLF1 comparing the Raji 4816 with the DG75 4816 cell line.
The visualization is an example of a snapshot of the IGV browser comprising nucleotide coordinates
#64,314,686 — #64,378,972 of chromosome 1 of Hg19. On the right side of the figure 15 tracks are indicated.
The first three tracks contain data of the parental cell line DG75. The first two tracks show the raw reads of NGS.
Track 1 depicts the input and track 2 the results obtained after chromatin immunoprecipitations with an a-BZLF1
antibody. The 3" track indicates the peaks identified with the MACS2 algorithm. No peaks were found here.
Tracks 4 to 9 show the non-induced state (0 h) in Raji 4816 (tracks 4-6) and DG75 4816 (tracks 7-9) cells.
Tracks 4 and 7 show the input; tracks 5 and 8 data of the a-BZLF1 ChIP; and tracks 6 and 9 the identified
MACS2 peaks. The track height represents the read counts from 0-75 and 0-25 for Raji 4816 and for DG75 4816
cells, respectively. Solid black vertical lines connect peaks, which could be identified in both cell lines in the non-
induced and induced state. Peaks that show up in one of the two cell lines, only, are indicated by black squares.
Tracks 10 to 15 show both cell lines in their induced state (15 h). The assembly of tracks is identical to data
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described for the non-induced state as shown above. Individual peaks are marked by black squares; vertical
dashed lines connect peaks that appear in both cell lines at all time points.

Three tracks (input, a-BZLF1 ChIP, and MACS2 peaks) are shown for each cell line
prior to and after induction of BZLF1. No peaks were identified in the parental DG75 cells
(tracks 1-3), but in the two cell lines Raji 4816 and DG75 4816 three categories of peaks were
found: peaks, which were identified in only one of the two cell lines are indicated by black
squares; peaks, which were identified in both cell lines in either non-induced cells or cells
induced for 15 h are indicated by black vertical lines; and peaks, which were identified in both
cell lines and during both time points are connected by dashed black lines.

Three Venn diagrams summarize the numbers of peaks of the two cell lines and the
shared or overlapping peaks between different time points (Figure 3-11). Panel A shows the
overlap (about 9,500) between Raji 4816 peaks and DG75 4816 peaks prior to BZLF1
induction (0 h). Panel B shows that in Raji 4816 and DG75 4816 cells about 90,000 peaks
overlap 15 h after BZLF1 induction. Panel C shows the intersection of all peaks identified both
in DG75 4816 and Raiji 4816 cells prior to and after BZLF1 induction (about 4,600).
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Figure 3-11: Peaks identified after a-BZLF1 ChIP in Raji 4816 and DG75 4816 cells.

Shown are Venn diagrams summarizing the results after peak identification in non-induced cells (panel A) and
after BZLF1 induction with doxycycline for 15 h (panel B) in two cell lines. The overlaps between the two cell
lines identified at different time points were investigated again (panel C). The results represent the number of
peaks identified in both cell lines at both time points, which are indicated in Figure 3-10 with dashed, vertical
lines. The absolute numbers of peaks in each cell line and the number of identical peaks, which were found in
both cell lines (“overlap”) are indicated together with their relative abundance (%).
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3.5 The expression of BZLF1 changes the expression of cellular genes

3.5.1 The experimental setup of RNA-seq experiments

The ChlIP-seq experiments investigated the binding sites of BZLF1 in the DNA of two
B-cell lines. BZLF1 does not only bind viral DNA, but is a transcriptional activator of viral
genes as well. Upon expression during the viral latent phase, BZLF1 binds the promoters of
several lytic, viral genes (Bergbauer et al., 2010) and induces their expression dramatically.

Since BZLF1 is the viral homologue of the cellular AP-1 family, it was expected to bind
cellular promoters and regulate their gene expression. Several publications dealt with
selected BZLF1 binding and locus specific regulation of single cellular target genes (Cayrol
and Flemington, 1995; Mahot et al., 2003; Li et al., 2009a; Sato et al., 1992). To address the
role of BZLF1 in regulating cellular gene expression globally, several RNA-seq experiments
with full-length BZLF1 and a BZLF1 mutant lacking the transactivation domain (AD-tBZLF1)
were performed in the two different B-cell lines used previously in the ChiP-seq experiments.
DG75 4816 and Raji 4816 cells express BZLF1 upon doxycycline induction. DG75 cells are a
model of EBV-negative B-cells but the Raji cell line is latently infected and efficiently enters
the lytic phase of EBV'’s life cycle upon induced BZLF1 expression. The AD-tBZLF1 mutant is
used as a control and is also only expressed upon doxycycline induction. The parental DG75
and Raji cell lines do not harbor an inducible plasmid and were not expected to be affected by
the addition of doxycycline.

The protein should be expressed in a high fraction of the cells to analyze the
consequences of BZLF1 on cellular gene expression. BZLF1 might regulate the expression of
cellular transactivators or repressors, which themselves might have an impact on cellular
gene regulation. It was mandatory to analyze early time points (3 and 6 h) after BZLF1
expression to avoid secondary effects on gene expression. Doxycycline-mediated expression
of BZLF1 is relatively fast but not efficient enough to obtain a uniform high expression level in
all doxycycline-treated cells. Therefore the analysis had to be restricted to cells expressing
BZLF1. The doxycycline regulated and co-expressed NGF-receptor was used to sort BZLF1
or AD-tBZLF1 positive cells with magnetic beads. After sorting, the cells were used for RNA-
isolation, followed by library preparation and strand-specific, single-end lllumina sequencing.

In certain experiments an additional control was introduced because it was unclear if BZLF1
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altered the entire cellular transcriptome, which would make the data unsuitable for data
normalization. Therefore, experiments in Raji 4816 cells with full-length BZLF1 were
conducted with additional External RNA Controls Consortium (ERCC) spike-in RNAs to be
able to normalize the RNA expression with a stable external reference. The commercially
available set of ERCC spike-ins consists of 92 artificial RNAs of different concentration and
serves as a reference if added to an equal number of cells prior to RNA extraction.

The results obtained with DG75 4816 cells were visualized as relative log expression
(RLE) and mean average (MA) plots, while the data from of the Raji 4816 cells also include a

principal component analysis (PCA) and a KEGG pathway analysis.

3.5.2 Induced expression of BZLF1 in DG75 4816 cells regulates only few cellular

genes

After addition of doxycycline for 3 and 6 h, NGF-receptor-positive cells were enriched

with an antibody coupled to magnetic beads.
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Figure 3-12: Enrichment of doxycycline-induced cells with magnetic beads and an a-NGF-receptor
antibody.

The figure shows FACS data of DG75 4816 cells before (left) and after (right) sorting of NGF-receptor positive
cells. The NGF-receptor and the GFP gene are co-regulated with BZLF1 upon addition of doxycycline. 3 and 6 h
post induction the cells were incubated wtih an a-NGF-receptor antibody and a secondary antibody coupled to
magnetic beads and selected on a suitable column. Non-induced cells were sorted for NGF-receptor negative
cells. Three rows show FACS data 0, 3, and 6 h after doxycycline induction. Living cells were identified by
forward and sideward scatter criteria and their percentages in the gates are indicated. GFP signals are shown on
the x-axis in combination with sideward scatter data. Population statistics of GPF-positive and -negative cells are
provided. Prior to addition of doxycycline, GFP expressing cells were scarce. Upon induction for 3 and 6 h, GFP-
positive cells constituted about 12 and 33 % of all cells, respectively. Upon sorting the majority of cells were
GFP-positive. Cell sorting did not detectably affect cell viability.

The aim was to isolate RNA only from cells, which expressed BZLF1 (Figure 3-12).
The fraction of GFP positive cells increased after sorting from 12 and 33 % to 94 and 99 %
when induced for 3 and 6 h, respectively.

Subsequently, RNA was extracted from the sorted cells and reverse transcribed to
cDNA. After library preparation, single-end sequence reads were obtained. For data
visualization the RLE was calculated and the data were depicted as MA plots. To calculate
the RLE, the medians of the natural-logarithm-transformed (In-transformed) read counts of the
0 h probe set were subtracted from the In-transformed read counts of every gene of the six
samples. The results were depicted as boxplots, whose setup is described in detail in Figure
9-1 (page 182). The MA plots show the log2 fold change over the mean of normalized read

counts between the two analyzed time points of each individual gene.

3.5.2.1 Comparison of the transcriptomes of DG75 cells expressing full-length BZLF1 (4816):

3 hours versus non-induced cells

The DG75 4816 cells were analyzed 3 h after induction to restrict the analysis to
cellular genes that are directly regulated by BZLF1. The results are shown in Figure 3-13.

When compared with the raw data, the DESeq2 normalization centers the median of
the boxplots around zero as expected (panel A). It is notable that the spread of the boxplot’s
interquartile range (IQR) is wider at 3 h post induction than in non-induced cells (0 h).

The MA plot in panel B distinguishes between non-significantly regulated genes (grey
dots) and significantly regulated genes (red dots) according to the adjusted p-value < 0.05.
Red triangles represent values, which exceed the figure margins and can therefore not be

visualized as a dot. Additionally, only genes with more than 20 read counts per gene were
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taken into consideration for analysis. Furthermore, genes up-regulated < 2.5 fold or down-
regulated > 0.4 fold were excluded from the analysis to make sure that only strongly
regulated genes are used for further data processing. Using these criteria only 2 genes were

up-regulated and 5 genes down-regulated in DG75 cells 3 h post BZLF1 induction.

Figure 3-13: Data analysis of

A raw data DESeq2 norm differentially expressed genes in
DG75 4816 cells 3 h after BZLF1
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medians of the boxplots based on raw reads are chaotically distributed around zero, while the medians of the
boxplots after DESeg2 normalization are centered on zero. The boxplots depicting the values 3 h after induction
show a wider spread of the interquartile range (IQR is the colored box of the boxplot: for an accurate explanation
see Figure 9-1) than the 0 h boxplots. B: While the RLE plots show six individual data sets, the MA plot
summarizes all samples in a single plot. The MA plot visualizes the log2 fold change (y-axis) of gene expression
between two time points (0 and 3 h) for every single gene. The x-axis shows the mean of normalized read
counts per gene from three experiments. The grey dots represent genes, which were not significantly regulated,
while the red dots indicate genes with an adjusted p-value below 0.05. The vertical, dashed line indicates genes
with fewer than 20 read counts, which were excluded from the analysis. The two horizontal, dashed lines
separate genes, which are regulated <2.5 and > 0.4-fold and which were excluded from the analysis. The
legend indicates the number of genes, which exceed these two limits and are up- or down-regulated 3 h after
BZLF1 induction.
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3.5.2.2 Comparison of the transcriptomes of DG75 cells expressing full-length BZLF1 (4816):

6 hours versus non-induced cells

An analogous analysis was performed with cells harvested 6 h after induced BZLF1

expression. The results are summarized in Figure 3-14.
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Similar to the results obtained in the RLE analysis 3 h after BZLF1 induction the

medians of the boxplots at 6 h are centered at around zero after DESeq2 normalization (panel

A). The boxplots of the 6 h samples showed a wider spread of the IQR than the 0 h boxplots

but also the slightly wider spread of the IQR than seen for the 3 h boxplots in Figure 3-13.
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Figure 3-14: Data analysis of
differentially expressed genes in
DG75 4816 cells 6 h after BZLF1
induction

The depicted data from DG75 4816
cells are based on next generation
RNA-sequencing prior to and 6 h
after doxycycline-induced BZLF1
expression. The figure is composed
identically as Figure 3-13. A: 6 h after
induction the medians of the boxplots
based on raw reads were unevenly
distributed around zero in the RLE
plots. After DESeq2 normalization
the medians of the boxplots were
centered closely around zero. A
wider spread of the IQRs was visible
in the boxplots 6 h after BZLF1
induction when compared with 0 h
boxplots. This pattern is very similar
to the distribution seen in Figure 3-13
when BZLF1 was expressed for 3 h.
B: In the MA plot analysis 35 genes
were significantly up-regulated (> 2.5
fold) and 36 genes were down-
regulated (< 0.4 fold) in DG75 4816
cells 6 h after BZLF1 induction.

In the MA plot (panel B) about 70 genes were identified, which comply with the set

criteria explained in (Figure 3-13). About half of the identified genes were up- (35) or down-

regulated (36). After 6 h of induction many more genes were significantly regulated and the

average distance from zero of the majority of genes increased when compared with the MA

plot shown in Figure 3-13 (panel B).

Table 9-3 in the appendix provides a list of the 25 strongest up- and down-regulated

genes 6 h after doxycycline-induced BZLF1 expression in DG75 4816 cells.
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3.5.2.3 Comparison of the transcriptomes of doxycycline-induced parental DG75 cells:

6 hours versus non-induced cells

Doxycycline could have adverse effects on the cellular transcriptome. To analyze if the
addition of doxycycline has such consequences, the parental DG75 cells were treated with
doxycycline for 6 h and the transcriptome was analyzed as described in the two previous
chapters (3.5.2.1 and 3.5.2.2). The results are summarized in Figure 3-15.

As seen before in the RLE analysis, the medians of the boxplots centered at around
zero after DESeq2 normalization (panel A). The spread of the boxplot's IQR 6 h after
doxycycline addition was wider when compared to the 0 h sample but small when compared
with the IQR’s spread observed 6 h after full-length BZLF1 expression (Figure 3-14).

As expected the MA plot (panel B) showed no significantly up- or down-regulated
genes with the set criteria explained in Figure 3-13 suggesting that doxycycline did not have a

measureable effect on the transcriptome of parental DG75 cells.
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3.5.2.4 Comparison of the transcriptomes of DG75 cells expressing an activation domain

truncated BZLF1 (5694): 6 hours versus non-induced cells

BZLF1 is a known transcriptional activator in the viral genome and thus it was
unexpected to identify down-regulated genes in RNA-seq experiments with the full-length
BZLF1 protein. BZLF1 could compete for binding sites with other transcription factors such as
AP-1 family members and thus down-regulate certain genes. To investigate this hypothesis
an AD-tBZLF1 mutant was employed, which binds to all BZLF1’s cognate motifs but does not
transactivate target genes in EBV’s genome (Flemington et al., 1992). Apart from using the
mutant BZLF1, the experimental setup was the same as for the full-length BZLF1 protein

induced for 6 h. The results are summarized in Figure 3-16.
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Similar to all previously shown RLE data the DESeg2 normalization centered the
medians of the boxplots on zero (panel A). The IQR’s spread of the 6 h samples with the AD-
tBZLF1 mutant was much smaller than the one observed for full-length BZLF1 (Figure 3-14).

Very few genes were significantly up- or down-regulated in the MA plot analysis (panel B) and
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only one gene is up-regulated more than 2.5 fold. This gene is the NGF-receptor and its
expression originates from the plasmid, which also expressed the AD-tBZLF1 mutant. None
of the genes exceeded the threshold defining down-regulated genes (< 0.4 fold).

The experiments with the AD-tBZLF1 mutant showed that BZLF1’s activation domain is

essential and indispensable to induce measurable changes in cellular gene transcription.

3.5.3 The expression of BZLF1 in Raji 4816 cells results in massive down-regulation

of cellular transcripts.

Identical to the experiments with DG75 4816 cells described in chapter 3.5.2, Raji 4816
cells were induced for 3 and 6 h and NGF-receptor positive cells were enriched by cell

sorting. As a reference non-induced Raji cells were sorted for NGF-receptor negative cells.
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Figure 3-17: Enrichment of doxycycline-induced cells with magnetic beads and an a-NGF-receptor
antibody.

The figure shows FACS data of Raji 4816 cells prior to (left) and after (right) sorting of NGF-receptor positive

cells. The experimental setup and the composition of the figure are explained in the legend of Figure 3-12. Prior

to doxycycline addition, hardly any cells expressed GFP. Three and 6 h after BZLF1 induction about 38 and

76 % of the living cells were GFP positive. After sorting, the majority of the cells (88 and 85 % after 3 and 6 h,

respectively) showed a GFP-positive signal.
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The FACS data prior to and after BZLF1 induction are depicted in Figure 3-17. After

the magnetic beads sort at least 78 % of the cells were alive and at least 85 % GFP-positive.

3.5.3.1 ERCC spike-in RNAs for monitoring differential RNA expression experiments

In preliminary experiments not included here, Raji cells were analyzed after induction
with BZLF1 for 3 and 6 h. The aim was to identify the cellular genes, which BZLF1 was
expected to induce, but only few up-regulated cellular genes were identified. Several reasons
could account for this failure, but we hypothesized that BZLF1 might alter the majority of
cellular genes such that standard data normalization would eliminate such drastic changes in
the transcriptomic data.

In the following experiments, an additional RNA-based control was added to address
this potential problem and to analyze the data properly. ERCC RNAs are commercially
available and ideally suited for data normalization to control for RNA-sequencing experiments.
Exactly 92 polyadenylated artificial RNAs of different concentrations, which are added prior to
RNA extraction and library preparation, serve as internal standard for subsequent data
normalization. Figure 3-18 illustrates why data normalization can be problematic and how

spike-in RNAs solve this problem.
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Figure 3-18: Normalization without and with ERCC control RNAs on samples with global gene regulation.
The figure shows different extremes of gene regulation to explain why ERCC normalization is required.
Bioinformatics programs can easily detect regulated genes, if only few genes are regulated (“Few regulated
genes”). If the majority of genes is affected (“Many regulated genes”) bioinformatic programs are misled and
“normalize” the regulated genes eradicating the effects of drastic gene regulation. With the help of ERCC spike-
ins the normalization is achieved independently of cellular genes. Only the ERCC RNAs (“Many regulated genes
with ERCC normalization”), which are equally added to all samples, are used for normalization. Cellular genes
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are repositioned relative to the control RNAs and reveal their real regulation. (Figure adapted from Lovén et al.,
2012).

In many biological models, only few genes change their expression levels upon a
certain regulating event. Data normalization relies on this assumption because the global
transcript level is considered to be stable on average when comparing one data set with
another. Few, strongly regulated genes can be reliably detected with this approach. If the
signal causes a global change in transcript levels, conventional data normalization cannot
cope with this situation but introduces a severe bias. After data normalization the two data
sets appear to be similar because the algorithm eliminates the global change. As a
consequence the global change will go unnoticed and up- and down-regulated genes will not
be detected.

In contrast, with externally added ERCC RNAs, the bioinformatic scripts use the ERCC
control RNAs to normalize and correct cellular gene reads accordingly. The cellular genes are

normalized relative to the ERCC RNAs and reveal their real level or regulation.
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Figure 3-19: Visualization of ERCC spike-in control RNAs at different time points

Ninety-two synthetic ERCC RNAs of different concentrations were added to RNA samples obtained from the
identical numbers of cells to control global changes of RNA levels in the Raji 4816 cell line. Based on the reads
from the ERCC spike-in controls, reads obtained from cellular and viral genes were normalized accordingly. The
figure shows the means of the reads of each of the detected and mapped ERCC spike-in control RNAs from
three experiments. The three graphs show the mean of ERCC reads from cells prior to BZLF1 induction (0 h)
and cells induced for 3 and 6 h, respectively. The x-axis shows the amount of attomoles RNAs added to the
samples on a log2 scale. Mean reads per individual ERCC spike-in RNA after next generation RNA-sequencing
are displayed on the y-axis on a log2 scale. In the legend three values are given. The coefficient of
determination is shown as R?, the slope of the regression line is indicated, and the third line indicates numbers of
individual spike-in RNAs out of 92 total RNAs, which could be identified. The 92 ERCC spike-in RNAs are shown
in four groups with 23 RNAs each, which differ in their concentration level. The four colored dots are ordered by
black-red-blue-yellow indicating the group of concentration, in which a yellow dot indicates control RNAs with the
lowest concentrations. All RNAs of the two groups with the highest concentrations could be identified in all
samples, but only 15 and 2 RNAs were found in the third (blue) and forth (yellow) class of RNAs, respectively,
with lower and lowest concentrations. The figure indicates that ERCC spike-in controls were detected and can
be quantified according to their individual molar concentration and in a dose-dependent fashion. The results
indicate that the technical settings justify data normalization according to the chosen criteria. The data also
provide the lower levels of detection, which reflects the overall read coverage.
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In the experiments with Raji cells the same amount of control RNAs was added to the
same number of non-treated cells and cells induced for 3 and 6 h with doxycycline. Following
the ERCCs addition, RNAs were extracted from the different samples, processed to libraries
and sequenced. Figure 3-19 shows the distribution of the ERCCs in samples induced with
BZLF1 for 0, 3, and 6 h. The spiked attomoles of ERCC RNAs were plotted against the reads
per spike detected during sequencing. In all three replicas 63 of the 92 spike-in ERCC RNAs
could be identified. In Figure 3-19 the 92 ERCCs are shown in four groups comprising 23
RNAs each. Black dots represent RNAs with the highest concentration, while yellow shows
the RNAs with the lowest concentration. Red and blue represent intermediate states. All
ERCC RNAs of the two groups comprising RNAs with the highest concentration could be
detected. Still 15 control RNAs could be detected for the blue group and two RNAs for the
group, which contains the RNAs with the lowest concentrations. The plots show that the
chosen sequencing depth detected a sufficiently large number of ERCC RNAs in all three
replicas indicating that the ERCC RNAs can be used for read normalization.

As described for the DG75 cell lines, normalization was performed with DESeq2.
Instead of all genes, the ERCC spike-in reads were used for normalization and the reads of

the cellular genes were corrected accordingly following the normalized ERCC spike-in RNAs.

Tamas Schauer provided the basic script, which contained the code used for ERCC-based

normalization (personal communication) with the DESeq2 algorithm.

3.5.3.2 Comparison of Raji 4816 transcriptomes after ERCC controlled expression of full-

length BZLF1: 3 hours versus non-induced cells

Figure 3-20 summarizes the results 3 and 0 h after full-length BZFL1 expression in
three categories: PCA, RLE, and MA plots. Each of the categories shows three different
conditions: raw data, global normalization via DESeq2, and ERCC-based normalization. The
PCA is a method to reduce the amount of dimensions for data visualization and uses the first
principal component (PC 1) and the second principal component (PC 2) here to visualize the
variance between the six samples. PC 1 shows the largest variance between samples, PC 2
the second largest. Prior to normalization the 3 h samples cluster in a group in PCA (panel A),
while 0 h samples were widely distributed. After DESeq2 and ERCC normalizations the

samples of two different time points cluster in two groups on the axis of the PC 1.
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Figure 3-20: Data analysis of differentially expressed genes 3 h post induction of BZLF1.

The depicted data from Raji 4816 cells are based on next generation RNA-sequencing prior to and 3 h after
doxycycline-induced BZLF1 expression. The figure visualizes the data in three different ways and compares raw
data with DESeg2 and ERCC spike-in normalized (“ERCC norm”) data. The three categories of data
visualization are “principle component analysis” (PCA), RLE and MA plots. “Raw data” (left panel) is compared
with “DESeq2 normalization” (middle panel) and “ERCC normalized" data (right panel). A: The PCA summarizes
the data of the six samples in a 2D plot, which is defined by the first (PC 1) and second (PC 2) principal
component (PC). PC 1 comprises the largest, PC 2 the second largest variance between the samples. The axes
of the plots are unitless, but the denomination of the axes shows the percentage of variance between the
samples explained by the PCs. Prior to normalization, the 3 h samples cluster closely together, while the 0 h
samples are distantly located. After DESeq2 and ERCC normalization, the 0 and 3 h samples build clusters,
which are clearly separated from each other. The origin and setup of the RLE and MA plots are explained in
detail in Figure 3-13. B: In the RLE plot of the raw data the medians of 0 h samples were located at around zero,
but are widely distributed. 3 h after BZLF1 induction the medians were located much closer at zero. Post
DESeq2 normalization the medians of all samples were located on zero and the spreads of the boxplots’ IQRs of
the 3 h samples were wider. Post ERCC normalization the 0 h samples were closely distributed around zero but
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the medians of all 3 h boxplots were located slightly below the zero line. C: ERCC RNAs are depicted as blue
dots. In MA plot analysis and after DESeg2 normalization the ERCC control RNAs were clearly located above
zero. Seventeen and 14 genes were up-regulated more than 2.5 fold and down-regulated less than 0.4 fold,
respectively. After ERCC normalization the control RNAs centered at zero. As a consequence all cellular genes
were shifted slightly downwards. Subsequently, 16 and 21 genes were identified to be up- and down-regulated,
respectively.

After DESeg2 normalization the medians of the boxplots centered on zero in RLE
analysis (panel B). After ERCC normalization the 0 h samples positioned around zero, while
the medians of all three 3 h sample boxplots position slightly, but clearly below zero.

The DESeq2 normalization handles the transcriptome data from Raji cells as described
previously in chapter 3.5.2.1 with data obtained from DG75 cell lines. The ERCC RNAs were
ignored during the normalization procedure, but still included in the plot (Figure 3-20, panel
C). They showed a slight tendency to be up-regulated 3 h after induction. The identical molar
mass of ERCC RNAs was added to all samples indicating that the cellular genes were down-
regulated on average. This bias becomes obvious in the MA plot after ERCC normalization.
ERCC RNAs were used for data normalization and became centered on zero on average
(Figure 3-20, panel C, right). As a consequence, cellular genes were shifted during the
process of data normalization. Comparing genes, which were normalized via DESeqg2 or via
the ERCC spike-in RNAs revealed this shift in data points (Figure 3-20, panel C, right). This
shift is noticeable when up- and down-regulated genes were compared after 3 h of BZLF1
expression: Seventeen and 14 genes were up- and down-regulated after DEseq2
normalization, while 16 and 21 genes were up- and down-regulated after ERCC normalization

with the set criteria explained in Figure 3-13.

3.5.3.3 Comparison of Raji 4816 transcriptomes after the ERCC controlled expression of full-

length BZLF1: 6 hours versus non-induced cells

Three hours after addition of doxycycline and induction of BZLF1 the effect of ERCC
RNAs on adequate data normalization was barely evident (Figure 3-20) but 6 h after
doxycycline-induced BZLF1 expression the advantage of ERCC spike-in RNAs as an external

standard became impressive (Figure 3-21).
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Figure 3-21: Data analysis of differentially expressed genes 6 h post induction of BZLF1

The depicted data from Raji 4816 cells are based on next generation RNA-sequencing prior to and 6 h after
doxycycline-induced BZLF1 expression. The overall composition of the figure was explained in Figure 3-20. A:
Prior to and after both normalization steps, the distribution of 0 h and 6 h samples was very similar in PCA. In all
three plots the time points clustered in two groups. Up to 88 % of the variance between the samples could be
explained by PC 1. PC 2, showing the differences within the same time points, explained only 5 % of the
variance after ERCC normalization. B: Prior to normalization the medians of the boxplots of the 0 h samples
were widely distributed around zero, while the medians of the 6 h samples were located below zero. After
DESeqg2 normalization, the medians of all samples were on or close to zero. After ERCC-bases data
normalization the medians of the 0 h boxplots were centered closely at around zero, while the medians of 6 h
samples were all close to -1. The 6 h data of all samples depicted far wider IQR spreads than 0 h samples. C:
After DESeg2 normalization the ERCC control RNAs centered just above the dashed line in the MA plot
indicating that ERCC RNA reads appeared to be up-regulated more than 2.5 fold. 478 genes appeared up- and
279 genes down-regulated 6 h after BZLF1 induction. Post ERCC normalization control RNAs were centered on
zero while the cellular genes were shifted downwards and adjusted accordingly. After ERCC normalization 92
and 7,174 genes were up- and down-regulated, respectively.
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Already prior to normalization the 0 and 6 h samples clustered to two groups in the
PCA. Even though the positions of the samples changed slightly, the two groups persisted.
Prior to normalization the boxplots of the 0 h samples positioned at around zero in the RLE
analysis, while the 6 h boxplots were positioned obviously deeper. The DESeq2 normalization
centered the medians of the boxplot on zero as expected, but data normalization on the basis
of ERCC RNAs yielded a very different outcome: The medians of the 0 h boxplots were
slightly shifted and positioned at around zero but the medians of the 6 h boxplots centered at
about minus one, which illustrates a dramatic down-shift. In all conditions the spread of the
IQRs was wider at 6 h post induction as compared with data of non-induced cells (0 h) (Figure
3-21, panel B).

In the MA plot analysis and after DESeq2 normalization about 500 genes were up- and
300 genes down-regulated. The ERCC RNAs seemed to be about 2.5 fold up-regulated
indicating that DESeq2 normalization is inappropriate with this set of data. In contrast, ERCC
normalization showed a realistic distribution of cellular genes. After the ERCCs RNAs were
centered on zero the cellular genes were down-shifted according to the ERCC RNAs as
expected. After normalization only 92 genes were up-regulated 6 h post induction of BZLF1
but more than 7,000 genes were identified to be down-regulated.

Table 9-4 in the appendix provides a list of the 25 strongest up- and down-regulated

genes 6 h after doxycycline-induced BZLF1 expression in Raji 4816 cells.

3.5.3.4 Comparison of parental Raji transcriptomes after addition of doxycycline:

6 hours versus non-induced cells

Parental Raji cells were induced with doxycycline only to exclude gene regulation by
the addition of doxycycline. No ERCC control RNAs were used in this experiment, which is
summarized in Figure 3-22.

In PCA raw, unadjusted data and data after DESeq2 or ERCC normalization showed
no obvious clustering (Figure 3-22, panel A). Independent of the normalization method used
in RLE analysis, all the samples clustered at around or on zero (panel B). None of the cellular
genes were found to be significantly regulated beyond a significance level of 0.05 in the MA

plot analysis (panel C).
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3.5.3.5 Comparison of Raji 5694 cells expressing a BZLF1 mutant lacking the transactivation

domain: 6 hours versus non-induced cells

The AD-tBZLF1 mutant was expressed for 6 h to exclude that the down-regulation of
cellular genes was caused by BZLF1 competing for binding sites of cellular transcription
factors. No ERCCs control RNAs were used in this experiment, which is summarized in
Figure 3-23.
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Figure 3-23: Data analysis of
differentially expressed genes
prior to and 6 h after induced
expression of BZLF1 with a
truncated activation domain.
The depicted data result from
Raji 5694 cells based on next
generation RNA-sequencing
prior to and 6 h after
doxycycline-induced expression
of the BZLF1 mutants lacking
the transactivation domain (AD-
tBZLF1). The figure is
composed like Figure 3-20, but
lacks the ERCC normalization,
since no ERCC RNAs were
used. A: During all phases of
normalization the samples were
distributed without clear
directions in PCA. B: In RLE
analysis and prior to
normalization 0 h samples
clustered closely around zero,
while 6 h samples were
distributed a little further around
zero. The DESeg2 normalized
samples were all centered on
zero. C: The DESeq2
normalization visualized as MA
plot showed that none of the
cellular genes were regulated by
the set criteria explained in
Figure 3-13.

In PCA prior to and after DESeqg2 normalization the different time points of the same

experiments mostly clustered together (Figure 3-23, panel A). In the RLE analysis the

medians representing the raw data centered around zero (panel B) and after DESeq2

normalization the medians of the boxplot clustered on zero. After the DESeq2 analysis only

very few genes were significantly down-regulated, but none exceeded the previously defined

threshold described for up- and down-regulated genes in the MA plot analysis (panel C).
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3.5.4 KEGG pathway analysis

The ERCC controlled experiments in Raji cells expressing the full-length BZLF1
showed that the RNA-seq results can only be trusted when normalized with the help of an
external standard, the ERCC spike-in RNAs. A Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was conducted, which allows assigning regulated genes to cellular
pathways. This was done after ERCC RNA-based normalization with data from Raji 4816
cells after 6 h of induced BZLF1 expression. A minimal numbers of regulated genes are
required to run the KEGG analysis, which is neither reached for the 3 h samples nor for up-
regulated genes 6 h after doxycycline addition. Therefore, the 3,300 most stable genes
(Figure 3-24) and the 1,000 most strongly down-regulated genes (Figure 3-25) 6 h after BZLF
induction were analyzed for KEGG pathway contribution. The two figures show gene numbers
contained within the defined pathways and the numbers of genes of these pathways

regulated in Raji 4816 cell after induction of 6 h.

KEGG pathway with (adjusted p-value) Top 10 pathways with the most stable genes (n = 3,300)
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Figure 3-24: KEGG pathway analysis of the 3,300 most stable genes after induced expression of BZLF1.
The figure shows the top ten KEGG pathways, which were identified with the 3,300 most stable genes in Raji
4816 cells induced for 6 h. The genes originate from ERCC spike-in controlled RNA-seq data after normalization
and are obtained from the Raji 4816 cell line shown in Figure 3-21. The pathways were identified with the help of
the “webgestalt” tool. The x-axis depicts the number of genes on a log10 scale. The names of the pathways and
the adjusted p-values are indicated. The number of genes not affected after BZLF1’s induced expression is
indicated together with the total number of genes, which the given pathway comprises. The ten KEGG pathways
shown in the figure suggest that BZLF1 does not regulate basic metabolic functions of the cells.

* Pathways related to distinct diseases were excluded from analysis.
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The top ten pathways identified with the 3,300 most stable genes suggested that the
basic metabolic functions of the cell were not affected after BZLF1 expression (Figure 3-24),
whereas the 1,000 most strongly down-regulated genes comprise pathways related to

immune defense or pathways important in immune cells (Figure 3-25).
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Figure 3-25: KEGG pathway analysis of the 1000 most strongly down-regulated genes

The figure shows the top ten KEGG pathways, which comprised the 1000 most strongly down-regulated genes
in Raji 4816 cells 6 h after induction with doxycycline. Affected pathways included important functions in immune
cells and host immune responses. * Pathways related to distinct diseases were excluded from analysis.

3.6 BZLF1 binding sites in promoter regions of regulated genes only
explain a minority of cellular gene regulation

The analysis of the viral genome revealed that BZLF1 binds within the promoter region
of those viral genes, which are up-regulated after induction of BZLF1 (Bergbauer et al., 2010).
A similar mechanism was expected to exist in BZLF1 controlled cellular genes.

To test this hypothesis, ChIP-seq and RNA-seq data were searched for BZLF1 binding
sites in cellular genes regulated after BZLF1 induction. Regulated genes were defined as
genes with a mean expression > 20, an adjusted p-value < 0.05, and a log2 fold change > 2.5
fold or < 0.4 fold. The promoters (-5/ +1 kbps from the TSS) of up- and down-regulated genes
were searched for one or more BZLF1 peaks. The linkage of BZLF1 regulated genes in DG75
4816 and Raji 4816 cell lines and already identified BZLF1 binding sites was investigated with

the help of the programming software R.
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3.6.1 A minority of BZLF1-regulated genes has promoter regions with BZLF1

binding sites

Figure 3-26 shows the results after combining ChiP-seq and RNA-seq data. The plot
highlights the significantly regulated genes (padj < 0.05) with a mean expression > 20 and the
thresholds defining up-regulated (> 2.5 fold) and down-regulated (< 0.4 fold) genes. Genes to
the left of the vertical dashed line have no identified BZLF1 peaks within their promoter region
(-5/ +1 kbps from the TSS); genes with one or more BZLF1 binding sites are shown to the
right of the vertical dashed line in Figure 3-26. Genes located in each one of the four areas
are summarized in this figure. Cyan and magenta dots stand for up-regulated and down-
regulated genes, respectively.

Panel A links genes regulated 3 h after BZLF1 expression with 230,213 peaks
identified 15 h after doxycycline-induced BZLF1 expression. Only seven genes were defined
as regulated and four of these contained a single peak within their promoter region. Panel B
links the genes regulated 6 h after BZLF1 induction with the 230,213 peaks identified 15 h
after BZLF1 induction. About half of the up-regulated genes comprised one or rarely more
peaks, while only in one third of the promoters of the down-regulated genes a peak could be
identified. Together the data indicate that BZLF1 is not consistently found in close
neighborhood of the promoter regions of regulated genes suggesting that BZLF1 is not a
genuine promoter factor of cellular genes.

Table 9-5 in the attachment provides a list of the 25 strongest up- and down-regulated
genes, which have at least one BZLF1 binding site within their promoter in DG75 4816 cells
6 h after doxycycline-induced BZLF1 expression.

In Raji 4816 cells a corresponding analysis was performed, which included an
additional comparison (Figure 3-27). Genes regulated 3 (panels A and C) and 6 h (panels B
and D) after BZLF1 induction were not only linked to peaks identified 15 h (panels A and B)
after BZLF1 induction, but also to peaks identified prior to doxycycline-induced BZLF1
induction (0 h, panels C and D).

When BZLF1-regulated genes after 3 h of induction were linked with peaks identified 15 h
after induction (panel A) nearly half of the up- and also nearly half of the down-regulated

genes contained at least one peak within their promoter regions. The same pattern was
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Figure 3-26: Linkage between ChIP-seq peaks of BZLF1 15 h post induction and BZLF1-regulated genes
after induction for 3 and 6 h.

The two plots compare BZLF1 peaks identified in DG75 4816 cells induced for 15 h (230,213 peaks in total) with
BZLF1-regulated genes 3 h (panel A) and 6 h (panel B) post induction. The comparison considers BZLF1-
regulated genes that do not contain an identified BZLF1 site (“no peaks”) or regulated genes that contain at least
one or more BZLF1 peaks in close proximity of the genes’ TSSs as indicated (“Number of peaks -5/ +1 kbps of
TSS”). Only genes with a base mean of at least 20 RNA-seq reads and adjusted p-value < 0.05 were considered
for analysis. Genes indicated with dimmed dots are significantly regulated upon induction, but their factors of
regulation do not exceed 2.5 or are smaller than 0.4. These genes locate in a horizontal band together with their
x-fold regulation indicated by the y-axis in log2 scale. Cyan and magenta dots indicate up- and down-regulated
genes, respectively. The number of genes regulated is provided together with their relative abundance (%). A:
Only very few genes were regulated in DG75 4816 cells 3 h after induction of BZLF1. B: about half of the up-
regulated genes contain or do not contain identified BZLF1 peaks within the defined promoter region (-5/ +1
kbps of TSS). The majority of down-regulated genes (n = 24) do not contain an identified BZLF1 peak but a
minority (n = 12) does.

identified for down-regulated genes when genes regulated for 6 h were linked to peaks
identified 15 h after BZLF1 induction (Panel B). In contrast, in about 60 % of the up-regulated
genes a peak could be identified within their promoter region. Counterintuitively, genes with
more than one peak within their promoter region revealed a weaker regulation than many
genes with only one or no BZLF1 peak (Figure 3-27, panel B). The linkage of genes regulated
3 h after BZLF1 induction with peaks identified prior to doxycycline inducted BZLF1
expression (panel C) showed that more than 80 % of the 16 up- and 21 down-regulated
genes had no identifiable peak within their promoter regions. Only three up- and three down-
regulated genes with one peak within their promoter regions could be identified.

The linkage was also investigated at BZLF1-regulated genes 6 h after induction and BZLF1-
related peaks identified prior to doxycycline-induced BZLF1 expression (0 h, panel D). About

90 % of the more than 7,000 down-regulated genes had no peak, but about one fourth of the
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Figure 3-27: Linkage between ChIP-seq peaks of BZLF1 prior to and 15 h post induction and BZLF1-
regulated genes induced for 3 and 6 h.

The four plots link BZLF1 peaks in Raji 4816 cells with up- or down-regulated genes 3 h (panels A and C) or 6 h
(panels B and D) post induction. In panels A and B 144,877 peaks, which were present at 15 h post induction,
were analyzed. The 30,155 peaks (panels C and D) identified in Raji 4816 cell in the absence of doxycycline
(0 h) were linked to genes, which were up- or down-regulated 3 or 6 h post induction of BZLF1. The composition
of the plots is identical to the plots shown in Figure 3-26. In panels A and B about half of the up-regulated or
down-regulated genes do or do not contain a BZLF1 peak within the defined promoter region (-5/ +1 kbps of
TSS) identified 15 h after BZLF1 induction. The plots indicate that many cellular genes, which do not have an
identified BZLF1 binding site within their defined promoter regions, were regulated after BZLF1 induction.

92 up-regulated genes comprised a peak within their promoter regions. The majority of these
genes had a single peak and only few genes had more than one peak within their promoter

region.



3 Results 63

Table 9-6 in the attachment provides a list of the 25 strongest up- and down-regulated
genes, which have at least one BZLF1 binding site within their promoter in Raji 4816 cells 6 h

after doxycycline-induced BZLF1 expression.

3.7 Chromatin interactions of selected genes prior to and after BZLF1
expression

3.7.1 The experimental setup of the Capture-C approach

BZLF1 binding sites within the promoter region of many BZLF1-regulated genes did
not reveal if and how BZLF1 might regulate them. In contrast to viral genes, where BZLF1
acts as a promoter factor, BZLF1 might control enhancers of cellular genes and regulate its
targets as an enhancer factor. To test this hypothesis, Capture-C experiments were planned
and conducted with chromatin from Raji 4816 cells with a focus on a selection of cellular
genes supposedly regulated by BZLF1. On the basis of the RNA-seq experiments strongly
up-regulated and down-regulated as well as non-regulated genes were chosen. Additionally,
genes in close proximity to strongly regulated genes were chosen to be able to test them for
co-regulation.

Figure 3-28 summarizes the workflow of the Capture-C experiments. The cells were
cross-linked to fixate interacting chromatin in non-induced cells and cells 6 and 15 h after
BZLF1 induction. In brief, the DNA was digested with the restriction enzyme Dpnll and re-
ligated under conditions of low DNA concentration to promote the ligation of chromatin-bound
and complexed DNA fragments, only (performed by Paulina Mrozek-Gorska). After removal of
the proteins, the DNA fragments were fragmented by sonication and used for library
preparation. A set of commercial, custom-made, and overlapping RNA-probes of 120
nucleotides was used to enrich DNA fragments within regions about +/- 5 kbps around the
TSSs of the genes of interest. After sequencing, paired-end reads were joined and a Dpnll
restriction digestion was performed in silico before the resulting single fragments were

mapped on Hg19. A program (CCAnalyser2) provided by James Davies (University of Oxford)

was used to identify interactions between the capture area and more distant DNA sequences,
which had been in close proximity during cross-linkage. To achieve this, Hg19 was digested

in silico with the restriction enzyme Dpnll and the reads were mapped onto the genomic
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human DNA sequence. Two categories, reads mapped to the capture region and reads

mapped to Dpnll fragments located beyond the capture region, were build to assess the

number of interactions between both categories. The capture region is depicted as a green

column in Figure 3-28 and dashed lines connect reads mapped to Dpnll fragments of the
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Figure 3-28: Capture-C: from
in vivo chromatin interactions
to in  silico  chromatin
interactions.

Raji 4816 cells were crosslinked
prior to and after 6 and 15 h of
doxycycline-induced BZLF1
expression. The cells with cross-
linked chromatin were
harvested, accessible DNA was
digested with the restriction
enzyme Dpnll, and ligated at
very low DNA concentration.
The proteinaceous part of the
crosslinked  chromatin  was
removed and the ligated, often
circular DNAs were sheared with
a Covaris system to fragments
of about 200 bps. Probes
especially designed to hybridize
with genes of interest identified
in the previously described
RNA-seq experiments were
used to pull down the regions
around the TSSs (Capture
region) of the chosen genes.
Together with these DNAs,
previously linked interacting
DNA fragments were pulled
down as well. Paired-end
sequencing (100 bps) identified

the sequences of both classes of DNA fragments representing the capture region and interacting DNA targets. If
the paired-end reads information yielded overlapping sequences, they were interleaved to one fragment and
digested in silico by the restriction enzyme Dpnll. The single fragments were then mapped to Hg19. In a last step
the CCAnalyser2 command line program identified read pairs, which contain both the capture region (green) and
a distal Dpnll fragment on the same chromosome. A dashed line links in silico digested read pairs. Their
numbers were added up for every Dpnll fragment and visualized on the y-axis. A line indicates the frequency of
interactions a Dpnll fragment enters with the investigated chromatin region. Two strong interacting regions are

indicated as examples.

In Figure 3-29 Capture-C data from each time point are visualized by three differently

colored lines (®: 0 h, white; @: 6 h, purple; ®, 15 h: light blue) indicating the numbers of
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interactions per Dpnll fragment. The colors are partially transparent, which results in mixed
colors if the lines overlap. The made-up mock Figure 3-29 exemplifies the setup of the lines
and provides the symbols and their legends for BZLF1 binding sites and binding sites of
chromatin organizers, histone marks as well as information about the directionality of the

regulated gene 6 h after BZLF1 induction (®).
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Figure 3-29: Capture-C — an introduction.

The visualization shows a made-up mock example of Capture-C data and their presentation to explain the
features, annotations, and legends of the subsequent figures. The shown example does not contain real data.
The x-axis shows the nucleotide coordinates on a given chromosome, which is indicated. Each figure shows -/+
400 kbps from the TSS and the distance between the ticks is 25 kbps. The y-axis shows the sum of individual
interactions between the captured promoter region (green) and distant locations. Three different colors (white,
purple, light blue) indicate interactions at different time points (non-induced, 6 h and 15 h) after BZLF1 induction.
The diagram with combinations of the three colors indicates the colors that emerge from overlapping data.
Capture-C experiments were performed with cellular DNA after mild formaldehyde-mediated cross-linking,
cleavage with the restriction enzyme Dpnll, and ligation at very low DNA concentrations. Re-ligated DNA
fragments were captured by DNA-RNA hybridization with a custom-made set of RNA oligonucleotides linked to
biotin. They cover up to 33 Dpnll anchor fragments (green column) of selected genes, approximately +/- 5 kbps
of the TSS (blue). The enriched DNA samples were analyzed by paired-end sequencing and analyzed for
interactions, which take place between two Dpnll fragments, the captured promoter region (green) and a distant
but linked Dpnll fragment. The frequency of distal Dpnll fragments identified to interact with Dpnll fragments of
the capture area are represented by single visible peaks or vales per Dpnll fragment. For example, the peak of
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the Dpnll fragment number @ was frequently found to be ligated with one or more of the Dpnll fragments of the
captured promoter region in non-induced cells indicating a strong interaction at 0 h. Dpnll fragment number @
shows a strong interaction with the Dpnll anchor fragments of the promoter at 6 h and number @ a rather weak
interaction 15 h post BZLF1 induction. The dark grey bar represents the capture area of a second gene, which is
not part of this analysis. The white arrow, which originates from the TSS, indicates the direction of transcription
of the captured gene. The localization of BZLF1 binding sites, histone marks and binding sites of the cellular
chromatin organizers CTCF and Rad21 are shown and explained in the legend indicated by @. BZLF1 binding
sites were identified with MACS2 after next generation ChlP-sequencing. A large, dark orange dot indicates a
BZLF1 peak in non-induced cells, a small bright orange dot stands for a peak 15 h after induction. Peaks
identified at both time points show an overlap of both dots. Similar annotations were chosen to visualize CTCF
(turquoise) and Rad21 (green). Histone modifications, which differ between non-induced cells and cells induced
for 15 h were also identified by MACS2. Histone modifications of H3K27ac are indicated by a bright purple
square for 0 h and a dark purple square for 15 h. The H3K4me1 and H3K4me3 modifications are depicted in
bright (0 h) and dark pink (15 h) and bright (0 h) and dark blue (15 h) squares, respectively. Histone
modifications can cover larger regions, squares then turn into rectangular areas of variable length. ® explains
the visualization of genes. Forward strand genes are depicted in bright brown, height tapering from left to right
indicates the directionality of the gene. Reverse strand genes are colored in dark brown. A horizontal bar
indicates the length of the gene and vertical bars represent its exons. ® shows the regulation of the gene of
interest. It can either be up-regulated (upwards directed triangle), down-regulated (downwards directed triangle)
or neutral (dot). Anne Wéllmer performed the ChlP-seq wet lab work for the CTCF, Rad21, H3K27ac, H3K4me1
and H3K4me3 samples.

Binding sites of BZLF1, CTCF, and Rad21 are shown prior to and 15 h post
doxycycline-mediated induction of BZLF1 (@, the wet lab work for the histone marks, CTCF,
and Rad21 was performed by Anne Woellmer). A thin grey line connects each BZLF1 binding
site with its corresponding Dpnll fragment to simplify the visual association. Additionally, the
structure of other genes (exons and introns) and their directionality are depicted in the plot
(®).

The capture region covers up to 33 Dpnll anchor fragments depending on the gene
(green column) and covers approximately +/- 5 kbps of the TSS (thin blue line). In several
genes the capture region contains gaps, which were introduced to exclude repetitive regions
even though these are suspected to play a role in chromatin architecture (Tang, 2011). In

such cases the capture region was extended beyond the +/- 5 kbps limits.

3.7.2 Down-regulated genes

In Raji 4816 cells more than 7,000 genes were found to be down-regulated 6 h after
doxycycline-induced BZLF1 expression in RNA-seq experiments. One of the most strongly
down-regulated genes was the tumor suppressor BTG2 (0.02 %). lts locus is shown in Figure
3-30 together with Dpnll fragments interacting with its capture area. Additionally, the locations
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